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Fabrication methods, pseudocapacitance
characteristics, and integration of conjugated
conducting polymers in electrochemical energy
storage devices

Meysam Heydari Gharahcheshmeh €2 *2 and Kafil Chowdhury (2 2°

Among the diverse range of modern renewable energy storage technologies, electrochemical energy
storage devices have been rapidly adopted across various applications owing to their superior
characteristics, including high coulombic efficiency, elevated energy and power densities, scalability,
modularity, and rapid response capabilities. Conjugated conducting polymers have recently attracted
significant attention in electrochemical energy storage devices due to their unique pseudocapacitive
behavior, hybrid ionic/electronic conduction, rapid doping/de-doping dynamics, bulk intercalation of
ionic species, high specific capacity, and exceptional structural and thermal stability. Conducting
polymers exhibit pseudocapacitance through reversible redox reactions coupled with doping/de-doping
processes, facilitating the movement of counterion dopants and ionic species between the polymer
matrix and the electrolyte. The size and nature of counterion dopants significantly influence the
electrochemical performance of these polymers. Small counterion dopants like chloride enhance redox
exchange with the electrolyte and broaden the electrochemical potential window, which is
advantageous for electrochemical energy storage devices. The pseudocapacitive properties can be
further enhanced by increasing the semi-crystalline characteristics and attaining longer polymer chains.
This review article focuses on the fabrication methods, fundamental aspects of ionic and electrical
conductivity, and pseudocapacitance characteristics of conjugated conducting polymers, as well as their
applications in Li—ion batteries, supercapacitors, and redox flow batteries.

“ Department of Mechanical Engineering, San Diego State University, 5500 Campanile Drive, San Diego, CA 92182, USA. E-mail: mheydari@sdsu.edu

(cc)

Meysam Heydari
Gharahcheshmeh

b Department of Mechanical and Aerospace Engineering, University of California at San Diego, 9500 Gilman Drive, La jolla, CA 92093, USA

Dr Meysam Heydari Gharah-
cheshmeh is currently an Assis-
tant Professor in the Department
of Mechanical Engineering at San
Diego State University (SDSU).
He completed his postdoctoral
training in the Department of
Chemical Engineering at the
Massachusetts Institute of Tech-
nology (MIT) in 2021 and received
his PhD in Materials Science and
Engineering from the University of
Houston in 2017. His research
focuses on texture and nano-
structure engineering of advanced

functional materials, such as conducting polymers and super-
conductors, fabricated using chemical vapor deposition (CVD) for
renewable energy and biocompatible device applications.

2668 | Energy Adv, 2024, 3, 2668-2703

Kafil Chowdhury

Kafil Chowdhury is currently pur-
suing his PhD as a joint doctoral
program student in the Depart-
ment of Mechanical Engineering
at San Diego State University
(SDSU) and Department of
Mechanical and Aerospace Engi-
neering at the University of Cali-
fornia, San Diego (UCSD). His
research focuses on manufac-
turing conducting polymers using
the chemical vapor deposition
(CVD) method and their imple-
mentation in various renewable-

energy-related applications including solar cells, supercapacitors,

and redox flow batteries.

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0001-5664-3759
https://orcid.org/0000-0003-3199-1508
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ya00504j&domain=pdf&date_stamp=2024-10-21
https://rsc.li/energy-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00504j
https://pubs.rsc.org/en/journals/journal/YA
https://pubs.rsc.org/en/journals/journal/YA?issueid=YA003011

Open Access Article. Published on 15 2024. Downloaded on 31/10/25 07:50:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

1. Introduction

To mitigate the negative impacts of greenhouse gas emissions
on the global climate, policymakers are increasingly prioritizing
sustainable energy technologies with reduced carbon foot-
prints."™* Nowadays, a diverse range of energy storage technolo-
gies, including chemical, electrochemical, mechanical, thermal,
and electromagnetic systems, are being developed to meet specific
application needs.” Among these renewable energy technologies,
electrochemical energy storage devices, such as lithium-based
batteries (lithium-ion and lithium-metal), redox flow batteries,
and supercapacitors, are particularly promising due to their high
energy conversion efficiency, scalability, and portability.*®

The growing interest in utilizing conjugated conducting
polymers in various electrochemical energy storage devices is
driven by their pseudocapacitive properties, unique hybrid
ionic/electronic conduction, rapid doping/de-doping behavior,
relatively high specific capacity, high electrical conductivity,
exceptional structural and thermal stability, low oxidation
potential, and superior mechanical flexibility.” ' The presence
of mixed ionic and electronic conduction (MIEC) in conjugated
conducting polymers, despite its inherent complexity, has
attracted substantial interest in the field of electrochemical
energy storage devices.>'”'! In recent years, a diverse range of
conjugated conducting polymers, including polypyrrole (PPy),
polyaniline (PANI), polythiophene (PT), and poly(3,4-ethylene-
dioxythiophene) (PEDOT), as well as their composites and
derivatives, have been extensively employed in electrochemical
energy storage devices.”'*'>717

The pseudocapacitive characteristics of conjugated conduct-
ing polymers arise from reversible redox reactions coupled with
doping/de-doping processes, which facilities the movement of
counterion dopants and ionic species between the polymer
matrix and electrolyte.>*®'® The doping process in conjugated
conducting polymer thin films can be electrochemically
induced by applying an external electric field while the con-
jugated conducting polymer thin film is in contact with an
electrolyte. In the doped state, conjugated polymer chains
typically adopt an extended conformation to minimize repul-
sion between similar charges. Decreasing the magnitude of the
applied electric field leads to the reduction of polycationic
polymer chains and the expulsion of counterions from the
conjugated polymer into the electrolyte, resulting in dedoping.
In this de-doped state, the conjugated polymer chains often
adopt a compact conformation.® The doping process in con-
ducting polymers leads to the formation of charged species
such as polarons and bipolarons along the conjugated
backbone.® During de-doping process in p-type conducting
polymers, bipolarons reduce to polarons, and polarons to
neutral segments, while positively charged ions from the elec-
trolyte enter the polymer thin film to maintain overall charge
balance."®*°

To be effective as pseudocapacitive materials and achieve
high specific capacitance, conjugated polymers must meet
several criteria, including low molecular weight, an appropriate
electrochemical potential window, high thermal and chemical
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stability, good mechanical flexibility, excellent charge mobility,
and high electrical conductivity.>'° The theoretical capacitance
of a material represents the maximum charge it can hold
relative to its mass.>' Consequently, the maximum theoretical
capacitance in conjugated conducting polymers corresponds to
one charge per monomer unit, making low molecular weight
polymers such as PANI, PPy, and P3HT generally preferred for
achieving high specific capacitance.® However, conducting
polymers with high molecular weights, such as PEDOT, also
demonstrate excellent pseudocapacitance due to their superior
ionic charge mobility, outstanding electrical conductivity,
exceptional thermal and chemical stability, and resilience
to expansion and contraction during electrochemical reac-
tions.”?1%?272*  Conjugated conducting polymers undergo
expansion and contraction in response to electrochemical
reactions, where redox processes induce elasticity. The inclu-
sion or exclusion of anions from the polymer matrix causes
strain, which varies with the amount of anionic redox species
involved.”**?® Conducting polymers with high molecular
weights, such as PEDOT, effectively withstand the expansion
and contraction that occur during electrochemical reactions.

The storage of electrochemical energy is governed by two
principal mechanisms: the formation of electrochemical dou-
ble layers on electrode surfaces through adsorption and far-
adaic charge storage in pseudocapacitive materials.®?’
To enhance the storage capacity of electrochemical double
layers, it is crucial to increase the electrode surface area
available for adsorption. Various porous carbon materials have
been investigated as high-surface-area electrodes for electro-
chemical double-layer capacitors (EDLCs).”® The incorporation
of a pseudocapacitive layer onto the carbon electrodes provides
an additional reservoir for electrochemical charge. This fara-
daic charge storage is facilitated by reversible redox reactions
occurring within the volume of the pseudocapacitive layer,
leading to a substantial increase in total storage capacity.®'°
The intercalation of ions within conjugated conducting poly-
mer chains enables the use of the entire polymer volume for
charge transfer, extending beyond the electrode/electrolyte
interface and thereby enhancing pseudocapacitance.”'®'® High
surface area is essential for efficient pseudocapacitive charge
storage, as thinner layers over larger interfacial surface areas
accelerate the charging and discharging rates for a given
volume of conjugated polymer.

The size and nature of counterion dopants are critical in
determining the electrochemical performance of conjugated
conducting polymers.®'**® Conjugated conducting polymers
can be doped with a various range of counterions, from
small monoatomic anions like chloride (Cl™) to large macro-
molecular polyanions such as poly(styrene sulfonate) (PSS),
tosylate, and 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(FATCNQ). Using small counterion dopants like chloride in
conjugated conducting polymers facilitates redox exchange
with the electrolyte and offers a broader electrochemical
potential window, which is advantageous for electrochemical
energy storage devices.®'%*%*! Enhancing the pseudocapacitive
properties of conducting polymers can be achieved by increasing
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their semi-crystalline characteristics and attaining longer polymer
chains.””® Ton diffusivity differs between crystalline domains and
amorphous regions,>? and conducting polymer thin films with
an edge-on orientation exhibit higher charge storage capacities
during charge/discharge cycles.'®*' Additionally, smaller counter-
ion dopants enhance ionic conductivity and accelerate redox
reactions.

The large-scale adoption of electric vehicles (EVs), electro-
nics, and drones has intensified the demand for high-energy,
durable, and cost-effective lithium-ion batteries (LIBs).*?
Recent advancements in conjugated conducting polymers
within Li-based batteries have significantly improved perfor-
mance and stability.**** Optimizing the anode surface area in
LIBs is crucial: reducing anode surface area enhances energy
density by minimizing lithium consumption for solid electro-
lyte interphase (SEI) formation, while increasing anode surface
area boosts power density but lowers energy density due to
higher lithium consumption.?® The artificial SEI film, replicat-
ing the natural SEI layer, enhances Li-metal battery perfor-
mance by regulating Li" deposition and suppressing Li dendrite
growth. Conducting polymers with excellent ionic conductivity,
superior processability, and outstanding flexibility are ideal for
use as artificial SEL.>® To address the volumetric expansion of Si
anodes in LIBs and prevent interfacial side reactions, stable SEI
development is essential. Conducting polymer coatings on
porous Si anodes enhance electrochemical performance by
stabilizing the SEI layer, improving electronic conduction, rate
capability, cycling stability, volumetric tolerance, electrolyte
uptake, and electron transport.*>373#

As a promising cathode for next-generation LIBs, Ni-rich
NCM, particularly NCMg,; (LiNiygCoo;1Mn,10,), offers high
energy density with a specific capacity of ~210 mA h g™*, good
power densities, and reduced cost but faces challenges such as
low thermal stability, poor cycle life, and rapid capacity
degradation.***® To address these issues, intensive research
has focused on surface coating of NCM cathodes to enhance
cycling performance using various materials, including metal
oxides,*®*' metal fluorides,*>**> metal phosphates,***> Li-ion
conductive coatings (e.g, LiTi,04),'**” and conducting polymers.*®*°
Compared to inorganic coatings, conducting polymers offer
high electronic conductivity, environmental stability, and low
cost, thus stabilizing cycling and improving rate capability. The
lithium-sulfur (Li-S) battery is a promising Li-metal based
technology, offering a high energy density of ~2600 W h kg™
and low-cost. However, the practical application of Li-S is hin-
dered by challenges such as poor rate capability and limited
rechargeability due to the insulating nature of Sg and Li,S, rapid
capacity degradation from the dissolution of lithium polysulfides
(LiS,, 3 < n < 6), and significant volume expansion (~ 80%)
during charging.***°> To improve sulfur cathode utilization and
cycling stability, various sulfur composites are used, including
sulfur dispersed in conductive mediums like carbon-based
materials,>*>* and conducting polymers.>>>® Coating the sulfur
cathode in Li-S batteries with conducting polymers enhances
capacity retention, improves overall capacity by restricting the
shuttling of polysulfide intermediates, and mitigates electrode
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degradation from sulfur’s volume expansion due to the polymers’
self-healing properties.>>>”

Supercapacitors have attracted significant attention for their
exceptional capacitance (100-1000x higher than conventional
capacitors), high power density, rapid charge/discharge times
(1-10 seconds), and long cycling life (>30000 hours), making
them ideal for flexible electronics, electric vehicles, and renew-
able energy devices.>””® Enhanced capacitance is achieved by
increasing electrode surface area, leading to the use of high-
surface-area materials such as activated carbon (AC), carbon
nanotubes (CNTs), graphene, graphene oxide (GO), carbon
cloths (CCs), carbon fibers (CFs), and other nanoporous
structures.” Pseudocapacitors, which typically offer higher
energy density than EDLCs, bridge the gap between EDLCs
and rechargeable batteries.>*° Conducting polymers and tran-
sition metal compounds ((TMCs)), such as metal oxides/
sulfides/nitrides/carbides, are commonly used as electrode
materials in pseudocapacitors.”> The mechanical stability of
conducting polymers, combined with their straightforward fabri-
cation, redox properties, and mixed ionic and electrical conduc-
tivity, makes them ideal for use in flexible supercapacitors.>>>°
PANI stands out as a leading candidate among conducting
polymers, noted for its lower molecular weight and impressive
specific capacitance of 1284 F g~ ".>° Conducting polymers gen-
erally show high specific capacitances, such as 480 F g~ for PPy,*
and 210 F g~ * for PEDOT."**!

Redox flow batteries (RFBs) are ideal for large-scale, cost-
effective electrochemical energy storage due to their simple and
modular design, scalability, long-duration storage, rapid load
response, high efficiency, safety, and long cycle life.**** Com-
mon electrode materials in RFBs include low-cost porous
carbons like carbon fiber paper (CFP), carbon cloth (CC), and
graphite felt (GF).>**® Carbon cloth shows promise for RFB
electrodes but suffers from low specific capacitance, limited
surface area, and poor wettability due to its hydrophobic
nature.>'®® Similarly, graphite felt faces challenges like low
electrochemical activity, limited surface area, poor wettability,
and suboptimal chemical kinetics which results in low mass
transfer.”” To improve the electrochemical performance of
carbon-based electrodes, various modification techniques have
been explored, including wet chemical oxidation,*®®® electro-
chemical oxidation,”®”" thermal treatment,”>”® plasma
enhancement,”*’® and utilization of conducting polymer
coatings.”'® Applying thin layers of conducting polymers and
their composites onto carbon electrodes has proven to be an
effective method for improving the electrochemical perfor-
mance of carbon-based electrodes in RFBs.”'*'%7¢ PEDOT,
specifically, can be chemically tailored to regulate the diffusion
of electroactive species within its structure, making it an
excellent ion-selective material."®

This review focuses on the electrochemical characteristics of
conjugated conducting polymers and their applications in
electrochemical energy storage devices, such as Li-ion batteries,
supercapacitors, and redox flow batteries. Various solution-based
and vapor-based fabrication methods for conjugated conducting
polymers are also discussed. Additionally, the impact of texture

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and nanostructure on the electrical and ionic conductivity of
conjugated polymers is examined, emphasizing their importance
in the development of next-generation materials with diverse
counterion dopants to meet future demands.

2. Fabrication methods for conducting
polymers

Fabrication methods and corresponding process parameters
can significantly influence various physical and chemical prop-
erties of conjugated conducting polymers, such as crystallinity,
glass transition temperature, molecular weight, and morphology.
Fabrication techniques for conducting polymers can be divided
into two broad categories: solution-based and vapor-based, as
illustrated in Fig. 1. Solution-based methods include: spin
coating,””””® in situ chemical polymerization (ICP),”*"*" electropo-
lymerization (electrochemical polymerization (ECP)).*** vapor-
based techniques includes: vapor phase polymerization
(VPP),**%* oxidative chemical vapor deposition (0CVD).>%%*°

View Article Online
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In addition to these established methods, other polymerization
techniques such as hydrothermal,'® electrospinning,'® self-
assembly,'®® interfacial,'®® and plasma polymerization,'® have
also been used for fabricating conducting polymer thin films and
composites.

2.1. Solution-based fabrication methods for conducting
polymers

2.1.1 Spin coating method. Spin coating is a widely used
solution-based method for fabricating polymeric thin films
with thicknesses ranging from micrometers to nanometers.
The spin coating process involves depositing a viscous polymer
solution onto a rotating flat substrate, resulting in a uniform
thin film. The fabrication process consists of four steps:
(i) dispensing liquid precursors, (ii) substrate acceleration
(spin-up), (iii) spin-off, and (iv) thermal annealing (Fig. 1a).
The quality of the spin-coated thin film depends on several
process parameters, including angular velocity, polymer
molecular weight, liquid precursor viscosity, additive and
solvent presence, additive/solvent volatility, and the surface

Solution-Based Manufacturing

(a)

Spin-Coating

— PEDOT:PSS

\
-
‘ 1 |

Chemical Polymerization

(b)

-

VPP

(d)

Oxidant
+ Solvents
+ Additives

f—sﬂe_//

)

\—* Monomer + Oxidant + Additives

Vacuum-Based Manufacturing

(c)

Electropolymerization

Working
Electrode

Reference
Electrode

Counter
Electrode

(e)

oCVD

N
Oxidant
N
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Fig. 1 Various methods commonly used for fabricating conjugated conducting polymers. Solution-based methods include (a) spin-coating,?

(b) in situ

chemical polymerization (ICP), and (c) electrochemical polymerization (ECP). Vapor-based methods include (d) vapor phase polymerization (VPP), and (e)
oxidative chemical vapor deposition (0CVD).1%° (a) Reproduced with permission.2 Copyright 2019, Wiley. (e) Reproduced with permission.'°> Copyright

2019, Science.
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energy between the substrate, polymer film, and liquid
precursor.'*1%7

The electrical conductivity of conducting polymer thin films
fabricated by spin coating can be enhanced by adding organic
polar solvents with high boiling points, such as dimethyl
sulfoxide (DMSO), N,N-dimethyl formamide (DMF), glycerol,
ethylene glycol (EG), N,N-dimethyl acetamide (DMAc), sorbitol,
and dichloromethane (DMC).%>*1%¢11% The main advantages of
the spin coating method are its quickness and low cost.
However, its major drawbacks include: (i) inability to create
ultrathin polymeric films (thickness <10 nm), (ii) inability to
provide conformal coatings, (iii) restriction to planar sub-
strates, as the technique is ineffective for coating non-flat or
complex surfaces, (iv) utilization of only a small fraction (2-5%)
of the polymer solution, and (v) low quality and presence of
contaminants in the fabricated thin films.>"°%!* 112

2.1.2. In situ chemical polymerization (ICP) method. The
ICP process begins by dissolving the monomer, oxidant, and
additives into a solution, which is then deposited onto the
substrate surface by spin coating, allowing polymerization and
doping to occur simultaneously (Fig. 1b). The properties of the
resultant polymeric thin film fabricated via the ICP method are
highly influenced by factors such as molecular weight, type of
oxidant, presence of organic solvents and additives, and the
morphology of the deposited thin films. Oxidant characteristics
(solubility, concentration, stability, anion and cation constitu-
ents, and oxidation strength) are crucial in the polymerization
process in the ICP method because they determine the rate of
monomer oxidation and influence the morphology and con-
ductivity of the resultant conducting polymer thin film."*?

Numerous oxidants are commonly used in the ICP method,
including copper(n) chloride (CuCl,),"**'*> copper(u) perchlo-
rate (Cu(ClOy),),"*® iron p-toluene sulfonic acid (Fe(pTS)),"”**®
iron chloride (FeCls),""”**® iron(i) para-tosylate (Fe(Tos);), and
ammonium peroxydisulfate (APS) with p-toluene sulfonic acid
(PTSA) as the oxidant and dopant, respectively.'’® Various
organic solvents, such as dimethylformamide (DMF), N-methyl-
2-pyrrolidone (NMP), acetonitrile-chloroform, and n-butanol, are
used for fabricating different conducting polymers, including
PEDOT, poly(ethylene terephthalate) (PET) fiber, and graphite/
PMMA nanocomposites.'**"** Additionally, different additives
such as base inhibitors (e.g., imidazole),">* polymeric surfactants
(e.g, PEG-PPG-PEG), and high boiling point cosolvents (e.g,
NMP) are employed to modify the morphology and other physi-
cochemical characteristics of the fabricated polymer thin films
through the ICP method.'*?

The main benefits of the ICP technique over spin-coating are
(i) a simpler and faster bottom-up approach and (ii) effective
dispersion of nanoparticles with less aggregation. However, the
ICP method has disadvantages compared to vapor phase meth-
ods, including (i) inability to provide conformal coatings due to
surface tension effects, (ii) unsuitability for solvent-sensitive
substrates, and (iii) potential for flocculant formation during
polymerization.

2.1.3. Electropolymerization method. In the electropoly-
merization method, a thin film of a conducting polymer is

2672 | Energy Adv., 2024, 3, 2668-2703
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deposited on the surface of a conductive supporting electrode
(the working electrode) by anodic oxidation of the monomer in
a three-electrode cell setup, which includes a reference elec-
trode, a counter electrode, and the working electrode (Fig. 1c).
Common reference electrodes include Ag/AgCl and saturated
calomel electrode (SCE), while platinum, stainless steel,
and high-density graphite are used for the counter electrode.
Various electropolymerization techniques can be employed,
including potentiostatic (constant voltage), galvanostatic (con-
stant current), and potentiodynamic (cyclic voltammetry). Dur-
ing electropolymerization, the monomer dissolves in a solvent
containing an anionic doping salt (electrolyte solution). Apply-
ing a specific deposition potential (Epolymerization) OXidizes the
monomer on the anode surface, forming a radical cation.®?
This radical cation reacts with other monomers in the solution
to form oligomers, which, due to their lowered oxidation
potential, more easily form further radical cations, thereby
initiating polymerization and transitioning from monomer radi-
cals to dimers, tetramers, octamers, and higher oligomers.’*® As
chain length increases, solubility decreases, leading to film deposi-
tion on the anode surface. Simultaneously, anions or counterions
are incorporated into the polymer matrix during film formation.

Selecting the appropriate solvent and electrolyte is critical for
the electropolymerization method, as they must remain stable at
the monomer’s oxidation potential while providing ionic
conductivity.** The solvent type (aqueous, non-aqueous, ionic
liquid, protic, aprotic) and electrolyte properties (pH, composition)
significantly influence the film properties and polymerization
rate.*>'>'%” Organic solvents like DMSO, acetonitrile, dichloro-
methane, propylene carbonate, nitrobenzene, and methyl benzo-
ate are commonly used in the electropolymerization method for
fabricating conducting polymer thin films."*®'?® Aqueous solvents
are preferred in the electropolymerization method due to advan-
tages like easy handling, environmental safety, lower cost, and the
availability of a wide range of possible counterions for incor-
poration.”*® Room temperature ionic liquids are also used as
solvents in electrochemical polymerization method due to their
non-volatility, wide electrochemical stability window, and environ-
mental friendliness.*

The electropolymerization process is favored over other
solution-based techniques for its excellent substrate adhesion,
better control over film thickness and morphology, and pre-
vention of extra chemical species accumulation (from oxidant
or catalyst) on the polymeric film."*' However, the electropoly-
merization method has a drawback compared to other solution-
based methods, as it requires conductive substrates, limiting
the choice of materials.

2.2. Vapor-based fabrication methods for conducting polymers

2.2.1. Vapor phase polymerization (VPP) method. The VPP
method is a two-step fabrication for depositing conducting
polymer thin films on various substrates.””'**'** In the first
step, an oxidizing agent with low volatility is applied to the
substrate surface via wet chemistry techniques, such as spin
coating, and after heating and drying the oxidant thin film is
placed upside down inside a vacuum chamber (Fig. 1d). In the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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second step, the monomer vapor is exposed to the oxidant-
coated substrate within the vacuum chamber, where polymer-
ization occurs at the oxidant-monomer vapor interface,’®*33134
For VPP, the chamber is usually kept at ambient pressure or a
moderate vacuum of 5-30 Torr, with vacuum conditions
becoming the norm and used frequently.”> Notably, VPP
can also be performed without drying the oxidant, allowing
for the fabrication of conducting polymers on liquid droplet
oxidants."*> The VPP mechanism is similar to oxidative poly-
merization in solution, involving step growth polymerization
between a monomer and an oxidizing agent.

Common oxidants used in VPP method include iron(m)
chloride (FeCl;),”" iron(m) tosylate [Fe(OTs);],"*® iron(m) trifluoro-
methanesulfonate [Fe(OTf);],"*” and copper(n) chloride (CuCl,)."*®
These oxidants are typically dissolved in organic solvents like
methanol, ethanol, butanol, or water to prepare spin-coatable
precursors. The polymerization rate can be regulated using differ-
ent solvents such as DMSO, NMP, DMF, and chelating ligands like
EDTA.***"* The utilization of solvents and additives in the VPP
method introduces potential coordination molecules into the
oxidant solution, forming metal complexes and altering ligand
coordination, thereby changing the oxidant’s overall reactivity.
Base inhibitors such as imidazole, polyethyleneimine (PEI), or
pyridine, when dissolved with the oxidant, can enhance the film’s
conductivity by increasing the pH and inhibiting side reactions
under acidic conditions, and reducing the polymerization
rate.”>**'*° The surfactant poly(ethylene glycol)-block-poly(propyl-
ene glycol)-block-poly(ethylene glycol) (PEG-PPG-PEG) has been
reported to improve electrical conductivity of conjugated conduct-
ing polymer thin films by lowering the polymerization rate and
preventing oxidant crystallization.'*!

The polymerization rate and characteristics of fabricated con-
ducting polymers in VPP method can be controlled by adjusting
parameters like exposure time of the substrate with the monomer
vapor,”® pressure of vacuum chamber,®® substrate tempera-
ture, %12 relative humidity inside the polymerization
chamber,” acidity level of oxidant,"** and post-deposition acidic
rinsing treatment.”” The VPP method offers several key advantages
for fabricating conducting polymers, including compatibility with
various substrates, operation in a moderate vacuum environment
for fabricating good quality thin films, fabrication of smooth thin
films, and the ability to deposit on flexible or delicate
substrates.”>?*>'** The drawbacks of the VPP method include the
complexity of tuning interconnected process parameters, the initial
formation of oxidant as a solid thin film in the absence of monomer
preventing fabrication of ultrathin highly conformal coatings, and
the risk of substrate surface damage from solution casting, making
it incompatible with solution and temperature-sensitive substrates.

2.2.2. Oxidative chemical vapor deposition (0CVD)
method. The CVD method is a powerful manufacturing tech-
nique for large-scale production of inorganic semiconductors,
conjugated conducting polymers, and functional polymers.>'**4¢
The oCVD method, first reported by Karen Gleason and her team
in 2006,""” was developed as a robust, simple, and solvent-free
vapor-deposition technique for fabricating highly conformal
conducting and semiconducting polymer thin films. To start

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the oCVD procedure, the substrate is placed upside down on a
temperature-controlled stage inside the vacuum chamber. The
monomer and liquid oxidant, stored in separate heated glass
jars, are connected to the reactor chamber via temperature-
controlled feed lines (Fig. 1e).*° Once vaporized, the mono-
mer and oxidant vapors are fed into the vacuum chamber,
where step-growth polymerization occurs on the temperature-
controlled substrate.>*° An inert carrier gas, such as argon, is
used for low volatile species or as a gas balancer for funda-
mental studies. The oxidizing agent in the oCVD method is
heated and converted into vapor through sublimation for solid
oxidant, or evaporation for liquid oxidants.

Common solid oxidants include iron(m) chloride
(FeCl,)?*0>9%148149 and copper(n) chloride (CuCly),>®” while
recently reported liquid oxidants include vanadium oxytrichloride
(VOCI;)?2%195:1%% and antimony pentachloride (SbCls).!%3%1>1:132
Liquid oxidants are often more effective than solid oxidants due
to their higher volatility, better flow rate control, and elimination
of post-treatment acidic rinsing, as they leave negligible oxidant
byproducts on the as-deposited thin films.>**'°* The characteris-
tics of conducting polymers fabricated using the oCVD method
can be controlled by tuning process parameters such as oxidant
saturation ratio (OSR),'®>™*? deposition temperature,'®*>%'3*
chamber pressure,”**'*® incorporation of water-assisted
growth techniques,’®'**'** and choice of oxidant.'> The most
important parameters for oxidants used in oCVD method are
volatility, thermal stability, and the ability to drive the reaction
forward.?>*°°

The oCVD method enables the fabrication of conducting poly-
mers on any substrate type (planar/non-planar, organic/inorganic,
porous/dense, conductor/insulator) and produces robust, patterned
thin films via covalent grafting between the polymer film and
substrate without requiring any linker molecule.” Given that
majority of conjugated conducting polymers are insoluble in
solvents, solvent-free and dry methods like vapor-based manufac-
turing (VPP, and oCVD) are highly desired.>*”'*” The most sig-
nificant advantages of oCVD over other techniques include its
ability to form highly conformal coatings, independence from
substrate type, compatibility with large-scale roll-to-roll (R2R) pro-
duction, solvent-free single-step processing, and capability to create
uniform thin films at low deposition temperatures,*-'4%146:148

The Fabrication methods section provided an overview of
various techniques used to fabricate conjugated conducting
and semiconducting polymers. These fabrication methods
often rely on specific oxidants to facilitate polymerization.
The commonly explored oxidants employed in various fabrica-
tion processes are summarized in Table 1.

3. Specific characteristics of
conjugated conducting polymers

3.1. Charge transport mechanisms in conjugated conducting
polymers

Organic polymers are typically insulators due to their large
band gap, which is the significant energy difference between

Energy Adv,, 2024, 3, 2668-2703 | 2673
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Tablel Common oxidants used in various fabrication methods of conjugated polymers. The table provides details on oxidants commonly employed in
the fabrication of conjugated conducting polymers, in both solution-based and vacuum-based processes

Fabrication method Common explored oxidants

Spin coating

Electropolymerization

In situ chemical polymerization (ICP)

Vapor phase polymerization (VPP)

Oxidative chemical vapor deposition (0CVD)

Polymer is typically dissolved in a solution, with FeCl; occasionally added as oxidant
Oxidation of a monomer is induced by voltage or current

FeCls, CuCl,, Cu(ClO,),, Fe(pTS), Fe(Tos);, ammonium peroxydisulfate (APS)

FeCl;, CuCl,, Fe(OTs);, Fe(OTf);

FeCl;, CuCl,, VOCl;, SbCls

the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) levels.® However, certain
types of organic polymers, known as conjugated polymers, can
exhibit semiconducting behavior due to the presence of alter-
nating single (o) and double (n) bonds along their polymer
chain (Fig. 2a), creating an overlap of unbonded p, orbitals
that allows m-electrons to flow along the polymer backbone
skeleton.>®?**1°® The doping process in conjugated polymers
reduces the bandgap, thereby increasing their conductivity
from an insulator to a conductive level.*** The bonding (r)
and anti-bonding (n*) orbitals of carbons in the polymer chain
eventually create the n (HOMO) and wn* (LUMO) bands
(Fig. 2b).® The difference between the HOMO and LUMO energy
levels, known as the bandgap, dictates the optical and opto-
electronic characteristics of the polymer.>***'>® As the length
of polymer chain increases, the bonding and antibonding
orbitals get rearranged with different energy levels and practi-
cally reducing the bandgap which enhances conductivity.

There are two distinct pathways for the movement of charge
carriers inside the conjugated polymer matrix: intrachain and
interchain coupling (Fig. 2c and d).® Intrachain coupling allows
charge carriers to move between adjacent localized polymer
segments along the same polymer backbone, whereas interchain
coupling facilitates charge transport through hopping between
individual chains or within a folded chain. Charge carrier mobility
is generally much faster along the conjugated backbone (intra-
chain transport) compared to interchain transport,®>°%10%160:161
Interchain transport is a rate-limiting factor, and reducing the n-n
stacking distance is an effective method to enhance carrier mobi-
lity and overall electrical conductivity in various conjugated con-
ducting polymers, including PEDOT,!%!0%:1521627165 pgp, 166,167
and diketopyrrolopyrrole (DPP)-based donor-acceptor (D-A)
polymers.'®® While intrachain coupling provides increased carrier
mobility, a high packing order in chain orientation enhances
interchain coupling, reducing charge localization caused by
defects and amorphous regions.®

T+

2p,

e pad P e
CH, C,Hg (CH,),
(Ethylene) (Butadiene) (Polyacetylene)

(c)

(d)

Intra-Chain Coupling

[ H]e o]® c[ s[® A (counter-lon; cl, PSS, Tos, OTH) |

Inter-Chain Coupling

Fig. 2 Charge transport in conjugated conducting polymers. (a) Schematic illustration of sigma and pi bonds in a conjugated polymer.® (b) Change in
bandgap as a consequence of bonding and antibonding orbitals in conjugated polymers.® Schematic illustration of charge carrier transport through (c)
intra-chain coupling,® and (d) inter-chain coupling.® (a)-(d) Reproduced with permission.® Copyright 2020, Elsevier.
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The incorporation of dopants in the polymer results in the
oxidation or reduction of the polymer backbone, forming local
excitons or quasiparticles (polaron, bipolaron, and soliton)
along the polymer chain.®'*® These positively or negatively
charged quasiparticles act as charge carriers along the conju-
gated backbone chains. Based on the polarity of the dominant
charge carriers, conducting polymers can be classified as p-type
(hole transport), n-type (electron transport), or ambipolar.®*’

The most widely studied and applicable p-type conjugated
polymers include PEDOT, PANI, PPy, and PTh, as illustrated
in Fig. 32.>° On the other hand, the most frequently reported
n-type conjugated polymers are diketopyrrolopyrrole (DPP),
naphthalene diimide (NDI), benzodifurandione-based oligo(p-
phenylene vinylene) (BDOPV), isoindigo (IID), and benzothia-
diazole (BT), shown in Fig. 3b.>° Notably, n-type (reduced)
conducting polymers exhibit less stability compared to p-type
(oxidized) ones, making oxidized conducting polymers (p-type
conducting polymers) more widely used in practical applications.*®

3.2. Influence of nanostructure on electrical conductivity of
conjugated conducting polymers

The electrical conductivity of conjugated conducting polymers
can vary significantly depending on their semicrystalline char-
acteristics such as crystallite size, semicrystalline orientation,
and m-n stacking distance.®?*'*>1%97171 Wwith respect to the
substrate surface, crystallites in conducting polymer thin films
can exhibit a face-on orientations, edge-on orientations, end-
on orientations, and a mixture of different orientations
(isotropic).® The conjugated backbone lies parallel to the plane

p-type conjugated polymers

m@%@w

PEDOT PANI

(b) n-type conjugated polymers
1D R

Fig. 3 Chemical structures of the most relevant p-type and n-type
conjugated conducting polymers. (a) Chemical structures of p-type con-
jugated polymers, including poly(3,4-ethylenedioxythiophene) (PEDOT),
polyaniline (PANI), and polythiophene (PTh).2° (b) Chemical structures
of significant n-type polymers, such as isoindigo (IID), naphthalene
diimide (NDI), benzothiadiazole (BT), diketopyrrolopyrrole (DPP), and
benzodifurandione-based oligo(p-phenylene vinylene) (BDOPV).?° (a)
and (b) Reproduced with permission.?® Copyright 2022, MDPI.
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of substrate in face-on orientation but the n-m stacking is
perpendicular; whereas for edge-on, both the conjugated back-
bone and n-n stacking lie parallel to the plane of substrate
(Fig. 4a).>'*>1> Two of the most widely used conjugated
conducting polymers, PEDOT and P3HT, exhibit a semicrystal-
line nature and assemble in an orthorhombic unit cell structure
(Fig. 4b and c).® The conjugated polymer chains stack along the
b-axis lattice parameter to form face-to-face layers, with n-n
stacking corresponding to half of the b-axis lattice parameter.
In both highly edge-on and highly face-on orientations, the
conjugated backbone chains lie in the plane of conjugated
polymer thin films, enabling high in-plane electrical conduc-
tivity. However, a mixture of face-on and edge-on orientations
reduces unperturbed percolation pathways, leading to reduced
electrical conductivity.®*>?

The possible charge carrier transport pathways in highly
face-on and highly edge-on crystallite orientations in conju-
gated polymers are illustrated in Fig. 4d and e, respectively. The
electrical conductivity in heavily doped conjugated conducting
polymers with highly face-on (or highly edge-on orientation)
and short n-n stacking distance is quasi-1D.*'°>'? In the
quasi-1D conductivity, charge transport parallel to the substrate
primarily occurs (i) along polymer chains that traverse multiple
crystallites and bridge amorphous regions, and (ii) between
chains in the crystalline regions.>'”" Interchain transport is
higher in the crystallite domains and slower in the less dense
amorphous regions.'® Reducing the n-n stacking distance in
conjugated conducting and semiconducting polymers
increases both the charge transfer integral and carrier mobility
and yields the electrical conductivity enhancement,®*0%:152:13

Fig. 5 displays the timeline of gradual increment in the
reported conductivity of a specific conducting polymer, PEDOT.
The highest electrical conductivity achieved in PEDOT thin
films to date is 7520 S cm™', obtained using the water-
assisted oCVD method (W-A oCVD) with SbCl; as the
oxidant."? Kim et al.'’? reported a conductivity of 1418 S
cm™! in PEDOT thin films with EG as an additive. In 2014,
Kim et al.'” achieved a conductivity of 4380 S cm™" by using
different concentrations of H,SO, as a post-treatment, which
induced crystallinity and structural improvement. Worfolk
et al.'”* used solution shearing during deposition that yielded
PEDOT:PSS thin film with a conductivity of 4600 S cm™ . Gueye
et al.'” utilized the ICP method to deposit PEDOT thin films
with Fe(OTf); as the oxidant, and N-methyl pyrrolidone (NMP)
as the polymerization rate controller, achieving a conductivity
of 5400 S cm™'. Using the oCVD method with solid FeCl,
oxidant and HBr rinsing, PEDOT thin films exhibited a con-
ductivity of 6259 S em™'.">® Moreover, using liquid SbCl; as
oxidant, the oCVD method yielded PEDOT thin films with a
conductivity of 5602 S cm™"."**> Post-deposition acidic rinsing
steps, such as using HCI, HBr, or H,SO,, have been shown to
significantly enhance the electrical conductivity of conducting
polymer thin films. Post-deposition acidic treatments improve
conductivity by removing insulating impurities and inducing
structural rearrangements that promote better charge
transport.>?%1*317¢ For instance, H,SO, post-treatment has
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Fig. 4 Texture and nanostructure of conjugated conducting polymers. (a) Schematic illustration of face-on and edge-on orientation along with the n—n
stacking distance, which can significantly affect the overall electrical conductivity.®2 Orthorhombic unit cell structure of (b) P3HT,® and (c) PEDOT.!%?
Charge carrier transportation pathways between different ordered crystallite regions in conjugated conducting polymers with (d) highly face-on

orientation,%®

and (e) highly edge-on orientation.? (a) and (c) Reproduced with permission.*>2 Copyright 2020, Wiley. (b) and (e) Reproduced with

permission.® Copyright 2020, Elsevier. (d) Reproduced with permission. 10 Copyright 2019, Science.

been reported to increase the crystallinity and overall electrical
performance of PEDOT films.?'>%173

3.3. Molecular weight and glass transition temperature of
conjugated conducting polymers

Conjugated conducting polymers exhibit both expansion and
contraction in response to electrochemical reactions, where
redox processes induce elasticity. The inclusion or exclusion
of anions from the polymer matrix leads to straining.”?*>® The
extent of strain depends on the amount of anionic redox
species entering or departing from the polymer. For instance,
applying a positive voltage along with a suitable electrolyte
causes oxidation, leading to electron loss and anion entry into
the polymer matrix, resulting in polymer expansion.” Conver-
sely, reduction causes contraction. These electrochemical

2676 | Energy Adv, 2024, 3, 2668-2703

deformations are useful in applications such as artificial mus-
cles. Semi-crystalline polymers typically exhibit superior
mechanical properties compared to amorphous polymers."””
The mechanical behavior of conjugated polymers depends
on microscopic changes in molecular mobility, which are
influenced by factors such as molecular weight, morphology,
nanostructure, working temperature, and applied pressure.'
Molecular weight is commonly characterized using the

M- N;
number-average molecular weight (Mn = %) or the
i
Y M?-N;
S M- N;
is the degree of polymerization, M; and N; are the weight and
number of molecules with degree of polymerization 7.'7%'7°

Higher molecular weight in conjugated polymers enhances

weight-average molecular weight (MW ), where i

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Timeline of electrical conductivity for PEDOT thin films. The evo-
lution of electrical conductivity enhancement in PEDOT thin films fabri-
cated by various solution-based and vapor-based methods.*® Reproduced
with permission.>® Copyright 2024, Springer.

electrical conductivity, strength, and toughness due to increased
density and better entanglement. Lower molecular weight poly-
mers are brittle and cannot withstand high strain rates, whereas
higher molecular weight polymers exhibit significant ductility and
elongation."”® The mechanical properties of conjugated conduct-
ing polymer thin films can be assessed using the strain-induced
elastic buckling-based method.'®® The modulus of elasticity for
conjugated polymer thin films (Ef is determined using the
substrate’s modulus of elasticity (Es), Poisson ratios of both the
thin film (J¢) and substrate (J;), buckling wavelength (/), and
thin film thickness (d) by using the following equation:"*°

1—19[‘2 ;Lb
Er =3E () - (222 1
r=3 (1—.932) (2ndf @

Reaching the glass transition temperature (T,) transforms
the polymer from a glassy to a rubbery state, altering its
mechanical properties."”® The glass transition temperature
represents a second-order phase transition and describes the
thermally activated reorganization of polymer chains. Below T,
the polymer is glassy, and above T, becomes elastomeric. Ty
influences the morphological stability of the polymer’s solid
state, affecting thermal stability, dewetting, and delamination
of thin films, and is critical for the mechanical properties
needed in flexible optoelectronic applications."”® The glass
transition temperature is a critical processing parameter that
dictates the kinetics of molecular organization in organic
conjugated polymers during solidification,"”® or vacuum-
based deposition methods.'®'*>'®? In the oCVD method
for fabricating PEDOT, when the deposition temperature
reaches or exceeds the glass transition temperature of PEDOT
(approximately 100 °C), the crystallites reorient from mixed
face-on and edge-on orientation to predominantly face-on
orientation.'®*%°*1%2 The reorientation at around glass transi-
tion temperature aims to minimize interfacial energy between
the substrate and the a-c plane of the PEDOT crystallite face,
resulting in a highly face-on orientation, which is essential for
enhanced electrical conductivity.®***¢

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.4. Reversible doping/de-doping in conjugated conducting
polymers

Conducting polymers can undergo p-doping with counter
anions upon oxidation and n-doping with counter cations upon
reduction. The simplified equations for these charging pro-
cesses are as follows:*°

Cp = Cp'(A)a+ ne”  (p-doping) )
Cp,+ne” — Cp(C), (n-doping) (3)

where C,, represents the neutral conducting polymer, C5*(A7),
and Cp~(C"), indicate the oxidant- and reductant-doped con-
ducting polymer with counterions, e~ denotes the electron, n
states the number of electrons transferred, A~ represents
counter anion, and C* denotes counter cation.

The type of doping (p- or n-type) is typically determined from
the required potential for the doping and the nature of conducting
polymers, so the selection of appropriate conducting polymers
based on the potential window is essential for optimal electro-
chemical device performance.®" N-Type doping can sometimes
result in undesirable properties such as high impedance, poor
processability, chemical instability, and lower capacitance and
conductivity due to the need for higher negative potentials than
the electrolyte solvent breakdown potential.**'#"'8>

Doping in conducting polymers causes volumetric changes
(swelling) that revert during de-doping (shrinking), which
corresponds to the oxidation or reduction reaction.'®?*183
Continuous electrochemical cycling causes large dimensional
changes during charging and discharging, leading to material
breakdown and degradation of the polymer structure, ulti-
mately reducing electrochemical performance.'®* The doping
process in conducting polymers results in the formation of
charged particles such as polarons, bipolarons, and solitons
along the polymer backbone.® During de-doping in p-type
conducting polymers, bipolarons and polarons are reduced to
polarons and neutral segments, respectively and positively
charged ions from the electrolyte entering the film to balance
the overall charge.®'®'® Inversely, positively charged ions of
electrolyte are pushed out from the p-type conducting polymers
during the next cycle of doping (charging) and the initial
counterions again oxidize the polaron and neutral states to
the bipolaron and polaron segments, respectively.'®'%

Cyclic voltammetry (CV) is a fundamental technique for
studying the doping/de-doping mechanism in conducting poly-
mers. Applying a reversible potential at a fixed scan rate in CV
causes conducting polymers to donate or accept electrons and
ions from the electrolyte to move in and out of the polymer
structure. The surface coverage (I') is defined as the ratio of
adsorbed molecules numbers on a specific surface to the
number of molecules required to form a complete monolayer
on that surface. The peak current (i,) of a reversible electro-
chemical system as a function of I', can be measured by the
following equation:'®*

; 22 exp(0)
=nF Al | ————— 4
b= [RT(I +exp(0)) (4)
Energy Adv., 2024, 3, 2668-2703 | 2677
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where n denotes the number of electrons, F is the Faraday

constant (96485 C mol '), A indicates the electrode surface

area in cm? I shows the surface coverage in mol cm ?,

9 specifies the scan rate in mV s~ ', R is the universal gas

constant (8.314 J mol~! K™'), T stands for temperature in K,
nkF

and 0 = ﬁ(E — E°) where (E — E°) is the difference between

cell potential and standard potential.

In general, when the redox reaction involves larger dopant
ions which are sluggish to move, the reaction becomes
diffusion-controlled and it was found that i, is proportional
to the square root of scan rate (9"/2).*> For reversible, single-
electron doping/de-doping reactions, CVs show symmetric
redox peak. However, for redox reactions involving multi-
electron transfers, CVs exhibit several peaks for oxidation and
reduction. Moreover, the peak-to-peak distance is also observed
to increase with the scan rate.'®® In cyclic voltammetry, the
experimental timescale is controlled by the scan rate (%), and
the relationship between the observed current at any specific
potential (i(V)) can reveal whether the redox reaction is
diffusion-controlled or surface-controlled. The general relation-
ship between the observed current and scan rate for any
material is described by the following equation:'®”

i(V) = k9" + k9 (5)

where k; and k, are constants related to diffusion and capaci-
tive currents, respectively.

The inner electrode surface stores charge via intercalation,
while the outer surface, in contact with the electrolyte, stores
charge via adsorption. Charge storage on the outer surface is
instant and scan rate-independent, whereas storage on the inner
surface is diffusion-controlled and scan rate-dependent.'®® The
relationship between the inner surface (diffusion-controlled) and
outer surface (surface-controlled) of an electrode to the total
charges (Qr) measured using CV is expressed as follow:'8%'°

Qr=0Qi *+ Qo (6)

where Q; and Q, represent the charges related to inner and
outer surfaces, respectively.

Furthermore, the relationship between the total charges or
capacity (Q) as a function of 3 can be described through the
following equation:>**8°

Q%)= Qo + k37 (7)

where the second term, k9~ indicates the amount of charge

stored due to semi-infinite diffusion, k is a constant, and Q.
describes the capacity related to high scan rates (3 — o0).

At 3 = 0, the value of Q represents the total capacity (Qr),
encompassing contributions from capacities associated with both
inner (Q;) and outer (Q,) surfaces, while at 3 — oo, Q signifies the
capacity specific to outer surfaces (Q,) exclusively.'®®

3.5. Pseudocapacitance characteristics of conjugated
conducting polymers

In electrochemical double-layer capacitors (EDLCs), charge
storage occurs at the electrode-electrolyte interface through

2678 | Energy Adv, 2024, 3, 2668-2703
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electrostatic (non-faradaic) interactions, as shown in Fig. 6a.
The innermost layer, made up of solvent dipoles adsorbed onto
the electrode surface, is known as the inner Helmholtz or Stern
layer. Immediately next to this is the outer Helmholtz layer,
which consists of an adsorbed layer of solvated ions. Beyond
the outer Helmholtz layer lies the diffuse layer, where solvated
ions and solvent molecules are randomly distributed into the
bulk medium."*’

Activated carbon is the most widely recognized electrode
material for EDLCs, offering a modest capacitance of up to
200 F cm 2, constrained by its specific surface area limitations.
Typical pseudocapacitance also originates from the electrode
surfaces but involves an associated faradaic charge-storage
reaction, leading to significantly higher capacitance. While
EDLCs depend exclusively on a physical charge storage
mechanism,® pseudocapacitance describes a material’s ability
to replicate the electrochemical properties of capacitive electro-
des (linear relationship between charge and potential) while
utilizing a faradaic electron transfer mechanism for charge
storage.”® Utilizing redox reactions for energy storage, instead
of electrostatic ion accumulation as seen in EDLCs, leads to
battery-like behavior in pseudocapacitors during charging and
discharging processes.>*'®>

Pseudocapacitors store energy through faradaic interac-
tions, allowing them to achieve higher specific capacity and
energy density compared to EDLCs.'®' The charge storage
mechanisms in pseudocapacitors are categorized into three
distinct faradaic processes: (i) underpotential deposition (also
referred to as monolayer adsorption pseudocapacitance),
(ii) surface redox pseudocapacitance, and (iii) intercalation
pseudocapacitance (Fig. 6b-d). In underpotential deposition,
charge storage is achieved via the adsorption of a monolayer of
cations from a specific metal onto the surface of another metal
at potentials more positive than their equilibrium potential
(Fig. 6b). The underpotential deposition yields high capaci-
tance but limited energy density due to a narrow potential
window. Underpotential deposition can be exemplified by the
deposition of lead (Pb) on a gold (Au) electrode surface. In this
case, Pb is more readily deposited onto Au than onto itself due
to the stronger interaction between Pb and Au compared to the
Pb-Pb interaction in crystalline Pb metal.***

In surface redox pseudocapacitance, ions are electrochemi-
cally adsorbed on or near the electrode surface, with energy
stored through a faradaic charge transfer mechanism (Fig. 6c).
Conjugated conducting polymers demonstrate redox pseudo-
capacitance because they can undergo bulk intercalation,
allowing ions to penetrate the entire polymer matrix, as illu-
strated in Fig. 6¢. An example of redox pseudocapacitance can
be observed in systems containing Ruthenium(iv) oxide (RuO,)
nanoclusters."*>

Intercalation pseudocapacitance occurs when the intercala-
tion and deintercalation processes are not hindered by the slow
solid-state diffusion of ions within the crystal structure of the
electrode materials.>® It is noteworthy that intercalation pseu-
docapacitance allows ions to enter the layers of redox-active
materials without significant crystallographic phase changes,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Schematic illustration of various types of pseudocapacitance. Schematic illustration of (a) electrochemical double-layer capacitance (EDLC),
(b) underpotential deposition, (c) redox pseudocapacitance, and (d) intercalation pseudocapacitance. Intercalation pseudocapacitance utilizes redox-
active intercalation chemistry in electrode materials by incorporating surface redox pseudocapacitance and electrostatic pseudocapacitance.
Conjugated conducting polymers exhibit redox pseudocapacitance due to their ability for bulk intercalation, which enables ions to penetrate the

polymer structure volumetrically.

accompanied by a faradaic charge transfer process (Fig. 6d).
Intercalation pseudocapacitance differs from battery systems
because, unlike batteries where charge-discharge cycles often
involve phase transformations of the host material, there are no
phase changes in intercalation pseudocapacitance systems.**
The intercalation pseudocapacitance is observed in systems
where lithium ions intercalate into mesoporous and nano-
crystalline films of orthorhombic niobium pentoxide (Nb,Os)
without any phase transformation."**

In conducting polymers, pseudocapacitive behavior stems
from their reversible redox capabilities. During charging (or
doping), the polymer chain oxidizes and releases electrons,
while during discharging (or de-doping), the chain reduces and
accepts electrons. Pseudocapacitance is measured by integrat-
ing the charging/discharging current (I) over the entire
potential window (E = V; — V;) using the following equa-
tion:lO,‘lSB

Ly
C=—| IdV 8
5, (5)

© 2024 The Author(s). Published by the Royal Society of Chemistry

where V¢ is the final potential of sweep, V; denotes the initial
potential of sweep, and 9 specifies the scan rate.

The gravimetric specific capacitance (Csp), which indicates
the charge storage capacity and is directly related to the energy
density of electrodes, can be calculated using the following
equation:'®'%°

I(v)dV
=S ®)

where fgfl (V)dV denotes the total area of the CV curve, 3

specifies the scan rate, m represents the mass of the electrode,
and E specifies the difference between the initial and final
potential of sweep (E = V; — V;).

An additional common method to evaluate the behavior of
electrochemical capacitors is the galvanostatic charge-dis-
charge (GCD) test, where the specific capacitance (C) can be

calculated using the following equation:'®°
IAt
€=y (10)
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where I represents the discharge current, At¢ indicates the
discharge time, AV describes the potential window and m is
the mass of the active material in the electrode.

P-Type conjugated polymers are doped by oxidation, achievable
through chemical reaction with an oxidant. A partially doped
polymer chain for conjugated conducting polymer of poly-
(pyrrole) (PPy, A = N-H), poly(thiophene) (PT, A = S), and poly-
(selenophene) (PSe, A = Se), showing benzoid and quinoid bonding
(Fig. 7a).> Charge carriers include polarons (radical cations) and
bipolarons (dications).® In doped p-type conjugated conducting
polymers, polycationic chains maintain charge neutrality with
negatively charged counterions. This charge neutrality links anion
migration during doping/de-doping to electron mobility. Partial
charge transfer with some molecular counterions forms charge
transfer complexes between the polymer and dopant.® The doping
process can be driven electrochemically by applying an external electric
field to a conjugated polymer film in contact with an electrolyte.

In the doped state, polymer chains often extend to reduce
repulsions between similar charges (Fig. 7b).> Lowering the
magnitude of external electric field reduces the polycationic
polymer chain, expelling counterions into the electrolyte and

View Article Online
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resulting in dedoping. Reduced polymer chains typically adopt a
compact conformation (Fig. 7c). The water solubility of PANI
(polyaniline) makes it widely studied. Fully reduced PANI (leucoe-
meraldine) is yellow, while fully oxidized PANI (pernigraniline) is
blue, with maximum ionic conductivity at 50% doping. Ionic con-
ductivity is low at very low or very high doping levels, slowing
electrochemical initiation unless pre-doped. This supports the
hypothesis of ion transport between occupied and unoccupied states,
with the rate proportional to the product of their concentrations.

Key aspects contributing to the complex ionic transport in
conjugated conducting polymers include:

(1) Ion concentration dynamics: driven by chemical
potential gradients from electrical potential and ionic concen-
tration differences, leading to ion diffusion and drift.

(2) Redox reactions: occur between ions and the polymer,
altering the charge state of the conjugated backbone.

(3) Electronic states: new states like polaronic and bipolaro-
nic states emerge in the density of state diagram.®'"*°

(4) Backbone reorganization: structural changes, such as
from benzoid to quinoid configurations, occur upon doping
(as shown in Fig. 7a).

(a)

Neutral
(benzoid)

Bipolaron

A=N-H, S, Se (dication, quinoid)

Neutral
(benzoid)

x©

Polaron
(radical cation, quinoid)

(b)

Oxidized
Doped
Charged

Counterion

Electrode

(c)

Reduced
Dedoped
Discharged
Neutral

Electrode

Fig. 7 Schematic illustration of conjugated conducting polymer structure during electrochemical reaction. (a) The chemical structure of a partially
oxidized (doped) generic conjugated chain, having neutral segments in between localized bonding states corresponding to polaronic and bipolaronic
charge carriers.® The neutral segments are in the benzoid state, while the oxidized segments display quinoid bonding. (b) Schematic illustration of
conjugated polymer chain adjacent to an electrode in the (b) partially oxidized state,® and (c) fully reduced state.® (a)—(c) Reproduced with permission.’
Copyright 2021, Walter de Gruyter.
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Intrachain migration: localized charge carrier states, situ-
ated within specific molecular structure, can migrate along the
backbone via intrachain hopping, while there is a different
migration rates for polarons and bipolarons.®*%°

(5) Interchain transfer: electron transfer between chains via
hopping, which is a rate-limiting step.>*'°>'>*> Redox reactions
between chains can also create interchain complexes in the
solid conducting polymer matrix during charging, which relax
during discharging.'

(6) Electrostatic forces: increase with more ion intercalation
into the polymer film.

(7) Polymer conformation: the polymer chain extends to
minimize electrostatic repulsion, altering its overall conforma-
tion (as illustrated in Fig. 7b)

(8) Morphology changes: conformation changes in the
chains can affect the semicrystalline polymer’s morphology.
Also, electrochemical processes may differ in the ordered
and disordered regions of the semicrystalline conjugated
polymer. 5101928

(9) Swelling: the electrolyte solution swells the polymer due
to intercalation of redox-active components and solvent
molecules.

3.6. Bulk intercalation and volumetric change in conjugated
conducting polymers

The pseudocapacitive characteristics of conjugated conducting
polymers differ from those of double-layer capacitors due to
their capability for bulk intercalation, allowing ions to volume-
trically penetrate the polymer structure, as exhibited in Fig. 6¢
(redox pseudocapacitance mechanism). Since the bulk of
the conjugated conducting polymer participates in the redox
reaction, rather than just the surface or interfacial layer
between the electrode and electrolyte, pseudocapacitors typi-
cally provide higher specific capacitance and energy density
than EDLCs.>*® The insertion and extraction of redox-active
species generally lead to significant changes in the dimensions
of the polymer. The total volumetric change in conducting
polymers can be attributed to two distinct components:
(i) changes in the bond length and conformation of the polymer
chain, and (ii) osmotic expansion of the polymer phase, which
is the structural change associated with the movement of
solvent ions.'® The concentration of ionic species within the
polymer structure is determined by Donnan equilibrium,"’
and controlled by fulfilling two requirements: maintaining the
electroneutrality of the polymer and preserving electrochemical
equilibrium between the electrolyte and the polymer, as
described by the following equations:**

Zz,-c,-Jrquch =0 (11)

where z; represents the number of charges for different mobile
ions, ¢; indicates the concentration of mobile ions, g, describes
the volumetric density of charges in the polymer chain, F
denotes Faraday constant, and C, is the concentration of
immobile anions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Consequently, the maintenance of electrochemical equili-
brium between the electrolyte and the polymer is governed by
the following equation:*®*

= p (12)

where ¥ and [i; denotes the electrochemical potentials of the
polymer and electrolyte phases, respectively. The subscript i for
both cases refer to the various ionic species present in the
system.

The swelling and shrinkage of polymer structures during
doping and de-doping processes make conducting polymers
prone to rapid degradation with repetitive cycles of charging
and discharging, leading to diminished capacity retention and
cycling stability. To improve mechanical stability of conducting
polymers during doping/de-doping process, researchers have
developed composite conducting polymer nanostructures,?
utilized advanced fabrication techniques like oCVD method
to create rigid, durable polymeric thin films.*'°

3.7. Ionic conductivity in conjugated conducting polymers

A notable electrochemical property of conducting polymers is
their ability to facilitate hybrid electrical and ionic conductivity
by transferring both ions and electrons. The intercalation of
ions within the conducting polymer matrix enables these
materials to engage their full or partial volume during electro-
chemical redox reactions (doping/de-doping processes).® The
ability of conducting polymers to facilitate the intercalation of
ions from the electrolyte into their matrix effectively broadens
the region of active electron transfer beyond the electrode
surface or the electrode/electrolyte interface, thereby enhancing
their pseudocapacitance characteristics.” %8

Ionic conduction in mixed ionic and electronic conductivity
(MIEC) materials is typically described by the Nernst-Planck

drift-diffusion model, which quantifies the ionic flux (ﬁ) as

the number of moles of ions passing through a unit area per
unit time (mol cm~? s").® The ionic flux is influenced by both

the electrochemical gradient potential (@,u,-) and the convec-

tive velocity (), as described by the following equation:®*%%19°
—_— Djci = N
N; = —ﬁw, + ¢ (13)

where D; represents the diffusion coefficient of species j, ¢;
denotes the concentration of species j, R signifies the ideal gas
constant, and T denotes the temperature.

The electrochemical driving force induces both the concen-
tration gradient of species j and the gradient in the applied

electrostatic potential (V¢),, as expressed by: (ref. 3 and 8)
(14)

where F represents Faraday’s constant, and z; denotes the
charge of species j.
In the absence of convective flow (¥ =0)and an applied

@,uj = RTVIn¢; + zFV¢

electric field (V¢), the Nernst-Planck equation simplifies to
Fick’s law of diffusion. The diffusivity (D;) and mobility (u;) of
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an ion are assumed to be interconnected via the Nernst—
Einstein equation:®
_ Flz|D;
= "Rrr

(15)

where F signifies the Faraday’s constant, z; is the charge of species
J, R denotes the gas constant, and T represents temperature.

The order and orientation of semicrystalline conjugated
conducting polymers are expected to affect ionic trans-
port."”*" Ton diffusivity likely varies between crystalline
domains and the surrounding amorphous regions.>'*' The
influence of tie-chains on ionic transport has received less
attention, though noted in electrical conductivity. The orienta-
tion of crystallites relative to the substrate is anticipated to
cause anisotropy in ionic diffusivity.® Variations in dopant
levels, which alter electrostatic forces and polymer chain con-
formation, also impact ionic diffusivity.

The effects of counterion size,’®*" and semicrystalline
orientation'®**?°° on ionic transport in these polymers are
reported. The size and nature of the counterion dopant are
crucial factors and significantly influencing the electrochemi-
cal performance of conjugated conducting polymers.®"'%*°

View Article Online
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Conducting polymers can be doped with various counterions,
ranging from small monoatomic anions like chloride (C17) to
large macromolecular polyanions such as poly(styrene sulfo-
nate) (PSS).>2°! The chemical structures of several negatively
charged molecular counterions used as dopants for PEDOT
conducting polymer, including PSS, tosylate, and hexafluoro-
phosphate, are shown in Fig. 8a—c. Additionally, the molecular
structure of the dopant 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-
quinodimethane (FATCNQ), commonly used as a counterion
dopant with P3HT and other conjugated polymers, is presented
in Fig. 8d. Using small counterion dopants, such as chloride
(CI"), in conjugated conducting polymer thin films facilitates
redox exchange with the electrolyte and exhibits a wider electro-
chemical potential window compared to larger macromolecular
dopants, providing a significant advantage for electrochemical
energy storage devices.®!%?%3!

Minimizing n-n stacking distance is crucial for enhancing
charge carrier mobility and electron conductivity, which is
achievable through a more ordered structure. Conversely, facile
ion migration between the electrolyte and polymer matrix,
leading to increased ionic conductivity, necessitates a more
relaxed structure. Optimizing the structure of conducting

(a) (b)

(c)

Poly(styrene sulfonate) Tosylate Hexafluorophosphate
0 Fo -
n @O_:S: CH3 F II,,".l “‘\\\\ F
0 | e
F
e
_ (e .
SO; ]
40
(d) FATCNQ : ]
F F %E? 207 ]
N=C N2 ]
N=C 8 ]
- C=N 207 ]
F F

Pristine CC
== PEDOT-CC 40 °C

PEDOT-CC 80 °C
== PEDOT-CC 120 °C| |

Face-on

T T T T T
0.0 0.2 0.4 0.6 0.8
Potential (V vs Ag/AgCl)

Fig. 8

Impact of counterion size and semicrystalline orientation on electrochemical properties of conjugated polymers. Chemical structure of

counterion dopants used in conjugated polymer: (a) PSS, (b) tosylate, (c) hexafluorophosphate, and (d) FATCNQ. (e) PEDOT thin film with edge-on
semicrystalline orientation shows higher pseudocapacitance and specific capacitance compared to amorphous and face-on oriented counterparts.*°

(e) Reproduced with permission.X® Copyright 2024, Wiley.
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polymers to maximize both in-plane electrical conductivity and
ionic conductivity presents a significant challenge due to the
inherent trade-off between these parameters.>”° Notably, the
edge-on orientation of crystallites in conjugated conducting
polymers has been reported to enhance pseudocapacitance due
to the inherent anisotropy in the direction of the conjugated
backbone (Fig. 8¢).'® The edge-on orientation offers higher out-
of-plane electrical conductivity, enabling faster ion exchange
with the electrolyte and resulting in increased pseudocapaci-
tance in conducting polymers.'®>>3!

The ionic conductivity of a conducting polymer thin film can
be measured by utilizing electrochemical impedance spectro-
scopy (EIS), where the conducting polymer film is used as the
working electrode under various configurations.>>%” The
obtained impedance response from the input containing sinu-
soidal perturbation is comprised of double-layer formation,
diffusion and migration of ions, transport of electrons, and
transfer of charges.”** In addition, electrochemical impedance
models for conducting polymers describe various impedances
as distributed parameters across the porous polymer thin film’s
thickness, rather than treating them as localized variables.”?%*%°
This approach considers the polymer film as a non-homogeneous
structure, with distributed properties instead of a macroscopic
boundary between the polymer and the electrolyte. The ionic
resistance (Rjon) and electronic resistance (R.) of the polymer
phase and the interfacial faradaic impedance (Z) are considered
as distributed circuit elements in equivalent circuit model.
Assuming rapid interfacial charge transfer, the real component
of the impedance (Z.,) can be defined by the following

equation:*°*2°°

Rion + Re

Lieal = 3

+ R (16)
where R, designates the uncompensated resistance obtained
from the real-axis intercept at the high-frequency region.

The value of Z.., can be obtained by extrapolating the low-
frequency line to meet the real axis. Finally, the ionic conduc-
tivity (oion) Of the conducting polymer film can be measured by
the following equation:*°®>°”

4
Rion - A

Oion =

(17)

where d indicates the thickness of the polymer film and A
specifies the film area.

4. Applications of conducting
polymers in electrochemical energy
storage devices

Energy storage systems must accommodate various demands
depending on their application, whether providing high energy
output over short durations (as seen in electric vehicles during
acceleration) or delivering continuous energy over extended
periods (as required for grid applications). Among the diverse
available energy storage technologies, electrochemical energy

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Energy Advances

storage devices have quickly become prominent across multiple
applications due to their superior attributes, including high
coulombic efficiency, elevated energy and power densities,
scalability, modularity, and rapid response capabilities. Transi-
tion metal oxides and conjugated conducting polymers have
attracted significant attention in the field of electrochemi-
cal energy storage devices. Conjugated conducting polymers
offer key advantages for commercial electrochemical energy
storage, such as inherent flexibility, unique pseudocapacitive
behavior, dual ionic/electronic conduction, fast doping/de-
doping dynamics, bulk ionic intercalation, high specific capa-
city, and excellent structural and thermal stability. Moreover,
the commercialization of electrochemical energy storage
devices requires large-scale production, and the CVD process
is a robust manufacturing method well-suited for large-scale
production via roll-to-roll (R2R) processing. The R2R CVD
technique is already widely employed in the large-scale fabrica-
tion of semiconductors,"** and high-temperature super-
conductors.>'?'® Similarly, the commercialization of conju-
gated conducting polymers can be achieved through the R2R
oCVD process, which is currently in the early stages of research
and development,>'*4146:201,217

4.1. Lithium-based batteries

The large-scale adoption of electric vehicles (EVs), electronics,
and drone applications has created an urgent demand for high-
energy, durable, and cost-effective lithium-ion batteries
(LIBs).>**'® Lithium-based (Li-ion and Li-metal) batteries have
become a cornerstone of modern electrochemical energy sto-
rage technology, offering superior energy density, higher effi-
ciency, and extended longevity. Moreover, lithium-ion batteries
(LiBs) are the most advanced secondary (rechargeable) batteries
currently available for industrial-scale production. The out-
standing attributes of Li-ion batteries include higher energy
and power densities, greater thermal stability, low self-
discharge rates, and extended cycle life.”’® A typical Li-ion
battery comprises several key components, including a positive
electrode (cathode), a negative electrode (anode), electrolytes, a
separator, current collectors, electrolyte additives, and binders.

The active materials used as cathodes in Li-ion batteries
typically consist of lithium transition metal layered oxides,
such as lithium cobalt oxide (LCO), lithium manganese oxide
(LMO), lithium iron phosphate (LFP), lithium nickel cobalt
aluminum oxide (LNCA), and lithium nickel manganese cobalt
oxide (LNMC). The atomic percentages of the constituent
elements in the cathode can be adjusted to develop desirable
characteristics. The most commonly used material for anodes
in Li-ion batteries is graphite, which is typically coated on
copper foil. However, graphite is susceptible to low usable
specific capacity due to the limited intercalation of Li between
adjacent graphene planes.”*° To develop anodes with higher
energy and power densities, researchers are exploring materials
such as silicon (Si), phosphorus (P), and lithium (Li), as well as
their composites with graphite.**°

The electrolytes in Li-ion batteries typically contain lithium
salts such as lithium hexafluorophosphate (LiPF¢), lithium

Energy Adv,, 2024, 3, 2668-2703 | 2683
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perchlorate (LiClO,), and lithium hexafluoroarsenate (LiAsFs),
which are dissolved in organic solvents like ethyl methyl
carbonate, dimethyl carbonate, diethyl carbonate, propylene
carbonate, and ethylene carbonate.?*’ To prevent unwanted
side reactions and decomposition of the electrolytes, a variety
of additives have been utilized, including vinylene carbonate,
fluoroethylene carbonate, ammonium perfluoro-caprylate, and
4-propyl-{1,3,2]dioxathiolane-2,2-dioxide (PDTD).>**?*3

The separator, serving as a safety barrier between the anode
and cathode, is electronically insulating but permeable to Li-
ions and is typically made from polyethylene and polypropy-
lene. Aluminum foils are commonly used as current collectors
for the cathode, while copper foils are employed for the anode,
both of which are ultimately connected to the battery terminals.
Conductive additives like graphene are often incorporated into
cathodes. The common binder supporting matrices include
carboxymethyl cellulose (CMC), and polyvinylidene fluoride
(PVDF) with N-methyl-2-pyrrolidone (NMP) as the solvent.***

The working principle of Li-ion batteries relies on the
shuttling of lithium ions between the cathode (positive elec-
trode) and anode (negative electrode) through the electrolyte.***
During charging, Li* ions de-intercalate from the cathode,
diffuse through the electrolyte, pass through the nano-porous
separator, and intercalate into the anode. Concurrently, elec-
trons travel through the external circuit to maintain electrical
neutrality. During discharge, lithium atoms in the anode
release electrons, becoming Li" ions that migrate back to the
cathode. Simultaneously, electrons flow from the anode to the
cathode via the external circuit, providing electrical energy. The
movement of Li* ions during battery operation generates sig-
nificant heat due to Joule heating and the chemical energy
involved in the charge/discharge processes. While heat genera-
tion is an intrinsic aspect of battery function, insufficient
dissipation pathways in certain charge/discharge states can
lead to excessive heating, posing a serious risk to battery
safety.?

A current major focus in Li-ion batteries is enabling fast
charging while maintaining rate capacity, which is a crucial
requirement for the widespread adoption of electric vehicles
(EVs).>*®%*” The target benchmark for EV batteries is to achieve
a fast charging rate that allows for 80% battery capacity to be
replenished in 10 minutes or less. The current rate (C-rate) is
defined as the charging or discharging current density required
to achieve or utilize the theoretical capacity of a battery within
1 C™" hour '.**® The C-rate metric measures the rate at which a
battery is charged or discharged, normalized against its max-
imum capacity. Despite the challenges, achieving fast charging
(high C-rate charging) remains a key requirement for advancing
Li-ion battery technology. However, several issues associated
with fast charging, such as structural instability, poor charge
transport kinetics, and accelerated degradation, need to be
addressed.”*®

4.1.1. Solid electrolyte interphase (SEI) formation. Lithium
(Li) is considered as one of the most promising materials for
anodes due to its high theoretical capacity (3861 mA h g~ ') and
low electrochemical potential (—3.04 V vs. standard hydrogen

2684 | Energy Adv, 2024, 3, 2668-2703
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electrode (SHE)).>*° However, its high chemical reactivity leads
to the formation of a solid electrolyte interphase (SEI) layer,
which adversely affects device performance. The formation of
the SEI layer during the initial cycles results in the irreversible
consumption of Li-ions and the decomposition of electrolytes,
leading to approximately 10% degradation of the initial
capacity.®® Additionally, Li metal particles tend to form den-
drites upon deposition, which can result in short circuit failure,
thermal runaway, and explosion hazards.”*° One of the major
safety concerns related to Li metal batteries is the formation of
dendrites, which occur due to disordered Li nucleation on the
unstable SEI, which is formed between the highly reactive Li
metal and the electrolyte.>**>** In general, battery systems
based on Li*, Na*, K, Mg>", and Ca** ions including solid-
state batteries (SSBs), suffer from issues like dendrite growth
and electrode-electrolyte interface instabilities, indicating
the crucial need for engineering of the SEI layer for their
optimization.?** 2%’

The SEI layer is a passivation layer that forms on the anode
at the electrode-electrolyte interface when the redox potential
of the electrode falls outside the electrochemical stability
window of the electrolyte.>®® The SEI layer results from the
reaction between a thermodynamically unstable electrode and
the electrolyte during the initial cycles, comprising decomposi-
tion products of the electrolyte. Due to its complex microstruc-
ture and chemical composition, the ionic conduction within
the SEI involves multiple pathways: (i) interstitial and vacancy
mechanisms in the inorganic regions, (ii) inter- and intrachain
hopping in the polymeric regions, (iii) conduction through
grain boundaries, and (iv) surface diffusion in highly porous
SEIs. Ion diffusion in the inorganic component of the SEI
typically serves as the rate-limiting step.

Optimizing the anode surface area is crucial for enhancing
both energy and power density in Li-ion batteries with regard
to the stable SEI formation. Minimizing the anode surface area
is advantageous for energy density, as it reduces lithium con-
sumption for SEI formation; however, it is detrimental to power
density due to solid-state diffusion limitations. Conversely,
increasing the anode surface area improves power density but
consumes more Li for SEI formation, thereby reducing energy
density.*® Introducing an artificial SEI layer is a sophisticated
approach to enhancing overall battery performance by stabiliz-
ing the Li-metal anode. This surface engineering method,
which utilizes fluorides, phosphates, and polymers, has been
shown to improve electrode stability, increase electronic and
ionic conductivity, and suppress the dissolution of transition-
metal elements from the cathode.**

The artificial SEI film acts as a protective layer on the surface
of the Li metal electrode, replicating the functionalities of the
SEI layer. By regulating Li" deposition and mechanically sup-
pressing Li dendrite growth, the ionic conductive polymeric
thin film effectively enhances the electrochemical performance
of Li-metal batteries. Polymer materials with excellent ionic
conductivity, superior processability, and high flexibility are
considered ideal for artificial SEI films.*** Conducting poly-
mer thin films, such as polypyrrole (PPy), can function as an

© 2024 The Author(s). Published by the Royal Society of Chemistry
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artificial SEI layer to achieve a stable, dendrite-free Li metal
anode by allowing Li ions to interact with the pyrrole ring
through cation-rn interactions, resulting in the dispersion of Li
salt within the PPy thin film.>*® PEDOT-based copolymers,
PEDOT co-poly(ethylene glycol) (PEDOT-co-PEG), when depos-
ited on the surface of a lithium anode, have been reported to
act as protective layers, forming a stable and less resistive SEI
layer while suppressing the growth of Li dendrites (Fig. 9a).>*°
The utilization of a layered conductive polyaniline (LCP) coat-
ing on Si nanoparticles, via a trimethoxysilyl propyl aniline
(TMSPA) bridge, forms an LCP-integrated hybrid SEI layer with
high conductivity and mechanical stability, enhancing cycling
stability and maintaining high coulombic efficiency for Si
anodes (Fig. 9b).>*

4.1.2. Utilization of conducting polymer coatings on
anodes in Li-ion batteries. Although graphite has traditio-
nally been used as the anode in Li-ion batteries, it has several
limitations, including low intrinsic capacity, slow Li-ion inter-
calation kinetics from the graphite bulk phase, and capacity
loss during high-current charging.'”® As Li-ion batteries
approach their theoretical limits with graphite-based anodes,
significant attention has recently shifted towards batteries with
lithium metal anodes (such as lithium-air (Li-O,) batteries,>*>
and lithium-sulfur (Li-S) batteries®), as well as the use of
silicon in lithium-silicon (Li-Si) batteries.>** To develop Li-ion
batteries with higher energy density, silicon (Si) has garnered
significant attention as a prospective anode material due to its
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high theoretical gravimetric specific capacity of ~4200 mA h
g ', compared to ~370 mA h g " for graphite.>** Additionally,
Si is the second-most abundant element in the Earth’s crust, is
environmentally friendly, and has a relatively low discharge
voltage.”** However, Si anodes face challenges such as large
volumetric changes during lithiation/delithiation processes,
which result in fractures, loss of electrical contact, and unstable
SEI growth, ultimately leading to poor capacity retention.>*?

Addressing the significant volumetric expansion of Si
anodes requires the development of a stable SEI to prevent
interfacial side reactions. Applying conducting polymer coat-
ings to porous Si anodes significantly improves electrochemical
performance by forming a conformal surface coating that
stabilizes the SEI layer, enhances electronic conduction,
improves rate capability and cycling stability, increases volu-
metric tolerance, enhances electrolyte uptake, and facilitates
electron transport,'>>73%246,247

Yu et al'® implemented an n-doped, porous biphenyl-
polyoxadiazole (bPOD) conducting polymer layer on a Si anode,
observing significant improvement in its rate capacity due to
the hybrid ionic-electronic conductivity of the bPOD porous
layer and better control of SEI formation by inhibiting direct
exposure between the Si and electrolyte (Fig. 10a). Furthermore,
the Si-bPOD electrode exhibited higher coulombic efficiency
and specific capacity compared to its pristine counterparts,
with excellent capacity retention of 85% and 80% after 500
and 800 cycles, respectively (Fig. 10b)."> The construction of

(a)
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SiNPs

SiNPs-TMSPA

>

SiNPs-TMSPA-LCP

Fig. 9 Artificial solid—electrolyte interface (SEI) with conducting polymers for Li-based batteries. (a) Schematic representation of a Li—S battery featuring
a lithium sheet anode protected by a PEDOT-co-PEG layer.2*° (b) Schematic representation of Si nanoparticles (SiNPs) modification through in situ

polymerization to form a layered conductive polyaniline (LCP) coating.

Chemistry. (b) Reproduced with permission.?4* Copyright 2022, Wiley.
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conducting polymer hydrogels made of PANI over Si nano-
particles (SiNPs) exhibited an enhancement in current density,
with approximately two orders of magnitude higher perfor-
mance than the dried PANI hydrogels (Fig. 10c and d).>*® The
utilization of a PEDOT coating on Si nanowires (SiNWs)
improves cycling stability (the capacity retention after 100 cycles
increased from 30% to 80%) and maintains structural integrity,
preventing the cracks commonly found in non-coated SiNWs after
cycling (Fig. 10e).*” The utilization of a poly[3-(potassium-4-
butanoate)thiophene] (PPBT) conducting polymer layer on a Si
anode significantly enhanced rate capability and cycling stability
by increasing tolerance of volumetric changes, improving electro-
lyte uptake, facilitating electron transport, and stabilizing the SEI
layer (Fig. 10f).*®

2686 | Energy Adv, 2024, 3, 2668-2703

Morphology and schematic illustration of PEDOT-coated Si nanowires (SiINWs).
(a) and (b) Reproduced with permission.'> Copyright 2023, Wiley. (c) and (d) Reproduced with permission.

(a) Schematic illustration of fabricating a porous bPOD layer on a Si

hydrogel and PANI hydrogel within the potential range of 0.01-1 V vs. Li/

247 (f) Schematic illustration of procedure for fabricating PPBT
246

Royal Society of Chemistry. (f) Reproduced with permission.*® Copyright

A few other promising anode materials, such as Germanium
(Ge), manganese-based oxides (Mn,O,), and aligned carbon
nanotubes (ACNTs), have also been combined with conducting
polymers to mitigate their inherent limitations and enhance
electrochemical performance.>*®>*° Ge has significantly higher
conductivity and Li-ion diffusivity (about 400 times higher)
than Si at room temperature, but it has a lower specific capacity
(1600 mA h g~ ') and also undergoes large volume changes and
rapid capacity fading.>®" The deposition of PEDOT:PSS con-
ducting polymer on Ge anodes has demonstrated enhanced
rate capability and cycling stability, indicating improved struc-
tural integrity and reduced pulverization and exfoliation of
the Ge shell.>*® The deposition of PEDOT on Mn,O; nanowires
has been shown to reduce surface resistance, prevent the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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pulverization of surface electron channels, and enhance cycling
stability, achieving a reversible capacity of 1450 mA h g~ * after
200 cycles.**®

4.1.3. Utilization of conducting polymer coatings on cath-
odes in Li-ion batteries. As a promising cathode for next-
generation lithium-ion batteries, Ni-rich NCM, specifically
NCMg;q1 (LiNiggC001Mng10,), exhibits high energy density
with a high specific capacity of ~210 mA h g™, good power
density, and reduced cost but faces challenges such as low
thermal stability, poor cycle life, and rapid capacity degradation
that must be addressed.***° Due to the critical role of the
surface/interface in electrochemical degradation, surface
coating of NCM cathodes has been intensively investigated to
enhance cycling performance using various coatings, includ-
ing metal oxides (e.g., TiO,, ZrO,, and Al,03),">*"?**? metal
fluorides (e.g., AlF;, CaF,, and LiF),"*** metal phosphates
(e.g., LizPO,, AIPO,, FePO,),**** Li-ion conductive coating
(LiTi,04, LiZrO; and LisMn;0;,),***” and conducting poly-
mers (e.g., PEDOT, PANI, PPy).*®*° Compared to inorganic
coatings, conducting polymers, offering high electronic con-
ductivity, environmental stability, and low cost, can stabilize
cycling and improve rate capability.

Conducting polymers have been effectively utilized as coat-
ing layers on various cathode surfaces in lithium-ion batteries,
acting as barriers between the cathode and electrolyte to
prevent undesirable side reactions, provide thermal and struc-
tural stability, enhance long-term cycling stability, and improve
high-rate performance.">*??>*2>> The application of a confor-
mal PEDOT coating on the cathode surface has been shown to
decrease cell impedance, reduce interfacial charge transfer
resistance between the electrode and electrolyte, and improve
electron transport to the current collectors.>>>® The favorable
chemical and coordination bonds (between oxygen, sulfur (S) in
the PEDOT structure, and manganese (Mn) in the cathode
structure) stabilize the cathode surface, inhibiting Mn dissolu-
tion and preventing SEI growth, which are primary aging
mechanisms.>>*>7

Uniformly coating NCMjg,; with conducting polymers is
challenging due to poor bonding between the materials. The
oCVD method is a versatile manufacturing technique for fab-
ricating highly conformal, ultrathin coatings of conducting
polymers on various cathode materials in Li-ion batteries, such
as NMC and LMO, resulting in enhanced stability and electro-
chemical performance.>®">**>?*® These improvements are
attributed to oCVD’s ability to conformally coat individual
particles beyond the surface layer, significantly enhancing
crystal and interfacial stability for all particles by providing a
stable cathode-electrolyte interface, suppressing microcrack
formations, and preventing irreversible reactions.

Gan et al**® demonstrated that a polyvinylpyrrolidone
(PVP)-induced PANI coating on NCMg,;; cathode surfaces
enhanced stability and rate performance, achieving the highest
capacities at various scan rates by preventing side reactions and
facilitating fast diffusion channels for Li-ions (Fig. 11a). The
surface of NCMg,;, was modified with a PANI-PEG hybrid layer
to simultaneously utilize PANI's high electronic conductivity

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and PEG’s exceptional ionic conductivity, creating a facile
diffusion pathway for Li ions and resulting in improved capa-
city and cycling performance, particularly at high C-rates
(Fig. 11b).*** Applying a highly conformal oCVD PEDOT layer
on various NCM cathodes enhanced thermal and structural
stability, improving capacity retention by suppressing unde-
sired structural evolution during charge-discharge -cycles
(layered to spinel structure), as shown in Fig. 11¢."

The thermal stability of NMC can be assessed by comparing
oxygen release profiles for highly charged pristine and PEDOT-
coated NMC, to identify side reactions on the coated cathode
surface.”® Previous studies have shown that oxygen species
(ie., 0,7, O7, 0,>” and O,) are released during the phase
transition of charged NMC upon heating, which can cause
thermal runaway by reacting with the flammable electrolyte.>*®
The deposition of a conformal oCVD PEDOT thin film on
the single-crystal Ni-rich NMC cathode (NMCgs: LiNij g3sMng 4-
C0y,70,) significantly improved capacity retention, achieving
85.3% after 100 cycles at a 0.5C rate, compared to 59.6% for the
pristine electrode.>®®> The post-cycled microstructure of the pris-
tine NMCg; cathode exhibited substantial crack formation due to
heterogeneous phase transitions from layered to spinel and rock-
salt structures, leading to internal strain and capacity loss;
whereas PEDOT-coated NMCg; retained its initial structure
(Fig. 11d and e).*

Another cathode material for next-generation Li-ion bat-
teries, the Li-rich cathode (Li; ,Niy,Mng¢0,), demonstrates a
higher reversible capacity (~250 mA h g~') compared to
traditional cathodes (LiCoO,, LiFePO,, and LiMn,O,) with
capacities around 170 mA h g~*.2>%¢° However, side reactions
at high voltages lead to undesired phase transitions, and the
insulating nature of Li,MnO; formed during cycling results in
poor rate capability and low cycling performance.**® To address
these issues, depositing PEDOT:PSS with optimized thickness
on the Li-rich cathode improves discharge capacity and rate
capability due to the conductive nature of PEDOT and its role as
a barrier between the cathode and electrolyte, preventing
undesired reactions.>*® Su et al.>°" deposited various polymeric
materials, including PEDOT, on the LiCoO, (LCO) cathode
surface and observed significant enhancements in Li" kinetics,
resulting in increased rate capability at C-rates >5C and
enhanced cycle life at high voltage of 4.5 V (Fig. 12a and b).

The lithium-sulfur (Li-S) battery is considered one of the
most promising Li-metal-based battery technologies, offering a
high gravimetric energy density of ~2600 W h kg™" and serving
as a low-cost energy storage method. However, the practical
utilization of Li-S batteries faces several challenges: (i) poor
rate capability and limited electrode rechargeability due to the
insulating nature of Sg and Li,S, (ii) rapid capacity degradation
resulting from the loss or dissolution of active material, as
soluble lithium polysulfides (Li,S,, where 3 < n < 6) migrate
from the cathode to the electrolyte and anode, causing electro-
Iyte degradation and a non-uniform anode microstructure, and
(iii) significant volume increase (~80%) during charging, as Sg
converts to low-density Li,S.>*>*™>* To enhance active material
utilization and cycling stability of the sulfur cathode, various
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advanced sulfur composites have been employed, including
dispersing sulfur in conductive mediums such as carbon-based
materials,”>>* metal oxides/carbides, and conducting polymers
like PANI, PPy, and PEDOT.>>**?%22%% Coating the sulfur cath-
ode in Li-S batteries with conjugated conducting polymers
provides substantial benefits, such as enhanced capacity reten-
tion and improved overall capacity by restricting the shuttling
of polysulfide intermediates. Additionally, conducting poly-
mers help mitigate electrode degradation caused by the volume
expansion of sulfur-based cathode materials due to their self-
healing properties.**>””

Zhang et al.>® demonstrated a practical Li-S application
using pouch cells by depositing a highly conformal oCVD
PEDOT layer on sulfur particles, achieving notable capacity
retention of 85% after 300 cycles at 0.5C due to the restriction
of polysulfide shuttling in the cathode (Fig. 12¢ and d). Yang
et al.”®® deposited a layer of PEDOT:PSS across the surface of a
mesoporous carbon/sulfur composite (CMK-3/S) cathode and
observed that the polymer layer effectively confined the

2688 | Energy Adv, 2024, 3, 2668-2703

shuttling of polysulfide intermediates and prevented dissolu-
tion during cycling, resulting in enhanced capacity retention
and coulombic efficiency (Fig. 12e). To encapsulate sulfur and
its polysulfide compounds within the cathode, PANI nanotubes
are synthesized with sulfur to form a 3D, cross-linked sulfur-
PANI composite, leading to improved cycling stability and rate
capability.?®® Xie et al.>® deposited an approximately 60-nm PPy
layer on sulfur cathodes via in situ polymerization, forming S/
PPy composites with a core-shell structure, which prevented
sulfur particle aggregation and resulted in faster ion transfer
and enhanced C-rate performance (Fig. 12f).

4.1.4. Utilization of conducting polymers as separator and
binder materials in Li-ion batteries. Achieving a uniform
Li" flux towards the electrode reduces Li dendrite growth.
Therefore, optimizing pore density and structure in separa-
tors is crucial for the performance of lithium metal batteries,
necessitating the development of new materials.>®**%
Conducting polymers in overoxidized or de-doped states, have
been used as separator materials in lithium-ion batteries

© 2024 The Author(s). Published by the Royal Society of Chemistry
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layer on sulfur cathodes to form S/PPy composites via in situ polymerization.>® (a) and (b) Reproduced with permission.2% Copyright 2021, American
Chemical Society. (c) and (d) Reproduced with permission.>®> Copyright 2023, Elsevier. (e) Reproduced with permission.?%? Copyright 2011, American
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because of their numerous advantageous properties, such as
thermal stability, mechanical flexibility, excellent electrolyte
wettability, high ionic conductivity, and reversible doping/
de-doping capabilities.>****® The commonly used separator
material, commercial porous polyolefin film, can be enhanced
by incorporating poly(3-butyl thiophene) (P3BT) conducting
polymer into its micropores, serving as a self-actuated safety
mechanism for overcharge protection.>*® The de-doped polymer
utilized in the separator permits electrolyte flow while blocking
electron transport. However, during overcharging, the increased
cathode potential oxidizes the polymer, making it conductive and
forming a bridge between the anode and cathode to create a
bypass current and prevent overcharging. Wang et al.*** utilized
overoxidized porous PPy paper as a mesoporous separator for
Li-metal batteries, and achieved homogeneous current distribu-
tion due to uniform pore size and high electrolyte wettability.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Additionally, conducting polymers and their composites
can serve as binder materials for Li-ion battery electrodes
because they provide flexible electronic contacts, maintain
adhesive strength during volumetric changes, and act as both
binder and conductive additive, enabling high active material
loading.”®”** Zhong et al.>*® used a water-soluble conductive
composite binder with carboxymethyl chitosan (CCTS) as
the binder and PEDOT:PSS as the conductive agent for lithium
iron phosphate (LFP) cathodes, and achieved homogeneous,
continuous conducting bridges and improved rate perfor-
mance. Das et al.>®” demonstrated a carbon black-free LFP
electrode in which PEDOT:PSS served as both binder and
conducting additive, resulting in enhanced rate capacity
and cycling stability. Combining carboxymethyl cellulose
(CMC) with PEDOT:PSS as a water-soluble composite binder
for a Si anode results in superior cycling and rate capacity,

Energy Adv., 2024, 3, 2668-2703 | 2689
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as well as faster kinetics, compared to the acetylene black/
CMC binder.>*’

4.2.
supercapacitors

Utilization of conducting polymer coatings in

Capacitance refers to a material’s ability to store electric charge,
and devices that store energy in the form of charges are
commonly known as capacitors. Supercapacitors (also referred
to as ultracapacitors or electrochemical capacitors) are energy
storage devices that offer significantly higher capacitance com-
pared to traditional dielectric capacitors. Supercapacitor
devices are engineered to fill the gap between conventional
capacitors and rechargeable secondary batteries and balancing

View Article Online

Review

specific power with energy density, as depicted in the Ragone
plot in Fig. 13a. Supercapacitors have gained considerable
attention for their exceptional capacitance (100-1000x higher
than a conventional capacitors), high power density, rapid
charge/discharge times (1-10 second), and extended cycling
life (>30000 h), making them ideal for applications such
as flexible electronics, electric vehicles, and renewable
energy.”?**®?’° Supercapacitors have found applications in
several crucial areas, including electric vehicles, power grids,
and aerospace technology.>*”*

Supercapacitors typically consist of a current collector, an
electrode active material (which may be submerged in a liquid
electrolyte or exist as a solid-state in solid-state capacitors), and
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pseudocapacitors, showing how supercapacitors bridge the gap between batteries and traditional capacitors in terms of energy and power density.
(b) Specific capacitance values for carbon cloth (CC) and oCVD PEDOT-coated carbon cloth (PEDOT-CC) electrodes. The oCVD PEDOT thin films
fabricated at different deposition temperatures.’® (c) Nyquist plots for pristine carbon cloth and PEDOT-coated carbon cloths fabricated at different
deposition temperatures.'© (d) Magnified SEM image showing an individual carbon fiber with a highly conformal oCVD PEDOT coating.* (e) Schematic
illustrations of the intermediate and final configurations of a vapor-printed solid-state supercapacitor, where gray for porous substrate, gold for current
collector, blue for PEDOT, and green for ion gel electrolyte.?”? (b)—(d) Reproduced with permission.’’ Copyright 2024, Wiley. (e) Reproduced with
permission.’? Copyright 2017, Wiley.
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a porous dielectric separator between the two electrodes.” Two
key performance metrics for supercapacitors are energy density
(or specific energy) and power density (or specific power), which
are evaluated in relation to parameters such as mass, volume,
or area. The energy density (Epx) and power density (Ppx) in
supercapacitors are defined as follows:'®!

1
Epx = ECS,XA V2 (18)
E
PD,X = —ADIX (19)

where parameter X defines the methods (e.g. X = m for mass
or X = v for volume), Csx denotes the specific capacity,
AV represents the potential window, At describes the
discharge time.

Depending on the energy storage mechanism, supercapaci-
tors can be classified into three categories: (i) electrochemical
double layer capacitors (EDLCs), which store charge electro-
statically by forming a non-faradaic double layer at the elec-
trode surface, (ii) pseudocapacitors, which store charge
electrochemically through faradaic electron transfer via fast
redox reactions, and (iii) hybrid supercapacitors, which com-
bine both EDLC and pseudocapacitor charge storage mechan-
isms, and utilizing hybrid or asymmetric electrodes.>”?

In EDLCs, energy storage is facilitated by a non-faradaic
process, where charge accumulates at the electrode-electrolyte
interface, forming an electrochemical double layer that is
responsible for the capacitance. In supercapacitors, capaci-
tance increases with larger electrode surface areas, leading to
the exploration of high-surface-area materials like carbon
nanotubes (CNTs) and other nanoporous structures as
potential electrodes.” Carbon-based materials with high surface
areas, such as activated carbon, CNTs, and graphene are widely
used as electrode materials in EDLCs. The specific capacitance
of EDLCs is determined by the exposed surface area and charge
storage capacity of the carbon-based electrode materials, but it
is inherently limited by the non-faradaic charge storage mecha-
nism. In contrast, pseudocapacitors offer 10 to 100 times higher
specific capacitance due to the faradaic (redox-reaction) charge
storage mechanism that occurs within the bulk of the active
materials.” EDLCs offer higher power density but lower energy
density compared to rechargeable batteries. Pseudocapacitors
generally exhibit significantly higher specific capacitances com-
pared to carbon materials utilizing the EDLC mechanism, as the
entire bulk of the pseudocapacitive material, rather than just the
surface layer, participates in redox reactions.'*° Pseudocapaci-
tors, on the other hand, typically achieve significantly greater
energy density than EDLCs, positioning them in an intermediate
specific energy range between EDLCs and rechargeable batteries.>

Recently, various flexible supercapacitor designs have been
explored, including wire-shaped supercapacitors,®”* fiber-
shaped coaxial supercapacitors,””® carbon based textiles,"
and highly stretchable fiber-shaped supercapacitors.”’® High
surface area carbon-based materials like activated carbon (AC),
carbon nanotubes (CNTs), graphene, graphene oxide (GO),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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carbon cloths (CCs), and carbon fibers (CFs) are commonly
employed as active electrode materials in non-faradaic EDLCs.
In contrast, conjugated conducting polymers and transition
metal compounds (TMCs) such as metal oxides (e.g., RuO,,
MnO,, V,0s, and Fe,03), metal sulfides, metal nitrides, and
metal carbides are commonly and effectively employed as
electrode materials for faradaic pseudocapacitors.”> The
mechanical stability of conjugated conducting polymers is
effectively utilized in the fabrication of flexible supercapacitors
due to their simple synthesis, redox properties, and electrical
conductivity.>*°

Conducting polymers, in particular, have shown great
potential as supercapacitor electrode materials due to their
unique combination of hybrid ion-electron transfer capabil-
ities, fast doping/de-doping mechanisms, excellent conductiv-
ity, mechanical flexibility, and high environmental stability.>°
Conducting polymers are promising pseudocapacitor materials
for flexible supercapacitors, advancing energy storage devices
for future flexible electronics due to their high redox capaci-
tance and inherent elasticity.

The most commonly utilized conducting polymers in super-
capacitor applications include PANI, PEDOT, PPy, and PT,
which are typically fabricated using solution-based or vapor-
based techniques. PANI stands out as a leading candidate
among conjugated conducting polymers for supercapacitors
due to its excellent pseudocapacitive properties, as demon-
strated by PANI nanowire arrays achieving a high specific
capacitance of up to 950 F g~ '.>”” Typically, conjugated con-
ducting polymers possess multiple redox states, allowing for
the precise control of electrical conductivity across the entire
spectrum from insulator to metal, making them suitable for
use in supercapacitors operating via a pseudocapacitance
mechanism.>**”® Conducting polymers generally exhibit high
specific capacitances, such as 1284 F g~ " for PANL,>® 480 F g~ "
for PPy,** and 210 F g~ ' for PEDOT.'*

PEDOT is a widely used conducting polymers in supercapacitor
devices due to its desirable properties such as possessing a wide
potential electrochemical window over which the capacitance is
high, excellent thermal and chemical stability, high charge mobi-
lity and electrical conductivity that induces fast electrochemical
kinetics, and excellent cycling stability.>***”® However, PEDOT
has a disadvantage of relatively high molecular weight which
leads to the approximately low specific capacitance, especially
compared to PANI which exhibits the highest theoretical specific
capacitance among conjugated conducting polymers.*

To address the cycle stability limitations of polyaniline, it is
commonly composited with carbonaceous materials such as
graphene, activated carbon, or graphite. Carbonaceous materi-
als such as CNTs, graphene, and graphite hold significant
potential across various fields due to their exceptional struc-
tural, mechanical, and electrical properties. A significant draw-
back of polyaniline-carbon based composites is their tendency
to aggregate during synthesis, which reduces active sites and
impairs ion mobility, ultimately compromising supercapacitor
performance. To address this issue, researchers have shifted
their focus to 3D porous carbon structures.
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Supercapacitor devices composed entirely of conducting
polymers can be configured in three main types:*>*%°

(1) Type I (symmetric): utilizes the same p-type conducting
polymer for both electrodes.

(2) Type II (asymmetric): employs two different p-type con-
ducting polymers with distinct electroactivity ranges for the
electrodes.

(3) Type III (symmetric): uses the same conducting polymer
for both electrodes, but the p-doped form serves as the positive
electrode and the n-doped serving as the negative electrode.

Additionally, hybrid (or asymmetric) devices can be con-
structed with a conducting polymer as the positive electrode
and a carbon or lithium-based material as the negative elec-
trode. Among these configurations, the Type III conducting
polymer-based supercapacitors offer the most promising theo-
retical performance due to their ability to maintain both
electrodes in highly conductive states, allowing operation over
a broader potential range and achieving a significantly higher
maximum cell potential (Viaxc). In Type I and II conducting
polymer-based supercapacitors, the positive electrode remains
in a fully doped (conductive) state when fully charged, while the
negative electrode stays in a de-doped (neutral) state. During
discharge, both electrodes shift to partially doped states, which
limits the achievable maximum cell voltage. In contrast, Type
III conducting polymer-based supercapacitors have both elec-
trodes in highly conductive doped states (p-doped and n-doped)
when fully charged, and these can transition to partially
p-doped or n-doped states upon discharge, depending on the
potential difference between the electrodes. This configuration
enables the device to operate within a broader potential win-
dow, leading to a significantly higher V... >° Conjugated
conducting polymers can be positively charged (p-doped) or
negatively charged (n-doped) through redox reaction and ion
insertion from the electrolyte into their matrix to stabilize the
charge.? However, the practical application of Type III is limited
by the challenges associated with fabricating stable n-type
conducting polymers.*>%3?

Carbon cloth possesses desirable properties for use as
flexible electrodes in various energy storage devices but suffer
from limited wettability and low specific capacitance.’® The
oCVD PEDOT-coated carbon cloth, fabricated at various deposi-
tion temperatures, displayed highly conformal coatings and
significantly enhanced specific capacitance, with the highest
value of 170.94 F g~ " achieved in a sample fabricated at 80 °C,
representing a 2.3-fold enhancement over the pristine carbon
cloth (Fig. 13b-d).'® PEDOT-coated carbon cloth samples exhi-
bit lower charge transfer resistance compared to the pristine
carbon cloth (Fig. 13c), and the optimal performance of oCVD
PEDOT-coated carbon cloths at 80 °C is due to a higher ionic
dopant concentration and edge-on orientation, enhancing
out-of-plane electrical conductivity.'® Liu et al.*’> fabricated
the highly conformal oCVD PEDOT thin film on both side
of a flexible porous substrate to integrate all components of
a supercapacitor into a flexible, porous substrate with a
sandwich-like structure (Fig. 13e). This single-step process
precisely controlled vapor penetration, enabling the substrate’s
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interior to function as both a separator and solid-state electro-
Iyte reservoir, resulting in a supercapacitor with high volu-
metric specific capacitance (11.3 F cm °), power density
(0.42 W cm?), and energy density (2.98 mW h cm*).2”?

Conducting polymers can be fabricated into diverse
morphologies such as thin films, hydrogels, rods, particles,
and conformal nanostructures, each exhibiting unique optical,
electrical, mechanical, and electrochemical properties. Numer-
ous studies have indicated a significant correlation between the
morphology of conducting polymers and their electrochemical
performance. Dubal et al.”®' synthesized PPy nanostructures
with different morphology (nanobelts, nanobricks, and
nanosheets) on steel substrates via electrochemical polymeriza-
tion, finding that PPy nanosheets achieved a higher specific
capacitance of 586 F g~ ' at the scan rate of 2 mV s~ !, compared
to nanobricks (357 F g ') and nanobelts with the value of
296 F ¢~ ' (Fig. 14a).

MnO, is a promising pseudocapacitive material for high-
performance supercapacitors due to its high theoretical specific
capacitance, low cost, environmental friendliness, and natural
abundance, but its performance is often hindered by poor
electronic and ionic conductivities, limiting power density
and cycling stability.>® The incorporation of PEDOT on MnO,
has been reported to improve cycling stability and increase
capacitance.”® The graphene/MnO,/PEDOT:PSS (GMP) ternary
composite, demonstrating exceptional cycling stability with over
95% capacitance retention after 3000 cycles and high capacitance,
attributed to the significant pseudocapacitance of PEDOT:PSS
(Fig. 14b).>*>

The integration of PANI nanowires on a flexible, free-
standing graphene film with a 3D interconnected porous
structure (3D-RGO film) enhances the specific capacitance to
385 F g~ ', with a rate retention of 94% (Fig. 14c).””" The
fabrication of a three-dimensional (3D) PANi-graphene nano-
ribbon (GNR)-carbon nanotube (CNT) composite (PANI-GNR-
CNT composite) via in situ polymerization enhances PANI's
cycle life, resulting in 89% capacity retention after 1000
cycles.”®* Smolin et al.”®® integrated a nanometer-thin film of
oCVD PANI onto carbide-derived carbon (CDC) with a bimodal
(micro/mesoporous) pore size distribution, enabling PANI to
penetrate pores as small as 1.7 nm. The resulting oCVD PANI-
integrated CDC supercapacitors achieved a gravimetric capaci-
tance of 136 F g, more than double that of uncoated CDC
electrodes (60 F g~ ') at a scan rate of 10 mV s~ ', and demon-
strated excellent cyclability, with only a 10% decrease in capa-
citance after 10000 cycles (Fig. 14d).>®

4.3. Utilization of conducting polymer coatings in redox flow
battery batteries

Redox flow batteries (RFBs) are highly suitable for large-scale,
cost-effective electrochemical energy storage due to their sim-
ple and modular design, ease of scalability, long-duration
energy storage capabilities, rapid response to load demand,
high efficiency, enhanced safety compared to conventional
sealed battery systems, and long cycle life.>°>® Unlike conven-
tional solid-state batteries, redox flow batteries store redox-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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active materials in external reservoirs, circulating them to
electrodes, such as carbon-based electrodes, for energy storage
and discharge instead of confining them within solid electro-
lytes. The overall power density of a redox flow battery system is
determined by the size of its electrode stack, while the total
energy density depends on the amount of electrolyte stored in
the reservoirs.”®>*% To enhance the energy density of redox
flow Dbatteries (RFBs), two primary strategies have been
employed: increasing the solubility of the molecular reactants
and maximizing the redox potential difference between the
catholyte and anolyte.

A redox flow battery system comprises three key components:
(i) separate storage reservoirs for two different electrolytes (anolyte
(which flows through the anode), and catholyte (which flows
through the cathode)); (ii) stacks of electrodes (anodes and
cathodes) separated by a porous, ion-selective membrane; and
(iii) a flow system assembly (Fig. 15a). During operation,

© 2024 The Author(s). Published by the Royal Society of Chemistry

electrolytes containing dissolved electroactive species are pumped
into their respective electrode compartments, where they undergo
oxidation or reduction by releasing or accepting electrons at the
electrode surface. When the RFB system discharges, the anolyte is
oxidized at the anode, releasing electrons that travel through the
current collectors to the external load and accumulate at the
cathode, where the catholyte accepts the electrons and is
reduced.®® Additionally, charged species or supporting ions pass
through the ion exchange membrane to complete the reaction
and maintain electroneutrality.*® During charging, the reactions
reverse: the catholyte is oxidized and releases electrons, while the
anolyte accepts electrons and is reduced. In conventional redox
flow batteries, no phase changes occur in the reactants, whereas
hybrid redox flow battery systems involve phase changes in at
least one of the electrode reactions.>®”

Inorganic redox couples, such as Fe****/cr*"?*, cr**/cr*”,
Ti**/Ti**, Zn-Br, Sn?'/Sn*", and V*"**/v**** have been used for
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energy storage in RFBs. Despite the availability of various redox
molecules, rechargeable has shifted toward organic molecules
due to the abundance of their constituent elements and the
flexibility of organic synthesis for chemical design.”®® Additionally,
organic redox couples like viologen, anthraquinone, and 2,2,6,6-
tetramethylpiperidine 1-oxyl (commonly known as TEMPO), have
been investigated in RFBs. However, only a few have been com-
mercialized, including all-vanadium redox flow batteries (VRFB),**
Fe-based and Mn-based RFBs,”****® and Zn-based hybrid flow
battery systems.*®** As an alternative to the high-cost all-
vanadium RFB, RFBs using the same electroactive species with
various oxidation states, such as all-chromium, all-iron, all-lead,
and all-copper have been proposed.”®*> Notably, all-iron RFBs have
gained significant attention due to their low toxicity, material
abundance, and low cost.”*>*® The substantial initial expense
limits the widespread adoption of RFBs, with recent reports
indicating that the cell stack alone accounts for about 31% of the

2694 | Energy Adv, 2024, 3, 2668-2703

total cost.”®® Given that electrodes and membranes form the cell
stack, optimizing these components is essential for cost reduction.
Electrodes in RFBs must ensure strong electrochemical interactions
with various redox couples and maintain stability in both acidic
and alkaline environments.

Common electrode materials used in RFBs include low-cost
porous carbon options such as carbon fiber paper (CFP),
carbon cloth (CC), graphite felt (GF), and their composites with
other materials.”®*®® Carbon cloth holds significant promise
for RFB electrodes, but it suffers from low specific capacitance,
limited specific surface area, and poor wettability due to its
hydrophobic nature.”'®® Similarly, graphite felt faces chal-
lenges such as low electrochemical activity, limited specific
surface area, poor wettability, and suboptimal chemical
kinetics, leading to low mass transfer.®”?°**%> To address these
issues and enhance the performance of carbon-based electro-
des, various modification techniques have been explored,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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including wet chemical oxidation,®®® electrochemical oxi-
dation,”®”" thermal treatment,’>”® plasma enhancement,”*””

and utilization of conducting polymer coatings.”'°

Depositing thin layers of conducting polymers and their
composites on carbon electrodes has emerged as a promising
technique to enhance the electrochemical performance of
carbon-based electrodes.”'**®7%292%7  Qrganic conjugated
conducting polymers are gaining significant attention for RFBs
due to their cost-effectiveness, abundance, non-toxicity, minimal
environmental impact, and ease of chemical design.”'%*%%%%°
PEDOT, in particular, can be chemically engineered to control
the diffusion of electroactive species through its volume, making
it suitable as an ion-selective material.'® As the charge density or

View Article Online

Energy Advances

doping level of PEDOT thin films increases, electroneutrality is
maintained by either expelling cations or inserting anions, depend-
ing on the mobility of the counterion dopants.'® For large, immobile
counterions such as PSS, cations are expelled from the conjugated
polymer chain, and the access of anions from the electrolyte is
impeded due to the Donnan exclusion effect.'”” Conversely, if the
dopant is small and exchangeable (such as chloride or tosylate), it
facilitates anion insertion from the electrolyte into the conducting
polymer matrix to balance the charge transfer.>'*' The Donnan
exclusion effect (also known as Gibbs-Donnan effect), describes the
distribution of charged ions near a permeable membrane and has
been applied to explain the low permeability of vanadium in anion
exchange membranes (AEMs) for redox flow batteries.*®
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Fig. 16 Utilization of conducting polymers in redox flow battery electrodes. (a) Photograph of oCVD PEDOT-coated carbon cloth electrodes integrated
into the redox flow battery. (b) SEM images showcasing the highly conformal coating of oCVD PEDOT on carbon cloths electrodes.® (c) Cell polarization
data at 50% state-of-charge (0.25 M Fe?*/0.25 M Fe**), comparing the performance of pristine and oCVD PEDOT-coated carbon cloth electrodes in
different electrolytes with a flow rate of 15 mL min~%° (d) Schematic illustration of a redox flow battery utilizing polythiophene microparticles as both the
cathodic and anodic redox-active species.” (e) CV graphs of carbon cloth electrodes coated with TiO, and TiO,-PEDOT.* (a)-(c) Reproduced with
permission.® Copyright 2020, Wiley. (d) Reproduced with permission.” Copyright 2014, Royal Society of Chemical. (e) Reproduced with permission.>°?
Copyright 2024, Elsevier.
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PEDOT conducting polymers exhibit notable inherent
molecular-level porosity, setting them apart from conventional
heterogeneous electrocatalysts.®>>*°* During the electrochemi-
cal reaction, the de-doping of PEDOT thin films involves
expelling counterion dopants and incorporating anions from
the electrolyte into the polymer matrix.'®'® The fabrication
of oCVD PEDOT thin films with small, easily exchangeable
primary counterions, such as chloride, enhances electrochemical
reactions by facilitating the transport of ionic species from the
electrolyte through the PEDOT pseudocapacitive layer (Fig. 15b)."
Vagin et al'® demonstrated congruent ionic charge transport
from the electrolyte (4,5-dibenzoquinone-1,3-benzenedisulfonate
(tiron)) along with mobile Tos counterion dopants in PEDOT:Tos,
whereas such behavior was suppressed in PEDOT:PSS due to the
immobile polyanion PSS counterion dopant. This congruent ionic
transport in PEDOT:Tos significantly improved the charge and
discharge capacity of the flow cell compared to PEDOT:PSS
(Fig. 15¢)."® Generally, incorporating smaller counterions within
the PEDOT polymer chain enhances doping/de-doping capability,
promotes ion exchange with the electrolyte, and results in super-
ior overall electrochemical performance.>*°

The application of a highly conformal oCVD PEDOT layer
over porous carbon cloth electrodes in redox flow batteries
reduces ohmic, kinetic, and mass transport resistances com-
pared to pristine carbon cloth electrodes, leading to increased
current density (Fig. 16a—c).” Compared to unmodified carbon
cloth electrodes, oCVD PEDOT-coated carbon cloth electrodes
significantly increase the maximum current density at an applied
overpotential of 350 mV, achieving 6.7-fold and 3.7-fold
enhancements in iron sulfate and iron chloride, respectively
(Fig. 16¢).” Oh et al.’” developed a symmetric, metal-free, all-
organic redox flow battery using polythiophene microparticles
as the redox couple in a non-aqueous electrolyte. This innova-
tive design achieved a high cell potential of 2.5 V, stable cycling
performance, and an energy efficiency of 60.9% (Fig. 16d). The
performance of carbon cloth electrodes was enhanced by coating
them with a TiO, layer followed by the application of a PEDOT
thin film (CC@TiO,-PEDOT) and exhibited high reversibility for
the V(u)/V(m) redox reaction (Fig. 16€).>>

5. Conclusion and outlook

The synergy between scientific understanding and technologi-
cal objectives has led to significant advancements in enhancing
the electronic, optical, electrochemical, and thermal properties
of conjugated conducting polymers. Moreover, their chemical
reactivity, biocompatibility, magnetic properties, and mechan-
ical flexibility make them highly attractive for a wide range of
applications. In order to have a real-world impact, conjugated
conducting polymers must be stable, cost-effective, scalable to
large areas, and present minimal environmental, health, and
safety (EHS) risks. To meet these demands, advanced manu-
facturing techniques are required that can economically fabri-
cate thin films of conjugated conducting polymers over large
areas while achieving the desired nanostructure within
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microscale layers. A crucial aspect of harnessing the full capabil-
ities of semi-crystalline conjugated conducting polymers lies in
controlling and leveraging their nanoscale order and orientation.

Engineering the texture and nanostructure of conjugated
conducting polymers is crucial for advancing their utilization
in applications like electrochemical energy storage devices,
flexible optoelectronics, and wearable devices. Key factors such
as semi-crystalline orientation, n-m stacking, crystallite size,
and inter-chain and inter-crystallite couplings must be pre-
cisely controlled during synthesis to optimize charge carrier
mobility. Improving the pseudocapacitive properties of con-
ducting polymers can be achieved by enhancing their semi-
crystalline structure and extending polymer chain length. Ion
diffusivity varies between crystalline and amorphous regions,
and edge-on oriented conducting polymer thin films showing
greater charge storage capacity during cycling. The size and
type of counterion dopants are crucial for the electrochemical
performance of conjugated conducting polymers. Small coun-
terion dopants like chloride enhance redox exchange and
expand the electrochemical potential window, benefiting elec-
trochemical energy storage devices. Directly fabricating ultra-
thin, highly conformal coatings of conducting polymers via
vapor phase deposition onto flexible, porous substrates has
proven promising for creating flexible supercapacitors with
high specific capacitance, as it preserves the substrate’s high
surface area, providing more active sites for redox reactions.

N-Type conjugated conducting polymers are crucial for many
devices, including organic energy storage, electrochemical transis-
tors, and spintronic devices. However, their development has
lagged behind p-type counterparts. For air-stable n-type polymers,
the LUMO level must be below —4.0 eV, which also improves n-
type doping efficiency. Porous materials, with their reduced resis-
tance to mass transport, are ideal for applications requiring
molecular diffusion, such as adsorption, separation, sensing,
and catalysis. In electrochemical energy storage, hierarchical pore
structures improve access to redox-active sites and help accom-
modate mechanical stresses from doping and de-doping. Porous
conjugated conducting polymers often have a high surface area
(>1000 m> g~ ') without relying on heavy metals, using only earth-
abundant elements like hydrogen, carbon, oxygen, nitrogen, and
sulfur, making them suitable for large-area electrochemical energy
storage devices.

Conducting polymers have become promising materials in
Li-ion batteries, addressing limitations of traditional electro-
des with their mixed ionic and electrical conductivity, flexibi-
lity, rapid doping/de-doping, stability, and reversible redox
capabilities. The tunable nanostructure of conjugated conduct-
ing polymers allows for the design of materials with enhanced
energy density, cycle stability, and rate performance. Addition-
ally, incorporating conducting polymers improves electrode—
electrolyte interfaces, mitigating issues like SEI formation and
dendrite growth. As research progresses, optimizing conjugated
polymer nanostructures, doping levels, and hybridization with
other materials will be key to advancing Li-ion battery technology,
leading to more efficient, durable, and sustainable energy storage
solutions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Research and development of conjugated conducting polymer-
based flexible supercapacitors have progressed rapidly, with sub-
stantial efforts aimed at positioning these supercapacitors as a
new platform for flexible energy storage devices. Interestingly, the
direct growth of ultrathin, highly conformal coatings of conjugated
conducting polymers via vapor phase deposition onto flexible,
porous substrates has emerged as a promising approach for
achieving flexible supercapacitors with high specific capacitance.
This method offers a significant advantage by preserving the high
surface area of the porous, flexible substrate, thereby facilitating
more active sites for redox reactions. To fully realize the potential
of conjugated conducting polymers in flexible supercapacitors,
further advancements are crucial, particularly in optimizing spe-
cific power and energy density by exploiting the broader potential
window provided by eco-friendly ionic liquid electrolyte systems.
Achieving large-scale commercial applications will require not only
innovative strategies but also a deeper and more refined under-
standing of the effects of in situ doping and the nanostructure of
conjugated polymer architectures.

Conducting polymers hold significant promise for enhan-
cing the performance of redox flow batteries. Traditional
carbon-based electrode materials, such as carbon cloth and
graphite felt, often face limitations like low specific capaci-
tance, limited surface area, and poor wettability, which hinder
their efficiency. However, the application of ultrathin, highly
conformal coatings of conducting polymers on carbon-based
electrodes has emerged as an effective strategy to overcome
these challenges. Conjugated conducting polymers can be
chemically engineered to improve the diffusion of electroactive
species, enhance ion selectivity, and ultimately boost the over-
all electrochemical performance of redox flow battery electro-
des, paving the way for more efficient and durable energy
storage solutions.
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