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In recent years, considerable attention has been paid to hollow micro—nano-structured intrinsically con-
ducting polymers (ICPs), like polyaniline, polypyrrole, polythiophene and poly(3,4-ethylenedioxythio-
phene). The availability of the shells and inner voids in the hollow ICP accounts for their tunable physical/
chemical properties, offers low density, a high surface area, reduced length for both mass and charge
transport, and offers promising applications in environmental remediation and energy. In view of this, the
present review article is focused on the synthesis methods used in the fabrication of hollow intrinsically
conducting polymers by means of hard and soft template approaches including template-free methods,
synthesis of double-shelled hollow spheres of ICP, hollow ICP nanocomposites and core—shell structural
materials of ICP. Subsequently, the review highlights the application of the hollow intrinsically conducting
polymers, their nanocomposites and core—shell structured materials for applications in electromagnetic
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interference shielding/microwave absorption, removal of heavy metal ions and different dyes from waste-
water, and as efficient electrode materials in supercapacitors. Finally, the review ends with a summary and
future perspective on hollow-structured and core-shell conducting polymers and their applications in
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1. Introduction

Intrinsically conducting polymers (ICPs), comprising polyani-
line (PANI), polypyrrole (PPy), polythiophene (PT), and poly(3,4-
ethylenedioxythiophene) (PEDOT), are considered a special
class of polymers due to their light weight, ease of fabrication,
good environmental stability, low cost, high mechanical flexi-
bility, and good biocompatibility." Fig. 1 (inset) shows the sche-
matic chemical structures of different monomers of all these
ICPs.” They exhibit tunable surface area, electrical conductivity,
optical properties, unique redox tenability, and high electro-
chemical response.’ As a result, ICPs find their applications in
various advanced fields, such as sensing,’ solar cell recharge-
able,> battery,° supercapacitor,” bioelectronic applications,®
electromagnetic interference shielding and microwave absorp-
tion,” healthcare monitoring,'® photocatalysis and opportu-
nities for artificial intelligence,'" biomedical applications,'>
drug delivery,'? removal of water pollutants.**>
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The physical properties of PANI, PPy, PTH and PEDOT are
influenced by their morphology.'® In this regard, PANI, com-
pared with other ICPs, has been studied extensively for various
reasons to date considering different morphologies, such as gran-
ular structure,"”” nanoparticles,”” spongy,'® dendrite,"® nano-
2122 pnanofiber,* nanowire,**
nanoflakes,”® micro-
spheres,”® nanocapsules,*® flower-like nanosheet clusters,** coral-

neddles,?® nanocables,?' nanotubes,
nanobelts,”® nanorods,”® nanostick,*”
like,>> honeycomb,*® worm-like interlinked structures,** tetra-
gonal star like,>® nanospheres®® etc. Polypyrrole, polythiophene
and PEDOT also exist in many of these morphologies. It is well
established that manipulation of the morphology can lead to
enhancement of the physicochemical properties and the per-
formance of conducting polymers.’”?® In this regard, ‘hollow
structure’ ICPs with void space inside a distinct shell and dimen-
sions in the micrometer-/nanometer range have been receiving a
considerable amount of attention in recent years.>*>° The syn-
thesis of such hollow materials with a single or double shells of
various compositions and morphologies has been reported fol-
lowing hard-templating, soft-templating and template-free
methods.*

Hollow structures can be of different shapes, as schemati-

cally illustrated in Fig. 2.*' From this perspective, hollow
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Fig. 1 Hollow and core-shell intrinsically conducting polymers (ICPs)
and their applications (Inset: structures of common ICPs.? Reproduced
with permission from Elsevier).

spheres are considered to be more advantageous than their
corresponding solid counterparts due to the presence of a
large fraction of empty space inside and intact shell(s).>® The
interior geometry, surface functionality, high specific surface
area, and high conductivity, as well as the controllable chemi-
cal and physical properties of the hollow ICP nanostructures
make them the most promising candidates in several of the
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Fig. 2 Schematic illustration showing various hollow structures: (left)
hollow spheres/boxes/tubes; (middle) multi-shelled hollow spheres/
boxes/tubes; (right) yolk—shell, cube-in-box, and wire-in-tube struc-
tures.*! Reproduced with permission from ACS.

applications stated earlier.*" In addition, much attention has

also been paid to nanotubes, characterized by their unique
hollow tubular structure.”® Furthermore, the introduction of
nanomaterial(s) into these conducting polymers can introduce
unique properties such as high surface area, high electrical
conductivity and other features that could enhance their per-
formance in multifaceted applications.**™>?

The microwave (MW) radiation emitted from various
electrical and electronic devices adversely degrades their
performance”® and is very harmful to human health.>®
Therefore, electromagnetic interference (EMI) shielding and
microwave absorption materials are essentially needed for miti-
gating such electromagnetic pollution.’®>® In this context,
hollow conducting polymers combined with fillers (such as
magnetic nanoparticles) can also facilitate enhanced EMI
shielding and microwave absorption due to the dielectric loss
owing to the intrinsic conductivity from the polymer and mag-
netic loss arising from the magnetic filler, respectively. The
unique hollow morphology of conducting polymers with
increased surface area prevents secondary electromagnetic pol-
lution due to reflection. Furthermore, the presence of multiple
internal reflections and the trapping of EM waves contribute to
their excellent performance in EMI shielding and microwave
absorption. It may be noted that hollow ICPs can interact with
EM waves and convert the energy of the microwaves into heat
and dissipate it.° In addition, hollow PANI and PPy have been
extensively studied as adsorbents in the removal of heavy metals
and dyes in water.®*** The excellent adsorption performance of
hollow conducting polymers in the removal of metals and dyes
is ascribed to their large specific surface area and its tunable
surface properties. The available functional binding sites in the
conducting polymers readily interact with pollutants through
various mechanisms, accounting for their effectiveness as adsor-
bents. Recently, hollow ICPs have also been used in super-
capacitor applications due to their low cost and properties.” It
may be noted that the unique hollow spherical morphology of
ICPs accounts for their larger surface area, significantly lower
density, and high loading capacity, and shorter ion diffusion
paths facilitate achieving high-power density, fast charge and
discharge rates, and long cycle life.®> In addition, hollow con-
ducting polymers also improve cycling stability by allowing for
controlled volume changes during redox reactions.>
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In recent years, core-shell-structured materials formed by
the judicious tuning of the core as well as the shell(s) have
received considerable attention due to their applications in a
variety of fields.®®®® In this regard, core-shell materials exhi-
biting enhanced magnetic and dielectric loss have the ability
to perform well in electromagnetic interference shielding and
microwave absorption.®””®® In addition, impedance matching
in the core-shell materials creates numerous interfaces for
multiple reflections and facilitates attenuation of microwaves
due to multiple reflections.® Core-shell materials formed by
combining a functional conducting polymer shell with a stable
core are also receiving more attention as adsorbents for the
removal of pollutants in water.’® The choice is mainly guided
by the unique properties of both the core and the shell in
achieving high adsorption capacity, separation efficiency, and
reusability compared with conductive polymers exhibiting low
solubility, limited active sites, poor mechanical strength, and
separation difficulties. Most importantly, a magnetic core can
facilitate the complete separation of the core-shell adsorbents
from water by applying an additional magnetic field.”””" The
core-shell approach has also been used in fabricating ICP-
based electrode materials with excellent electrochemical per-
formance in supercapacitor applications.” This attractive
choice is motivated by the synergistic combination of the core
and shell materials leading to a high specific surface area for
abundant reaction sites, mechanical stability, good electrical
conductivity for fast charge transfer, faster diffusion kinetics,
high specific capacitance, and longer cyclability.”>”*

In view of this, several review articles have appeared in
recent years on intrinsically conducting polymers focused on
the electromagnetic interference shielding and microwave
absorption,>®>*748% removal of heavy metal ions®® %4818
and  organic  dyes®*®»®°'  in  wastewater, and
supercapacitors,”>7%73927%8 and several others are also referred to
in subsequent sections. However, considering the rapid develop-
ments, there exists a lack of a comprehensive review highlighting
the novel contribution of hollow and core-shell intrinsically con-
ducting polymers with their applications in mitigating electronic/
environmental pollution and their applications in energy storage.

Motivated by this, the present review aims to highlight the
novel contribution made by intrinsically conducting polymers
in this regard by focusing exclusively on hollow and core-shell
morphologies across three distinct application fields (EMI
shielding, adsorption, supercapacitors). Accordingly, the
present article is focused on the preparation of hollow intrinsi-
cally conducting polymers (PANI, PPy, PTP, PEDOT) and core-
shell materials comprising ICP through different approaches.
This is followed by their applications in electromagnetic inter-
ference shielding/microwave absorption, removal of heavy
metal ions/dyes in water, and supercapacitors (Fig. 1). Finally,
the review article ends with a future perspective and summary.
Overall, the fabrication of the unique hollow and core-shell
morphology of important intrinsically conducting polymers
and the role they play in the multifaceted applications
reviewed in this article clearly complements the existing
literature.
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2. Intrinsically conducting polymers

Considerable interest has been aroused in intrinsically con-
ducting polymers (ICPs) during the past decades due to their
many advantages, such as easy modification, chemical diver-
sity, corrosion resistance, morphology, tunable conductivity
and applications.’®'°* The different properties of these poly-
mers are related to the conjugated chains with alternating
single and double bonds and the delocalized n-electrons.’®
The conducting polymers have been doped by different
methods in order to achieve high conductivities.'®*™*** In
general, conductivity increases with increasing doping level
and becomes saturated at high doping levels for most of the
conducting polymers.’® The doping is introduced in ICPs
through the backbone of the polymer chain by neutral dopants
(I, Bry, AsF,, H,SO,, FeCl; etc.), ionic dopants (LiClO,4, FeClOy,,
CF;SO3Na, BuNClO, efc.), organic dopants (CF;COOH,
CF3;SO;Na etc.) and polymeric dopants such as poly(styrene
sulphonic acid), poly(vinyl sulphonic acid), and poly(acrylic
acid).106197

The electrical properties of conducting polymers are modi-
fied by p- and n-type doping.'” The delocalization of the
charge carriers over the polymer chain accounts for their elec-
tronic conductivity.'” Generally, the negatively charged car-
riers in n-doping are not as stable as positively charged ones.
This makes p-type doping more attractive in academic research
as well as for all practical application purposes.'®**%8109
Fig. 3(a) describes the electronic and chemical structures of
polythiophene as a representative conducting polymer sub-
jected to p-type doping and n-type doping.'®> The electronic
bands and chemical structures illustrating undoped, polaron,
bipolaron and fully doped states of polypyrrole are also
described in Fig. 3(b)."*

3. Synthesis of intrinsically conducting
polymers
3.1 Chemical methods

3.1.1 Polyaniline. Polyaniline is one of the most common
intrinsically conducting polymers and is prepared typically by
a chemical oxidation method using aniline monomer in an
acidic medium (HCI or H,SO,) in the presence of oxidants,
such as FeCl;, (NH,4),S,0s, and H,0, KI0;.''°''* The for-
mation of polyaniline is indicated by the observed change in
the colour of the reaction medium. The acidic condition has a
vital influence on the yield and conductivity of the PANI and
appropriate for subsequent doping."*® According to Armes and
Miller,"** the yield and conductivity of the polyaniline in the
chemical synthesis depend on the initial oxidant/monomer
mole ratio. Investigations have also reported the influence of
polymerization temperature on the molecular weight, crystalli-
nity, and electrical conductivity of polyaniline."> Fig. 4
describes the chemical polymerization mechanism of polyani-
line in the acidic medium.”® Generally, chemical polymeriz-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(A) The electronic band and chemical structures of polythiophene (PTh) with (a) p-type doping and (b) n-type doping, and (B) electronic

bands and chemical structures illustrating (a) undoped; (b) polaron; (c) bipolaron; and (d) fully doped states of polypyrrole.’°? Reproduced with per-

mission from MDPI.

ation of aniline is carried out at 0 to 5 °C irrespective of the
solvent, oxidant and surfactant used.'*®**® The details on the
synthesis of polyaniline and its properties have also been
recently reviewed.'"™’

3.1.2 Polypyrrole. Polypyrrole was initially created as a
black powdery material by the chemical oxidation of a pyrrole
monomer in the presence of hydrogen peroxide."”® However,
processability, morphology, conductivity and environmental
stability are some key issues that need to be addressed for the
wide application range of chemically prepared PPy.">'™'*?
Polypyrrole has been prepared by combining anionic surfac-
tants (sodium dodecyl benzene sulfonate, sodium alkyl

© 2026 The Author(s). Published by the Royal Society of Chemistry

naphthalenesulfonate, sodium alkylsulfonate) and Fe,(SO,);
(oxidant), exhibiting high conductivity and superior environ-
mental stability'>* Further studies have also shown the
enhanced conductivity and environmental stability of polypyr-
role chemically prepared in the presence of an aqueous solu-
tion containing Fe,(SO,); (oxidant), sulfonic surfactant and a
phenol derivative.'*® The chemical oxidative polymerization of
the pyrrole monomer is usually reported at room temperature
in aqueous solution.'*®

The mechanism of pyrrole monomer polymerization has
also received a considerable amount of attention."””""*' The
most widely accepted polymerization mechanism of PPy is dis-

RSC Appl. Polym., 2026, 4,120-199 | 123
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Fig. 4 Chemical polymerization mechanisms of polyaniline. Chemical polymerization of polyaniline is carried out in acidic medium by using a
common initiator such as ammonium persulfate and potassium persulfate.®® Reproduced with permission from ACS.

— =\ //\ ow
B2 A=)
N N N

Fig. 5 The oxidation of a pyrrole monomer (A) and formation of dimer
and trimer of pyrrole (B).*?® Reproduced with permission from Elsevier.
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played in Fig. 5.>”'*® The oxidation of a pyrrole monomer
yields a radical cation of the monomer in the initiation step
(Fig. 5A). Coupling of the two generated radical cations then
deprotonation produces a bipyrrole."*® This bipyrrole in the
propagation step is oxidized again and couples with another
oxidized segment in the propagation step Fig. 5(B). Further
continuation of the re-oxidation, coupling, and deprotonation
ultimately leads to the formation of polypyrrole.

Another chemical oxidative polymerization mechanism has
also been proposed. According to this, the radical cation in the
propagation step of this mechanism reacts with a neutral
monomer."*' The dimer formed in this manner is oxidized to
a dimeric radical cation that subsequently attacks another
neutral monomer to form a trimer (Fig. 6(A)),"*® and polymer
chains grow by the repeated process to ultimately form poly-
pyrrole. Recently, Tan and Ghandi'”” observed that a com-
monly used mechanism (Fig. 5B) for the polymerization of
pyrrole is not well suited for the formation of PPy in aqueous
medium. Instead, the polymerization mechanism of polypyr-
role follows a different mechanism, as schematically shown in
Fig. 6."*°

3.1.3 Polythiophene. Polythiophene and its derivatives
have been receiving much attention due to their wide range of
applications in electronic devices.'** The formation of poly-
thiophene can be achieved via the chemical oxidative polymer-

124 | RSC Appl. Polym., 2026, 4,120-199
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Fig. 6 The formation of dimer and trimer of pyrrole (A) and further for-
mation of the PPy (B).}2® Reproduced with permission from Elsevier.

ization of thiophene monomer using an oxidizing agent."**"**

The most commonly accepted mechanism involves the for-
mation of radical cations as a result of the oxidative polymeriz-
ation of the thiophene monomer. The synthesis of different
water-soluble polythiophenes has been reviewed for their multi-
functional applications."’

3.1.4 Poly(3,4-ethylenedioxythiophene). Poly(3,4-ethylene-
dioxythiophene) (PEDOT) exhibits high conductivity, good
physical and chemical stability and facilitates easy doping and
solution processing, making it most appropriate in several
advanced applications."***® It can be prepared by the oxi-
dative chemical polymerization of EDOT monomers in the
presence of oxidants, such as FeCl;, Ce(SO,), and (NH,),Ce
(NO;)6,"**™*° and oxidative chemical vapour deposition."*"'*>
Ha et al.'*® studied the effect of the processing parameters
that influence the oxidative polymerization of 3,4-ethylenediox-
ythiophene (EDOT) and a methanol-substituted derivative in
maximizing the conductivity of the polymer. Ali et al'**

© 2026 The Author(s). Published by the Royal Society of Chemistry
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studied the effects of iron(m) p-toluenesulfonate hexahydrate
oxidant on the growth of conductive PEDOT nanofilms pre-
pared by vapor phase polymerization.

3.2 Electrodeposition methods

The electrodeposition method has been proved to be a versa-
tile route for growing conducting polymers on a substrate for
small-scale synthesis within a short reaction time under mild
reaction conditions.’*®> This technique is simple, rapid, cost
effective and ensures good control of the micro/nanostructured
polymer morphology, achieved with accurate process control,
compared with other techniques.'*®*** The process is usually
performed using a constant current or voltage approach, typi-
cally in a three-electrode (reference, working, and counter) cell
containing the electrolyte and the monomer solution. The
monomer of the conducting polymer undergoes electro-
chemical polymerization and is subsequently deposited on the
surface of the substrate (Ti,"*” Mg,'*® Pt,'*° stainless steel,">°
carbon cloth,"" glassy C,"*> indium tin oxide,'”® graphite
sheet'® etc). The effect of counter ions on the physical pro-
perties of polypyrrole electrochemically deposited on a Pt elec-
trode has been reported.'®® The codeposition method has also
been reported, similar to electrode coating, by dissolving the
insulating polymer (host) in the electrolyte solution that also
contains the monomer of the conductive polymer.'>®

Fig. 7 describes the electrochemical polymerization mecha-
nisms of polyaniline carried out in the electrolyte solution of
aniline and acid through application of a potential difference
between the working and counter electrodes.”

3.3 Other methods

In addition, several other preparative methods for conducting
polymers have been used, such as photopolymerization,"®’

radio-frequency plasma polymerization,'”® organometallic
cross-coupling reaction™® and vacuum vapour phase
160,161

polymerization.

The properties of the conducting polymers are influenced
by oxidant, monomer molar ratio, type of oxidizing agent, pH,
polymerization temperature, time, concentration, electrolyte
concentration, and degree of doping.'®*'®* The electrical con-
ductivity of most conducting polymers increases with dopant
concentration and becomes saturated at a high doping

View Article Online

Review
level.'®* Temperature is another parameter playing a signifi-
cant role in the synthesis of ICPs. The selection of solvent is
also an important factor. Generally, the polymerization of
PANI and PPy is reported using solvents like water, MeOH,
THF, DMF, DMSO acetonitrile, propylene carbonate and sea
water."1°671%8 However, aqueous medium as a solvent is most
desirable due to its relatively low cost, ease of handling and
nontoxicity.

4. Synthesis of hollow and core-shell
ICPs

The synthesis of hollow polymeric micro/nanospheres and
micro/nanotubes of ICPs have been receiving much attention
in recent years due to their promising applications in electro-
magnetic interference shielding and microwave absorption,
environmental remediation and energy storage devices. In view
of this, ICPs exhibiting multifaceted types of hollow mor-
phology, such as hollow micro/nanospheres and micro/nano-
tubes, have been achieved through different approaches. These
include direct and template-directed synthesis, the core-shell
approach, self-assembly and electrospinning, and are
described below.

4.1 Hard template method for single-shell hollow ICPs

Recently, template-assisted synthesis has attracted much atten-
tion in the fabrication of materials of well-defined morphology
in terms of shape and size ranging from nanometer to
micrometer range.'®®7> In this regard, template-assisted
methods are considered as one of most accepted approaches
for the synthesis of hollow-structured intrinsically conducting
polymer materials. These templates can be classified into two
types, namely hard and soft templates, based on the difference
in their structure (Fig. 8(a))."”* Hard templates are rigid struc-
tures in contrast to the soft templates characterized by flexible
structures, with each approach guided by its own advantages
and disadvantages."’* The synthesis of materials using
different types of templates is schematically shown in
Fig. 8(b)."”"

However, the main challenge in the preparation of hollow
morphology, such as spheres, using template methods lies in

H* + -H* . -+ - a+b-2H*
NH, —— NH; == NH, — NH, > NH, | =—
a b

CONH (C)-NH,

@NHONHZ 2, H,

2e’, -2H*

1Ot

Polyaniline

Fig. 7 Electrochemical polarization mechanism of polyaniline (electro-polymerization is carried out in the electrolyte solution of aniline and acid
through applying a potential difference between the working and counter electrode).®® Reproduced with permission from ACS.

© 2026 The Author(s). Published by the Royal Society of Chemistry

RSC Appl. Polym., 2026, 4,120-199 | 125


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00230c

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 13 1404. Downloaded on 01/04/1405 12:53:31 ..

(cc)

Review

View Article Online

RSC Applied Polymers

\’x{&»
> W
I
s %, Micelles

S 0, %, ¢
VS 4, %,

R %

L)

Hard Soft templates
templates

4
s, &S Bubbles
,0,,@00 ’@é\o Polymer

%, e é@" aggregates

(a)

Colloidal template

Emulsion

Final structure

(b)

Fig. 8 (a) Representative materials that can be used as templates.?”® Reproduced with permission from Elsevier, and (b) schematic representation of
the synthesis of materials using different types of templates.?’”> Reproduced with permission from RSC.

the availability of suitable templates of definite size/shape,
surface property, and production availability, and their sub-
sequent removal through chemical or thermal means as an
additional step to produce a void space."’® In this regard, the
hard template has great advantages, such as adjustable pore
structure and morphology; nevertheless, the hard template
method also has disadvantages."”" It usually requires a core
surface modification to ensure successful coating of shell sub-
stances."”> Hollow structures can also be prepared by a soft
template method as a viable option."”>'”® Although the hard
template has high reproducibility and stability, its separation
may be troublesome and may damage the structure of the
desired materials with hollow morphology."”" On the other
hand, with the soft template it is easier to prepare nano-
materials of various sizes and shape due to the simplicity of
the process involved, and its easy removal than the hard tem-
plate.'”! In addition, soft templates are sensitive to solution

126 | RSC Appl. Polym., 2026, 4,120-199

environments (pH, solvents, ionic strength etc.), thereby limit-
ing the application of the soft-core template processes.'”” The
hollow morphology achieved by the hard template procedure
is guided by its adjustable pore structure and morphology. As
a result, several hollow nanostructures can be fabricated con-
sidering the availability of the wide range of such hard
templates.'”®

4.1.1 Aluminium oxide. Anodized aluminium oxide (AAO)
exhibits regular porous channels and can be prepared by sub-
jecting aluminium to electrochemical oxidation in acidic solu-
tions."”® The pore diameter of the AAO can be adjusted by con-
trolling the parameters of the anodization process, such as
temperature, concentration, current density etc."®*® AAO is used
as a template to synthesize 1-D nanostructures due to its
several advantages, such as commercial availability, high
chemical stability, uniform pore size, and its removal following
established methods. Xiong et al.'®' used AAO for the syn-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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thesis of highly ordered polyaniline nanotube arrays by in situ
polymerization. The electrochemical polymerization method
has been used in the preparation of doped and de-doped
nanotubes and nanowires of polypyrrole, polyaniline, and poly
(3,4-ethylenedioxythiophene) using Al,O; nanoporous tem-
plates.’®® In another study, polypyrrole nano-tubule arrays
were prepared by the electrochemical alternating current (ac)
polymerization method using AAO membranes as the
template.'®?

Cheng et a prepared highly uniform and ordered poly-
pyrrole nanotube arrays with the help of porous anodic alu-
minium oxide following chemical oxidation polymerization for
2 hours. Functional polypyrrole nanotubes have been fabri-
cated using the anodized aluminium oxide membrane as tem-
plate in liquid phase polymerization conditions.'®® In another
method, Jang et al'®® adopted one-step vapour deposition
polymerization to synthesize a highly uniform surface and
tuneable wall thickness in polypyrrole nanotubes using anodic
aluminium oxide template membranes soaked in ferric chlor-
ide aqueous solution.

Quasi-polyaniline hollow nanotubes (outer dia: 230 nm)
were prepared by a dipping method based on the highly
ordered porous anodic alumina membrane.'®” Poly(3, 4-ethyle-
nedioxythiophene) tosylate film was grown in confined ano-
dized aluminium oxide (nanopores) transferred onto cleaned
ITO glass substrates following the chemical polymerization of
the mixture comprising the solution of EDOT, iron(m)-tosylate
in butanol and pyridine."®® Liu et al.'® electrochemically syn-
thesized PEDOT nanotube arrays in the cylindrical pores of an
alumina template membrane using acetonitrile solution of
20 mM EDOT.

4.1.2 Mesoporous silica. Mesoporous silica has attracted
attention in various applications due to its high specific area,
good hydrophobicity, low cytotoxicity, large pore volume and
tunable pore size."”"'*® Mesoporous silica has also been used
as a template in the preparation of intrinsically conducting
polymers, like PANI and PPy with hollow structures. The
process involves coating silica particles with PANI (PPy) fol-
lowed by the expulsion of the silica template (core) by etching
it in NaOH or HF to leave behind a hollow PANI (PPy) shell,
respectively.

Fu et al'®' initially prepared silica nanoparticles with
surface-grafted polymer of 4-vinylaniline (SiO,-g-PVAn) accord-
ing to the scheme displayed in Fig. 9(a). Subsequent surface
oxidative graft copolymerization of aniline using the aniline
moieties of PVAn and deprotonation followed by exposure to
HF produced hollow nanospheres of P(VAn-graft-PANI) (thick-
ness of shell: ~15-40 nm, core void dia: ~25 nm). A meso-
porous polyaniline hollow nanosphere with average diameter
and thickness of 330 nm shell 78 nm, respectively, has been
prepared using SiO,@resorcinol-formaldehyde/SiO, as sub-
strate followed by in situ polymerization of aniline on its
surface and subsequent expulsion of the silica shell by disper-
sing it in HF at room temperature.'®* Li et al."®® prepared Pt/
PPy hollow hybrid microspheres by using NH,-functionized
SiO, as template decorated with H,PtClg, Fig. 9(b). In another
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study, SiO,/polymethacrylic acid (PMAA) microspheres were
used as templates to synthesize hollow polypyrrole micro-
spheres (Fig. 9(c))."**

4.1.3 Organic polymers and other inorganic materials

4.1.3.1 Hollow polyaniline. Among several hard templates,
polystyrene microspheres have attracted much attention in
synthesizing spherically shaped particles, spherical core-shell
and hollow structures.’®>™*° Bai et al.®>*® prepared colloidal
hollow spheres of conducting polymers (PANI and PPy) by
using sulfonated polystyrene beads as a templating agent. In
another study, hollow PANI and PPy microspheres were pre-
pared by oxidative chemical oxidation of the respective mono-
mers using sulfonated polystyrene microspheres as template
(size: 2.2-3.4 ym).**! Niu et al.>°* prepared PANI capsules and
hollow PANI spheres with controlled shell thickness and cavity
size using sulfonated polystyrene as a template. Sulfonated
polystyrene particles have been used as template to synthesize
hollow polyaniline®®® and polypyrrole*** by emulsion polymer-
ization of the individual monomers in acid solution and
ammonium persulphate (oxidant). Saraf et al>®® prepared
hollow microspheres of PANI doped with styrene sulfonic acid
(size: 0.5-1 pm) through a chemical route by maintaining the
dopant : monomer : oxidant ratioas 1:1: 1.

Mangeney et al.’°® used polystyrene latex particles (dia:
1.33 pm) to prepare PPy-coated PS latex polystyrene bearing
surface-protonated N-propyl amino functional groups in
aqueous solution by copolymerization of pyrrole and
N-aminated pyrrole (pyrrole-NH,) using FeCl;. Furthermore,
the fabricated (PS-PPyNH,) particles were subsequently deco-
rated with citrate-stabilized gold nanoparticles, as shown in
Fig. 9(d). Uniform polyaniline thin shells and hollow capsules
were fabricated using polyelectrolyte-coated microspheres as
templates.””” Monodisperse hollow polyaniline nanospheres
with controlled surface smoothness were synthesized by in situ
polymerization of aniline monomers adsorbed on a carboxyl-
functionalized polystyrene surface.”’’® In another study, Sung
et al.”® synthesized submicron-size hollow PANI dicarboxylate
salt to study the influences of alkyl chain length, functional
group and stable dispersion on its electrorheological
performance.

Polyaniline/Au composite hollow spheres were successfully
synthesized using polystyrene/sulfonated polystyrene as the
templates.?'° The thickness of the PANI shell can be well con-
trolled by adjusting the amount of aniline monomer. Fig. 10
(a-d) shows the morphology of PANI (A: SEM; C: TEM) and
PANI/Au (B: SEM; D: TEM) composite hollow spheres under
specified preparative conditions. The possible formation of
hollow PANI spheres and its Au composites are presented in
Fig. 11. Gao et al>'' fabricated hollow polyaniline micro-
spheres in the presence of Cu rings as template using
H,SiW;,0,0 and ammonium persulfate as dopant and oxidant,
respectively. Zhang and Liu*"* synthesized hollow polyaniline
nanoparticles via the chemical oxidative polymerization of
aniline using y-Fe,O; nanoparticles as the reactive templates
in the presence of hydrochloric acid. Their studies have shown
that reacting temperature played a vital role in the formation
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radical polymerization (ATRP) and oxidative graft copolymerization.191 Reproduced with permission from ACS. (b) The illustration of the formation of

Pt/PPy hollow spheres.**®* Reproduced with permission from Wiley. (c) Formation of SiO,/PMAA/PPy nanocomposite and PPy hollow spheres.

194

Reproduced with permission from Wiley. (d) Schematic representation of the assembly of negatively charged gold nanoparticles on the surface of
positively charged core—shell polypyrrole—polystyrene latex particles bearing surface-protonated N-propylamino groups.2°® Reproduced with per-

mission from ACS.

of the hollow nanoparticles. Halloysite was used as a hard tem-
plate to prepare polyaniline-polypyrrole binary composite
nanotubes.’* Gao and coworkers*** demonstrated the fabrica-
tion of polyaniline nanotubes using the inner eggshell mem-
brane as a template. Their investigations revealed the key role
played by the pore size of the template in the formation of
polyaniline nanotubes.

Zhu et al.>" reported the double surfactant-layer of polyvi-
nylpyrroldine (PVP) and sodium dodecyl sulfate (SDS)-assisted

128 | RSC Appl. Polym., 2026, 4,120-199

oxidative polymerization using monodisperse metal oxides
(CuO, Fe,03, In,03) as templates (Fig. 12(a)). Following this,
hollow PANI nanocapsules were prepared by dissolving metal
oxides in acid solution. The method has also been used to
prepare nanocomposites of CuO/PANI, Fe,03/PANI, In,0;/
PANI and Fe,03/Si O,/PANI. Further investigations revealed the
formation of well-controlled core/shell metal oxides/PANI
nanocomposites and PANI capsules. Hollow octahedral PANI
nanocapsules have been fabricated using Cu,O (octahedral) as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 SEM and TEM images of PANI (A: SEM; C: TEM) and PANI/Au (B: SEM; D: TEM) composite hollow spheres (Synthetic conditions: aniline,
1 mmol, APS, 1 mmol, concentration of PANI in the Au colloid, 1.0 mg mL™).210 Reproduced with permission from ACS.
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—_—
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PANI hollow PS/sulfonated PS/PANI
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Fig. 11 Scheme of the preparation of PANI and PANI/Au hollow
spheres.?!® Reproduced with permission from ACS.

template in the presence of H;PO4.>'**"” It may be noted that

the removal of the Cu,O template is not required, compared
with other conventional methods, due to its reaction with
ammonium persulfate (oxidant) to form a soluble Cu®>* salt
during the process of the polymerization. The synthesis of
nanorings and flat hollow capsules of polyaniline was also
reported via the chemical oxidative polymerization of aniline
using VOPO, 2H,0 nanoplates acting as oxidant and sacrificial
template.*"®

4.1.3.2 Hollow polypyrrole. The most common synthetic
approach for the fabrication of the hollow polypyrrole micro-
sphere was followed by a core (polystyrene, PS)/shell (polypyr-
role) approach. This involved the in situ chemical oxidative
copolymerization of the pyrrole monomer on the surface of a

© 2026 The Author(s). Published by the Royal Society of Chemistry

sulfonated PS microsphere followed by the extraction of the PS
cores in a suitable solvent like tetrahydrofuran.>'°-*** Zhang
et al®®® prepared polypyrrole-polystyrene (PPy-PS) hybrid
hollow spheres by oxidative polymerization of pyrrole FeCl;
6H,0 in an emulsion of PS latex, as shown in Fig. 12(b). It was
suggested that the formation of PPy-PS hybrid hollow spheres
could be induced by capillary forces that exist among the PPy
nanoparticles (granular) deposited on the surfaces of PS latex
at the start of the reaction. Hollow polypyrrole microcapsules
(dia: 527 nm, shell thickness: 20 nm) have been reported, by
the cosolvent approach using a polystyrene core as a tem-
plate.”*® Marinakos et al.®*” used Au nanoparticles as tem-
plates in synthesizing nanometer-sized hollow PPy nanocap-
sules. Mesoporous hollow polypyrrole spheres have been fabri-
cated by a chemical polymerization method using silica
spheres as hard templates.””® Su et al.>*° reported the syn-
thesis of polypyrrole hollow nanospheres using poly(methyl
methacrylate) nanospheres as templates. Chang et al**°
carried out in situ polymerization of pyrrole in the presence of
polystyrene (PS) latex particles. Subsequent removal of the core
(PS) resulted in the formation of hollow spherical polypyrrole
balls.

According to Qu and Shi,
dation of pyrrole in an aqueous solution of poly(styrene sulfo-
nic acid) resulted in microstructures with hollow interiors
comprising microspheres, microcrocks, microbowls, and
micropumpkins. A stepwise electropolymerization process has
been adopted in producing the nanostructured arrays of
hollow polypyrrole with a conical shape.>**> The pores of nano-
porous polycarbonate membrane were used as templates to
chemically synthesize polypyrrole nanotubules.”*?® Kros

231 the direct electrochemical oxi-
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Reproduced with permission from IOP. (b) The fabrication process of PPy-PS hybrid hollow spheres.??®> Reproduced with permission from Elsevier.

et al>* carried out the polymerization of monomers (e.g.,

pyrrole, thiophenes) inside the pores of track-etched polymeric
membranes. The hollow tubules formed in this manner
exhibited relatively enhanced electrical properties compared
with their respective bulk analogues. In another work, a
ZSM-5 molecular sieve was used as a template to synthesize
hollow pyrrole-platinum complex spheres following the chemi-
cal polymerization of pyrrole with potassium hexachloroplati-
nate(v) as oxidant.>*> Dubal et al.>*® synthesized polypyrrole
nanotubes using MnO, as a sacrificial template in the pres-
ence of pyrrole 1 M HCI and K,Cr,0,. Hollow nanotubes of
polypyrrole have been prepared rapidly by chemical oxidative
polymerization of pyrrole in the presence of V,05 nanofibers
(sacrificial template) and FeCl; as oxidant. This was followed
by the removal of the template by dissolving it in aq. 1.0 M
HCL.>*’ In another study, MnO, powder was selected for a sim-
ultaneous dual role as oxidizing agent and sacrificial template
in the chemical synthesis of hollow sea urchin-shaped polypyr-
role.”*® In another study, polystyrene beads were used as the
sacrifice template to prepare hollow polypyrrole nano-
particles.**® Capsular PPy hollow nanofibers were fabricated
by polymerizing pyrrole monomer on hollow V,0s fibers (tem-

130 | RSC Appl. Polym., 2026, 4,120-199

plate) and subjected to acid etching to remove the V,05 tem-
plate.”*® In addition, Fe;O,@polypyrrole hollow capsules®*’
and Fe;0,@PPy yolk/shell composites®** were also prepared by
a hard-template method.

4.1.3.3 Hollow poly(3,4 ethylenedioxythiophene) (PEDOT).
Rehmen et al**® carried out vapor deposition of tosylate-
doped PEDOT in fabricating hollow nanosphere coatings
using polystyrene as template on carbon paper electrodes. In
another study, PEDOT hollow nanospheres were successfully
synthesized from SiO,/PEDOT core/shell nanospheres by sub-
jecting SiO, to chemical oxidative polymerization followed by
etching of SiO, by hydrofluoric acid.*** Luo et al>*® coated
functionalized PEDOT on a polystyrene core in aqueous solu-
tions. The subsequent removal of this core by dissolving it in
an appropriate organic solvent produced hollow PEDOT par-
ticles with single holes and PEDOT capsules. According to
Zhang et al.,>*® PEDOT hollow spheres were fabricated using
sulfonated polystyrene sphere template-assisted interfacial
polymerization and introduced into the MXene film as an
attractive flexible electrode for energy storage. ZnO microflower
arrays have been used as a template to synthesize hollow
microflower arrays of PEDOT with several two-dimensional

© 2026 The Author(s). Published by the Royal Society of Chemistry
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hollow nanopetals on each microflower.””” Cheng et a elec-
trodeposited poly(3,4-ethylenedioxythiophene) hollow micro-
flower film onto a fluorine-doped tin oxide glass substrate
using a film of ZnO microflowers as the template.

4.2 Soft template method and template-free approach for
single-shelled ICPs

The choice of soft template and template free approach in syn-
thesis of conducting polymers are guided by its multifaceted
advantages such as the simplicity of the process, good repeat-
ability and no requirement for its removal. This method is
invariably used in the synthesis of conducting polymers nano-
tubes, hollow spheres and yolk-shell sphere-type
materials."”>?**7>% In this regard, several structural directing
agents are used, such as surfactants, block copolymers, amino
acids, urea, methyl orange etc. The presence of these mole-
cules aligns the monomers of the conducting polymers in
solution and facilitates the overall polymerization process
into the desired nanostructures like tubes or spheres by
forming micelles or self-assembled structures around the
monomers.

4.2.1 Hollow polyaniline. Zhang et a used a self-assem-
bly method to synthesize PANI nanotubes (dia: 150-340 nm)
in the presence of inorganic acids (e.g., HCl, H,SO,, HBF,, and
H;PO,) as dopants with and without a surfactant. In the pres-
ence of a surfactant (sodium dodecylbenzenesulfonate and
hexadecyltrimethylammonium bromide), the formation of the
nanostructures took place due to the formation of micelles by
anilinium cations and surfactant anions acted as templates,
whereas in the absence of a surfactant the anilinium cation
micelles formed were considered as templates. Further investi-
gations indicated that the morphology, size, and electrical pro-
perties of the resulting nanostructures were guided by experi-
mental conditions and dopant structure. The role played by
the acidity profile in the nanotubular growth of polyaniline
has been analysed to study its preparatory conditions by oxi-
dizing aniline with ammonium peroxydisulfate in 0.4 M acetic
acid.®® These findings indicated that the neutral aniline mole-
cules were oxidized to non-conducting aniline oligomers at pH
> 3 and acted as templates for the subsequent growth of PANI
nanotubes.

Han et al.>*® synthesized polyaniline nanotubes by the oxi-
dative polymerization of aniline in dilute solution in the pres-
ence of cetyltrimethylammonium bromide. Self-assembled
PANI nanotubes with a rectangular cross-sectional shape have
been synthesized by in situ chemical oxidation polymerization
in the presence of citric acid as the dopant.>®” In another
study, Zhang et al.>*® prepared polyaniline nanotubes by a self-
assembly process using carboxylic acids (propionic acid, lactic
acid, succinic acid, malonic acid, tartaric acid, and citric acid)
as dopants. They also investigated the effect of hydrogen
bonding on the formation of nanotubes and aggregated den-
drites of polyaniline. Highly crystalline polyaniline nanotubes
and nanofibers have been synthesized in the presence of dicar-
boxylic acids (oxalic acid, malonic acid, succinic acid, glutaric
acid, and adipic acid) (acting as dopants).>*® Zhang et al.>*°

l 254
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fabricated nanotubular polyaniline (self-assembled) following
the chemically synthesized by ammonium persulfate oxidation
of aniline in the presence of amino acid. The role played by
the amino acids in this study is guided by their effect on the
initial soft template for the growth of nanotubes based on the
formation of micelles or oligomeric species during the initial
stage of aniline oxidation. Rana et al.>®' used a soft template
method to prepare PANI nanotubes of almost uniform dia-
meter by selecting benzene 1,2,4,5-tetracarboxylic acid, acting
simultaneously as dopant acid as well as structure-directing
agent. Huang and Wan*®* investigated the influence of the
molecular structure of sulfonic acids on the tubular mor-
phology of the doped PANI. According to this, B-NSA-doped
PANI exhibited tubular morphology by preparing it using an
in situ doping polymerization method. Hollow PEDOT spheres
(dia: 1.7-4.6 pm) were synthesized by aqueous chemical
polymerization using self-assembled membrane of poly(3,4-
ethylenedioxythiophene) doped with acetic acid at room temp-
erature and ammonium persulfate as oxidant.>®®

Alternatively, synthesis of self-assembled polyaniline nano-
tubes has also been reported using itaconic acid,*** camphor
sulfonic acid,*®® polymeric acids: poly(4-styrenesulfonic acid),
poly(acrylic acid), poly(methyl vinyl ether-alt-maleic acid),>*®
malic acid, succinic acid, citric acid, and tartaric acid®*®” as
dopants. Mu et al?®® reported the fabrication of self-
assembled polyaniline nanotubes doped with D-tartaric acid
for high-performance supercapacitor applications. Zhang and
Wan”® synthesized chiral polyaniline nanotubes following the
self-assembly process using (1R)-(—)-10-camphorsulfonic acid
(-CSA) and (1S)-(+)-10-camphorsulfonic acid (p-CSA). It was
noted that the formation yields and the size of the doped poly-
aniline nanotubes were guided by the molar ratio of CSA to
aniline. Panigrahi and Srivastava®’® reported the synthesis of
polyaniline hollow microspheres by the ultrasound-assisted
emulsion polymerization technique using polystyrene micro-
spheres as a template.

Zhang et al>”* reported a self-assembly process for the
syntheses of polyaniline nanotubes (dia:130-250 nm) doped
with a-naphthalene sulfonic acid, p-naphthalene sulfonic acid,
and 1,5-naphthalene disulfonic acid. According to Sun and
Deng,>”* pi-tartaric acid played an important role as a dopant
in determining the morphology of polyaniline prepared by
interfacial oxidation polymerization of aniline using APS as
the initiator. These findings led to the formation of spherical
mushroom-like morphology and nanotubes of polyaniline
corresponding to the DL-tartaric acid concentration of ~0.02
M and ~0.04 M, respectively.

Qiu et al®>”?® synthesized polyaniline nanotubes
(dia:100-300 nm, length: up to 2 pm) through a template-free
polymerization using (NH,4),S,05 as an oxidant and a protonic
acid dopant (Cg-(OSO3H)s or PAMAM,  [naphthyl (SO;H);],4)-
The formation of oriented arrays of polyaniline nanotubes (60
to 150 nm in diameter) were also reported by hydrogen-
bonding directionality in the presence of a crown ether deriva-
tive and ammonium persulfate in HCI solution.?”* Poly(2-acry-
lamido -2-methylpropane sulfonic acid) has been used as a
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dopant as well as soft template for the synthesis of uniform
hollow microspheres of PANI (dia: 410 nm, shell thickness:
72 nm) in aqueous solution following in situ polymerization of
aniline in the presence of ammonium persulfate.”’”> Huang
et al.*’® reported a template-free method following inversed
microemulsion polymerization in fabricating polyaniline
hollow microspheres (outer dia: 4-6 mm, shell thickness:
150-250 nm) using f-naphthlene sulfoinic acid as dopant. Zhu
et al.””’ prepared superhydrophobic rambutan-like hollow
spheres of polyaniline by a self-assembly method in the pres-
ence of perfluorooctane sulfonic acid (dopant and soft
template).

Zhang and Wan””® reported transformation of self-assembled
polyaniline from 1 D nanotubes (dia: ~109-150 nm) to hollow
microspheres by changing the molar ratio of the dopant (sal-
icylic acid) to monomer (aniline). The freeze-fracture electron
microscopy studies revealed the role played by hollow spherical
micelles comprising salicylic acid/aniline as templates in the
formation of nanotubes/hollow spheres. The driving force in
the self-assembly of hollow microspheres might be due to be
the hydrogen bonding of the -OH group (salicylic acid) and
amine group (polyaniline). Liang et al.>”® synthesized polypyr-
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role nanotube aerogels by using the weakly interconnected
network of self-assembled nanotubes of lithocholic acid as a
soft template.

Hollow nanospheres of methyl-substituted polyaniline®®°
and poly(m-methylaniline)®® microspheres were prepared
through the self-assembly processes in the presence of
ammonium persulfate. Tavandashti et al.”®* studied the tran-
sition of polyaniline from nanotubes to nanospheres following
a soft template route, as schematically displayed in Fig. 13(a
and b). According to this, the fabrication of polyaniline nano-
spheres was carried out via the oxidative polymerization of
aniline in the presence of f-naphthalenesulfonic acid (3-NSA)
as both surfactant and dopant, and ammonium persulfate as
oxidant at 2-5 °C. Furthermore, control of the morphology of
polyaniline was achieved by changing the reaction conditions.
Ding et al.*®® prepared PANI nanotubes with diameters of
100-150 nm of single nanotubes by carrying out direct oxi-
dation with APS in the absence of hard templates and acidic
dopants. During this, the formation of the hollow spheres at
the initial stage was accompanied by the micelles (soft tem-
plate) formed by the aniline monomer in aqueous solution.
Furthermore, investigations revealed a decrease in pH with

£
e, SO0

()
L9ast,
Aniline filled

micellar droplets

Polyaniline hollow microspheres

Polymerization starts on

Polyaniline nanospheres

the surface of the droplets

Fig. 13 The schematics of the formation mechanisms of (a) PANI nanotubes/nanofibres and hollow microspheres and (b) PANI nanospheres.?®2

Reproduced with permission from Wiley.
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increasing polymerization time resulted in a change in the
morphology from hollow spheres to short and long tubes.
Triton X-100 has been selected as a soft template to fabricate
poly(aniline-copyrrole) hollow nanospheres via oxidative
polymerization of aniline.*®* In a micelle-mediated phase
transfer method, perfluorooctanoic acid/aniline acted as soft
templates to form hollow nano/microspheres of polyaniline
with mesoporous brain-like convex-fold shell structures.>*

Vitamin C upon the addition of aniline monomer ([Vitamin CJ/
[Aniline] = 0.25) produced polyaniline nanotubes (dia.:
80-120 nm, length extending to several micrometers) via the
oxidative polymerization method.*” Ren and others**® adopted
a soft template method in the fabrication of a polyaniline
microtube acidic solution using methyl orange as dopant in
the presence of aniline monomer and ammonium peroxydisul-
fate. According to this, methyl orange is self-assembled into
supramolecular aggregates and acts as templates in the for-
mation of PANI microtubes. Urea has also been used as a
soft template in the synthesis of polyaniline nanotubes by
in situ chemical oxidative polymerization of aniline
monomer.”®” Orellana and Roberts**® used a simple approach
for preparing polypyrrole microtubes without the need for a
solution or substrate-based template. Wang et al®*® syn-
thesized polypyrrole nanotubes of ~50 nm diameter and a
length extending to several micrometers using pyrrole,
FeCl;-6H,0, and methyl orange as monomer, initiator, and
soft template, respectively.

A self-assembly method has been used to synthesize polya-
niline nanotubes in the excess of (NH,),S,05 oxidant.?*® This
could be ascribed to the formation of aniline dimer cation-rad-
icals acting as effective surfactants. Zhang et al.>** fabricated
polyaniline hollow spheres with controllable size and shell
thickness through the oxidation-reduction reaction-driven
approach under hydrothermal conditions in the absence of
any sacrificial templates and organic surfactants and using
H,0, and Fe®* as oxidant and catalyst, respectively. Hollow
polyaniline microsphere were also prepared by polymerization
of aniline in aqueous medium using K;[Fe(CN),] as oxidant.>*>
Wei and Wan®*** synthesized hollow microspheres of PANI
(dia: 450-1370 nm) using aniline emulsion template doped
with p-naphthalene sulfonic acid at —10 °C in the presence of
ammonium persulfate acting as the oxidant. Investigations are
also reported on the synthesis of PANI nanotubes, nanotubes
with rectangular and circular cross-section hollow micro-
spheres*** and 3D hollow microspheres assembled from 1D
PANI nanowires.”®®

Liu et al.**® reported a template-free method to synthesize
polyaniline film (thickness: 100 nm) embedded with PANI
nanotubes without any surfactant or organic acid. Their
studies revealed that oligomers with certain structures are
responsible for the growth of the nanotubes. A micelle soft-
template method was used in fabricating PANI nanotubes
(external dia: 110 internal dia:, 10 nm, length: several um) in
the presence of oxalic acid as a dopant.>®” Tajima et al.*°® used
nanobubble soft templates formed by ultrasonic irradiation in
the synthesis of hollow polypyrrole spheres.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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4.2.2 Hollow polypyrrole, polythiophene and PEDOT. In
comparison with polyaniline, the fabrication of other hollow
ICPs, especially polythiophene and polythiophene and PEDOT,
has received less attention. Bhattarai et al.>*® employed a sacri-
ficial template-based synthetic approach for fabricating poly-
pyrrole hollow fibers by using sacrificial removal of electro-
spun polycaprolactone acting as a soft template. In another
method, one-step in situ polymerization has been employed to
synthesize azo-functionalized polypyrrole nanotubes in the
presence of FeCl; and methyl orange.’ In this, the formation
of a fibrillar complex of FeCl; and methyl orange acts as reac-
tive self-degrading template to facilitate the hollow nano-
tubular structure of PPy. Wang et al.>' prepared micro/nano-
scale highly electroactive PPy galvanostatically with a hollow
‘horn’-like structure in a p-toluenesulfonate alkaline solution
without any templates.

Xia et al.*** used poly(vinylpyrriolidone) (PVP) as a soft
template in order to fabricate PEDOT exhibiting hollow
spheres (size: 130-820 nm) via a self-assembly method. Bian
et al.*® used star-like unimolecular micelles as templates for
the controlled syntheses of hollow nanostructures of polythio-
phene nanoparticles. A reverse emulsion polymerization was
described using sodium bis(2-ethylhexyl) sulfosuccinate
cylindrical micelles as the template at room temperature for
the synthesis of PEDOT nanotubes (dia: 50-100 nm, length:
10-20 mm).*** The synthesis of self-assembled 3D hierarchical
PEDOT micro/nanostructures including hollow spheres and
double-layer bowls was carried by a template-free method in
the presence of perfluorosebacic acid as the dopant and FeCl;
6H,0 as the oxidant.’*> Ali et al>°® synthesized PEDOT/Au
hollow nanospheres by an in situ polymerization method com-
prising the ratio of EDOT and HAuCl, from 2:1 to 1:2. In
another study, a surfactant-free Ouzo emulsion method was
used to synthesize hollow or partially collapsed bowls of
PEDOT using FeCl;-6H,0, acetone, and toluene as oxidant,
solvent, and anti-solvent, respectively (Fig. 14(a)).>*” This
method has also been extended in successfully synthesizing
PANI, PPy and PTh. Fig. 14(b-d) show the SEM images of
PEDOT under different experimental conditions. Ni et al.>’®
used the chemical polymerization of EDOT to synthesize
hollow PEDOT microsphere in the presence of ammonium per-
sulfate (oxidant) and PVP (micelles). Sui et al.>*® synthesized
hollow microspheres of PEDOT (size: 0.5 to 10 pm) by the
chemical oxidative polymerization of EDOT using ammonium
persulfate in a catanionic surfactant solution comprising a
mixture of cetyltrimethylammonium bromide and sodium
dodecylbenzenesulfonate. Recently, Ge et al.'®® prepared hon-
eycomb-shaped photothermal polypyrrole by
electropolymerization.

4.3 Electrospinning method

Electrospinning is relatively inexpensive, simple and versatile
method used in fabricating hollow (and core-shell) polymer
fibers for a variety of applications.>'®*'* The electrospun poly
(amic acid) fiber membrane has been used as a template to
fabricate hollow polyaniline nanofibers by in situ polymeriz-
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(a) Schematic illustration for the oxidative chemical polymerization of PEDOT hollow spheres/bowls. (b—d) SEM images of the synthesized

PEDOT nanostructures, (b) PEDOT nanoparticles before wash-removal of oxidant, (c) after the removal of oxidant by ethanol washing, and (d) col-
lapsed hollow bowls after the washing and drying.3°” Reproduced with permission from Elsevier.

ation of aniline.*"> The formation of highly aligned PEDOT
nano- and microscale fibers and tubes has been reported
based on this technique and oxidative chemical polymeriz-
ation.*"® The electrospinning preparation methods of several
other hollow conducting polymers are described in sub-
sequent sections under applications.

4.4 Synthesis of double-shelled hollow spheres of ICPs

In comparison with single-shell hollow spheres, hollow
spheres with multi-shell structures receive extra advantages
from inner structures.*!* The permeable shell and void space
between each shell in the unique hollow structure accounts for
interesting properties, such as a sequential absorbing/scatter-
ing characteristic, and the shortening of the diffusion distance
for mass and charge transport for various applications. In this
regard, very limited research has been reported on the prepa-
ration of intrinsically conducting polymers exhibiting the
double-shell type of morphology. Bei and Xia®"® reported the
synthesis of double-shelled polypyrrole hollow particles with a
structure similar to that of a thermal bottle, using polystyrene
hollow spheres (templates) containing a hole on the surface as
templates. The choice of such template facilitated the
diffusion of the monomer and acted as an initiator to form
uniform PPy coatings on the inner and outer surfaces.
Subsequently, selective removal of PS by dissolving in tetra-
hydrofuran (solvent) resulted in the formation of double-
shelled polypyrrole hollow particles with a structure resem-
bling that of a thermal bottle. Niu et al.*'® used iron oxide
hollow microspheres as both the sacrificial template and
initiator in acidic solution to prepare double-shelled polypyr-
role hollow microspheres. According to Gu et al,>’ MnO,

134 | RSC Appl. Polym., 2026, 4,120-199

nanorods selected as a self-sacrifice template formed double-
shelled hollow polypyrrole nanotubes by in situ polymerization
of the pyrrole monomer in the presence of hydrochloride acid
and sodium p-styrene sulfonate.

4.5 Synthesis of hollow nanocomposites of ICPs and core-shell
structures

Recently, hollow and core@shell composites have been receiv-
ing considerable attention due to their effective combination
and interesting properties, with great promise for a broad
range of applications in many fields.®” In this regard, intrinsi-
cally conducting polymer-derived composites have gained sig-
nificant recognition due to their unique properties, such as
environmental stability, processability, and less corrosive
nature with tunability.”>”® In addition, such ICP-based binary
and ternary core-shell nanocomposites offer advantages of
their properties due to the combination of the core and the
shell.”> Core-shell nanostructured materials can be prepared
by physical and chemical methods. However, the chemical syn-
thesis of hollow and core-shell ICP nanostructures is better
recognised compared with physical methods. This is mainly
due to their greater versatility, precise control, and ability to use
templates, unlike physical methods which invariably require
complex equipment. In view of this, preparative methods for
these hollow and core-shell ICP composites are described in
the subsequent sections under their applications in the fields
of electromagnetic interference shielding/microwave absorp-
tion, removal of metal ions/dyes and as supercapacitors.
Recently, electrodeposition has become a promising
method for fabricating ICP-based core-shell materials as
superior electrodes in supercapacitors, though its potential is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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yet to be harnessed.'***'® This is ascribed to the superior
control over morphology, enhanced performance through
binder-free synthesis, and improved interface between the
polymer and substrate. Chen et al.*"® synthesized polypyrrole
(binder free film) on carbon cloth by the electrodeposition
method. Core-shell nanorod arrays with polyaniline were suc-
cessfully electrodeposited NiCo,0,
support.>*° Wu et al. reported®*' polypyrrole-coated low-crystal-
linity Fe,O3; supported on carbon cloth by a combination of
chemical reduction and electrodeposition methods. The prepa-
ration of a free-standing graphene/polyaniline/MnO, ternary
composite by sequential electrodeposition on carbon cloth as
working electrodes was reported.’*” In another study, electro-
deposition of PANI on the surface of GO/a-MnO, was used to
prepare hierarchical GO/a-MnO,/PANI composites.*** This
electrodeposition technique has also been used in fabricating
(CoCrFeMnNi);0,@CC-PPy,***  LaMnO,@CC-PPy,**®>  and
porous PPy/black phosphorus oxide composites electrodepos-
ited on CNT.>*° In another approach, Fauzi et al.**” used oxi-
dative chemical vapor deposition to deposit a submicrometer-
thick layer of PPy on the carbon fabric.

into a mesoporous
d321

5. Application of hollow ICPs and
their core—shell nanocomposites

5.1 Electromagnetic interference shielding and microwave
absorption

In recent decades, the growing and extensive use of devices
has contributed to electronic pollution due to electromagnetic
interference, limiting their applications and also threatening
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human life (Fig. 15).**® In this regard, the development of elec-
tromagnetic shielding and microwave-absorbing materials has
recently been receiving considerable attention When an elec-
tromagnetic (EM) wave perforates through the shielding
material, it involves primarily three processes, namely reflec-
tion, absorption, and multiple reflection.” The shielding per-
formance of a material is expressed by term electromagnetic
interference shielding effectiveness (EMI SE). The total EMI SE
(SEr) measures the ability of a material to block EM waves and
is expressed in decibels (dB) as a function of the logarithm of
the ratio of the power P, electric E, or magnetic H field intensi-
ties before and after EM attenuation, i.e.,

SEr (dB) = 10log <&) =20log (ﬂ> =20 log(ﬂ) (1)
P, Er Hr
where I and T represent the incident and transmitted
components.>**?%*
Furthermore, SEt is the sum of shielding efficiency originat-
ing from absorption (SE,), reflection (SEg) and multiple reflec-
tions (SEy),” i.e.,

SEr = SEg + SE, + SEy (2)

The factors affecting the shielding effectiveness include per-
meability, permittivity, skin depth and thickness, external
physical properties, eddy current loss, magnetic loss, dielectric
loss, size and morphology etc.”* The impedance matching
ratio, |ZyZo| (Zin: input impedance, Z,; free space impedance)
is also another important factor that provides information
about EM waves entering the shield. It may be noted that the
reflection loss (Ry) of a shielding material is closely related to
the input impedance (Z;,) and free space impedance (Z).

Fig. 15 Electromagnetic radiation hazards and application of EWAMs around daily life.32® Reproduced with permission from Elsevier.
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According to the transmission line theory, both Z;, and Ry, are
expressed as shown below.’

V2T
Zipn = ZO\/’[E tanh [l —Cﬁ\/sru,} (3)
Er
Zin - ZO
Ry, =20log 10— 4
t & Zin + ZO ( )

where ¢, ¢ and c represent thickness of the absorber relative
dielectric permittivity and velocity of light in free space,
respectively.

The methods commonly used to measure the electromag-
netic shielding efficiency (also referred to as effectiveness) of a
material can be based on the space transmission, shield box,
shield room and coaxial transmission line approaches.””

In this regard, much interest has been focused recently on
developing electromagnetic wave (EMW) shielding materials
undergoing absorbing mechanisms.® This is because EMWs,
following the reflection mechanism, produce secondary pol-
lution due to their reflection to the environment. Accordingly,
conductive polymers have been receiving considerable atten-
tion guided by their conductivity, light weight, corrosion resis-
tance and processibility.” In this regard, the morphology of the
intrinsically conducting polymer materials is considered a
vital parameter in their functioning as EMW absorbers. This is
ascribed to successive internal reflection (multiple internal
reflections of incident EM waves).”**?*73%3 Hollow microhemi-
spheres like polypyrrole and carbon dielectric materials could
act as promising high-performance microwave absorbers with
strong reflection loss and wide absorption frequency
bandwidth.**?

According to the available literature, electromagnetic wave
absorption materials have proved to be very effective at mitigat-
ing electromagnetic pollution and interference.’ The choice of
an ideal microwave absorber material is guided by light
weight, good thermal stability, antioxidation capability, multi-
interfaces, impedance matching, synergistic effects, strong
absorption properties and wide bandwidth
simultaneously.”***37*% In addition, other important features
that affect the absorption of microwaves include complex per-
mittivity/permeability, impudence matching and morphology
of these materials.® In such studies, the choice of ICPs is
guided by the low cost of synthesis and great environmental
stability of hollow morphology, to account for the improved
microwave absorbing properties. In addition, hollow ICP com-
posites and ICP based core-shell materials have also been fab-
ricated, integrating magnetic and dielectric losses to facilitate
the absorption of EM waves.***

Among these, Fe;O, has drawn a great deal of attention
because of its low cost, easy synthesis, saturation magnetiza-
tion value and high Curie temperature.’ However, several draw-
backs of Fe;0,, such as ease of oxidation, high density, dra-
matic decrease of permeability in the high-frequency range
due to the Snoek’s limit, weak interfacial compatibility and
substrate dispersion difficulty need to be addressed.”****** In
view of this, combining ICPs with magnetic materials could be
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more effective at enhancing the electromagnetic wave attenu-
ation synergistically.**® Furthermore, outstanding performance
can also be achieved by combining dielectric and
magnetic components together.**® Accordingly, most studies
are focused on Fe;O, in the form of binary composites with
ICP or its ternary nanocomposites involving ICPs and carbon-
aceous materials. It may be noted that the hollow structures of
Fe;0, nanospheres and PANI reduce the weight of the
composites. In addition, they also extend the transmission
path of microwaves as result of multiple reflection and scatter-
ing loss.

5.1.1 Hollow ICP micro-/nanospheres. Self-assembled 3D
helical hollow superstructures of polyaniline (20 wt%) filled
with epoxy (thickness: 2.0 mm) exhibited the lowest R;, value
(-51.60 dB at 13.95 GHz) and the effective absorbing band-
width (R, < —10 dB) reached 5.12 GHz (12.03-17.15 GHz).**’
Wan et al.’*? fabricated hollow polypyrrole microhemispheres
(HPMs) and hollow carbon microhemispheres (HCMs) by a
sol-gel method using SiO, microspheres as the templates and
investigated their microwave absorption properties. The
studies have shown better microwave absorption properties in
HCMs (reflection loss, Ry: —63.9 dB at 8.0 GHz, thickness:
5 mm) compared with the HPMs (R;: —23.8 dB at 7.3 GHz,
thickness: 4.2 mm) owing to the enhanced conductive loss and
optimized impedance matching. It is anticipated that the mul-
tiple reflection/scattering derived from hollow hemispherical
microstructures could account for such enhanced microwave
absorption performance. Xu et al.**® prepared hollow polypyr-
role aerogel by modulating the proportion of hollow PPy nano-
fibers seeds and pyrrole. In their study, 8% paraffin-filled PPy
sample (thickness: 2.69 mm) attained the minimum reflection
loss value of —58.73 dB at 16.48 GHz and a wide effective
absorption bandwidth of 7.28 GHz (thickness: 2.69 mm).
Further studies revealed EMI shielding effectiveness of the
composite loaded with 20 wt% of hollow PPy nanofiber aero-
gels in paraffin reaching 68.92 dB (thickness: 3.0 mm). Such
performances have been explained considering the multireflec-
tion, interfacial polarization and formation of the conductive
network.

Guo et a studied electromagnetic wave absorption of
the hollow polypyrrole nanorods fabricated by using the self-
assembly template that can be easily removed. These findings
have shown that tuning the wall thickness facilitates control of
the dielectric constant of HPPy. The variation of reflection loss
with frequency in the range of 2-18 GHz with filler loading of
10 wt% indicated the minimum reflection of -54.94 dB with
the largest effective absorption bandwidth of 7.36 GHz (thick-
ness: 3.4 mm). The possible EMA mechanism of HPPy nano-
rods could be ascribed to impedance matching, multiple
reflection, a good conductive network and enhancement of
polarization loss. In another method, hollow or partially col-
lapsed bowls of polyaniline, polypyrrole, polythiophene and
poly(3,4-ethylenedioxythiophene) have successfully been syn-
thesized by surfactant-free Ouzo emulsion.>*” Subsequently,
the EMI shielding performance of the three samples PEDOT
sphere/bowl film (thickness: 6.5 pm), composite film of
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PEDOT hollow spheres/bowls film (thickness: 6.3 pm) with
infiltrated PH1000 and pure PH1000 film (thickness: 6.2 pm)
has been investigated in X-band (8-12 GHz). It was noted that
EMI SE of the corresponding samples over the X-band follow
the order: PEDOT hollow spheres/bowls film with infiltrated
PH1000 (~75 dB] > PEDOT:PSS with infiltrated PH1000 film
(~70 dB) > PEDOT hollow spheres/bowls film (very low). The
low electrical conductivity of pure PEDOT hollow spheres/
bowls film accounts for their inferior EMI performance. In
contrast, the composite comprising the PEDOT hollow
spheres/bowls film with infiltrated PH1000 exhibited
enhanced EM absorption, as evident from the total EMI SE
(SEr), due to the larger contribution from the absorption com-
pared with the reflection. Ni et al.>°® observed a maximum Ry,
of —24 dB at 15.9 GHz for a sample (thickness: 2 mm) of
PEDOT hollow microspheres.

5.1.2 ICP micro-/nanotubes. Polyaniline microtubules pre-
pared by a template-free method following doping
(B-naphthelene sulfonic acid) and codoping (p-glucose) could
find potential application as microwave-absorbing materials in
the frequency range of 1-18 GHz.**® Moucka et al.**' used
methyl orange as a soft template to synthesize polypyrrole
nanotubes (dia: ~100-400 nm, length: in um range) and inves-
tigated their application for electromagnetic interference
shielding in the microwave region. EMI shielding studies of
polypyrrole nanotubes and nanobelts (thickness: 2 mm) have
displayed shielding of almost 80% of incident radiation in the
C-band at very low loading of conductive filler in the silicone
(5% w/w). PANI microtubes (dia: 3.0 pm, length: 12.0 pm) were
successfully synthesized in the presence of toluene-p-sulfonic
acid via a self-assembly process assisted by excess ammonium
persulfate, and showed a reflection loss of about —15.5 dB
(0-6000 MHz).>** Yang et al**® synthesized nanorod-coated
PANI hierarchical microtubes by a sodium dodecylsulfate/HCI
(7.5 mM)-assisted oxidative polymerization method.
Subsequent studies have shown that 50 wt% of the fabricated
hierarchical 1D hollow structure with molten paraffin exhibi-
ted stronger absorption (-43.6 dB) and a wide absorption band
of 5.84 GHz, smaller sample thickness (1.55 mm) and wider
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bandwidth (5.84 GHz). It was suggested that the 1D hierarchi-
cal, hollow structure, and conductivity (0.08 S cm™) account
for this excellent performance by contributing to the enhanced
permittivity, multiple resonances, strong attenuation capa-
bility, multiple scattering and EM radiation.

5.1.3 Binary nanocomposites of hollow ICPs. Panigrahi®®®
and Srivastava synthesized polyaniline hollow microspheres
(PnHM)/Ag nanocomposites by emulsion polymerization of
aniline and Tollen’s reagent as a source for Ag nanoparticles.
The variation of SE versus frequency corresponding to the
different thickness samples in S-and X band regions showed
SE to be remarkably higher in PnHMAg (19.5 dB: 11.2 GHz)
compared with PnHM (12 dB: 8.5 GHz). It is anticipated that
the Ag nanoparticles present in PnHMAg act as interconnect-
ing particles between the micro-sized PnHM in forming con-
tinuous linkages to account for the enhanced EMI shielding
efficiency. In another study, they reported a novel approach for
the trapping of microwave radiation in hollow polypyrrole
microsphere through enhanced internal reflection.’®* In their
work, the hollow polypyrrole (HPPY) was synthesized by the
in situ chemical oxidative copolymerization of pyrrole (Py)
using polystyrene as spherical template. In addition, HPPy/Ag
nanocomposites were prepared using Tollen’s reagent. SEM
and TEM images of HPPy/Ag nanocomposites in Fig. 16(a and
b) show the presence of Ag nanoparticles (<40 nm) on the
surface of the HPPy shell. Further investigations showed sig-
nificantly higher electromagnetic interference (EMI) shielding
efficiency (SE) of HPPy (34.5-6 dB) compared with PPy (20-5
dB) in the frequency range of 0.5-8 GHz (Fig. 17(a)). EMI
shielding efficiency was further enhanced to 59-23 in 10 wt%
Ag-loaded HPPy/Ag-10. This was attributed to the EM wave
trapping mechanism through enhanced internal reflection in
HPPy/Ag, as displayed in Fig. 17(b).

Microwave absorption of milled carbon fiber (4 wt%) and
hollow polyaniline spheres (1 wt%) impregnated in the epoxy
matrix (thickness: 1.8 mm) exhibited maximum absorption
(—49.3 dB) and the effective bandwidth of 1.7 GHz-10 dB in
the X band region.*** The observed reflection loss of EM waves
in the given frequency range was attributed to the improve-

Fig. 16 (a) SEM image and (b) TEM image of HPPy/Ag-10.2%* Reproduced with permission from Nature Publication.
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mechanism of EM wave through enhanced internal reflection in HPPy/Ag: An anticipated scheme.?°* Reproduced with permission from Nature

Publication.

ment in impedance matching, multiple reflections and scatter-
ing of EM waves. According to Wang et al.,>*> hollow polyani-
line-derived N/S co-doped carbon nanoflakes possessed R™" of
—53.5 dB (10.2 GHz) and a corresponding effective absorption
band of 4.5 GHz at 2.9 mm. This could be explained on the
basis of conductivity loss, interfacial polarization relaxation
and the impedance matching from the hollow structure syner-
gistically, resulting in excellent absorption
performance.

Chu et al.®*® fabricated a well-designed structure of sand-
wich-like composite films based on hollow polyaniline and
cellulose nanofiber (CNF) in the surface layers and MXene/
CNF in the intermediate layer. This displayed an EMI SE of
35.3 dB for a proportion of MXene and PANI achieved at a
lower filler loading compared with many others. It was
suggested that the formation of such sandwich structure effec-

microwave
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tively reduced the reflection of the EM wave and made the
absorption more dominant. Hollow polyaniline/Fe;0, micro-
sphere (7.33 wt%) composites showed the maximum reflection
loss of —15.6 dB and maximum bandwidth of 8.0 GHz over
—10 dB in the frequency range of 2-18 GHz.**” Double-shelled
hollow polypyrrole nanotubes were synthesized by using the
reactive MnO, template.>'” They exhibited the optimal reflec-
tion loss of —50.4 dB and a wide EAB of 7.7 GHz in the pres-
ence of 5 wt% in a paraffin wax matrix. Such performance was
ascribed to the synergistic effects of interfacial polarization
and conduction loss.

5.1.4 Core@shell nanocomposites of ICPs

5.1.4.1 Binary core@shell nanocomposites. Guo et al>*®
observed maximum reflection loss (Rj®™) and EAB values of
—52.01 dB and 2.72 GHz in the hollow core-shell-structured
Fe;0,@Polypyrrole (Fe;04: 60.0 wt%) synthesized by an in situ

© 2026 The Author(s). Published by the Royal Society of Chemistry
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polymerization method. Such performance was attributed to
the synergistic effect on account of dielectric as well as mag-
netic losses. The broadband electromagnetic wave absorption
properties of Fe;0,/PPy double-carbonized core-shell-like com-
posites (thickness: 1.6 mm) exhibited R™" and EAB of —26 dB
and 4.64 GHz, respectively.>*® The observed performance was
ascribed to the synergistic effects of conductive loss, dielectric
loss, magnetic loss, and multiple reflection loss. Tang et al.>*°
synthesized Fe;0,@PPy with hollow core-shell structures by a
solvothermal process followed by in situ polymerization. For
this purpose, 170 pL, 180 pL, 190 pL of pyrrole were taken and
the corresponding nanocomposites, referred to as FP-170,
FP-180 and FP-190, acted as an efficient microwave absorber as
indicated by their observed performance from a minimum
reflection loss of —63.82 dB (4.55 mm), —84.92 dB (3.87 mm),
and —71.25 dB (2.64 mm) at low frequencies, respectively. The
maximum effective absorption bandwidth values of the corres-
ponding composites were found to be 3.48 GHz (2.39 mm),
4.20 GHz, 2.38 mm and 4.96 GHz (2.16 mm). The excellent
absorption performance of hollow core-shell
Fe;0,@PPy could be due to the good impedance matching,
strong magnetic loss, including natural resonance and eddy
current loss, excellent conductivity, defects and polar groups in
h-Fe304 and PPy acting as polarization centers, the presence of
abundant heterogeneous interfaces and interfacial polarization.
Furthermore, the presence of the hollow structure of Fe;0, in the
nanocomposite contributed to the multiple reflection and scat-
tering losses and also enhanced the impedance matching.
Promlok et al.**! reported the formation of the hollow mag-
netic polyaniline by in situ polymerization in one pot for EMI
applications. In another study, Fe;O,-polyelectrolyte modified
polyaniline (Fe;0,~PE@PANI) was prepared by the self-assem-
bly approach.’®® TEM imaging of the product clearly estab-
lished the formation of hollow Fe;O4-Polyelectrolyte (PE)
@PANI nanocomposites (average size ~500 nm), with Fe;O,
nanoparticles tightly and completely attached to the PANI
hollow sphere surfaces. The 50 wt% of Fe;O,—PE@PANI
loaded in paraffin exhibited a minimum reflection loss of —6.5
dB (14.3 GHz) and the frequency bandwidth (<-5 dB) from
12.5 to 15 GHz, and ascribed it to the impedance matching
and dielectric/magnetic loss abilities. Hou et al.*>* prepared
hollow-structure Fe;O,/PANI microspheres based on three
steps, namely the preparation of Fe;O, nanoparticles, hollow
PANI  microspheres and  Fe;O,/PANI  microspheres.
Subsequently, they investigated the effects of the mass ratio of
aniline/PS (template) on their EMW absorption properties.
Fe;0,/PANI microspheres corresponding to the mass ratio of
aniline/PS of 1:6 and thickness of 1.5 mm attained R™" of
—24.3 dB, and the bandwidths below —10 dB corresponded to
4.64 GHz (11.04-15.68 GHz) for 2 mm thickness of the sample.
It was suggested that dielectric loss, magnetic loss (2-7 GHz)
and eddy current loss (7-18 Ghz) played important roles. In
addition, hollow Fe;0,/PANI microspheres acted as a potential
absorber in the absorption of microwaves due to strong
destructive interference and eddy current loss. Hollow poly
(aniline-co-pyrrole)-Fe;O, (0.06 g) composite nanospheres

microwave
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were prepared via the oxidative polymerization of a mixture of
aniline and pyrrole in the presence of a magnetic fluid.>>* The
reflection loss calculations showed the best microwave-absorb-
ing property between 0.5-10 GHz for the hollow poly(aniline-
co-pyrrole) filled with 0.06 g of Fe;O,. These studies also
revealed that both dielectric and magnetic loss significantly
affect the efficiency of microwave absorption.

In another study, a Fe;0,/PANI**> composite was fabricated
with hollow Fe;O, nanospheres and polyaniline nanotubes by
the hydrothermal treatment and chemical oxidative polymeriz-
ation, and its micro absorption properties were studied by
varying the ratio of PANI and the loading amount of the com-
posites in paraffin. These findings have shown remarkable per-
formances (R™": —55.03 dB, EAB: 4.88 GHz) for its thickness
of 1.84 mm in the frequency range of 2-18 GHz. This excellent
performance was attributed to the interfacial polarization loss,
multiple reflection scattering loss and the synergistic effect of
hollow Fe;O, (magnetic) and 1D PANI (dielectric) material.
Fe;0, microsphere core (size: 300 nm)/PANI shell (thickness:
100 nm) synthesized by in situ polymerization reached R™** of
—37.4 dB at 15.4 GHz.>*® Such enhanced microwave absorption
properties arise due to the improved impedance, dielectric
loss, interfacial loss and synergistic effect. Core-shell
Fe;0,—PEDOT microspheres (EDOT)/(Fe;0, molar ratio = 20)
were also prepared by a two-step method in the presence of
polyvinyl alcohol (stabilizer) and p-toluenesulfonic acid
(dopant) (Fig. 18(a)).*®” TEM studies, displayed in Fig. 18(b)
established Fe;O, microspheres coated by PEDOT, and the
thickness of the shell corresponded to 90 nm. The variation of
reflection losses of Fe;O,/PEDOT with frequency in Fig. 18(c)
showed excellent microwave absorbing property (R™": -30 dB
at 9.5 GHz, thickness: 4 mm) due to the impact of layer thick-
ness, volume fraction and conductivity.

Fe;04-polyaniline,®® Fe;0,@Polypyrrole, and
BaFe;,0;0@PANINn*®! core-shell structured materials have also
been studied for their electromagnetic wave absorption.
Hosseini et al.>®® used a core-shell approach for fabricating
polythiophene nanofiber coated on MnFe,04/Fe;0, through
the combined co-precipitation and in situ polymerization
methods. The micro absorption properties of the 1.5 mm
nanocomposite showed minimum R;, of —21 dB (12 GHz) in
the frequency range 8.0-12.0 GHz. CoSe,@polythiophene®®®
and rGO/Nig 5C0g 5Fe,0,@PEDOT?*** core-shell composites
were also synthesized and studied for their electromagnetic,
microwave absorbing properties. Fe;O, microspheres @PPy
anchored on 3D graphene aerogel (GO to Fe;0,@Ppy wt ratio:
1:3) of 2.5 mm thickness reached a minimum reflection loss
of —40.53 dB at 6.32 GHz and the effective bandwidth of 5.12
GHz (11.12-16.24 GHz).>**> Such enhanced microwave absorp-
tion properties of the ternary composite could be explained on
the basis of abundant interfaces, enlarged dielectric pro-
perties, enhanced conductivity and synergistic effect.

Excellent microwave absorption performance has been
shown by PANI decorated on prism-shaped hollow carbon
(thickness: 2.5 mm) synthesized by in situ polymerization.>*® It
showed the minimum reflection loss of —64.0 dB (11.1 GHz)
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Reproduced with permission from ACS.

and EAB corresponding to 5.0 GHz (9.5-14.5 GHz) attributed
to high impedance matching, dielectric loss and geometric
effect. Gai et al>**” constructed PPy nanotubes@MoS, core-
shell and observed the optimal Ry, of —49.1 dB at 6.1 GHz and
the widest bandwidth up to 6.4 GHz from 11.5 to 17.5 GHz
(RL < —10 dB) corresponding to its thickness of 2.5 mm. Such
enhanced microwave absorption properties of PPy@MoS, com-
posite were ascribed to the morphology, attenuation capacity
and the impedance matching.

Tian et al.>®® fabricated PPy@PANI of tunable shell thick-
ness (30-120 nm) by direct polymerization of aniline on the
surface of PPy microspheres. The fabricated PPy@PANI com-
posite showed a maximum reflection loss of —34.8 dB at
13.9 GHz and bandwidths exceeding —10 dB corresponding
to 11.9-16.6 GHz (4.7 GHz). In another study, hollow
Zn,Fe;_,0,@Polyaniline®®® core-shell composites acted as
high-performance microwave absorbers with high reflection
loss, respectively. In situ polymerized-grown polyaniline
nanorod arrays on the surface of carbon (C@PANI) micro-
spheres exhibited a waxberry-like shape.’”® Subsequently, their
microwave absorption performance was evaluated and dis-
played considerable reflection loss (samples thickness:
2.2 mm), impedance matching ratio of samples and 3 D reflec-
tion loss with different thickness, as shown in Fig. 19(a, b and
c), respectively. It was noted that C@PANI exhibited superior
microwave absorption performance (sample thickness:
2.2 mm), R™": —59.6 dB at 15.5 GHz, effective bandwidth for
Ry, < —10 dB: 5.4 GHz (12.6 to 18 GHz) compared with pure

140 | RSC Appl. Polym., 2026, 4,120-199

PANI and carbon microspheres. It was suggested that dielectric
loss ability, synergistic effect and defects present in the C
microspheres contributed to this high microwave absorption
performance of C@PANI microspheres. In addition, relatively
low electrical conductivity owing to the amorphous structure
of C@PANI could be favourable in the impedance matching.
The variation of 3 D reflection loss of C@PANI microspheres
with the sample thickness in the range of 2-3 mm showed the
shifting of the R™" peak from the high to low-frequency
region. Based on the observations, the absorption mechanism
of C@PANI microsphere has also been proposed. In another
study, PANI shell fabricated on the surfaces of CNTs (CNT/
aniline mass ratio =

absorber (R™": ~41.5 dB at 9.5 GHz and EB for R;, < -10 dB:
5.1 GHz for 2 mm thickness) as a result of the microwave dissi-
pation ability of CNTs and good impedance matching.?”*

Liu et al®”* reported excellent microwave absorption per-
formance (R"™*: —38.1 dB at 11.6 GHz) in the frequency range
of the X-band for the pyrrole as the shell on the core of carbon
microspheres. The microwave absorption studies were made
on core shell-type PEDOT (outer shell) nanocomposite with
barium ferrite (center) synthesized by in situ emulsion

1:2) acted as an excellent microwave

polymerization in the frequency range of 12.4-18 GHz.>” The
subsequent findings on microwaves have shown its absorption
value (SE,) of 22.5 dB (>99% attenuation) owing to the higher
dielectric and magnetic loss contributions. The effective elec-
tromagnetic shielding performance (EMI SE: 28.8 dB) has also
been achieved in a core-shell heterostructure comprising poly-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 (a) Reflection loss of samples with the thickness of 2.2 mm:; (b)
impedance matching ratio of samples; (c) three-dimensional reflection
loss of C@PANI micro-spheres with different thickness.>’® Reproduced
with permission from Elsevier.

aniline-coated bagasse fiber.>”* According to Saini et al,*””
TEM studies established the coating of PANI deposited via
in situ polymerization on the surface of individual MWCNT
that contributed towards the absorption-dominated total
shielding effectiveness (—27.5 to —39.2 dB) in the frequency

range of (12.4-18.0 GHz). In  another  study,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Polyaniline@Helical
enhanced microwave absorption synergistically.

5.1.4.2 Ternary and quaternary core@shell nanocomposites.
Zhang et al.*’” used a spray-dry method to fabricate a ternary
composite comprising hollow microspheres of PPy@Fe;0,/
CNTs by combining the conductive PPy, strongly magnetic
Fe;0, and high-conductivity CNT components. It showed the
maximum reflection loss of —51.8 dB (8.8 GHz) at the thick-
ness of 2.38 mm. Such performance of PPy@Fe;0,/CNTs as an
excellent microwave absorber was attributed to the dielectric,
magnetic and conductive loss achieving synergistic absorption.
Hollow polypyrrole/Ni/PVDF microspheres prepared by spray
phase inversion acted as an efficient electromagnetic micro-
wave absorber (RMP: —47.2 dB at 25.36 GHz) and (RM":
—39.8 dB at 31.30 GHz).?”® Further studies on the variation in
the absorber thickness (1.0-3.5 mm) resulted in the tuning of
the effective absorption bandwidth in the range of 18-40 GHz.
PPy@FeCo@PPy nanotubes exhibited RM"of -50.5 dB and
an EAB of 5.7 GHz at a thickness of 2.0 mm.?”® Excellent
microwave absorption performance was also reported in the
trilaminar composite comprising double-shell PPy@Air@MnO,
nanotubes,®®®  double-shell  hollow  poly(acrylonitrile)
microspheres@polyaniline@Ag.*®! Ge et al.*** prepared hollow-
spherical composites of PANI/CoS/(carbon nanodots) CDS
under the applied magnetic field of 0.5 T and observed strong
electromagnetic wave absorbing characteristics (R"**: —24 dB
at 14 GHz). According to this, magnetic field-induced ferro-
magnetic nanodomains of Co*’clusters greatly enhance
Maxwell-Wagner relaxation as well as ionic orientation polariz-
ation in the composite, leading to the dielectric loss. This in
combination with magnetic loss contributed to EMW
absorption of PANI/CoS/CDs-0.5T in the low-frequency range of
2-12.5 GHz.

Manna and Srivastava,®®* motivated by the role played by the
dual interface in microwave absorption and shielding perform-
ance, reported the fabrication of Fe;0,@C®@PANI according to
the scheme in Fig. 20(a) by varying the aniline: Fe;0,@C as
9:1, 8:2, 7:3 with the aniline monomer under identical reac-
tion conditions, and the products were designated as PFC-10,
PFC-20 and PFC-30, respectively. HRTEM imaging of the trilami-
nar PFC-10 composite in Fig. 20(b) clearly shows the formation
of the highest outermost thickness of nonmagnetic polyaniline
shell (~30 nm) on Fe;0,@C corresponding to the
aniline : Fe;0,@C ratio of 9: 1. Further investigations revealed
the decrease in complex permittivity and increase in complex
permeability on encapsulation of Fe;0,@C by PANI due to
impedance matching. Fig. 20(c) shows the highest shielding
efficiency for the PFC-10 composite predominantly due to
absorption (SEa: ~47 dB) rather than reflection (SEg: ~15 dB) in
the frequency range of 2-8 GHz. Such findings in
Fe;0,@C@PANI are unique owing to the dual interfaces com-
pared with Fe;0,@C and Fe;0,/PANI due to their applicability
limited to a discrete frequency. In addition, such remarkable
EM wave attenuation in the Fe;0,@C by PANI trilaminar core@-
shell composite was also supported by impedance matching
and dielectric and magnetic loss.

CNTs with dual chirality exhibited
376
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Motivated by this, they extended their work on core@-
shell@shell-type Fe;0,@Si0,@PPy, anticipating that the
aggregation of Fe;O, in the PPy matrix could be prevented by
introducing SiO, as first shell (dielectric) between the inter-
faces of Fe;04 and PPy in comparison to Fe;O, alone.*®* Their
findings indicated Fe;0,@SiO,@PPy (Fe;0,@Si0O,/pyrrole wt/
wt = 1:9) exhibited the highest total shielding efficiency (SEy:
~32 dB) in the frequency range of 2-8 GHz (Fig. 21(a)) follow-
ing reflection as the dominant shielding mechanism. This was
attributed to role played by dual interfaces, poor impedance
matching between the PPy (conducting)/SiO, (insulating) and
high electrical conductivity of Fe;0,@SiO,@PPy and inter-
facial polarization, and reflection/scattering of EM waves.
These findings clearly established that switching of the domi-
nating shielding mechanism from absorption to reflection
could be achieved by tuning C@ PANI compared with
SiO,@PPy shells in Fe;0,@C@PANI and Fe;0,@SiO,@PPy tri-
laminar composites, respectively (Fig. 21(b)). Such switching
over of the shielding mechanism was also supported by the
impedance mismatch and impedance matching in Fe;0,@
Si0,@PPy and Fe;0,@C@PANI.

Ji et al®®® synthesized hollow y-Fe,O3;@PEDOT (FP) and
y-Fe,0;@Si0,@PEDOT (FSP) core-shell nanocomposites. The
corresponding SEM images of FSP and FP clearly established
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the removal of the SiO, layer from y-Fe,O;@SiO,@EDOT to
form hollow y-Fe,O;@PEDOT. Further investigations on the
frequency (2-18 GHz) dependence of reflection loss revealed
remarkable microwave absorption properties of hollow
y-Fe,0;@PEDOT (R™": —44.7 dB: 12.9 GHz, EAB: 4.3 GHz in
10.8-15.1 GHz range) compared with the y-Fe,0;@Si0,@PEDOT
(RMn: —21.3 dB: 14.1 GHz, EAB: 3.8 GHz: 12.6-16.4 GHz range)
for thickness 2.0 mm. This was ascribed to the synergistic
effect between the magnetic and dielectric components and
the core-shell structure. Reports are also available on
enhanced electromagnetic wave absorption of Co@Hollow
cartbon nanospheres @PANI**® and FeNi@C@PANL>*’
Panigrahi and Srivastava®®® fabricated rubber (EPDM, NBR,
and NR)@Polystyrene@Polyaniline blends and observed high
shielding efficiency (>30 dB:1-8 GHz). Such high performance
of rubber blends was attributed to the trapping of EM waves
through enhanced internal reflection due to the typical core-
shell morphology of PS@PANI. PPy nanotubes/NR/NBR*®*
core-shell composites also displayed excellent electromagnetic
wave absorption properties.

y-Fe,03/(5i0,),—SO3H/PPy composite (thickness: 2.0 mm)
core/shell/shell microspheres displayed substantially improved
microwave absorption properties (R]"*: —43.1 dB) (15.1 GHz),
EAB: 6.1 GHz (11.9-18.0 GHz) (Fig. 22(a)).>°° This was ascribed

© 2026 The Author(s). Published by the Royal Society of Chemistry
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nanocomposites (Pyrrole/Fes0,4@SiO, (PS) = 9:1, 8:2, and 7:3) with
the aniline monomer under identical reaction conditions and pro-
cedures, and the samples were designated as (PFS-10, PFS-20, and
PFS-30, respectively), and (b) tuning of shells in trilaminar
Fe;0,@SiO,@PPy and Fe;0,@C@PANI core@shell nanocomposites in
controlling electromagnetic interference through switching of the
shielding mechanism.>84 Reproduced with permission from ACS.

to impedance matching, unique core/shell/shell structures,
synergistic interaction, dielectric loss (SiO, and PPy layers) and
magnetic loss (y-Fe,O3). A model has been proposed in
Fig. 22(b) to account for the effects of core/shell/shell struc-
tures on microwave absorption. Core/shell/shell-structured Ni/
C/PANI nanocapsules prepared by a two-step process involving
modified arc-discharge and chemical polymerization exhibited
an optimal Ry, value of —9.3 dB at 6.2 GHz (thickness: 3 mm)
with broad —5 dB (3.4-18 GHz) bandwidth.>** Wang et al.?>**
prepared hierarchical Fe;0,@Graphene@PANI following
hydrothermal and in situ polymerization. The composite
exhibited favourable microwave absorption properties, as
evident from R™ of -43.7 dB (at 10.7 GHz) and the EAB <10
dB of 5.4 GHz (6.8-12.2 GHz) with a matching thickness of
3 mm. These findings were explained on the basis of impe-
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(referred to as FS,HP, where x = 0,1,2,3,4) core/shell/shell microspheres
and FS,H-P (physical blend of FS,H and PPy) with the frequency (d =
2 mm), and (b) physical model of the effects of core/shell/shell struc-
tures on the microwave absorption.*° Reproduced with permission
from Springer.

dance matching, enhanced interfacial polarization and orien-
tation polarization.

Ding et al.>> fabricated core@shell hierarchical cable-like
TiO,@Fe;0,@PPy (Thickness: 3.2 mm) and observed
maximum reflection loss of —61.8 dB owing to the magnetic-
dielectric synergy. CoNi@SiO,@Polypyrrole nanocomposites
displayed enhanced microwave absorbing capacity as evident
from their minimum reflection loss of —34.19 dB at 9.59 GHz
(thickness: 2.12 mm) and the EAB with R, < —10 dB in the
entire X-band.>** In another study, core-shell SiCxws@MnO,@PPy
prepared through a multistep process showed the minimum
reflection loss of —50.59 dB (matching thickness: 2.41 mm)
and the effective absorption bandwidth of 6.64 GHz (matching
thickness: 2.46 mm).>*> This excellent electromagnetic wave
absorption performance was ascribed to the advantage of the
interfacial polarization and dipole polarization displayed by
core-shell SICNWs@MnO,@PPy. Several other ternary compo-
sites have also been reported as efficient microwave absorbers,
such as Ni/PANI/RGO,*® Fe;0,@PEDOT microspheres/
RGO,*’ NiC0,0, (hollow)@PPy nanofibers/RGO,**® encapsula-
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tion of y-Fe,Oz-decorated RGO in PANI core-shell tubes,**’
RGO/Fe;0,/PANI,*® N-doped Graphene@PANI nanorod modi-
fied by Fe;0, nanoclusters,’® polyaniline/graphene oxide/
Fe;04,’"" magnetite nanoparticles decorated CNT/PANI,**?
PANI/CIP/Fe;0,,"* and Fe;0,@Si0,@PPy.*** Shukla®® pre-
pared dual core-shell structured Fe;O,/C/PPy (Fe;0,/
C: PPy:2: 8 wt/wt) composites via a hydrothermal and chemi-
cal oxidative polymerization method and observed their
absorption-dominated excellent EMI shielding efficiency (>28)
dB in the range of 1 to 8.5 GHz (Fig. 23(a)). The probable
mechanism in Fig. 23(b) shows the attenuation of electromag-
netic waves by the trilaminar Fe;0,/C/PPy composite. It was
also suggested that spin motion plays a decisive role in this
performance. In addition, excellent electromagnetic absorp-
tion properties have also been reported in PANI@Natural
graphite flakes (NGF)/MWCNT**® and PEDOT/RGO/C030,.*"’

According to the available literature, a very limited amount
of work has been reported on quaternary core-shell compo-
sites in general, or their applications in microwave absorption.
In one such study quaternary MWCNT/CuO/Fe;0,/PANI nano-
composites following the weight ratio of CuO/Fe;0,4/PANI to
MWCNT in the 1:3, 1:4 and 1:5 showed minimum reflection
losses —45.7, —85.4, and —87.4 dB, respectively.’’® The corres-
ponding absorption bandwidths (R, < —10 dB) of MWCNT/
CuO/Fe;0,/PANI nanocomposites were found to be 6, 7.6, and
6 GHz. The higher value of loss constant (a) of MWCNT/CuO/
Fe;0,/PANI nanocomposites indicated both magnetic and
dielectric loss tangent playing key roles in influencing the
microwave absorption efficiency.

Wang et al**® fabricated a 3D heterostructure of
Graphene@Fe;0,@WO;@PANI using a hydrothermal method
and chemical oxidation polymerization and studied its per-
formance in microwave absorption. In addition, the presence
of WO, decreased permittivity, facilitating better impedance
matching. The synthesized quaternary nanocomposite dis-
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played a maximum R;, value (—46.7 dB) at 9.4 GHz and the
maximum absorbing bandwidth exceeding —10 dB at 1.8 GHz
(12.4 to 14.2 GHz) corresponding to the thickness of 4 mm
and 1.5 mm, respectively. The EM wave absorption mechanism
involved contributions originating from enhanced interfacial
polarization, better impedance matching, multiple reflection,
and a synergistic effect. In another study, Liu et al.*'° investi-
gated the electromagnetic wave absorption properties of gra-
phene (GN@Fe;0,@PANI) decorated with TiO, prepared by a
hydrothermal method and in situ polymerization, as described
in Fig. 24(a). The corresponding TEM image in Fig. 24(b and c)
indicated TiO, nanosheets oriented perpendicular to
GN@Fe;0,@PANI and TiO, nanosheets forming hierarchical
structures. The EM wave absorption properties of
graphene@Fe;0,@PANI@TiO, nanosheets loaded in 50 wt%
paraffin are displayed in Fig. 24(d). According to this,
GN@Fe;0,@PANI@TiO, nanosheets showed R"®* of —41.8 dB
at 14.4 GHz (thickness: 1.6 mm) and absorption bandwidth of
R;, < —10 dB at ~3.5 GHz. The attenuation of EM waves was
attributed to the interfacial polarization and improved impe-
dance matching of the nanocomposites. Table 1 records the
microwave absorbing properties of hollow ICPs, hollow ICP
nanocomposites and ICP based core-shell nanocomposites.

5.2 Removal of heavy metals in water

Heavy metals have atomic weights between 63.5 and 200.6,
and a specific gravity greater than 5.0.*'" These are considered
as extremely important toxic environmental pollutants on
their discharge from tanneries, fertilizers, mining, metal
plating, batteries, pesticides, paper industries and many more,
into lakes, rivers, and oceans or into open environments,
endangering human life and other living systems owing to
their toxicity. Some heavy metals such as Cu, Zn, Fe, Mn are
essential for the working of the human metabolic system, but
can lead to harmful effects when their concentrations are very

Microwave
current

Interface polarization

Reflection _
EM wave -

Nultiple reflections

(b)

(a) Plots of frequency versus SEt FesO4/C/PPy core/shell composites with pyrrole: (Fes04/C = 9:1, 8:2,7: 3) with pyrrole monomer under

similar reaction situations, referred to as10, 20 and 30, respectively, and (b) schematic diagram of EMI attenuation mechanism.*°> Reproduced with

permission from Springer.
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(b and c) TEM images of graphene

GN@Fez;04@PANI@TIO, nanosheets, and (d) reflection loss curves of GN@FezO4@PANI@TIO, nanosheets.*'° Reproduced with permission from

Elsevier.

high.®® Table 2 highlights the sources as well as the health
effects of heavy metals on human beings.*"

In view of this, heavy metal ions can be removed from
wastewaters/aqueous solution by using different adsorbents.
Intrinsically conducting polymers, especially polyaniline and
polypyrrole, have played an excellent role as adsorbents in
the removal of different heavy metal ions from contaminated
aqueous solutions.®*”*>*"* This is ascribed to their several
advantages, such as simple synthesis, excellent environmental
stability, chemical versatility, biocompatibility, low cost, the
presence of functional groups that facilitate their modifi-
cation, and functionalization by doping and composite for-
mation to favor the adsorption process by tuning their
properties.®>*'* Furthermore, the hollow morphology of ICPs,
especially polyaniline, can be effective for the adsorption of
various pollutants such as heavy metals and dyes due to a
large surface area. In addition, hollow ICP-based composites
and core-shell nanomaterials have been reported as good
adsorbents for removing heavy metal pollutants from waste-
water due to their unique physical and chemical properties.

5.2.1 Chromium. Among all heavy metals, hexavalent chro-
mium (Cr(vi)) is considered a serious hazard in water due to its
high toxicity compared with Cr(m).**> The source of Cr orig-
inates from the discharge coming out of chrome plating, tex-
tiles, leather tanning, metal finishing, and paint pigment

© 2026 The Author(s). Published by the Royal Society of Chemistry

industries into the water system. In this regard, a review
related to the removal of Cr(vi) using hollow ICPs and core-
shell (ICP) as adsorbents is given below.

5.2.1.1 Hollow ICPs. Recently, hollow spherical polyaniline
synthesized using a poly(styrene-co-acrylic acid) sphere as the
template showed high adsorption of Cr(vi), as evident from
values of 601.3, 347.8 and 235 mg g~ at pH corresponding to
1, 2, and 3, respectively.*'® Furthermore, the adsorption of Cr
(vi) followed a pseudo second-order equation and Redlich-
Peterson isotherm models, including excellent regeneration.
According to Wu et al,*"” hollow polyaniline micro/nano-
spheres (10 mg) achieved a maximum removal capacity of
127.88, 43.20 and 25.6 mg g~ at the 1.2 mmol L™" initial con-
centration of Cr(vi), corresponding to the solution pH of 3, 4
and 5, respectively. The kinetic studies fitted well with the
second-order model, and the removal of Cr(vi) could be
described by the Langmuir isotherm. 1D-polyaniline nanowire/
tubes removed Cr(vi) rapidly and effectively from aqueous solu-
tion over a suitable pH range and the adsorbent could be
easily regenerated for reuse.*'® A hollow tubular structure com-
prising the amino acid-doped polyaniline by in situ chemical
polymerization method exhibited a removal capacity toward
Cr(vi) (60.0 mg g~").** Li et al.**° prepared bamboo-like poly-
pyrrole nanotubes following the reactive-template vapor phase
polymerization method using electrospun V,0s nanofibers
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Table 2 Sources and health effects of heavy metals.*'2 Reproduced with permission from IntechOpen

Heavy metal ~ Sources Health effects
Essential heavy Zinc (Zn) Oil refining plumbing, brass manufacturing Gastrointestinal disorders, kidney and liver abnormal
metal functioning
Copper (Cu)  Copper polishing plating, printing Abdominal disorders, metabolic activity
abnormalities
Iron (Fe) High intake of iron supplements & oral Vomiting, diarrhea, abdominal pain, dehydration &
consumption lethargy

Cobalt (Co) Hip alloy replacement case

Non essential Chromium Steel fabrication, electroplating textile
heavy metal (Cr)
Lead (Pb) Batteries, coal combustion, paint industry

Arsenic (As)

Mercury (Hg) Coal combustion, fish, mining, paint industry,
paper industry, volcanic eruption

Cadmium Plastic, fertilizers, pesticides

(Cd)

acting as templates as well as the oxidant. These findings indi-
cated the maximum adsorption capacity of 9.281 mmol g~* for
Cr(vi) in aqueous solution, with the adsorption data fitting
well with the Langmuir model and following pseudo-second-
order kinetics (k: 0.0031 g mmol™" min™").

5.2.1.2 Binary core-shell composites. A polyaniline/poly-
styrene core-shell nanocomposite showed the ~95% removal
of Cr(vi) corresponding to the initial concentration of Cr(vi),
adsorbent dose, volume of the medium and pH of 100 mg L™,
250 mg, 50 mL and 2, respectively.*”" The maximum adsorp-
tion capacity (g,,) of PANI/PS for Cr(vi) was found to be 19 mg
g”'. The possible mechanism involved the complexation
between Cr(vi) ions and the N atoms of the -N=C- groups
through sharing of their lone pair of electrons. In addition,
polyacrylonitrile/polyaniline core/shell nanofiber mat,*** sulfo-
nated poly(arylene ether nitrile)/polypyrrole core/shell nanofi-
brous mat,***® Ag-P/Ppy core-shell composite,*** polypyrrole-
wrapped oxidized MWCNTs,**® polyaniline-coated ethyl cell-
ulose,**® and polypyrrole-coated halloysite nanotube clay nano-
composite®® have also been used as adsorbents in the
efficient removal of toxic Cr(vi) from aqueous solution.

Fe;0,/PANI microspheres were fabricated through the inter-
facial polymerization and used as adsorbent in removing about
94% of Cr(vi) ions from water.*”® The adsorption isotherm fol-
lowed the Langmuir isotherm mode (gn,: 200 mg g~), and
pseudo-second-order kinetics. Fe;O,/PANI microspheres. In
addition, Fe;O,/PANI has been evaluated for its regenerability
and reusability to remove adsorbed Cr(vi) ions using NaOH
aqueous solution. These studies have shown the adsorption
capacity of Fe;0,/PANI microspheres retained 90% of the initial
value after reusing five times. It may be interesting to mention
that the regeneration of Fe;O,/PANI microspheres using hydro-
chloric acid is not possible as it degrades the polyaniline and
dissolves the Fe;0,4. In another study, Fe;O,/polypyrrole nano-
tubes prepared by a one-pot process exhibited a Cr(vi) adsorp-
tion capacity of ~451.45 mg g ".**° This suggested that the
adsorption process takes place due to ion exchange and chela-
tion. Furthermore, the existence of —NH' on the Fe;O,/PPy
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Atmospheric deposition, mining, pesticides

Haematological, cardiovascular hepatic, endocrine
Lung disorders, (bronchitis, cancer), renal and
reproductive system

Serious effects on mental health (Alzheimer’s
disease), nervous system

Highly effects dermal region (cancer), brain & cardiac
problems

Sclerosis, blindness, Minamata disease, deafness,
gastric problems, renal disorders

Osteo related problems, prostate cancer, lung
diseases, renal issues

nanotubes partially reduced Cr(vi) to Cr(m). Fe;0,/PPy nano-
tubes also retained about 90% of the initial removal efficiency
after 5 adsorption/desorption cycles. According to this, adsorp-
tion of Cr(vi) on the Fe;0,/PPy nanotubes involved ion exchange
and chelation. As a result, Cr(vi) was partially reduced to Cr(u)
due to the existence of —-NH' on the Fe;O,/PPy nanotubes.

In another study, Fe;O,-coated polypyrrole (initial concen-
tration: 200 mg L") showed 100% adsorption for 200 mg L™
Cr(vi) aqueous solution corresponding to pH 2.**° The pro-
posed mechanism for the removal of Cr(vi) was guided by ion
exchange and reduction on the surface of the nanocomposite.
The kinetics studies indicated a pseudo-second-order rate
model and Langmuir model predicted from the fitting of iso-
therm data. The maximum adsorption capacity of Polypyrrole/
Fe;O, magnetic nanocomposite increased from 169.4 to
243.9 mg g~ corresponding to the temperature change from
25 °C to 45 °C, respectively. The possible mechanism was elu-
cidated based on XPS studies. According to this, the possible
mechanism for Cr(vi) removal by the PPy/Fe;0, could be due
to ion exchange and reduction on the surface. Several other
adsorbents comprising magnetite arginine-functionalized
polypyrrole,**" magnetic particle-coated PPy and PANIL,*** poly-
pyrrole-coated Fe;0,,"** polypyrrole-modified natural corncob-
core sponge,”®* polyaniline-coated protonic titanate nano-
belt,*> and MnO,-coated polyaniline nanofibers**® also suc-
cessfully removed hexavalent chromium from water.

Du et al.**” synthesized core-shell polypyrrole/hollow meso-
porous SiO, particles by in situ polymerization to study the
removal of Cr(vi) from aqueous solution that exhibited the
maximum adsorption capacity of Cr(vi) of ~322 mg g~ ' at
25 °C following the quasi-second-order kinetic model and the
Langmuir isotherm model. In another study, deposition of
PANI on the surface of ThO, has been validated by TEM ana-
lysis.**® Further investigations revealed the adsorption of Cr(vi)
on this core shell composite to be dependent on the solution
pH. The kinetic model and adsorption process fitted well with
the pseudo-second-order and Langmuir model (g,: 141 mg
¢™"). Polyacrylonitrile/polypyrrole core/shell nanofiber mat

© 2026 The Author(s). Published by the Royal Society of Chemistry
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exhibited high selectivity for Cr(vi) compared with the Ni(u)
and Cu(u) ions in the solution.**® The high removal efficiency
of hexavalent chromium has also been reported on r-cystine-
doped glucose carbon spheres (GCS)@PPy,**° PANI@Nano
hollow carbon spheres,**! Polypyrrole@Attapulgite,*** copper
slag@polyaniline,*** polyaniline@Ni(OH),,*** PPy@MgFe,0,**®
polypyrrole/graphene oxide,**® and PANI@Almond shell
biocomposite.*”

5.2.1.3 Ternary core-shell composites. Dutta et al.**® pre-
pared polypyrrole-polyaniline-coated rice husk ash (termed
PPy PANI@RHA) by in situ polymerization and used it in the
removal of Cr(vi) from aqueous solution, and the corres-
ponding findings are shown in Fig. 25(a—d). It revealed about
98% of Cr(vi) removal at room temperature (303 K) under
optimum conditions (adsorbent dose: 0.8 g L™, adsorbate con-
centration: 50 mg L™', pH of ~2, contact time: 300 min). The
adsorption studies indicated Elovich kinetics and the results
are better described using the Freundlich isotherm model
with a maximum adsorption capacity of 769.15 mg g~'. The
possible Cr(vi) adsorption mechanism by the PPy-PANI@ RHA
adsorbent has been described in Fig. 26 on the basis of ion-
exchange, strong electrostatic attraction and reduction of
Cr(vi). Their findings also indicated the removal efficiency of
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Cr(vi) remains more or less unaltered in the presence of mod-
erate concentrations of co-existing ions (Ca**, Na*, Mg**, and
Cl7, NO*7, PO,*"). The regenerated adsorbent subjected to
adsorption of Cr(vi) for 5 desorption/adsorption cycles showed
a removal efficiency of 94% and 80% in the first and second
cycles, respectively.

In another study, the adsorption of Cr(vi) in aqueous solu-
tion on a polypyrrole-decorated graphene-silica (Graphene/
SiO,@Polypyrrole) composite exhibited the maximum adsorp-
tion capacity corresponding to 429.2 mg g~ * (298 K) at pH 2.**°
The adsorption of Cr(vi) on graphene/SiO,@ polypyrrole fitted
well with the pseudo-second-order kinetic and Langmuir iso-
therm model. The simultaneous removal of methyl orange
and Cr(vi) from water has also been evaluated based on
PPy@Magnetic chitosan adsorbent.*>* Da Rocha et al*"
reported the formation of a layer of PPy chains on the PMMA/
rice husk ash (RHA) fibers and observed a Cr(v) removal
capacity g. of 363.63 mg g ' (after 150 min) at pH 2. In
another study, core-shell PS/PANI-Fe;O, adsorbent removed
100% Cr(vi) corresponding to pH: 2, adsorbent: 0.05 g, initial
concentration of Cr(vi): 5 mg L™, total volume: 30 mL and
120 min, respectively.*> The removal of hexavalent chromium
from water has also been studied using a polyaniline/wood
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Fig. 25 (a) Effect of initial concentration of Cr(vi) at a different temperature (PPY PANI@RHA dose: 0.8 g L™%; contact time: 300 min; agitation
speed: 200 rpm; pH~2), (b) effect of adsorbent dose at pH 2 and without pH (~6.8) adjustment (initial Cr(vi) concentration: 50 mg L™%; contact time:
300 min; agitation speed: 200 rpm; temperature: 303 K), (c) effect of initial solution pH on % removal of Cr(vi) by PPY-PANI@RHA, PPY-PANI and

RHA adsorbents (Initial Cr(vi) concentration: 50 mg L™%; contact time: 300

min; agitation speed: 200 rpm; temperature: 303 K), and (d) variation of

zeta potential of PPY—PANI@RHA at different pH.**® Reproduced with permission from RSC.
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Fig. 26 Representation of possible Cr(v) adsorption by PPY—PANI@RHA.**® Reproduced with permission from RSC.

453 l 454

sawdust/polyethylene glycol composite.””” Yao et a pre-
pared Fe;O,@Polypyrrole nanospheres with a hierarchical
porous structure anchored on graphene nanosheets and noted
the excellent adsorption capability in Cr(vi) removal (gm:
~348.4 mg ¢~ ') due to the synergic effect between graphene
and Fe;0,@polypyrrole. The adsorption kinetics was explained
on the basis of pseudo-second-order kinetics. In addition, the
fabricated adsorbent was found to be stable and retained
~72.2% removal efficiency after six cycles.

The large specific surface area of y-Fe,O;@Chitosan@PPy
accounted for the maximum Cr(vi) adsorption capacity of
301.2 mg g~ ".**> The magnetic nanocomposite removed 100%
Cr(vi) in aqueous solution, and this was described as based
on exchange and chelation as the dominant interaction
mechanisms.

5.2.2 Lead. The source of lead pollution in water mainly
comes from steel plants, battery factories, and several other
industries. This can lead to serious health-related issues owing
to its non-degradable characteristics and presence through
bioaccumulation, even if present at a low level of concen-
tration. In view of this, removal of Pb in water based on hollow
ICPs and core-shell (ICP) as adsorbent is described as below.

5.2.2.1 Hollow ICPs. Han et al.**° fabricated a hollow struc-
ture comprising PANI nanospheres with incontinuous multi-
cavities by chemical polymerization using chloroaurate acid as
oxidant and citric acid as dopant. Subsequently PANI nano-
spheres exhibiting incontinuous multicavities were formed by
dissolving Au particles in excess saturated KI/I, solution. The
adsorption capacity and adsorptivity values of PANI in the
removal of Pb in water correspond to 1589 mg g and 93%,
respectively.

5.2.2.2 Binary and ternary core-shell composites. y-Fe,O;
coated with proton acid doping polyaniline nanocomposites
(y-Fe,O3@PANI) showed high adsorption capacity for arsenic
(v) removal in water (pH: 4 to 11), and this was explained
based on the electrostatic interaction and hydrogen
bonding.*®” Mehdinia et al.*>® investigated the effects of the
transformation of core-shell Fe;0,@PPy to its rattle type (yolk
shell) on removal of heavy metals Pb>" and Cu** from water.
PANI/TiO, adsorbent prepared by the chemical oxidative
polymerization of aniline on the surface of TiO, hydrate
showed adsorption capacities of Cr(vi) in water to be

152 | RSC Appl. Polym., 2026, 4,120-199

394.43 mg ¢! with excellent reusability.*>® Furthermore, the

adsorption of Cr(vi) oxyanions involved electrostatic attraction,
hydrogen bonding and anion-r interactions.

Vatani and Eisazadeh®®® coated polythiophene on poly-
styrene and poly(vinyl chloride) to investigate the role they play
as adsorbents in the removal of Pb(u) from aqueous solution.
They observed the higher removal efficiency of PTh/PVC com-
pared with PTh/PS nanocomposites under the optimum con-
ditions (pH: 2, initial concentration of cations 100 mg™", equi-
librium time: 30 min). Chen et al*®' prepared a PTh/MnO,
composite with MnO, as the core and PTh as the shell for the
selective adsorption towards Pb**, Zn** and Cu®** from indus-
trial wastewater in the aqueous medium. These findings
showed the adsorption capacities of Pb**, Zn** and Cu*"
(within 30 min) were found to be 82.10, 30.72 and 60.79 mg
¢~', respectively. These findings have been explained on the
basis of a synergistic effect between PTh and MnO,.

Binary composites have been prepared following the
coating of polyaniline for their applications in the removal of
Pb(u) ion in water. Fe;O, particles coated with polyaniline
showed the maximum lead adsorption capacity of Pb(u) as
114.9 mg g~ '.*°®> Pb(u) ions were found to be almost completely
removed under the optimum conditions (initial concentration
of lead(u): 50 ppm, adsorbent dosage: 3 mg, pH: 9.3).

According to Shakhsari et al,*®® CoFe,0,@PANI removed
98% of Pb at 25 °C from water under the optimum condition
of initial concentration of metal ions (17 mg L"), adsorbent
dose (1 g), pH (7) and time (120 minutes). The adsorption
kinetics followed the quasi-first-order model, and data fitted
well with the Freundlich isotherm. Polypyrrole-coated
ZnO-NiO nanocomposites have also been investigated as
adsorbents for enhanced removal of Pb(n) from aqueous solu-
tion and wastewater.*®® The possible mechanism of Pb(u)
adsorption on the PPy/ZnO-NiO adsorbent has been explained
based on ion exchange, electrostatic attraction, and the for-
mation of metal complexes. The reusability and regeneration
experiments after six adsorption-desorption cycles have shown
a decrease in the adsorption and desorption of Pb(u) from
98.7% to 77.8% and 92% to 67%, respectively. Naphthalene
sulfonic acid-doped polyaniline@Ni® composite (0.5 g L")
achieved 90.9% removal efficiency of Pb(u) ions in aqueous
solution (pH: 5).*> The findings based on the isotherm data

© 2026 The Author(s). Published by the Royal Society of Chemistry
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supported the Langmuir isotherm model, with maximum
Pb(u1) removal capacity of 414.6 mg g~ " at 25 °C. Fe;O,/polyani-
line hollow microspheres have been fabricated and used as
adsorbent in the uptake of Pb>" from aqueous solution.*®® It
followed the pseudo-second-order kinetics and adsorption
data agreed well with the Langmuir isotherm.

Zare et al.*®” used a poly(aniline-co-3-aminobenzoic acid)-
based magnetic core-shell nanocomposite and observed the
maximum adsorption capacity of Pb(u) to be 138.31 mg g~ in
an aqueous solution. The findings were also found to be in
agreement with the pseudo-first order and Freundlich iso-
therm. Pomegranate-like MnO,@PANI using 0.1 mol L™ of
KMnO, has been successfully synthesized according to the pro-
cedure described in Fig. 27(a).**® Subsequently, the variation
of removal ratios (q) of Pb(i) ions with PANI nanoflowers (NF),
commercial MnO,, PANI spheres prepared with cavities and
pomegranate-like MnO,@PANI spheres as adsorbents has
been studied, and the findings are displayed in Fig. 27(b and
c). It is noted that respective removal ratios (g) values corres-
pond to 36.1%, 54.9%, 71.2%, and 99.2%, respectively.
MnO,@PANI showed the maximum sorption capacity of
309.6 mg g '. Such excellent adsorbability of MnO,@PANI
spheres was ascribed to the presence of mesoporous structures
of PANI spheres with more exposed adsorption sites towards
Pb(u) ions. Alternatively, enhancing the sorption ability of Pb
() ions could be ascribed to the interaction (chelation/physi-
sorption) between MnO, and PANI contributing synergistically.
The removal ratios of different heavy metal ions on PANI and
PANI@MnO, as adsorbents were also tested for Ni(u), Cd(u),
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Cu(u), Zn(u) heavy metal ions. Subsequent findings revealed
higher removal ratios of these heavy metals for the
MnO,@PANI hybrids compared with PANI nanospheres and
also agreed well with the earlier results on Pb(i) ion adsorp-
tion. Chemically modified polythiophene with copper nano-
particles and polyvinylpyrolidine-sulfonic acid*®® and polypyr-
role-iron oxide-seaweed’® exhibited the adsorption capacity of
lead from aqueous solution of 111 mg g™ * and 333.33 mg g™,
respectively.

PANI/Jute fiber composites exhibited effective Cr(vi) and
Cd(u) ion decontamination from water.*”* The core/shell like
structure of the PTh/SiO, composite exhibited superior selecti-
vity to separate and recycle Zn>" among multiple ions (Pb>",
Zn**, Cu®") in wastewater due to the synergistic effect.””*> Sun
et al.”’® studied the adsorption of Cu(u), Pb(i) and Ni(n) on
PANI@Aminopropyltriethoxysilane ~ (APTS)-Fe;0,4/Attapulgite
composite and observed the maximum adsorption capacity of
189.03, 270.27 and 142.86 mg g™, respectively. The reusability
performance of PANI@APTS-Fe;O,/Attapulgite after 5 times of
use showed a slight decrease for all the heavy metals (Cu(u):
84% to 79%, Pb(u): 87% to 81%, Ni(u): 63% to 56%). SiO,-
coated magnetic graphene oxide modified with a pyrrole-thio-
phene copolymer showed a maximum adsorption capacity for
Cu(u), Pb(u), Zn(u), Cr(m) and Cd(u) in aqueous solution corres-
ponding 201, 230, 125, 98 and 80 mg g, respectively.*’* High-
temperature hydrothermally prepared polypyrrole-derived
N-doped carbon nanotubes decorated with fish scale-like MoS,
nanosheets showed a significantly much higher removal
capacity for Pb(u) (¢m: 381.87 mg g™ %) in waste water.””> Based

100}

0
PANI (NF)

(a)

Pomegranate-like
SiO2@PANI sphere

Fig. 27

KMnO4

T

PANI sphere
with multicavities

Pomegranate-like
MnO>@PANI sphere

(a) Schematic representation of the preparation of pomegranate-like MnO,@PANI sub-microspheres, (b) removal ratios of Pb(i) ions with

PANI(NF), MnO,, PANI sphere and MnO,@PANI as adsorbent, (c) removal ratios of Pb(i) ions with MnO,@PANI-1, to MnO,@PANI-2, MnO,@PANI and
MnO,@PANI-4 as adsorbent. Adsorption conditions: [Pb(i)] = 60 mg L™, [adsorbent] = 0.5 g L™, pH = 5.0 + 0.1, T = 25 °C, 12 h.*®® Reproduced with

permission from Elsevier.
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on XPS studies, the following possible mechanism for the
adsorption of Pb(u) on the C-Ppy@MoS, has been proposed:

Mo(1v) + 2H"' + 4e~ + 4H,0 (aq) — 5H, (g) + Mo0,> (vI)

M00427 (VI) +Pb*t +S5 — PbMoO,_,S, (S)

It is believed that the protons produced in the above reac-
tion may have a driving effect on the adsorption process. The
unique structure of the fish scale-like MoS, nanosheets on the
C-PPy nanotubes accounts for the adsorption of Pb(u).

5.2.3 Other metal ions. Dutta et al.*’® fabricated hollow
polyaniline microsphere (PNHM)/Fe;0,-40 (Fe;O, content:
40 wt%) magnetic nanocomposites. Subsequent investigations,
shown in Fig. 28(a-d) and adsorption studies revealed about
98-99% removal of As(m) and As(v) from the contaminated
water in the presence of PNHM/Fe;0,-40 and followed pseudo-
second-order kinetics and Freundlich isotherm. The
maximum adsorption capacity for As(m) and As(v) corre-
sponded to 28.27 and 83.08 mg g™, respectively. The adsorp-
tion of arsenic species on the surface of PNHM/Fe;0,-40 could
be attributed to the formation of a monodentate-mono-
nuclear/bidentate-binuclear As-Fe surface complex. The prob-
able schematic representation of the arsenic adsorption
mechanism in aqueous solution was deduced based on X-ray
photoelectron spectroscopy analysis and is displayed in
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Fig. 29. The reusability studies of the PNMH/Fe;04-40 demon-
strated ~83% removal efficiency of As(u) in the third adsorp-
tion cycle, and was found to be much higher than many other
reported adsorbents. The Fe;0,-40 composite was also found
to be a very effective adsorbent in the removal of arsenic from
naturally contaminated groundwater samples.

Further studies have shown an increase in the adsorption
of As(u) and As(v) on the surface of PNHM/Fe;04-40 on
increasing the temperature from 293 K to 313 K.*”” In another
study, Fe;O,/PANI was prepared by the chemical polymeriz-
ation method.”’® SEM studies confirmed the formation of
PANI on the surface of Fe;0, grains. This core-shell structure
of Fe;04/5%PANI exhibited the highest arsenic adsorption
ability at pH 7 and 300 K. According to Muhammad et al.,*”’
the Fe;0,/PANI core-shell composite can be applied as an
effective adsorbent for the removal of hexavalent chromium
and divalent nickel from water. Polyaniline/Fe® (ref. 480) and
iron-functionalized polythiophene (PTh@Fe)*®' were also
reported as excellent adsorbents for the removal of arsenic
from aqueous solutions. In addition, heavy metals from
aqueous solution have also been removed by polyaniline
coated on sawdust,*®* Fe;O,-embedded poly(thiophene),*s?
PAN/PANI-Nylon,*®* 2-aminopyridine functionalized magnetic
core-shell Fe;0,@Polypyrrole composite,’®> and Fe;0,/Si0,/
PANI-SDBS nanocomposite.**® Fe;0,@PPy core-shell functio-

100 - A A———
2 ,A/:/Q—o— - 8
—o—
T; 80- °/°
S (b)
g 60-
(%}
P
2 404
=
¥
= 207 —@— As(I1T)
< —A— As(V
i ‘
T T T T T T T
0 100 200 300 400 500 600
Time (min)
~ 40 (d)
= *
E 3.
=
E 20 N
2
(=]
2 101 \ 7.7
& Y
I P
10
T T II T
2 4 6 8 10 12
pH

Fig. 28 (a) Effect of adsorbent dose (Experimental conditions: Co: 1000 pg L™%; pH~7; contact time: 240 min; T: 300 + 3 K), (b) effect of contact
time (Experimental conditions: adsorbent dose: 1 g L™%; Co: 1000 pg L™%; pH ~7; T: 300 + 3 K), (c) influence of initial solutions pH (Experimental con-
ditions: adsorbent dose: 1 g L™; Co: 1000 ug L™%; contact time: 240 min; T: 300 + 3 K) on As() and As(v) removal efficiency using PNHM/Fe304-40,
(d) ¢-potential of PNMH/Fez04-40 under various pH conditions.*”® Reproduced with permission from Nature Publication.
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Fig. 29 Schematic representation of arsenic adsorption mechanism in aqueous solution.*”® Reproduced with permission from Nature Publication.

nalized with tetrakis (4-carboxyphenyl) porphyrin (TCCP) pre-
pared in multiple steps displayed 100% efficiency for Hg(u)
87 Investigations have also been reported on
the adsorptive removal of Hg>* by polyaniline/attapulgite.*®®
Ren et al*®® prepared Fe;0,@Polypyrrole@Sodium dodecyl
sulfate core@shell composite and observed the selective
removal of Mn(vi) and other dyestuffs from wastewater
(Table 3).

removal in water.

5.3. Removal of dyes

These dyes are primarily used by the leather, paint, varnish,
pharmaceutical, textile, printing, pulp and paper, food and
several other industries.®®®* Fig. 30 depicts the sources and
pathways of various dye pollutants in water bodies.*® However,
the discharge of these highly toxic, carcinogenic and non-bio-
degradable toxic dyes from these sources, including their inap-
propriate disposal on agricultural land without suitable treat-
ment, even in extremely small amounts, is dangerous to
aquatic life, microorganism, and human health.®* The details
have already been described about the classification, examples,
applications, solubility in water, and ecotoxicological effects of
dyes on living organisms.®® Therefore, the issue of toxic dyes
present in wastewater remains a major challenge to existing
conventional water treatment systems. As a consequence, the
environmental remediation of the presence of these water-
soluble dyes in wastewater is mandatory before they are
released into water bodies, to avoid negative effects. In view of
this, the adsorption process, among the different available
technologies, is considered as one of the most studied.

In this regard, polyaniline has been reported as one of most
studied and cost-effective adsorbents in the decontamination
processes of wastewater treatment, owing to its easy synthesis
with a possibility of doping, exhibiting environmental stability,

© 2026 The Author(s). Published by the Royal Society of Chemistry

mechanical flexibility and good physicochemical properties
and the presence of amine and imine groups.®**%® However,
conventional PANI powder has a low surface area that limits
its ability to adsorb dye. In this regard, hollow and core-shell-
structured conducting polymers, especially polyaniline, have
been used for the effective adsorption of dyes owing to their
high surface area and other properties.

From this perspective, hollow-structure polyaniline is more
advantageous for the removal of dye due to its high surface
area and porous structure. In addition, core-shell-structured
polyaniline also offers several advantages that include
enhanced adsorption capacity, improved selectivity, better
stability, and achieving increased surface area and the ability
to incorporate different materials for specific interactions with
the dye molecule.®*®® Accordingly, the adsorption perform-
ance of hollow conducting polymers, hollow conducting
polymer composites and conducting polymer-based core-shell
composites has been reviewed below for the removal of
different dyes from water.**°~>>°

5.3.1 Rhodamine

5.3.1.1 Hollow ICPs. Wu et al.**" used a functionalized poly-
styrene sphere as the template to fabricate hollow spherical
polyaniline (average dia: 300 nm, shell thickness: 100 nm) and
observed its high adsorption capacity for RhB (61.75 mg g™ %).
According to Chen et al.*®> hollow polyaniline helical nano-
belts have been prepared through the generation of hollow oli-
goaniline helical nanobelts acting as sacrificial templates
during the chemical oxidation method. It was inferred that the
presence of the large number of adsorption sites comprising
several amino and imino groups in hollow PANI helical nano-
belts facilitated the effective adsorption of rhodamine 6G.

5.3.1.2 Binary core-shell composites. Investigations have
also been made on the removal of rhodamine B dye in
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Fig. 30 Sources and pathways of dyes in the environment.®® Reproduce

aqueous solutions by using polyaniline coated on filter
papers,*®® PANI/Sawdust,*** and PANI@Carbonized tea waste
material.*>> Rachna et al.*® studied the removal of RHB dye
using PANI@Zn ferrite and observed maximum removal at
pH 2. The adsorbent was also found to be effective even after
desorption. Thermodynamics studies indicated the adsorption
process to be spontaneous and exothermic in nature. Dhanavel
et al.*”” prepared a-MoOs/polyaniline by the chemical oxidative
polymerization method. Furthermore, these findings showed
the maximum adsorption capacity of 36.36 mg g~ and
76.22 mg g~ ' corresponding to RhB and CR dyes, respectively.
Ovando-Medina et al.**® coated polypyrrole (dia: 200-300 nm)
on coffee grounds waste (CGD) by in situ pyrrole polymeriz-
ation using potassium persulfate as oxidant. Subsequent
studies have shown that the removal of the RhB dye from
aqueous solution is favoured by basic pH due to its adsorption
on CGD/PPy. It was also noted that the adsorption isotherm
followed the Redlich-Peterson and Langmuir models with g,
of 50.59 mg g*

5.3.1.3 Ternary core-shell composites. Ren et al.**° used
Fe;0,@polypyrrole@4-vinylpyridine  composites for the
removal of rhodamine B and some other dyes (methylene blue,
malachite green, alizarin red). The investigations on the
adsorption kinetics and isotherm studies of rhodamine B
fitted well with the pseudo-second-order model and Langmuir
model (gn: 58.72 ¢ mg™"), respectively. The removal of RhB
after five adsorption-desorption cycles of rhodamine B was
found to be to 97.87%. According to the proposed mechanism,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the adsorption of different dyes on the ternary composite
could be related to the synergistic effect of electrostatic inter-
action, hydrogen-bonding interaction, and n-rn interaction.
Thermodynamic studies indicated spontaneous endothermic
behavior for all four dyes. Xu et al.’*® used polyaniline/attapul-
gite-supported nanoscale Fe’ to study the removal property
and degradation mechanism for rhodamine B, in addition to
alizarin yellow R, methyl red, chrome black T, methyl orange
and methylene blue. Their findings indicated relatively better
removal performance of the composite adsorbent for azo dyes
compared with non-azo dyes. Polyaniline-modified magnetic
nanocomposites coated with dicationic ionic liquid was used
to remove rhodamine B from a water sample.’®* The overall
findings indicated best fitting of the kinetic data and adsorp-
tion studies to the pseudo-second order and Temkin’s models,
respectively.

In another study, the maximum adsorption capacity values
of rhodamine B, methylene blue, malachite green, and crystal-
line violet present on Fe;O,@polypyrrole@2-acrylamido-2-
methyl-1-propanesulfonic acid composite in aqueous solution
were found to be 215.054 mg g~ ', 183.486 mg g~ ', 144.718 mg
¢ ' and 194.175 mg g™, respectively.’®® The trilaminar compo-
site maintained a removal efficiency exceeding 95% after going
through 5 cycles. The kinetic, adsorption isotherm and
thermodynamic studies indicated pseudo-second-order,
Langmuir model and an endothermic spontaneous adsorption
process, respectively. In addition, a mechanism has also been
proposed on the adsorption of dyes by Fe;0,@PPy@AMPS
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composite based on the electrostatic interactions between dyes
and adsorbent, formation of hydrogen bonding involving O (in
AMPS) and H (dyes), n-n interactions between the benzene
rings (AMPS) and in dye including the hydrophobic inter-
actions. Sayed et al.>*® prepared a PANI/C hybrid by an in situ
chemical oxidation method under ultrasonic vibration.
Scanning electron microscopy of the composite revealed the
PANI network formation of intersecting nanorods. They also
reported that the uptake of rhodamine B by the free form of
the employed polyaniline took place due to hydrogen bonding,
electrostatic interactions, and pi-pi interaction.

varghese et al.’>® prepared a PEG-capped PANI/TiO,/CuO
composite by in situ chemical oxidative polymerization to
study its adsorption performance in the removal of rhodamine

-~

a)

View Article Online
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B and other organic dyes in water. TEM studies of the trilami-
nar composite confirmed the incorporation of TiO,/CuO into
the tubular-shaped fibrous network of PANI. The adsorption
efficiency of MB, MG, CR, RhB, and CV on PANI/TiO,/CuO
after 120 minutes corresponded to the removal efficiency of
98%, 67.7%, 95.1%, 64.4%, and 97.3%, respectively
(Fig. 31(a)). The effect of a variety of materials on the adsorp-
tion of RhB dye has also been studied and the corresponding
findings are displayed in Fig. 31(b). These findings revealed
the superior removal performance by PANI/TiO,/CuO (PTC)
(89.7%) compared with PANI, (64.9%) TiO, (63.9%), CuO
(44.3%), PANI/TiO, (PT): (72.9%), PANI/CuO (PC): 60.4%, and
TiO,/CuO (TC): 52.7% in 240 min due to its more negative zeta
potential value. Fig. 31(c) shows the effect of adsorbent (PANI/

C
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(a) Adsorption efficiency of various dyes using PANI/TiO,/CuO at 120 min, (b) efficiency of RhB using different catalysts at 240 min, (c)

effect of amount of adsorbent on RhB adsorption using PANI/TiO,/CuO for 120 min, (d) RhB adsorption at different dye concentrations using PANI/
TiO,/CuO for 240 min, (e) effect of RhB adsorption using PANI/TiO,/CuO at different temperatures, and (f) effect of pH on the adsorption of RhB

using PANI/TiO,/Cu0.5°* Reproduced with permission from Elsevier.
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TiO,/CuO) amounts on the adsorption of RhB for 120 min.
According to this, the maximum adsorption efficiency was
inevitable at 0.2 g of adsorbent. The variation of initial dye
concentration in Fig. 31(d) indicated the maximum removal
efficiency of 89.7% (adsorbent: 0.2 g, dye: 5 mg L™"). The temp-
erature dependence of the adsorption studies in Fig. 31(e)
showed the removal efficiency decreasing from 89.7% (25 °C)
to 78% (50 °C). The dependence of the pH, displayed in
Fig. 31(f), showed the removal efficiency of RhB increasing
from 78.5% to 89.7% on increasing pH from 4 to 6.
Furthermore, the adsorption process followed the Langmuir
adsorption isotherm (gn,: 3.53 mg g~') and pseudo-second-
order kinetics. Fig. 32 shows the effect of pH on the adsorption
efficiency of PANI/TiO,/CuO.

5.3.2 Congo red

5.3.2.1 Hollow ICPs. A natural amino acid-doped polyaniline
hollow tubular morphology*'® and hollow spherical polyani-
line shell*®! exhibited a removal capacity for Congo red from
aqueous solution corresponding to 955.6 mg-g~' and 60 mg
g, respectively. Benhaddad et al.>”® synthesized hollow sea
urchin-shaped polypyrrole in acidic medium using nano-
structured MnO, powder acting as oxidizing agent and sacrifi-
cial template. Subsequently, they studied its comparative per-
formance in the adsorption of Congo red and methylene blue
in aqueous solutions. These studies indicated that adsorption
and removal of Congo red and methylene blue was favoured
under acidic and basic pH conditions, respectively. The
adsorption followed Langmuir isotherm and pseudo-second-
order kinetics for both the dyes. Mondal et al.’°® prepared a
network of polyaniline nanotubes by in situ polymerization of
aniline in the presence of ammonium persulfate and different
aromatic carboxylic acids acting as a dopant (referred to as
B4CA). Subsequent investigations on its application in waste-
water treatment led to the following maximum adsorption
capacity order for CR and other dyes: indigo carmine (300 mg
g™') > Eriochrome Black T (288 mg g') > methyl orange
(285 mg g~') > Congo red (194 mg g~ ') > N,N'-bis(4-benzosulfo-
nic acid)-perylene-3,4,9,10-tetracarboxylbisimide (192 mg g™*).
It may be noted that the adsorption of the dye is guided here
by the electrostatic interaction between dye molecules and the
PANI surface.

Acidic

More interaction

Medium § Medium

View Article Online

Review

5.3.2.2 Binary core-shell composites. PANI@ZnO nano-
composites were synthesized by the oxidation chemical
process and its time-dependent performance evaluated for the
adsorption of Congo red from aqueous solution, keeping pH:
5.0, Co: 150 mg L™, and adsorbent dose: 10 mg at 298 K.*’
These findings suggested 81.37% removal of CR at 60 min.
The kinetic model and isotherm data fitted well with the
pseudo-second-order model (k: 0.0004 g mg™' min~") and
Langmuir (gm: 76.92 mg g~ '), respectively. The regeneration
efficiency of PANI@ZnO was found to be adequate even after
five repeated cycles. Tanweer et al.>® prepared 3D-polyaniline/
activated silica gel by in situ polymerization and used it as
potential adsorbent in the successful removal of Congo red,
brilliant green, crystal violet, and methyl orange. In another
approach, hollow electrospun Polypyrrole@Cellulose fibrous
membrane was prepared by electrospinning followed by a dip-
coating approach, and achieved 99.4% rejection of anionic
Congo red.>*

Teng et al.”™ observed 89.62% removal of CR from aqueous
solution on PANI-coated Fe;0, nanoparticles (PANI/Fe;O,: 70/
30). These studies also indicated slightly enhanced dye
removal by PANI/Fe;O, compared with PANI alone. The
adsorption of CR on the PANI/Fe;O, adsorbent could be
ascribed to the possible bond formation between the -OH
functional group (Fe;O,) and CR, electrostatic interactions
between the -NH" of PANI (emeraldine salt form) and anionic
sulfonic group of CR dye, and hydrogen bonding interaction
between CR and the PANI/Fe;O, surface. The regeneration
studies showed 77.4% removal retained after the fifth cycle of
adsorption-desorption. Singh et al.>'" confirmed the coverage
of in situ-prepared PANI over the zinc titanate surface by
FESEM. This showed dramatically enhanced Congo red
adsorption (g, 64.51 mg g~ ') compared with that of PANI and
zinc titanate.

5.3.2.3 Ternary core-shell composites. Recently, several
works have been reported on ternary core-shell composites
comprising Fe;O, as a magnetic material. In one such work,
Fe;0,/polypyrrole/carbon black nanocomposite fabricated by
encapsulating Fe;0, nanoparticles in PPy/Carbon black exhibi-
ted 96.9% removal of Congo red under given experimental
conditions.”™* The findings matched well with the Langmuir
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Fig. 32 The effect of pH on the adsorption efficiency of PANI/TiO,/Cu0.5°* Reproduced with permission from ACS.
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isotherm (g,: 500 mg g~') and pseudo-second order kinetics.
Dutta et al®® fabricated polyaniline hollow microsphere
(PNHM)/MnO,/Fe;0, composites by in situ deposition of
MnO, and Fe;O, nanoparticles on the surface of PNHM.
Subsequently, they used it as adsorbent to study the removal
of methyl green and Congo red in water. In view of this, the
effect of pH on MG and CR dye removal efficiency (inset:
change of wavelength of the dye solutions at different solution
pH) are presented in Fig. 33(a and b), respectively. In addition,
the variation of the zeta potential of PNHM/MnO,/Fe;0, with
the variation of pH, the effect of adsorbent dose, contact time,
and initial dye concentration on MG and CR dye removal
efficiency are, respectively, described in Fig. 33(c-f). It is noted
that the ternary composite showed 98% and 88% adsorption
efficiency in the removal of CR and MG under optimum con-
ditions. The adsorption mechanism of MG and CR dye removal
on the surface of PNHM/MnO,/Fe;0,4 at pH ~6.75 is schemati-
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cally displayed in Fig. 34. This has been explained on the basis
of electrostatic interaction, ion exchange and the formation of
covalent bonds.

A PANI@ZnO-SiO, hybrid material displayed good adsorp-
tion efficacy for CR (83.82 mg g™ ') and MB (71.19 mg g™ ') in
aqueous solution.’™* According to Weng et al.,”* ultrathin Mg
silicate nanosheets were grown on Fe;O,@PPy and sub-
sequently used as adsorbent to remove Congo red from
aqueous solution. These findings revealed the applicability of
the Langmuir isotherm model with maximum monolayer
adsorption capacities of 540.5 mg™" and kinetic data fitting to
the pseudo-second-order model (k: 0.9030 g mg™ " min™").
Adsorptive removal of CR on r-cysteine/rGO/PANI nano-
composite was done at room temperature to find out the
optimum conditions.’*® These findings indicated the data
fitted well with the Langmuir model (¢y: 56.57 mg g~ ') and
kinetics validating pseudo-second-order. Furthermore, the
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Fig. 33 Effect of pH on (a) MG and (b) CR dye removal efficiency (inset: change of wavelength of the dye solutions at different solution pH); (c) zeta
potential of PNHM/MnO,/Fez0,4 with the variation of pH, effect of (d) adsorbent dose, (e) contact time and (f) initial dye concentration on MG and

CR dye removal efficiency.>*® Reproduced with permission from ACS.
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Fig. 34 Schematic representation of plausible adsorption mechanism of MG and CR dye on the surface of PNHM/MnO,/Fez0, at pH ~6.75.55

Reproduced with permission from ACS.

adsorption process was found, guided via intra-particle
diffusion and thermodynamic studies that indicated the
adsorption process of CR was endothermic and spontaneous.

5.3.3 Methylene blue

5.3.3.1 Hollow ICPs. Contamination by toxic, carcinogenic,
and non-biodegradable methylene blue in water remains a
threat to human health as well as environmental safety and
needs urgent attention.”"” Ayad et al.>'® observed the adsorp-
tion capacity of PANI nanotubes to be about 8 times higher
compared with PANI powder. In addition, the adsorption data
of MB best fitted with the Langmuir isotherm (monolayer sat-
uration capacity: 9.21 mg g~ ') and followed pseudo-second-
order kinetics (k: 0.03595 g mg™' min~"). In another study,
polyaniline hollow nanotubes (external dia: 50-60 nm, internal
dia: 5-10 nm) have been in situ synthesized by using acid
green crystal as structure-directing agent as well as template,
and were used in the adsorption of methylene blue from
aqueous media.>"® The experimental data supported fitting of a
pseudo-first-order kinetic model (k: 0.001 mon™") and maximum
monolayer of 69.4 mg g~ '. Amer et al.’* reported the acid-free
synthesis of polyaniline nanotubes via the aniline oxidation
using ammonium peroxydisulfate as an oxidant in the presence
of methyl orange as a structure-guiding agent in the dual
removal of MB and AG dyes from aqueous solution. The kinetic
studies confirmed the second-order model, while, adsorption
data fitted well to the Langmuir isotherm. Furthermore, the cal-
culated values of the maximum monolayer capacity for MB and
AG were found to 91.1 and 58 mg g™ ", respectively.

5.3.3.2 Binary core-shell composites. PPy@MoS, hollow
microtubes prepared through the combination of multiple
steps successfully removed CR and MB from aqueous solution,
with kinetic data fitting well the pseudo-second order.>*!

© 2026 The Author(s). Published by the Royal Society of Chemistry

Furthermore, the adsorption process followed the Langmuir
model and Freundlich model for MB (g,: 121.3 mg g') and
CR (qm: 598.7 mg g™ '). The observed performance of dye
removal was ascribed to its 1D hierarchical hollow structure
and the synergistic effect between the MoS, nanoflakes and
PPy coating. Ayad et al.>**> observed complete adsorption of
methylene blue displayed by the polyaniline nanotubes base/
silica composite (0.05 g) in 10 min corresponding to the
0.95 mg L™ initial concentration of the dye. According to their
findings, rate of adsorption increased in the following order:
PANI NTs base/silica composite > PANI NTs base > conventional
PANI base/silica composite > conventional PANI base. The
experimental data were applied to study the kinetics (pseudo-
first order, pseudo-second order) and the intraparticle diffusion
models. Furthermore, MB adsorption data fitted best with the
Langmuir isotherm. PANI partially covering the TiO, hydrate in
water (pH 3-11) exhibited a high maximum adsorption capacity
(458.10 mg ¢~ ").>*® Further investigations have shown its 99%
regeneration capability achieved after 10 cycles. It was suggested
that the adsorption performance of MB onto PANI/TIO, is
guided by hydrogen bonding and electrostatic interaction on
amino sites, n—x stacking, a hydrophobic effect on the benzene
ring site and a synergistic effect.

El-Sharkaway et al.’** synthesized a transparent layered and
wrinkled wavy structure of GO covered with PANI and used it
subsequently in the preparation of PANI-RGO, and used this to
study the adsorption ability for MB in water. The kinetic
studies of the PANI/GO and PANI/RGO indicated pseudo-first-
order kinetics and the adsorption data best suited the
Langmuir model. The estimated maximum dye adsorption
capacity values of MB on PANI/GO and PANI/RGO adsorbents
were found to be 14.2 and 19.2 mg g~ ', respectively. These
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findings affirmed PANI/RGO to be more effective compared
with PANI/GO for the removal of MB. Ayad et al.>>® prepared a
coating of polypyrrole on a cotton textile by in situ oxidative
polymerization of pyrrole monomer and subsequently used
this as adsorbent of methylene blue in alkaline solutions. The
adsorption process followed the Freundlich isotherm model
and the adsorption kinetics fitted well with pseudo-second
order. They also extended their work on the removal of Acid
Green 25 in acidic medium and observed some affinity.

5.3.3.3 Ternary core-shell composites. Fe;0,@Polypyrrole@
Sulfamic acid composite prepared by the hydrothermal
method and in situ polymerization has been evaluated for its
performance in the adsorption of MB and other dyes (MG, CV,
and RhB).>*® The adsorption kinetics and adsorption iso-
therms of all the dyes were found to fit with pseudo-second-
order and Langmuir adsorption isotherm, respectively. The
thermodynamic study of the adsorption process indicated a
spontaneous heat absorption behavior. Wang et al.>*” fabri-
cated a core-shell Fe;O,@Polypyrrole@Sodium dodecyl
benzene sulfonate (SDBS) composite following the combi-
nation of different methods and studied the effect of different
parameters on the adsorption of MB and MG from aqueous
solutions. These findings indicated kinetics and adsorption
following the pseudo-second order and Langmuir isotherm
(qm™®: 124.07 mg g', guM%: 73.10 mg g"), respectively.
Furthermore, the cycling stability of the adsorbent was also
assessed by carrying out an adsorption—-desorption experiment
for five cycles. These findings have shown the remarkable
removal efficiencies of MB (80%) and MG (90%) following the
five desorption-adsorption cycles. The excellent adsorption
performance of dye on the ternary core-shell composite was
assigned to the synergistic effect of the electrostatic inter-
actions, hydrogen bonding, and n-r interactions mediated by
PPy and SDBS.

Polypyrrole/GO@Fe;0, has been prepared by a one-step
method and used as magnetic adsorbent in the removal of
methylene blue dye from aqueous solution (pH: 8).>’® This
adsorbent exhibited an adsorption capacity of 323.2 mg g~" for
MB. A super-paramagnetic  architecture = comprising
Fe;0,@PPy@RGO ternary nano-adsorbents was fabricated to
remove methylene from wastewater.’*® The choice of Fe;0,
hollow spheres, polypyrrole layers and graphene sheets was
guided by the role they play in contributing towards the abun-
dant hydrophilic groups, protecting hollow spheres from acid
corrosion/surface oxidation and in enhancing the removal per-
formance of Fe;0,@PPy. HRTEM studies of Fe;0,@PPy@RGO
established the formation of a ternary nano-architecture com-
prising wrapping of Fe;0,@PPy by RGO sheets. Fig. 35(a)
shows Fe;0,@PPy@RGO exhibiting a superior removal
efficiency for MB compared with Fe;O, and Fe;O,@PPy in
neutral solution (pH: 7). Furthermore, Fe;0,@PPy@RGO
retained about 96% removal efficiency after five cycles of the
adsorption-desorption process Fig. 35(b). In addition, the
removal efficiency of these adsorbents in acidic solution (pH:
2) and alkaline solution (pH 10) are also displayed in Fig. 35(c
and d), respectively. Graphene-modified magnetic polypyr-
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role®*® and Fe;0,/polypyrrole/phytic acid®*' also efficiently
removed methylene blue from aqueous solution.

5.3.4 Methyl orange. Methyl orange (MO) is ably used in
the textile, food, paper, and cosmetics industries, and for
several other purposes.®*> However, its release into industrial
effluents deteriorates the water quality with a hazardous
impact on public health, affecting the human eye and causing
skin irritation, nausea, diarrhea and respiratory tract irritation.
The high water solubility, and high stability towards heat and
temperature of MO makes the removal of this dye from
aqueous solution not exciting.>*?

5.3.4.1 Hollow ICPs and their composites. Very limited
research has been reported on the removal of methyl orange
using hollow spheres and one-dimensional ICPs as adsor-
bents. According to Zhao et al,*'® amino acid-doped polyani-
line nanotubes exhibited the following order towards the
adsorption capacity of different dyes: Congo red (112.0 mg g™ )
> orange yellow (69.2 mg g~') > indigo carmine (66.8 mg g™ ') >
methyl orange (54.8 mg g~') > crystalline violet (50.0 mg g™ ).
Yildirim et al>** carried out the removal of methyl orange
using a polyaniline nanotube-filled sodium alginate bio-com-
posite to study the effect of adsorbent dose, pH, time, and con-
centration of MO. Based on the applicability of the Langmuir
isotherm, maximum adsorption capacity (¢,) was found to be
370.4 mg g~ " at 25 °C under optimum conditions.

5.3.4.2 Binary and ternary core-shell composites. TEM
studies of a PANI-MWCNTSs (4 wt%) composite prepared by
in situ oxidative polymerization showed spherical PANI cover-
ing the tubular structure of MWCNT nonuniformly.’>*®> The
adsorption studies of methyl orange using PANI-MWCNTSs as
adsorbent agreed with the second-order kinetics (k: 5.265 x
10~* g mg™" min™" at 30 °C) and Langmuir equilibrium model
(qum: 149.25 mg g~ *). Polyaniline (skin)/polyamide 6 (core) com-
posite fiber prepared via a facile in situ oxidation polymeriz-
ation was tested for the removal of methyl orange.>*® These
findings revealed the adsorption/desorption kinetics and iso-
therms following the pseudo-second-order and Langmuir
models (q.,: 58.7 mg g "), respectively. A waterborne poly vinyl
pyrrolidone-stabilized polyaniline core (dia: 85-90 nm)-shell
(dia: 20-22 nm) composite also effectively removed MO in
aqueous solution.>*’

Zhang et al.>*® fabricated halloysite nanotubes/polypyrrole
nanocomposites by in situ polymerization of pyrrole monomer in
the presence of HNTs. Subsequently, its adsorption efficiency was
evaluated in the removal of methyl orange as a function of adsor-
bent dose, contact time, initial concentration MO, and tempera-
ture on the adsorption efficiency. The adsorption kinetics fitted
the pseudo-second-order and adsorption isotherms validated by
Langmuir (¢m: 2146 mg g ') and Freundlich models. The
thermodynamic investigations pointed to an adsorption process
of methyl orange onto HNTs/PPy that was spontaneous and
exothermic. Furthermore, regeneration experiments have shown
the reusability of HNTs/PPy nanocomposites at least three times
in removing methyl orange in aqueous solution.

Yao et al>*° prepared core-shell Fe;0,@C@polyaniline
composite microspheres as a separable adsorbent for the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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removal of MO dye from aqueous solution. The TEM images of
the product confirmed the core-shell structure of the
Fe;0,@C@PANi composite microspheres. The adsorption iso-
therms and kinetics data supported the Langmuir and pseudo-
second-order models, respectively. The trilaminar core-shell
composite also exhibited excellent adsorption capability (gm:
120.2 mg g '), and retained excellent adsorption capability
(~81%) after five adsorption-desorption cycles.

5.3.5 Other dyes. In addition, several studies have also
been reported using different core-shell adsorbents compris-
ing conducting polymers (in the removal of several other dyes),
such as: polymethylmethacrylate/rice husk ash/polypyrrole
(E102, IC),*>' magnetic Fe;0,@Polypyrrole@Sodium dodecyl
sulfate (MG, AR1),**®* magnetic core-shell Fe;0,@Polypyrrole@
4-vinylpyridine (AR, MG),**° Polyaniline/attapulgite-supported
nanoscale zero-valent iron (AYR, MO, methyl red, chrome
black T),>°® Magnetite@Polypyrrole@z2-acrylamido-2-methyl-1-
propanesulfonic acid microspheres (MG, CV),’°> 3D polyani-
line/activated silica gel (BG,CV, M0),**® Hollow polyaniline
microsphere/MnO,/Fe;0, (MG),”"® Polyaniline hollow nano-
tubes (AG),>'***° Fe;0,@Polypyrrole@Sodium dodecyl benzene
sulfonate (MG),>” Fe;O,/polypyrrole/phytic acid (CV),>*"

© 2026 The Author(s). Published by the Royal Society of Chemistry

Polyaniline@TiO, and Polyaniline@siO, (CV, R6G,BB,CV),>*°
graphene/Fe;0,/polyaniline (MG,AR1),>*' carbon nanotube/poly-
aniline (MG),>**> Fe;0,@RGO@PANI (MG),>** wheat straw-core
hydrogel spheres with polypyrrole nanotubes (EY),>** polypyr-
role/Mny sZn, ,Fe,0,/graphite oxide (AR1),>* polyaniline coating
chitosan-graphene oxide-functionalized carbon nanotube (AR1,
BG),>*® polythiophene/ZnO/MWCNTs and polythiophene/ZnO/
0Xx-MWCNTs (BG),”*” and Fe;0,@PDA@PANI (TTZ, SY).>**

Table 4 presents the removal of the various dyes in aqueous
solution based on hollow intrinsically conducting polymers,
nanocomposites comprising hollow intrinsically conducting
polymers and core-shell based ICP nanocomposites as
adsorbents.

5.4. Supercapacitor applications of hollow ICPs

Supercapacitors are considered as energy storage devices,
storing and releasing energy through the movement of ions
within the electrolyte.>*>**°  Furthermore, carbonaceous
materials, conducting polymers, and transition metal oxides
have attracted much attention as electrode material in this
application. A comparison of their merit/demerits is high-
lighted in Table 5. These supercapacitors are regarded as more
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Table 5 Merits and demerits of different electrode materials.”

Reproduced with permission from Elsevier

Materials Advantages Disadvantages
Carbonaceous High specific surface area Low energy density
materials
High electrical conductivity =~ Poor cyclability
Inexpensive
Eco-friendly
High electrochemical
stability
Conducting High specific capacitance Low conductivity
polymers
Tunable electrical Poor
conductivity Unique electrochemical
solution processability stability

High flexibility
Easy fabrication
Transition metal ~ High specific capacitance

oxide

Low conductivity

Poor
electrochemical
stability

Wide potential window

High energy density

promising candidates for having very high-power density, long
cycling stability and excellent durability. The supercapacitors
can be classified into electrical double-layer capacitors
(EDLCs), pseudocapacitors (PCs), and hybrid supercapacitors,
as schematically based on the mechanism involved in energy
storage (Fig. 36).>' EDLCs are non-faradaic supercapacitors or
ultracapacitors involving the storage of the charge taking place
in the electrical double layer formed at the electrode/electrolyte
interface without any changes in the chemical properties of
the electrode materials. In the case of PC, charge is stored elec-
trochemically through highly reversible redox reactions at the
electrode-electrolyte interface, and they offer more power and
charge density compared with EDLCs. A hybrid supercapacitor,
on the other hand, is a combination of an EDLC and a pseudo-
capacitor and allows for both faradaic and non-faradaic charge
storage.

(a) EDLC (b)

+
5+ S S
5 g g
2. ALl 2
3 3 3
Q. (&) o
7o o 5
[ [ =
Q. (g E
g g o e
= : =
- o o

Electrical Double Layer

Pseudocapacitor (c)

Capacitive Faradaic
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In this regard, intrinsically conducting polymers are favoured
in supercapacitor applications due to their simple synthesis,
tunable conductivity, large surface area, high flexibility, and
pseudocapacitive properties.” These features enable them to
store and release energy quickly, thereby making conducting
polymers an ideal candidate for high-power applications. The
superior electrochemical performance of these ICPs is greatly
guided by their morphology. In view of this, hollow-structured
material electrodes can be better alternatives by offering
higher specific surface area to facilitate the large electrode/
electrolyte interface favorable for the fast transport of charges
and ions as well as act as the ion reservoir to benefit the
accumulation of ions. Therefore, ICPs are considered as prom-
ising electrode materials due to their low production cost and
their ability to possess redox pseudocapacitance and double-
layer capacitance. However, the application of ICPs is limited
due to their inferior stability; therefore, ICP is combined with
other active materials to overcome this intrinsic disadvantage.
Accordingly, the performance of ICP for hollow-structured
ICPs, their composites and core-shell-based materials is dis-
cussed below.

5.4.1 Hollow ICP microspheres. Tan et a prepared
hollow polyaniline microspheres using sulfonated polystyrene
microspheres as template. The electrochemical investigations
of hollow polyaniline predicted an increase in the specific
capacitance of hollow polyaniline microspheres with the feed
ratio of aniline (ANI) to sulfonated polystyrene (SPS), referred
to as ranysps, and attained a maximum value of 421 F g_1
corresponding to ranysps Of 1.0. The cycle life performance of
the hollow polyaniline microspheres electrode was tested for
500 cycles (10 mA cm™?). It decreased for the first 200 cycles,
most likely due to the swelling and shrinking of PANI, and
finally remained more or less unaltered. In another study, an
interfacial polymerization method was used to synthesize
hollow polyaniline nano-capsule with holes in the wall in the
absence of any template.”>® According to TEM studies, PANI
nano-particles formed nano-rods, with uniform hollow
capsule-like structures comprising the holes on the wall

l 552

Current Collector
Current Collector
Current Collector

Non- Capacitive
Faradaic

Fig. 36 Charge storage mechanism of supercapacitors, (a) EDLCs, (b) pseudocapacitors and (c) hybrid supercapacitors.>>* Reproduced with per-

mission from RSC.
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(capsule). The PANI nano-capsule electrode displayed high
specific capacitance of 502 F g™' (at the current density of
5 mA cm™?) and excellent cycling stability. The electrochemical
performance of the capsule-like PANI electrode was attributed
to the conductivity and hollow nanostructure that accounted
for rapid electrolyte transport and shortened ion diffusion
paths within the active materials.

Polyaniline hollow microspheres (dia: 410 nm, thickness:
72 nm) doped by (poly(2-acrylamido-2-methylpropane sulfonic
acid)) (PAMPS) synthesized by a self-assembly method have
shown excellent promise in the field of supercapacitors.®>* Li
et al.>> fabricated Ce**-doped polyaniline hollow microspheres
by a self-assembly method; it exhibited a high specific capaci-
tance of 248.2 F ¢”' (1 mA cm™2) due to its enhanced conduc-
tivity compared with PANI (201.6 F g™'). In another approach,
hollow PANI nanospheres prepared by in situ chemical oxi-
dative polymerization of aniline in the presence of uniform
poly(methyl methacrylate-butyl methacrylate-methacrylic acid)
latex microspheres (self-sacrificial template) demonstrated
specific capacitance (485.5 F g™ at 1 A g”') and performance
after 500 cycles (69%).>°°

Polypyrrole hollow nanospheres prepared using polystyrene
(PS) as a template that was subsequently removed by dissolving
it in DMF displayed high specific capacitances (350 F g™* at 1
A g 1.°” The corresponding symmetric supercapacitor has
shown the maximum energy density of 40 Wh kg™ at a power
density of 490 W kg™ '. Electrochemical studies were also per-
formed on hollow polypyrrole films prepared by depositing
polypyrrole on a 3D colloidal crystal template.>*® According to
Li et al.,>® hollow capsular polypyrrole nanofibers with porous
capsule acted as a flexible, binder-free, self-supported super-
capacitor electrode exhibiting specific capacitance of 203 F g™*
at 2 mV s and excellent capacitance retention (>90% after
11 000 charge-discharge cycles @10 A g~ ). This was attributed
to the availability of enough free space in the capsular walls of
the hollow PPy film to facilitate the volume variation during
doping/de-doping. Zhang et al.*** synthesized PEDOT hollow
nanospheres by expulsion of SiO, from the SiO,@PEDOT
nanospheres by dissolving it hydrofluoric acid. The PEDOT
hollow sphere film fabricated in this manner showed a high
specific capacitance (121.6 F g7%) at the current density of 0.5
A g' and sustained 65.7% of its initial specific capacitance at
a current density of 8.0 Ag™".

5.4.2 Nanotubes of ICPs. According to Cui et al.,"*® a dual-
colloid interface co-assembly approach for the synthesis of
hollow mesoporous conducting polymers (mPPy-nb-4) deli-
vered specific capacitance of 225 F g' (1 mV s') and also
offered a power density of 343 mW cm™ at an energy density
of 0.2 mWh ecm™. In another study, Chen et al.*®*> prepared
hollow polyaniline helical nanobelts by using a synthetic tem-
plate (oligomers) following in situ chemical oxidation of
aniline. They observed specific capacitance up to 688 F g~*
(scan rate: 5 mV s') and 81.6% retention (1000 cycles).
Subsequent studies on the fabricated symmetric super-
capacitor showed energy density and power density
of.14.37 Wh kg™ and 500 W kg™, respectively. Fan et al.>®

© 2026 The Author(s). Published by the Royal Society of Chemistry
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synthesized polyaniline nanotubes using natural tubular hal-
loysite as a hard template and subsequently subjected it to
carbon coating by a hydrothermal method (Fig. 37(a)). The
electrochemical performance of this electrode material indi-
cated high specific capacitance (654 F ¢”* at 1 A g7'), and
excellent electrochemical stability with capacitance retentions
(~87% after 10000 cycles). This suggested that the carbon-
coated PANI electrode acted as a constraint layer to prevent the
tubular-structured PANI from expanding outward during the
charge-discharge process. ZnO nanorod arrays (sacrificial tem-
plates) were used to fabricate polyaniline nanotube arrays and
their electrochemical polymerization was studied for super-
capacitor applications (Fig. 37(b)).”*" Jyothibasu and Lee®®?
fabricated polypyrrole tubes using curcumin (template), as
schematically shown in Fig. 37(c) and combined it with func-
tionalized carbon nanotubes (f-CNTs) to form freestanding
electrodes (referred to as PPyC3T2/f-CNT). It showed excellent
areal capacitance of 11 830.4 mF cm™ at a current density of
2 mA cm™? in a thick freestanding PPyC3T2/f-CNT-electrode at
a high mass loading of 30 mg cm ™. Furthermore, a symmetric
supercapacitor assembled by using the PPyC3T2/f-CNT dis-
played an areal capacitance, cycling stability, high energy
density and maximum power density of 2732 mF cm™2 at 2 mA
cm™?, 118.18% retention after 12 500 cycles, 242.84 pW h em ™2
and 129.35 mW cm™?, respectively.

Hollow PANI nanotubes (inner dia: 80 nm, outer dia:
180 nm) prepared via one-step polymerization attained specific
capacitance of 436 F g¢~' (0.5 A g”') in H,S0, (1 mol L") solu-
tion with good cycling stability (89.2%: 500 cycles at a current
density of 0.5 A g7').>*® Crystalline tetragonal hollow polyani-
line nanotubes prepared by using methyl orange as self-
degrading template showed a specific capacitance of 590 + 36
F g ' at a scan rate of 5 mV s~ *.°** The assembled symmetrical
device exhibited maximum energy density and power density
of 14.56 Wh kg™" and 250 W kg™ ", respectively. Ahn et al.>®®
prepared PPy hollow nanoparticles with controlled diameters
through surfactant-templated chemical oxidation polymeriz-
ation (Fig. 37(d)). The specific capacitance of PPy hollow nano-
particles (326 F g™") fabricated in this manner was found to be
approximately twice as large as that of solid PPy nanospheres.
High-performance supercapacitor performance has also been
displayed by PANI nanofibers, nanotubes, and nanospheres,>*®
and hollow polyaniline nanofibers fabricated by electro-
spinning.*'* Hryniewicz and Vidotti>®” for the first time elec-
trodeposited PEDOT nanotubes onto stainless steel mesh elec-
trodes in the presence of methyl orange template and observed
enhanced supercapacitive and electrocatalytic properties. Wan
et al.>®® observed high specific capacitance (290 F ¢ at 1 A
¢™") and outstanding cyclic stability (capacitance retention:
83% even after 1000 cycles) for the polyaniline hollow nano-
fibers supercapacitor electrode exhibiting 3D porous network
architecture.

5.4.3 Hollow ICP nanocomposites. Zhang et al.>*® prepared
hollow polypyrrole/cellulose hydrogels to study their perform-
ance as a flexible supercapacitor. The assembled symmetrical
supercapacitor device delivered high specific capacitance (255
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Fig. 37 (a) Schematic presentation on the preparation procedure of PANI(HNTs) and PANI(HNT)s/C.>%° Reproduced with permission from Elsevier.
(b) The illustration for the formation of PANI nanotubes via a sacrificial ZnO nanorods template route.>%! Reproduced with permission from RSC. (c)
Schematic representation of the preparation of polypyrrole tubes using curcumin as template.>®? Reproduced with permission from RSC. (d)
Schematic diagram of the synthesis of PPy hollow nanospheres.>® Reproduced with permission from RSC.

F g™ at 0.25 A g7), good rate capability (77% capacitance
retention at 30 A g~ '), cycling stability (80% after 10 000 cycles
at 10 A g7') and energy density (20.4 Wh kg™') at a power
density of 194 W kg™'. Wang and others®”® investigated the
electrochemical performance of mesoporous MnO,/polyaniline
composite with a unique morphology of hierarchical hollow
submicron spheres synthesized by an interfacial approach.
Electrochemical studies revealed its superior electrochemical
properties, as indicated by its specific capacitance (262 F g7')
and higher capacitance retention (93% of its initial capaci-
tance after 800 cycles) owing to its microstructure and polyani-
line/MnO, coexisting together.

3D hollow balls of graphene-polyaniline hybrids were pre-
pared through the self-assembly of graphene oxide and PMMA
followed by the polymerization of polyaniline, and demon-
strated high specific capacitance and good cycling stability.””"
Luo et al.>”* used layer-by-layer assembly for the preparation of
a graphene-polyaniline hollow microsphere for supercapacitor
application. It displayed excellent specific capacitance (381 F
27" 4.0 A ¢7') and good cycling stability (83% after 1000
cycles) in 1 M H,SO, solution due to a synergistic effect. The
hierarchical Ti;C,/PANI nanotubes have shown excellent
specific capacitance performance (596 F ¢”" at 0.1 A g™') with
94.7% retention after 5000 cycles (at 1 A g~*).>”® Furthermore,

176 | RSC Appl. Polym., 2026, 4,120-199

a symmetric supercapacitor device based on this showed excel-
lent performance (energy density: 25.6 Wh kg™ at 153.2 W
kg™, power density: 1610.8 W kg™" at 13.2 Wh kg™, capaci-
tance retention 81.1% after 4000 cycles).

Devi and Kumar®’* prepared nanocomposites of reduced
graphene oxide/polyaniline nanotubes in the presence as well
as the absence of irradiated high energetic ions and performed
They
observed the relatively enhanced specific capacitance (482 F
¢ " at 0.5 A ¢7") and cycling stability (92%) compared with the
unirradiated nanocomposite. This was ascribed to the
increased surface energy and porosity as a result of irradiation.
Yang et al.>”®
pyrrole hollow nanosphere intercalated graphene-based flex-

electrochemical investigations as a supercapacitor.

tested the electrochemical performance of a poly-

ible supercapacitor and observed its area specific capacitance
and capacitance retention of 381.54 mF cm > (at 2 mA cm?)
and 93.94% after 1000 cycles, respectively. Graphene-polypyr-
role hollow sphere,>”® hollow polypyrrole nanosphere
embedded in N-doped graphene layers,>”” 3D-arrayed polyani-
line hollow nanospheres encaging RuO, nanoparticles,>”® poly-
aniline hollow fibers decorated by graphene,’”® graphene-poly-
pyrrole nanotubes,’®® 3D metal—organic frameworks with con-
ductive polypyrrole tubes,”®" and hollow PPy nanospheres
decorated on the CNT>®*> have been synthesized and also used

© 2026 The Author(s). Published by the Royal Society of Chemistry
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as electrode materials for electrochemical supercapacitor
applications.

5.4.4 Core-shell-based ICP nanocomposites

5.4.4.1 Binary core-shell nanocomposites. Tian et al>%?
wrapped polyaniline nanowires on polypyrrole hollow nano-
tubes by the chemical method and observed a high specific
capacitance (~765 F g~ at a scan rate of 10 mV s~') and the
capacitance loss of ~13.7% after 1000 charging/discharging
cycles. This performance was explained on the basis of the
synergistic effect of PANI and PPy. Core-shell polyaniline-func-
tionalized carbon quantum dots exhibited high specific
capacity of 264.6 F g~ (2.5 A g™ ') and high stability indicated
by 5000 charge-discharge cycles.’® The sea urchin-like polya-
niline grown on the surface of polypyrrole by dilute solution
polymerization (referred to as PPy@PANI) displayed a core-
shell structure, according to Fig. 38(a).”®® The variation of the
specific capacitance versus the scan rate is displayed in
Fig. 38(b). According to this, the specific capacitance of
PPy@PANI corresponds to 510 F g~' (scan rate: 10 mV s )
compared with the PPy (87 F g™*) electrode and the pure PANI
(256 F g7 electrodes. PPy@PANI also showed good cycling
stability as evident from 12.4% loss of specific capacitance
after 1000 charge/discharge, as seen in Fig. 38(c). This electro-
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chemical performance of the PPy@PANI electrode has been
ascribed to the synergistic effect between the core PPy and
shell PANI layer.

Li et al.>® fabricated hollow microsphere (MS) and micro-
tubes (MT) of PPy using polystyrene microspheres and methyl
orange as hard and soft templates, respectively. Subsequently,
they prepared composites of MS and MT with poly(1,5-diami-
noanthraquinone) (referred as PDAAQ) and observed the follow-
ing order for specific capacitance at a current density of 1 A g

PPy@PDAAQ MTs (533 F g~') > PPy@PDAAQ MSs (471 F
g™ ") > PDAAQ, (348 F g7') >PPy MTs (322 F g~') > PPy (MSs
235 Fg ).

The hollow morphology of PPy could account for the
observed high specific capacitance of PPy@PDAAQ MTs.

The specific capacitance retention after 10 000 cycles fol-
lowed the following trend:

PDAAQ (146.0%) > PPy@PDAAQ MTs (107.4%), PPy@PDAAQ
MSs (98.0%), PPy MTs (43.6%), and PPy MSs (27.3%).

Fan et al®® prepared a core-shell hybrid comprising
PS@PANI, polyaniline hollow spheres (PANI-HS)@GO and
PANI-HS@ ERGO (electrochemically reduced graphene oxide)
according to the procedure as illustrated in Fig. 39(a). The
morphology and structure of the PANI-HS36@GO (36: shell
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(a) Schematic diagram for the synthesis of core—shell PPy@PANI nanospheres. (b) SC values’ plot of the scan rates and (c) charge/discharge

cycling of the core—shell PPy@PANI-0.008, individual PPy, and the PANI electrode carried out at 5 A g~* in H,SO,4 aqueous electrolyte (1 M). The
insert is the SEM images of the core—shell@PANI-0.008 before and after 1000 cycles.>®> Reproduced with permission from ACS.
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Fig. 39 (a) Schematic illustration on the preparation of PANI-HS36@ERGO hybrids (36 here refers to shell thickness in nm), (b) SEM images of

PANI-HS36@GO hybrids, (c) galvanostatic charge—discharge curves of ERGO, PANIHS36, and PANI-HS36@ERGO hybrids within a potential window
of 0-0.80 V at a current density of 1 A g~* (modified), and (d) plots of specific capacitance for PANI-HS36 and PANI-HS36@ERGO hybrids at various
current densities (modified).>®” Figure reproduced with permission from ACS.

thickness of PANI-HS) hybrid was studied by SEM and is dis-
played in Fig. 39(b). The PANI-HS36@ERGO hybrid indicated
its significantly high specific capacitance corresponding to
614 F g~ at 1 A g7' current density (Fig. 39(c)) and maintained
90% after 500 charging/discharging cycles at a current density
of 1 A g™" (Fig. 39(d)) due the synergistic effect.

Du et al.>®® used MnO, nanotubes as the reactive template
for the preparation of PANI nanotubes using an in situ
polymerization process, that exhibited excellent specific
capacitance (455.7 F g~ at 0.5 A g7), rate capability of 63.2%
even up to 30 A g~'. However, it showed poor cycling stability
due to the swelling and shrinking of PANI during intercalat-
ing/deintercalating. Therefore, they fabricated hierarchical
carbon layer-encapsulated PANI nanotubes by a hydrothermal
method and observed its superior performance compared with
the PANI nanotubes. In addition, the assembled symmetric
supercapacitors based on this delivered high energy density
(42.32 Wh kg™') and power density (16.44 kW kg™') and had
good cycling stability. Mini and Devendrappa®®® prepared a
core/shell polyaniline/NiO nanocomposite and studied its
electrochemical performance as an electrode in supercapacitor
applications. These findings revealed its specific capacitance,
energy density, power density and coulombic efficiency corres-
ponding to 362 F g~ (1 A g7), 50.2 Wh kg™, 0.50 kW kg™
and 99% (at 4 Ag™'), respectively. The enhanced specific
capacitance performance was ascribed to the nanosized effect
of NiO and the synergic effect between NiO and PANI.

Polypyrrole nanosphere (dia: ~70 nm)/graphene oxide syn-
thesized via in situ surface-initiated polymerization exhibited

178 | RSC Appl. Polym., 2026, 4,120-199

specific capacitance of 370 F g'@0.5 A g7, and capacitance
retention of 91.2% even after 4000 cycles owing to the core-
shell structure and synergistic effect.>®® Qi et al.>*" reported
the preparation of core-shell-structured tubular graphene
nanoflake-coated polypyrrole nanotubes and observed its large
capacitance, high capacitance retention and stable cycling per-
formance. The energy density and cycling stability of the sym-
metric supercapacitor device based on this correspond to
11.4 pWh ecm™ at 720 pW cm™> and over 80% capacitance
retention after 5000 cycles, respectively.

In recent years, there has been considerable interest in
studying the capacitive properties of MoS, for its application
in supercapacitors.’*>>” However, despite many advantages,
the aggregation, poor electrical conductivity and specific
capacitance of MoS, limit its practical application in energy
storage electrode materials.>> As a result, MoS, is combined
with conducting polymers to overcome this problem. In view
of this, Chen et al.”®® prepared urchin-like MoS,@PANI (MoS,:
25 wt%) by a hydrothermal method and observed its
maximum capacitance of 645 F g~ at 0.5 A g~ due to the
synergistic effect. In addition, excellent cycling stability (89%
capacitance retention) was observed after 2000 cycles at a
current density of 10 A g™,

Zhang et al.>®* fabricated core/shell microspheres compris-
ing hollow MoS,/PANI-5 (5 represents the mass ratio of aniline
to hollow MoS, microspheres). The electrochemical studies of
this electrode material displayed the specific capacitance of
633 F ¢7" @0.5 A g”" and retention of the capacitance up to
86.0% after 1000 cycles at 10 A g™, benefitting from polyani-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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line confined firmly on the microspheres of MoS,. In addition,
in the MoS,/PANI-5 composite the energy density could deliver
31.7 W h kg™" at the power density of 0.3 kW kg™

A template-assisted method was employed to synthesize the
MoS,/PANI (mass ratio = 1: 2) hollow microsphere and used as
a promising electrode for a supercapacitor.’®®> SEM images
clearly established the coating of PANI on the surface of the
hollow structure of MoS, microspheres (dia: ~2 pm). The
specific capacitance was found to be 299 F g~' at a scan rate:
10 A g~ and was attributed to the synergistic effect of MoS,
core and PANI coating shell. MoS,/PANI microsphere electrode
materials also delivered excellent cycling stability, as evident
from its retention of 84.3% after 8000 cycles. The investi-
gations also indicated the energy density reaching 23.1 Wh
kg™ at a power density of 8320 W kg™'. The specific capaci-
tances of the fabricated symmetric supercapacitor based on
MoS,/PANI microspheres electrodes corresponded to 231, 139,
97, 79 F g~ ' at the current density of 0.2 A g™'. Furthermore,
the assembled symmetric supercapacitor also exhibited high
cycling stability (80.4% after 5000 cycles at 1 A g~'). These
findings highlighted the potential application of MoS,/PANI
hollow microspheres for supercapacitors.

Ansari et al. reported®® the formation of a mechanically
exfoliated MoS, sheet coupled with polyaniline. TEM studies
of the product indicated PANI was coated on the MoS, sheet
and displayed the specific capacitance of 510.12 F g™" at a
current of 1 A g* due to the synergistic effect and interfacial
interaction. The hierarchical PEDOT@MoS, showed high
specific capacitance (2540 mF cm™ at 1 mA ecm™2) and excel-
lent capacitance retention (98.5%) after 5000 cycles at a high
current density of 100 mA cm 2%’ This was ascribed to the
hierarchical core/shell structure of the electrode material and
the synergic effect. In addition, the assembled asymmetric
supercapacitor delivered a high energy density (937 Wh m™?)
at 6500 W m~2 and excellent cycling stability with capacitance
retention of 100% (5000 cycles).

According to Liang et al.,**® V,0;@PPy displayed high con-
ductivities and the synergic effect accounted for the specific
capacitance of 307 F g~ " and good cycling life (82% capacity
retention up to 1000 cycles). Such performance of V,0;@PPy
benefited from the enhanced conductivity, synergistic effect,
and the stability of the composite. The symmetric V,05/PPy
device exhibited a maximum energy density of 37 Wh Kg ™" at a
power density of 161 W kg™'. In addition, polyaniline-carbon
nanotube core-shell,”*® pistil-like MnCo,0,;@PANL**° and
high-performance electrodes for supercapacitors.®®’ Ni
ferrite@Polypyrrole,®** core/sheath structured ultralong MnO,/
PPy nanowires,**® and CuS@PANI®** also displayed superior
performance as electrodes in supercapacitor applications. The
performance of MWCNT coated with PANI (core dia:
~80-150 nm) has also been evaluated for supercapacitor appli-
cation.®®® The findings showed maximum specific capacitance
(552.11 F g~ " at 4 mA cm™?) for PANi/MWCNT (10 wt%) in 1 M
H,S0,.

Xia et al®®® prepared a core-shell PANI/CNTs nano-
structured hybrid by chemical vapor and electrochemical depo-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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sition methods according to Fig. 40. Subsequent findings
based on galvanostatic charge/discharge (GCD) curves of CNTs
and PANI/CNTs with and without the addition of 0.02 M Fe*'/
Fe®* are displayed in Fig. 41(a). It was inferred that discharge
time was extended on the addition of the Fe*'/Fe*" redox
couple. The following order for discharge time was observed:
PANI/CNTs (0.02 M Fe**/Fe**) > PNI/CNTs > CNT (0.02 M Fe®"/
Fe**) > CNTs. GCD curves of PANI/CNTs at different current
density in 1 M H,S0, in Fig. 41(b) confirmed the ideal capaci-
tive mechanism of the core-shell hybrid. GCD curves of PANI/
CNTs in 1 M H,50,/0.02 M Fe**/Fe*" electrolyte at different
current densities are displayed in Fig. 41(c). These findings
affirmed a non-ideal triangular pattern corresponding to the
redox reaction behavior of the Fe®*/Fe*" redox couple. The
specific capacitance curves of PANI/CNTs at different current
densities in Fig. 41(d) showed improvement in the specific
capacitance of PANI/CNTSs (1005 F g~') on adding 0.02 M Fe*"/
Fe** (1547 F g ') at 2 A g " in 1 M H,S0,. This superior per-
formance was attributed to the synergistic effect originating
from the contribution of the Fe**/Fe*" redox couple and the
PANI/CNTs core-shell structure. In addition, the specific
capacitance of the assembled symmetric architecture device
was calculated and found to be 412 F g”' at 0.5 A g™". In
addition, the energy density (22.9 Wh kg™") at a power density
of 700.1 W kg™" and the capacitance retention of 97% (2000
charge-discharge cycles) was reached using PVA/H,SO,/Fe*"/
Fe”" gel as redox electrolyte. These findings supported the role
played by the core-shell PANI/CNT hybrid electrode and Fe®*/
Fe** redox additive electrolyte in achieving this enhanced
electrochemical performance.

An enhanced electrochemical performance has been
reported for the hierarchical NiCo,S,@PANI core-shell nano-
wires grown on a carbon filter.®” The specific capacitance of
the electrode fabricated in this manner showed enhanced
areal capacitance of 4.74 F cm > (1823 F g”') at 2 mA cm™>

CNTs
PANI depositionl

CNT core

PANI shell

PANI/CNTs

Fig. 40 Illustrations of the fabrication process for PANI/CNTs on
carbon cloth (CC).%¢ Reproduced with permission from Springer.
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and a capacitive retention of 86.2% (5000 cycles) compared
with NiCo,S,/CF due to the availability of the more electroche-
mically active sites and faster ionic diffusion. The excellent
cycling stability of NiCo,S;@PANI/CF was suggested to be
induced by the presence of the PANI shell. The assembled
asymmetric supercapacitor (positive electrode: NiCo,S,@PANI/
CF, negative electrode: graphene/CF) delivered a high energy
density of 64.92 Wh kg™ at a power density of 276.23 W kg™
This was found to be significantly higher compared with the
asymmetric and symmetric supercapacitors based on NiCo,S,
and was ascribed to the core/shell heterostructure of
NiC0,S,@PANI/CF.

Pan et al.®*® displayed more surface capacitive contribution
and enhanced electrochemical performance benefiting from
the unique heterostructure in NiCo,0O@Polyaniline nanotubes
anchored on carbon. Their finding showed a specific capaci-
tance of 720.5 C g~ ' at 1 A g ', found to be much better than
that of NiCo,0,. In addition, cycling performance and coulom-
bic efficiency was also investigated for the NiCo,0,@PANI elec-

180 | RSC Appl. Polym., 2026, 4,120-199

trode. These findings showed the sample retaining 99.64% of
its initial gravimetric capacity following 10000 cycles with
100% coulombic efficiency due to the high efficiency of rapid
electron transfer for charge storage and delivery. They also
suggested that unique coaxial structure of NiCo,O,@Polyaniline
increases the interface area of the electrode/electrolyte and
facilitates a shorter diffusion path for ions and electrons.

Mu et al.®® used polystyrene sulfonate microspheres as a
template to fabricate graphene/polyaniline hybrid hollow
microspheres in two steps involving the layer-by layer assembly
technique followed by in situ oxidative chemical polymeriz-
ation. Subsequent studies have indicated a specific capaci-
tance of graphene/polyaniline hybrid hollow microspheres of
~633 F ¢”' in a 1.0 M H,S0, electrolyte as well as excellent
cycling stability (with 92%) of its original specific capacitance,
in all probability due to the synergistic effect. Alternatively, the
contribution of the unique structure facilitating the reduced
transport lengths for both mass and charge transport also
cannot be ruled out. The energy density has also been calcu-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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lated and found to be 382.97 Wh kg™ at a current density of
10 mA ecm ™2,

In another study, the hierarchical polyaniline/NiCo-layered
double hydroxide (PANI/NiCo-LDH) core-shell composite
nanofiber network was prepared by a two-step strategy (in situ
oxidative polymerization and electrochemical deposition) on
carbon cloth.®™ The choice of a LDH nanosheet shell grown
on the PANI network in this work was guided by the role it
plays in facilitating ion and electron transport and also in
relieving the strain change of the electrode during redox reac-
tion. The electrode fabricated in this manner delivered a
specific capacitance of 1845 F g™' at 0.5 A g and excellent
cycling stability (82% after 5000 cycles at 10.0 A g™), benefiting
from rapid electron transport and ion diffusion. In addition,
the assembled asymmetric device (positive electrode: PANI/
NiCo-LDH, negative electrode: activated carbon) displayed
excellent energy density (46.0 Wh kg™") at a power density of
351.6 W kg™' and good cycling performance. Polyaniline/gra-
phene nanosheets,®"’ Co(OH),-polyaniline,*"* polyaniline/
NiCo0,S,,*"® carbon nanotube@polypyrrole core-shell,*'*°'>
and a Janus-type a-Fe,O;/PEDOT nanoparticles core/shell®*®
also functioned as high-performance supercapacitive electrode
materials.

5.4.4.2 Ternary and quaternary core-shell ICP nano-
composites. Vellakkat and Hundekkal®"’ reported the for-
mation of a chitosan-mediated synthesis of core/double shell
ternary polyaniline/chitosan/cobalt oxide nano composite for
their application as a high energy storage electrode material in
supercapacitors. In another study, in situ chemically prepared
polyaniline film-wrapped Ag-decorated MnO, nanorod (PANI/
Ag@MnO,) showed a specific capacitance of 1028.66 F g~ " at a
current density of 1 A g”' synergistically.®'® Furthermore, the
assembled asymmetric supercapacitor (PANI/Ag@MnO,//AC)
device in 1 M H,SO, displayed high energy density (49.77 Wh
kg ') at a power density of 1599.75 W kg™ ". According to Igbal
et al,®® a ternary composite comprising porous
Polyaniline@CNT-MnO, nanorods prepared by a hydrothermal
method and in situ oxidative polymerization of aniline in 0.1
M KOH electrolyte achieved specific capacity, cycle life, energy
density and power density of 143.26 C g™ 'at 3 mV s, 119%
(3500 cycles) at 0.3 A g™, 27.17 Wh kg™' and 298 W kg,
respectively. MWCNT@MnO,@PPy supercapacitor electrodes
attained specific capacitance of 272.7 F g”' and reasonable
cycling performance.®*® Ho et al.®*' synthesized a PPy/multi-
layer graphene-wrapped copper nanoparticles (MLG-Cu NPs)
composite by a two-step process on a flexible carbon cloth sub-
strate. This displayed excellent specific capacitance perform-
ance (845.38 F g™) at the current density of 1 A g™

Moreno et al.®*” recorded the cyclic voltammetry (CV) of ver-
tically alighed ZnO@CuS@PEDOT core@shell nanorod arrays
decorated with MnO, nanoparticles at different scan rates in 1
M LiClO, aqueous electrolyte. The appearance of a more-or-
less quasi-rectangular with symmetric shape of CV indicated
the fast reversible reaction and an ideal capacitor-type behav-
iour. Furthermore, ZnO@CuS@PEDOT exhibited excellent
electrochemical performance, as evident from its high specific

© 2026 The Author(s). Published by the Royal Society of Chemistry
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areal capacitance of 19.85 mF cm >, good rate capability and
cycling stability. This promising capacitive behavior was attrib-
uted to the unique hierarchical core-shell hybrid nanorod con-
figuration and synergistic effects. A core@shell hollow
Bi,0;_,@Carbon fiber@PEDOT electrode fabricated through a
multistep process exhibited specific capacitance of 460 F g™ (1
A g") and reasonably good cycling stability.®*® It was also
noted that energy density, power density and remarkable
cycling performance in the assembled symmetric super-
capacitor corresponded to 16.4 Wh kg™, 500.34 W kg™" and
99% capacitance retention after 8500 cycles.

The coaxial core-sheath shaped supercapacitor based on
polypyrrole-functionalized graphene/carbon nanotubes hollow
fibers exhibited ultrahigh length specific capacitance and
energy density.®** According to Ghosh et al.,°*> an asymmetric
supercapacitor comprising 3-D urchin shaped coaxial
MnO,@PANI composite and a self-assembled 3-D pillared gra-
phene foam exhibited an energy density of 37 Wh kg™ at a
power density of 386 W kg™ and stable cycling performance.
In another report, graphene carbon sphere@PANI@RGO com-
posites reached specific capacitance of 446.19 F g~" (scan rate:
5 mV s™') in 1 M H,S0, solution with 93.4% capacitance reten-
tions after 1000 cycles.®*® Wang et al.®*” prepared a core-shell
MoS,/PPy/PANI ternary hybrid with a ‘pizza-like’ nano-
structure. It achieved a high specific capacitance (1273 F g™* at
0.5 A g') with good cycling performance (83% after 3000
charge/discharge cycles). This was ascribed to the synergistic
effect, improved electrical conductivity and enhanced electro-
lyte/electrode interaction. Recently, Liu et al.®*® synthesized
poly(3,4-propylenedioxythiophene)-OH/CoNi-SeS@Hollow
carbon sphere via a sulfurization/selenization ion exchange
method and in situ oxidation, and showed excellent electro-
chemical performance (mass specific capacity: 775.1 C g~ ' at 1
A g7"). The assembled asymmetric supercapacitor device pos-
sessed a good energy density (84.8 Wh kg™') and excellent
power density (8000 W kg™), and the capacity retention rate of
82.85% at 4 A g~ (after 20 000 cycles). It was suggested that a
synergistic effect of the conductive polymer, the hollow struc-
ture, and modified electronic structure contributed to achiev-
ing the better capacitance performance.

Polypyrrole-coated low-crystallinity Fe,O; supported on
carbon cloth,**' graphene/polyaniline/MnO,,***> GO/a-MnO,/
PANL,*** (CoCrFeMnNi);0,@CC-PPy,*** LaMnO;@CC-PPy,**
PPy/black phosphorus oxide/CNT,**® PANI/GO/CuFe,0,%*° and
PANI-coated CuO-ZnO-MnO®*° have also been investigated as
electrodes for their supercapacitor performance.

Table 6 shows the electrochemical performance of various
supercapacitors fabricated based on polyaniline electroactive
material.

6. Future scope and perspectives

Conducting polymers, in spite of promising cost-effectiveness
and tunable properties, have certain limitations such as lower
conductivity compared with metals, and poor mechanical
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strength, processability, solubility and environmental stability
remain the key issues to be addressed in their high-demand
applications."”® These challenges are very critical to future
ongoing research in order to harness the full potential of con-
ducting polymers in different applications. Furthermore,
advancements through innovative synthesis methods includ-
ing new materials compositions and material design are likely
to play key roles in developing scalable and cost-effective
hollow conducting polymers, their nanocomposites and core-
shell materials with significantly enhanced performance in
their applications in electrical/environmental remediation and
energy storage devices. Recently, research is also emerging on
the electrodeposition technique as a promising approach for
developing effective electrode materials in supercapacitor
applications.”®***'3?> In this regard, the unique insight
gained by focusing exclusively on hollow and core-shell mor-
phologies in the present review article across the three distinct
applications (EMI shielding, adsorption, supercapacitors)
complements the existing literature.

Electromagnetic interference creates electronic pollution
that is very harmful to human health and the functioning of
electronic devices and remains a critical challenge for
researchers.” The practical application of electromagnetic
interference/microwave absorption materials is limited by
complex synthetic procedures and expensive raw materials. In
this regard, lightweight hollow ICPs and their binary and
ternary composites and core-shell structured materials are
reported in trapping/absorbing electromagnetic waves to
enhance dielectric loss, multiple internal reflection, and scat-
tering of EM waves.” However, challenges require researchers
to develop thermally and mechanically stable hollow-struc-
tured ICPs, their composites, and core-shell-based materials
with superior electrical conductivity, dielectric/magnetic, and
corrosion-resistance properties, for applicability to a wide
range of frequencies and absorption bandwidth.** The con-
ducting blends with simultaneously enhanced mechanical pro-
perties could also be interesting for future applications in EMI
shielding and microwave absorption.**®

The removal of heavy metals and organic dyes in wastewater
remains a critical challenge for researchers.®® In this regard,
polyaniline and polypyrrole have attracted considerable atten-
tion as promising adsorbents in the separation of dyes and
metal ions from wastewater. In view of this, hollow conducting
polymers®®®* and core-shell materials®*®” hold great promise
in the adsorptive removal of metal ions from wastewater due to
their enhanced surface area, tunability, and potential for syner-
gistic effects.®® Challenges exist in developing low-cost, high-
performing adsorbents with significantly enhanced activity
and long-term stability for the separation of the mixture of
individual dyes, metal ions, dye/metal ions and other types of
pollutants present in wastewater. Furthermore, regeneration of
the spent adsorbents is still challenging and needs more atten-
tion in developing cost-effective regeneration methods for their
reusability with high economic viability and environmental
sustainability.** Furthermore, safe disposal or reuse of spent/
exhausted adsorbents also needs to be considered.
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Hollow ICPs have emerged as a promising electrode
material in supercapacitor applications. Their larger surface
area and shorter ion diffusion path facilitate faster charging
and discharging.”””* However, the future scope of hollow con-
ducting polymers as an electrode material is limited due to
their poor structural stability, which results in lower cyclability
and capacity retention of the assembled supercapacitor.®*?
This problem can be mitigated by fabricating nanocomposites
by integrating different components, such as carbonaceous,
metal oxides, metal chalcogenides, and MXene base materials
through an inexpensive and facile synthesis approach.
Attention is also focused on achieving enhanced mechanical
stability of hollow ICPs to prevent degradation during repeated
charging and discharging cycles. In addition, the fabrication
of hollow copolymers of ICPs remains another area not well
addressed so far.®*® In addition, core-shell nanostructured
electrode materials fabricated by the coating of ICPs on a con-
ducting core have been very promising due to the short ion
transport pathways and abundant active sites. Recently, the
electrodeposition method has also received more attention,
though there exist challenges in real-world
applications.

Future research also needs to be focused on the develop-
ment of new cost-effective synthetic core-shell methods. This
can be realized by utilizing naturally driven green and sustain-
able biomass,*** plant waste,**> marine bio-waste,**® marine
plastic waste,*” biomass waste,***7%** cotton,®*? fly ash of coal
waste®** and agricultural by-products®*® as a source of carbon
in realizing the fabrication of conducting polymer-coated
core-shell materials across the three distinct application
fields.

several

7. Summary and conclusion

The hollow conducting polymers (such as hollow micro-
spheres, nanotubes, etc.) have attracted great attention for
their wide and multifaceted applications guided by their pro-
perties. In this regard polyaniline and, to some extent polypyr-
role, have received much attention owing to good processabil-
ity, excellent environmental stability, and unique properties,
such as controllable internal structures, low density, high
surface areas, permeability including surfaces and interfaces,
properties controllable by oxidation and protonation states,
and their ability to exist in a number of intrinsic redox states.
In view of this, the present article has dealt with the general
methods reported on the preparation of conducting polymers
and fabrication of hollow (PANI < PPy, PTh and PEDOT) struc-
tures and their mechanism. This was followed by a review of
the synthetic strategies for the fabrication of their hollow mor-
phologies, such as nanotubes, nanocapsules, nano and micro-
spheres etc. by utilizing hard templates (Al,03, SiO,, poly-
styrene etc.), soft templates, sacrificial templates and template-
free methods. The article further describes the formation of
nanocomposites comprising hollow and core-shell structures
of ICPs and their applications in the protection of the environ-
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ment and harnessing of energy. The choice of hollow mor-
phology of conducting polymers is considered a novel
approach for the trapping of microwave radiation through
enhanced internal reflection, and their remarkable perform-
ance has been reviewed. In addition, a review of hollow-struc-
tured conducting polymers has demonstrated their great struc-
tural advantages as efficient adsorbents in the removal of toxic
metal ions and dyes present in waste water. The review finally
concludes with future perspectives on hollow and core-shell
ICPs for their application as microwave absorbers, adsorbents
and electrode materials in the absorption of electromagnetic
waves and removal of metals ions/dyes in wastewater. It is also
anticipated that the present review will provide a significant
inspiration to researchers working on hollow and core-shell
ICP for their application several other fields.
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