7 ROYAL SOCIETY
PP OF CHEMISTRY

Energy
Advances

View Article Online
View Journal | View Issue

REVIEW ARTICLE

Composite revolution: unleashing the potential of
polymers in sustainable energy and
environmental applications

\ '.) Check for updates ‘

Cite this: Energy Adv., 2025,
4,743

) %ac

Arun Varghese, (2 2° Kalathiparambil Rajendra Pai Sunajadevi and

Dephan Pinheiro () @<

The rising demand for sustainable solutions to global energy and environmental challenges has
accelerated research into advanced functional materials. Conductive polymer composites based on
polyaniline (PANI), polypyrrole (PPy), poly(3,4-ethylenedioxythiophene) (PEDOT), and chitosan have
emerged as promising candidates due to their tunable properties, environmental compatibility, and
multifunctionality. This review highlights the energy and environmental applications of polymer-based
mixed metal oxide catalysts. These composites show excellent performances in supercapacitance and
water splitting applications, offering both efficient energy storage and hydrogen generation solutions
and eco-friendly fuel alternatives. Using adsorption and corrosion inhibition techniques, water pollution
and corrosion have also been addressed. Polymers such as PANI, PPy, PEDOT, and chitosan, when
integrated with metal oxides, heteroatoms, and carbonaceous materials, enhance the functional
properties of the composites. These materials demonstrate significant potential in supercapacitors, water
splitting, adsorption, and corrosion resistance. The review provides a comparative analysis of different
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composites, helping readers understand how the incorporation of various components can improve
performances. The review emphasizes sustainable approaches to tackle the current energy and
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Introduction

The energy needs of the day are diverse and multifaceted,
encompassing electricity generation, transportation, heating,
cooling, and industrial processes.' Population growth, urbani-
zation, and economic development continue to drive up energy
demand globally, particularly in emerging economies. The
march towards cleaner sources of energy, such as renewable
energy and nuclear power, is essential to mitigate the environ-
mental impact of fossil fuel consumption and combat climate
change. Additionally, improving energy efficiency across sectors
can reduce waste and enhance sustainability.>”

Addressing society’s energy and environmental needs requires
navigating complex challenges and seizing opportunities for inno-
vation and collaboration. Key challenges include decoupling the
entrenched dependency on fossil fuels, improving the inadequate
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environmental issues through advanced polymer-based catalytic systems.

infrastructure for renewable energy deployment, overcoming the
economic barriers towards sustainability initiatives, and bypassing
geopolitical tensions over energy resources.*”

The Sustainable Development Goals (SDGs), established by
the United Nations in 2015, are a set of 17 interconnected
targets aimed at addressing pressing global issues such as
climate change, inequality, environmental degradation, and
sustainable living (Fig. 1). SDG 6 focuses on clean water and
sanitation, emphasizing universal access to safe water and
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Fig. 1 Sustainable development goals declared by the United Nations.
Reproduced from ref. 10 with permission from Wiley, copyright 2024.
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improved sanitation to prevent disease, improve quality of life,
and support other SDGs.® With increasing water pollution and
limited freshwater availability, technologies like adsorption
and photocatalytic degradation are prioritized for effective
water purification. Achieving SDG 6 not only improves health
and ecosystems but also drives socio-economic growth, requir-
ing collaborative action, innovative water technologies, and
effective resource allocation.’

Similarly, SDG 7 promotes affordable and clean energy to
ensure reliable and sustainable energy access."'* This goal is
crucial for powering essential services and transitioning from
fossil fuels to renewable sources, despite challenges like poor
infrastructure and funding. Technologies such as electrocatalytic
water splitting for clean hydrogen production and supercapaci-
tors for energy storage are pivotal to this shift.'* Complementing
these, SDG 9 emphasizes Industry, Innovation, and Infrastruc-
ture as pillars for economic and technological progress.**
Advancements in supercapacitors, fuel cells, and water remedia-
tion methods support these goals by fostering innovation and
sustainability. Ultimately, addressing energy and environmental
challenges demands a holistic approach, combining technology,
policy, and global cooperation to ensure a sustainable and
resilient future.

As environmental concerns and global energy demands
continue to rise, there is a greater emphasis on finding new
materials that can meet these two issues. Polymer-based compo-
sites have become the most promising of the many materials being
investigated because of their exceptional blend of adaptability,
adjustable characteristics, and functional performance. Particu-
larly, bio-derived polymers like chitosan and conductive polymers
like polyaniline (PANI), polypyrrole (PPy), and poly(3,4-ethylene-
dioxythiophene) (PEDOT) have attracted a lot of interest. When
combined or utilized separately, these materials present encoura-
ging opportunities for the creation of multipurpose platforms
designed for environmentally friendly energy conversion and
clean-up.'>'¢

S. Peter et al. reported a review on the usage of chitin and
chitosan in energy and environmental applications.'” A review
of the energy storage applications of biopolymers like cellulose,
chitosan, and lignin is also reported."® A comparative study of
the usage of polymers supported nanocomposites in environ-
mental applications was reported by X. Zhao and coworkers."’
A review of the nanocellulose based polymers is reported
for energy conversion applications.*® A study on carbon based
polymer nanocomposites was reported for energy storage
applications.*! A review of functionalized nanoparticle loaded

Table 1 Comparison of reported reviews with the present study
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polymers for water splitting, solar cells, and carbon dioxide
capture studies was also reported.>* A comparison table of various
reported reviews is given in Table 1. In this review, we have
focused on the various polymer composites like PANI, PPy,
PEDOT, and chitosan composites for applications like super-
capacitance, electrocatalytic water splitting, adsorption, and cor-
rosion inhibition studies. A comprehensive study of these
different polymers for four different applications in a single
review will be of great help to researchers who are in their early
stages. The discussions on sustainable development goals are also
included in the review. Detailed descriptions of the applications
and the importance of polymer based composites are carried out
in the study. Finally, comparative studies on the usage of these
composites for various energy and environmental applications are
given in the review. As we strive for sustainable development, we
must explore innovative technologies that meet our energy needs
and minimize the environmental impact. This is where the pivotal
role of supercapacitors, water splitting, corrosion, and adsorption
studies in addressing these critical issues acquires significance.

Energy and environmental applications
Supercapacitors

Supercapacitors, also known as ‘‘ultracapacitors’ or “electroche-
mical capacitors,” have emerged as effective storage devices of
energy due to their high power and energy density, rapid
charging capabilities, and excellent stability. Unlike conven-
tional capacitors that store energy through electrostatic attrac-
tion between opposite charges on conductive plates,
supercapacitors utilize electrochemical double-layer capacitance
(EDLC) or pseudocapacitance mechanisms. These mechanisms
empower supercapacitors to achieve significantly higher energy
densities compared to conventional capacitors while offering
rapid charge and discharge rates akin to batteries.”>** At the
core of supercapacitor technology lies the development of an
electrochemical double layer at the interface between an elec-
trode and an electrolyte solution. When a voltage is applied
across the electrodes immersed in the electrolyte, ions from the
electrolyte crowd around the electrode-electrolyte interface and
create a double layer of charges. This process occurs swiftly and
is reversible, enabling supercapacitors to exhibit high power
density characteristics crucial for applications requiring rapid
energy storage and release cycles.>

Supercapacitors store electrical energy through two primary
mechanisms: electrostatic double-layer capacitance and pseu-
docapacitance. Electrostatic double-layer capacitance involves

Sl. no.  Composite Applications Ref.

1 Chitin and chitosan Energy and environmental 17

2 Biopolymers Energy storage 18

3 Polymers supported nanocomposites Catalytic degradation and sensing 19

4 Nanocellulose based composites Energy conversion devices 20

5 Carbon based polymers Energy storage studies 21

6 Functionalized nanoparticle loaded polymers  Water splitting, solar cells, CO, capture 22

7 Polyaniline, polyoyrrole, PEDOT, and chitosan  Supercapacitance, water splitting, adsorption, and Corrosion inhibition  This study

744 | Energy Adv, 2025, 4, 743-762

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ya00088b

Open Access Article. Published on 08 Bélawii 2025. Downloaded on 1/11/2025 16:03:52.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy Advances

) I—'-|

Positive Electrode
Separator
Negative Electrode
Electrode 1
Electrode 2

e —_—
Li*
) o
- ’— > ~
ﬂ)
iE H—° ojl ¢
S ol — e
TR0 —H e S
o e — ONN
o —

Fig. 2 (A) EDLC (B) pseudo and (C) hybrid supercapacitors. Reproduced
from ref. 28 with permission from Wiley, copyright 2022.

the physical separation of charges at the electrode-electrolyte
interface. Similar to static electricity storage in conventional
capacitors, this mechanism is significantly enhanced by utilizing
high-surface-area electrode materials and efficient electrolytes.”®
Meanwhile, pseudocapacitance involves redox reactions at the
electrode surface, where ions in the electrolyte undergo faradaic
processes, leading to additional charge storage. This mechanism,
which is akin to batteries but distinguished by faster charge
transfer kinetics, complements electrostatic double-layer capaci-
tance to achieve higher energy densities. Common pseudocapa-
citive materials in supercapacitors include transition metal oxides
and conducting polymers, known for their higher capacitance
values than purely electrostatic storage.”” The combination of
these mechanisms gives rise to another type of supercapacitor
called hybrid supercapacitor.”® The types of supercapacitors are
illustrated in Fig. 2. The choice of electrode materials heavily
influences the performance characteristics of supercapacitors.
Carbon-based materials such as graphene compounds, activated
carbon, and carbon nanotubes dominate due to their high
specific surface area, excellent electrical conductivity, and
chemical stability in various electrolytes. These materials facilitate
the efficient formation of the electrostatic double-layer and con-
tribute significantly to the high capacitance values and rapid
charge-discharge capabilities of supercapacitors.”
Supercapacitors find diverse applications across industries
and technological domains owing to their unique attributes.
In renewable energy systems, supercapacitors serve as energy
storage devices for mitigating power output fluctuations from
solar panels and wind turbines. Supercapacitors also enhance
portable electronic devices, acting as auxiliary power sources
during peak demand periods, thereby extending battery life and
improving device performance.’>*! In transportation, super-
capacitors enhance the efficiency of regenerative braking sys-
tems in electric vehicles by swiftly storing and releasing energy
during braking cycles. This not only enhances vehicle efficiency
but also prolongs battery life by reducing stress on the energy
storage system.’> Additionally, supercapacitors are integral to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hybrid electric vehicles, providing bursts of high power for
acceleration and complementing the energy density of batteries.
The integration of supercapacitors into electronics and consu-
mer goods optimizes energy management systems and enable
innovative functionalities like rapid charging for mobile devices,
instantaneous energy storage for wearable electronics, and reli-
able backup power for critical equipment. Their ability to operate
across a wide temperature range and endure numerous charge-
discharge cycles makes supercapacitors suitable for demanding
environments where durability and reliability are paramount.®?

Supercapacitor applications span transportation, renewable
energy, electronics, and industrial sectors, contributing to
enhanced energy efficiency, reduced environmental impact,
and the emergence of new technological innovations.***
Advancements in supercapacitor technology continue to be driven
by research aimed at improving energy density, enhancing power
density, and optimizing cost-effectiveness. Innovations in elec-
trode materials, electrolyte formulations, and device architecture
pave the way for supercapacitors with higher energy storage
capacities and extended operational lifetimes. Emerging trends
include the development of flexible supercapacitors for wearable
electronics, the integration of supercapacitors into structural
components for smart materials applications, and the exploration
of hybrid systems that combine the strengths of supercapacitors
and batteries. As research continues to push the boundaries of
supercapacitor performance and scalability, these devices are
poised to play a pivotal role in transforming our society towards
a sustainable energy future.

Electrocatalytic water splitting

Electrocatalytic water splitting, or electrolysis, is a process that
uses electrical energy to decompose water into hydrogen and
oxygen gases. Hydrogen, known as the cleanest form of energy,
holds tremendous potential as a versatile fuel source for trans-
portation, power generation, and industrial applications.?**”
However, the widespread adoption of hydrogen fuel faces cost,
efficiency, and infrastructure challenges. Through rigorous
research and development in water splitting studies, scientists
aim to overcome these barriers by improving catalysts, electro-
Iytes, and system design. By leveraging advances in water split-
ting technology, we can harness the abundant energy of sunlight
or renewable electricity to produce clean hydrogen fuel, thereby
reducing our dependence on fossil fuels. Electrocatalytic water
splitting stands at the forefront of renewable energy conversion,
aiming to harness electricity from sustainable sources to pro-
duce clean hydrogen fuel. This process involves intricate
mechanisms encompassing both the hydrogen (HER) and oxy-
gen evolution reactions (OER).>®*° The electrocatalytic overall
water splitting studies produce hydrogen and oxygen gases by
lowering the activation energy barriers for HER and OER using
the electrocatalysts.*’

The HER starts with the reduction of protons (H") from
water to form hydrogen gas (H,). There are three steps in the
mechanism of HER leading to the production of hydrogen in a
basic medium. Volmer step (eqn (1)), Heyrovsky step (eqn (2)),
and Tafel step (eqn (3)) are the three basic steps in hydrogen

Energy Adv, 2025, 4, 743-762 | 745
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production. The Tafel slope values for the Volmer, Heyrovsky

step, and Tafel reaction steps are 120, 40, and 30 mV dec™?,

respectively.*!

H;0" + e - H,g + H,O (1)
H;0" + Hags + € > H, + H,O 2)
Hags + Hags —» Hy (3)

This reaction predominantly takes place on the catalyst surface,
where protons from the aqueous electrolyte solution adsorb onto
active sites. The process involves the adsorption of protons, fol-
lowed by the transfer of electrons present in the external circuit to
the catalyst surface, facilitating the reduction of protons to hydro-
gen atoms. These hydrogen atoms subsequently combine to form
H, molecules, which desorb from the catalyst surface into the gas
phase. The effectiveness of the HER is contingent upon several
factors, including the catalyst’s active sites, surface area, electronic
structure, and interactions with the electrolyte. Catalysts with
optimized properties enhance the kinetics of hydrogen production.

In water electrolysis, OER occurs at the anode with a
thermodynamic voltage of 1.23 V, while the HER happens at
the cathode with a thermodynamic voltage of 0 V. The total
voltage required for water decomposition in electrolysis is
1.23 V.*>*® The schematic representation of overall water split-
ting is given in Fig. 3.

In an alkaline medium, the HER taking place at the cathodic
site is given by eqn (4).

2H" +2e — H, (4)

The OER taking place at the anode is given by eqn (5).
1
H2O — 2H* + 502 + 2e (5)

The overall water splitting reaction is given by eqn (6).
2H,0 — 2H, + O, (6)

The optimization of electrocatalytic overall water splitting
involves balancing the performance of HER and OER catalysts
to maximize hydrogen production efficiency. Strategies for
improving efficiency include innovative design and engineering

Fig. 3 Schematic representation of overall water splitting. Reproduced
from ref. 43 with permission from Wiley, copyright 2021.
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of the catalyst to enhance active sites and surface areas for both
reactions. Additionally, electrolyte optimization plays a critical
role in facilitating proton and ion transport while mitigating
parasitic reactions and catalyst degradation. Fine-tuning opera-
tional conditions such as pH, temperature, and applied
potential further enhances catalyst activity and stability over
extended electrochemical cycles.

Research in electrocatalytic overall water splitting continues
to advance through the development of novel materials, deeper
insights into reaction mechanisms, and the scaling up of
electrochemical systems for practical applications. By lever-
aging the synergistic effects of materials science, electrochem-
istry, and renewable energy technologies, electrocatalytic
overall water splitting represents a cornerstone in enabling a
sustainable hydrogen economy and addressing global energy
challenges.***®> The electrocatalytic HER holds significant
importance within electrochemistry, particularly in advancing
technologies aimed at generating clean hydrogen fuel from
water using renewable energy sources. This reaction is pivotal
across various applications such as water electrolysis, hydrogen
fuel cells, and renewable energy storage, where efficient and
sustainable hydrogen production is crucial.

Adsorption studies

Adsorption is a process where molecules or ions from a fluid
phase adhere to the surface of a solid or liquid, known as the
adsorbent. This phenomenon arises from the attractive forces
between the adsorbate and the surface of the adsorbent.*®
Various factors, including the nature of the adsorbate and
adsorbent, surface properties, temperature, pressure, and the
presence of other substances in the fluid phase, influence the
adsorption mechanisms. Adsorbent materials, such as conduct-
ing polymers, activated carbon, zeolites, and metal-organic
frameworks, exhibit high surface areas and optimized pore
structures, enabling efficient removal of pollutants, contami-
nants, and toxins from air and water.*”*® Adsorption studies
focus on optimizing adsorbent materials, understanding
adsorption mechanisms, and designing cost-effective treat-
ment processes. By leveraging the power of adsorption, we
can address pressing environmental challenges, such as air
pollution, water scarcity, and contamination, while promoting
public health and ecological sustainability.**>* A graphical
representation of the adsorption process is shown in Fig. 4.
Understanding adsorption mechanisms is pivotal to numer-
ous scientific disciplines, encompassing chemistry, materials
science, environmental science, and engineering. It serves as
the foundation for applications spanning purification and
separation processes, catalysis, drug delivery systems, and
ecological remediation strategies.’>>* Adsorption can be
broadly categorized into physical and chemical adsorption,
each characterized by distinct mechanisms and energetics.””
External factors such as temperature and pressure also impact
adsorption mechanisms. In physical adsorption, lower tem-
peratures typically favour adsorption because they decrease
the thermal energy available to adsorbate molecules, enhan-
cing their likelihood to adhere to the adsorbent surface.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic representation of adsorption of dye molecules using
graphene. Reproduced from ref. 53 with permission from Elsevier, copy-
right 2018.

Conversely, in chemisorption, higher temperatures may facil-
itate the activation of chemical bonds, thereby promoting
adsorption. Pressure influences adsorption by altering the
concentration of adsorbate molecules in the fluid phase and
affecting adsorbate-adsorbent interactions.’® Physical adsorp-
tion, or physisorption, entails relatively weak intermolecular
forces like van der Waals forces, hydrogen bonding, and
dipole-dipole interactions between the adsorbate molecules
and the surface of the adsorbent. These forces arise due to
temporary or induced dipoles in both the adsorbate and
adsorbent materials. Physisorption is typically non-specific
and reversible, occurring on any surface irrespective of its
chemical composition. The strength of physisorption increases
with rising surface area and diminishes with temperature, as
higher temperatures provide adequate thermal energy to over-
come weak van der Waals forces, thereby causing desorption of
the adsorbate molecules.’” Chemical adsorption, or chemi-
sorption, on the other hand, involves stronger interactions
between the adsorbate and the surface of the adsorbent, often
through chemical bonds such as ionic, covalent, or metallic
bonds. Chemisorption necessitates a specific chemical affinity
between the adsorbate and the surface, frequently involving
electron transfer or sharing between molecules and surface
atoms or ions. This type of adsorption is typically more specific
and irreversible compared to physisorption. Chemisorption
processes often demand activation energy to initiate bond
formation or breaking, which can be influenced by factors such
as temperature, pressure, and the presence of catalysts.*®®
The adsorbent surface’s physical and chemical properties,
surface area, porosity, surface charge, and surface functional
groups are critical in determining adsorption capacity and selec-
tivity. Higher porosity and surface area provide more efficient
active sites for adsorption, whereas surface charge and functional
groups can influence interaction strength and specificity between
the adsorbent and adsorbate molecules.> The study of adsorption
mechanisms often employs advanced experimental techniques
and theoretical models to elucidate the underlying processes.
Experimental methods encompass isotherm studies, measuring
equilibrium adsorption capacity as a function of adsorbate
concentration at constant temperature, and kinetic studies, exam-
ining the rate at which adsorption equilibrium is achieved over
time. Adsorption mechanisms are multifaceted and dependent on
a complex interplay of factors, including intermolecular forces,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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surface properties, temperature, pressure, and chemical affinity.*°
Understanding these mechanisms is essential for designing and
optimizing adsorption processes across various industries, such
as environmental remediation, water purification, gas separation,
catalysis, and biomedical applications. Advancements in experi-
mental techniques and theoretical modelling continuously
expand the knowledge of adsorption mechanisms, paving the
way for innovative solutions to global challenges in sustainability
and public health.*!

Corrosion inhibition studies

Corrosion, the gradual degradation of materials due to chemical
reactions with the environment, poses significant challenges to
infrastructure integrity, safety, and environmental sustainability.
From pipelines and bridges to industrial equipment and marine
structures, corrosion costs billions of dollars annually and poses
risks to public health and the environment. Corrosion studies
play a vital role in understanding the mechanism of corrosion
and developing effective mitigation strategies, such as protective
coatings, corrosion inhibitors, and advanced materials. By com-
bating corrosion, we can prolong the lifespan of infrastructure,
conserve resources, and minimize environmental pollution,
contributing to savings in cost, sustainable development, and
economic prosperity.®>

Electrochemical corrosion inhibition studies encompass a
wide range of research focused on mitigating the damaging
effects of corrosion on metallic materials. Corrosion, an elec-
trochemical process, results in the deterioration of metals
through oxidation reactions in the presence of an electrolyte.
This issue presents significant challenges across various sectors,
such as transportation, infrastructure, marine, and aerospace
industries, where metal structures are constantly exposed to harsh
environmental conditions. The primary goal of corrosion inhibi-
tion studies is to devise effective strategies and materials that can
reduce corrosion rates and prolong the lifespan of metal
components.®* The foundation of electrochemical corrosion inhi-
bition studies lies in comprehending the underlying mechanisms
and dynamics of corrosion process. Corrosion typically proceeds
through simultaneous anodic dissolution and cathodic reactions
on metal surfaces immersed in electrolytes. Anodic dissolution
involves the release of metal ions into the electrolyte solution,
while cathodic reactions, such as oxygen reduction or hydrogen
evolution, consume electrons to maintain charge equilibrium.
This electrochemical nature of corrosion forms the basis for
evaluating the efficacy of corrosion inhibitors.®**> A schematic
representation of corrosion inhibitor on copper substrate is
shown in Fig. 5.

One of the fundamental techniques employed in electroche-
mical corrosion inhibition studies is electrochemical impedance
spectroscopy (EIS). EIS enables the characterization of the elec-
trical properties of metal-electrolyte interfaces by measuring
impedance responses across a range of frequencies. Analyzing
impedance spectra helps researchers understand how inhibitors
modify the electrochemical behavior of metal surfaces, thereby
impeding corrosion processes. Another widely used method
in corrosion inhibition studies is potentiodynamic polarization.

Energy Adv,, 2025, 4, 743-762 | 747
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Fig. 5 Schematic representation of corrosion inhibition on copper sur-
face. Reproduced from ref. 65 with permission from RSC, copyright 2014.

By comparing polarization curves obtained with and without
inhibitors, researchers can quantify the extent to which inhibi-
tors suppress corrosion rates and shift the corrosion potential
towards more noble values. This information is critical for
elucidating the mechanism of action of inhibitors and optimiz-
ing their formulation for practical applications.®®®”

The selection and design of corrosion inhibitors play a
pivotal role in electrochemical corrosion inhibition studies.
Corrosion inhibitors are chemical compounds or coatings that
adsorb onto metal surfaces, forming protective barriers that
impede the electrochemical reactions responsible for corrosion.
The effectiveness of inhibitors hinges on several factors, including
their chemical composition, molecular structure, adsorption affi-
nity to metal surfaces, and ability to modify corrosion potential
and current density (Cp).*® Organic compounds such as organic
acids, amines, polymers, and heterocyclic compounds are com-
monly employed as corrosion inhibitors due to their capacity to
form stable complexes with metal ions or adsorb onto metal
surfaces through non-covalent interactions. Inorganic inhibitors,
such as metal oxides, chromates, phosphates, and molybdates,
are also utilized for their ability to develop passive oxide layers on
metal surfaces, thereby preventing further corrosion.®®”® Hybrid
inhibitors, which integrate organic and inorganic components,
have gained attention for their synergistic effects in enhancing
corrosion protection. Designing effective inhibitors involves a
systematic approach encompassing screening candidate com-
pounds through laboratory tests, evaluating their performance
under simulated environmental conditions, and optimizing
their formulation for specific applications.” The evaluation of
corrosion inhibitors extends beyond laboratory experiments to
encompass field studies and practical applications. Accelerated
corrosion testing methodologies, including salt spray testing,
humidity chamber testing, and immersion testing in corrosive
environments, are utilized to simulate severe operating conditions
and assess the durability of inhibitors over extended periods.”>

The significance of electrochemical corrosion inhibition
studies transcends corrosion control to encompass broader
implications for sustainability, safety, and economic viability.
By reducing corrosion rates and extending the service life of

748 | Energy Adv., 2025, 4, 743-762
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metal structures, corrosion inhibitors contribute to substantial
cost savings associated with the maintenance, repair, and
replacement of corroded components. Moreover, corrosion
inhibition is crucial in bolstering the reliability and safety of
critical infrastructure such as bridges, pipelines, offshore plat-
forms, and industrial equipment, thereby minimizing the risk
of catastrophic failures and environmental contamination.”
Electrochemical corrosion inhibition studies epitomize a multi-
disciplinary field that integrates chemistry, materials science,
electrochemistry, and engineering principles to devise effective
strategies for mitigating corrosion in diverse industrial applica-
tions. Through advanced electrochemical techniques and
systematic evaluation methodologies, researchers continue to
innovate and optimize corrosion inhibitors to meet the evolving
demands of modern industries for sustainable and resilient
infrastructure. As the global emphasis on environmental sus-
tainability and resource conservation grows, the development
of effective corrosion inhibitors and their applications is set to
play a pivotal role in ensuring the longevity and performance of
metallic materials across a wide spectrum of challenging
environments.

Polymer based composites for energy
and environmental applications

Conducting polymers are polymers with highly n-conjugated
polymeric chains and are also called ‘synthetic metals.” Some of
the important conducting polymers used are polyacetylene, poly-
aniline (PANI), polypyrrole (PPy), polythiophene, poly(para-
phenylene), chitosan, poly(3,4-ethylenedioxythiophene) (PEDOT),
and polyfuran. These conducting polymers have readily tunable
bandgaps, good redox chemistry or electroactivity, high flexibility,
and good processability over inorganic nanomaterials.”* The
studies on conducting polymers started in the 1970s.”> The
polymer-based nanocomposites are prepared by reinforcing poly-
mers with nanoparticles. Nanoparticles have strong activation and
inter-particle interactions, which lead to strong aggregation ten-
dencies that hinder the possibilities of exploring the properties
and applications. This can be avoided by coating or grafting
polymers onto the nanoparticle surface; thus, the polymers can
hold the functional groups of nanoparticles, which prevents their
aggregation.”®

PANI, a conducting polymer, when combined with TiO, nano-
composite, shows enhanced energy applications like photocatalysis,
energy storage, anti-corrosion, and supercapacitance.”””® Polyvinyl
alcohol and chitosan have gained the attention of scientists due to
their less expensive, non-toxic, biodegradable, non-carcinogenic,
bio-compatible, and water-soluble properties.””*® PVA was com-
bined with TiO, to produce good photocatalytic and antibacterial
results.®" Polymeric carbon nitride is a semiconductor that has a
bandgap of 5 eV.* It is the oldest synthetic polymer reported,
showing high photocatalytic activity for hydrogen production and
good absorption properties in the range of visible light. These
carbon nitride-sensitized TiO, nanotube arrays showed significantly
improved photoelectrochemical and photocatalytic properties than

© 2025 The Author(s). Published by the Royal Society of Chemistry
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TiO, nanotube arrays.*> Z-Z-scheme heterojunction photocatalyst
was made by the combination of polypyrrole, Ag, and inorganic
particles. Conductive polymer, PPy, has high absorption coefficients
in visible light, increased mobility of charges, and good environ-
mental stability. This was doped with silver (Ag) since it can act as
an electron mediator.** Polyaniline was combined with zinc oxide
and copper oxide to degrade organic pollutants. In another study,
polyaniline was combined with TiO, and CuO for degradation of
4-chlorophenol.**%

Antibacterial studies of polymer-based nanocomposites
have been conducted.®” Polyvinyl alcohol was combined with
magnesium oxide and silicon carbide, which showed better
antibacterial properties.*® Polypyrrole chitosan composite
showed high inhibition rates against E. coli bacteria.®® PANI
is another important polymer used in antibacterial studies of
polymer-based nanocomposites.*

Conducting polymers-based supercapacitors are made from
PANI, polypyrrole, and polythiophene.® Supercapacitors created
by combining PANI with graphene showed higher capacitance
than individual PANI and graphene.®® PANI is lightweight, low
cost, high conductivity, has good flexibility, and is environmen-
tally friendly. Combining PANI with metal oxides will enhance
their cyclic stability. Polypyrrole is another conducting polymer
with safety excellent conductivity and higher density than other
CPs.”® Heavy metals, like cobalt, cadmium, chromium, and lead,
have been absorbed from aqueous solutions using polymers and
polymer composites. Polymers like PANI and PPy combine with
other metal oxides, like SiO, and TiO,, to perform adsorption
activities.””®> Polyvinyl alcohol-based composites have been
used to study adsorption properties to remove copper ions from
an aqueous solution.’® Polymer-based nanocomposites were also
used for corrosion studies.®” Polyvinyl acetate and PANI were
effectively used in corrosion resistance studies.®’

Recently, various studies on polymer-based mixed metal
oxides have been reported. Polypyrrole-CuO-ZnO composites
were used for oxygen-sensing studies.”® PANI-CuO-TiO,-SiO,
composites were used for ammonia sensing studies.’® PANI-
CuO-ZnO composites were used in degradation studies.®®
PANI-CuO-TiO, composites were used for the degradation of
4-chlorophenol. In another study, PANI-ZnO-CuO composites
were used for the degradation of organic pollutants.®>®°

The combination of conducting polymers with suitable
elements will enhance functionality due to the synergy between
the elements, and efficient composites can be fabricated for
various energy and environmental applications. Polymer based
composites are used in various energy and environmental
applications. Polymers like PANL'*® PPy,'°’ PEDOT,'®* and
chitosan'® have been explored widely by scientists for different
applications. The excellent surface area, conductive nature, and
redox properties make them better candidates for energy and
environmental applications. Incorporating these polymers with
various substances like metal, metal oxides, and heteroatoms
gives rise to efficient composites and is used in supercapaci-
tance, electrocatalytic water splitting, adsorption, and corro-
sion inhibition studies. The energy and environmental needs of
society require multifaceted solutions that integrate scientific
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innovation, technological advancement, and ecological safety.
Supercapacitors, water splitting, corrosion, and adsorption
studies are critical for addressing these complex challenges
and for shaping a more sustainable future. Investing in
research, education, and collaboration can harness these tech-
nologies’ transformative potential to meet society’s evolving
needs while safeguarding the planet for future generations.

Polyaniline composites for energy and environmental
applications

In 1834, Ferdinand Runge reported the polymerization of aniline
to get aniline black. However, PANI did not attract significant
scientific attention until the 1980s, spurred by pioneering research
on conductive polymers by Alan J. Heeger, Alan G. MacDiarmid,
and Hideki Shirakawa, which eventually earned them the Nobel
Prize in Chemistry in the year 2000.'®* PANI’s conductive proper-
ties are highly dependent on its oxidation state, which can be
adjusted through doping processes. This versatility makes PANI
particularly appealing for various applications. Among the earliest
and most impactful uses of PANI is in energy storage, notably in
rechargeable batteries and supercapacitors. PANI’s high conduc-
tivity and environmental stability enhance the performance and
longevity of these devices. Additionally, its ability to undergo
reversible redox reactions makes it an excellent candidate for
electrode materials in batteries and supercapacitors.'®

In environmental applications, PANI has shown consider-
able promise in removing pollutants from water and air. It can
adsorb and degrade organic pollutants, heavy metals, and dyes,
making it an effective material for environmental remediation.
Furthermore, PANI’s conductive nature allows it to be used in
sensors for detecting environmental toxins and pollutants,
enabling real-time monitoring of environmental quality.'®®
The combination of PANI with other compounds, such as
graphene and metal oxides, has led to the creation of advanced
composites with enhanced properties for both energy and
environmental applications. These composites often demon-
strate improved electrical conductivity, mechanical strength,
and chemical stability.'”” The evolution of PANI from a
chemical curiosity to a pivotal material underscores the impor-
tance of interdisciplinary research and innovation. As research-
ers continue to discover new ways to improve the properties
and performance of PANI, its role in addressing some of the
most critical energy and environmental challenges of our time
is likely to expand further.

Polyaniline composites for supercapacitance studies

Various metal oxides were combined with PANI to be used as
electrodes for supercapacitor applications. Iron oxide derived
from the used ink cartridges was combined with PANI, which
showed a specific capacitance (Cgp) of 286 F g~ ' when 4 M KOH
was used as the electrolyte.' The electrochemical polymeriza-
tion method was used to fabricate the PANI/molybdenum oxide
working electrode on carbon cloth. This material showed a Csp
of 841.6 Fg ' ataCp of 0.5A g "% A Csp of 376 F g~ and a
capacitance retention of 95.3% after 10 000 cycles were realised
for a working electrode made of PANI and copper oxide.'*
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D. J. Ahirrao et al. have studied the efficiency of PANI/manga-
nese oxide composite, which showed a Cgp of 605 F gf1 ata Cp
of 1 A g . In this study, the PANI showed a Cgp of 515 F g7,
and manganese oxide showed a Cgp of 141 F g *."° D. A. L.
Almeida et al. studied the effect of PANI's energy storage
efficiency by incorporating various metal oxides like iron,
nickel, and manganese. Out of these, they found that PANI/
manganese oxide composites showed a comparatively higher
efficiency with a Cgp of 115.7 F g~ *.'"! PANI/CuO composite
utilized for energy storage studies showed a Cgp of 424 F g~*
(Fig. 6)."*

In another study, zinc cobalt oxide was combined with PANI
to give a Cgp of 1055 F g~ " at 1 A g~ " and capacitance retention
of 85.7% at 10000 cycles."*®* PANI was combined with cobalt
oxide to give a Cgp of 985 F g~ !, whereas pristine cobalt oxide
showed a Cgp of 278 F ¢~ '.''* When PANI was combined with
manganese oxide, the Csp value demonstrated was 323.7 F g "
at a scan rate of 5 mV s~ """ In another study, PANI combined
with iron oxide showed a Cgp of 572 Fg ' ata Cp of 0.5 A g~ 1116
M. M. Mezgebe et al. evaluated the efficiency of PANI with
manganese oxide and found it to have a Cgp of 665 F g*
(Fig. 7a-d).""” PANI combined with cobalt oxide has shown a
Cspof 1151 Fg~"ata Cp of 3 A g™, with a capacitance retention
of 92% at 5000 cycles.'"®

Different compounds like metal-organic framework (MOF),
graphene oxide (GO), and reduced graphene oxide (rGO) were
combined with PANI and metal oxides to form ternary compo-
sites. These composites were used as electrodes for energy
storage studies. D. Qin et al. have studied the energy storage
capacity of PANI combined with ZnO and Zn-Co MOF and
observed a Cgp of 458.9 F g ' at a Cp of 1 A g~ . They have also
constructed an asymmetric supercapacitor with activated car-
bon as the anionic electrode and the studied material as the
cationic electrode.’”® When PANI was combined with copper
oxide and rGO, a Cgp of 534.5 F g~ ' was shown at a Cp of
1 A g~ 1."2° PANI, when combined with titanium oxide and tin
oxide, showed a Cgp of 540 F g~ '. This composite showed a
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Fig. 6 The supercapacitance analysis using PANI/CuO composite. Repro-
duced from ref. 112 with permission from Elsevier, copyright 2020.
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oxide composite evaluated for charge storage capacity. Reproduced from
ref. 117 with permission from Elsevier, copyright 2019.

capacitance retention of 85% after 6000 cycles.*' K. Y. Yasoda

et al. combined PANI and manganese oxide with GO, which
showed a Csp of 829 F g~ '. The presence of GO has increased
the efficiency of PANI towards energy storage.'>*> PANI incorpo-
rated with nickel ferrite spinel in 1:1 weight ratio has shown a
maximum Cgp of 758 F g~ . It showed a maximum capacitance
retention of 97% at 10 000 cycles.">® A composite having a core-
shell intercalation structure was synthesized by Y. Ma et al. The
composite was PANI/manganese oxide/nickel oxide with GO.
A Csp of 396 F g~ at a Cp of 0.5 A g~ ". It also showed a cyclic
stability of 82.6% at 3000 cycles.'** PANI, when combined with
nickel cobalt oxide, showed a Csp of 561.2 Fg~ ' at 10 A g™ ". This
was combined with a negative MXene electrode for an asym-
metric supercapacitor, which showed a cyclic stability of 86.2%
at 3000 cycles. The efficient redox kinetics and better dynamic
equilibrium between the positive and negative electrodes in the
two-electrode system are responsible for the energy storage
capacity."” PANI combined with manganese oxide and
N-doped carbon showed a specific capacity (Cs) of 410 C g™ *
When manganese oxide was replaced with tin oxide, the Cs
value increased to 534 C g~ *. Both the composites showed more
than 97% capacitance retention after 5000 cycles.'*® PANI/GO
combined manganese and molybdenum oxide was used as a
working electrode for electrochemical analysis of energy sto-
rage. The Cgp of this electrode was found to be 596 F g~ *."%’
A hierarchical porous ruthenium cobalt oxide combined
with PANI composite was utilized as the working electrode to
study the efficiency of energy storage. This composite demon-
strated a Cg of 1028.7 C g " at a Cp of 1 A g~ ". This composite
also showed a high capacity retention of 93.2% even after 10 000
cycles.'?® The prepared PANI/copper manganite composite work-
ing electrode by A. S. A. Almalki showed a Csp of 1181 F g " ata
Cp of 1 A ¢~ ' and demonstrated 95% capacitance retention at
5000 cycles."”® PANI/nanowire-shaped cobalt oxide grown on
nickel foam was used as an electrode for an asymmetric super-
capacitor, which showed a Cs of 1113 Cg ' ata Cp of 3 A g™"

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The cyclic stability showed by this composite was 86.3% at
10000 cycles."* In another study, PANI/cobalt oxide combined
with rGO showed an enhanced capacitance of 1982 F g * when a
scan rate of 10 mV s ' was employed. The device fabricated
using a two-electrode system shows a Csp of 662 F g~ at a Cp, of
1 A g "' PANI was combined with oxides of nickel, cobalt, and
praseodymium to study the efficiency of energy storage. It was
seen that the synthesized composite gave a Csp of 905 F g " at a
Cp of 1 A g ."** PANI combined with molybdenum oxide
showed a Cgp of 606 F g at a Cp of 1 A g~ "."** Ni-Co-Mn
MOF combined with rGO and PANI has shown a Cgp of
1007 Fg 'ataCpof1Ag "

PANI combined with various metal oxides has shown sub-
stantial promise as an electrode material for supercapacitor
applications, owing to its high pseudocapacitance and environ-
mental stability. Notably, composites such as PANI/zinc-
cobalt oxide (1055.0 F g~ '), PANI/ruthenium-cobalt oxide
(1028.7 F g "), and PANI/Ni-Co-Mn-MOF/rGO (1007.0 F g™ )
demonstrated superior Csp values due to the synergistic effects
between the redox-active metal oxides and the conductive
polymer matrix. The integration of binary and ternary metal
oxides, as well as the inclusion of conductive additives like rGO,
enhances the charge storage capability, cycling stability, and
surface area of the composites. Overall, PANI-based hybrid
materials emerge as efficient candidates for high-performance
supercapacitors, especially when tailored with multi-
component oxide systems.

Polyaniline composites for water splitting studies

Composites containing PANI have been utilized as electrocata-
lysts for water splitting studies to tackle the energy related
issues in our society. PANI and tungstic acid hybrid was
annealed in a vacuum to produce a tungsten carbide/carbon
composite by C. Liu et al.'®® The synthesized catalyst was
utilized for electrocatalytic hydrogen evolution reaction (HER)
studies. The composite showed an overpotential (OP) of 220 mV
at 10 mA cm > and a Tafel slope value of 93 mV dec .
Iron-doped PANI was synthesized to evaluate the overall
water-splitting efficiency and showed an OP of 235 mV for
oxygen evolution reaction (OER) studies.™*® C. Ray et al. utilized
PANI to synthesize nitrogen-doped cobalt-nickel nitride on
carbon cloth for an overall water-splitting reaction. The OPs
shown by this electrocatalyst at 10 mA cm > for HER and OER
were 68 and 247 mV, respectively.'®’

Molybdenum carbide combined with nitrogen-doped
carbon matrix was utilized for electrocatalytic HER studies.
The study was carried out in both acidic and alkaline electro-
lytes, and the catalyst showed OPs of 81 and 89 mV in the
alkaline and acidic mediums."*® Nitrogen-doped carbon-iron
phosphide composite was used as the catalyst for overall water
splitting studies. It showed an OP of 193 mV for HER and
302 mV for OER studies. The potential required to reach a Cp, of
10 mA cm™ > when a two electrode assembly, formed for overall
water splitting, was found to be 1.63 V."*° R. Djara et al. studied
the effect of variation in the concentration of oxidants and
doping agents utilized for the chemical oxidative synthesis of
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PANI towards HER analysis. It was found that when HCI was
used as a doping agent and ammonium persulfate as the
oxidant, the lowest OP of 690 mV was observed.'*® Thermal
activation of PANI/GO and ammonium hexafluorophosphate
was carried out to obtain N, P, and F-doped graphene, which
was used for electrochemical water splitting studies. This
composite showed an OP of 520 mV at a Cp of 10 mA cm™>."*"

A carbon nanostructured PANI-nickel composite was
synthesized through a chemical oxidative polymerization tech-
nique and evaluated for HER and OER activity. OPs of 190 mV
and 360 mV were shown by this catalyst for HER and OER,
respectively."*> Nickel-cobalt metal phosphide-coated PANI
composite was utilized for HER study and showed an OP of
80.6 mV at a Cp of 10 mA cm ™ 2.2*3 Carbon dots combined with
PANI were explored for overall water splitting. The OER studies
showed that an OP of 150 mV was required to reach a Cp of
30 mA cm >, In the case of HER, the OP required to reach a Cp
of 20 mA cm ™2 was found to be 65 mV (Fig. 8)."**

PANI was combined with iridium for HER studies, which
required an OP of 36 mV to reach a Cp, of 10 mA cm™ 2. PANI
combined with ruthenium was utilized for OER study, which
required an OP of 240 mV. An overall potential of 1.45 V was
required by the catalyst when overall water splitting was carried
out.'*® PANI combined with nickel-iron layered double hydro-
xide was utilized for OER studies, which utilized an OP of
220 mV, with a Tafel slope of 44 mV dec™"."*® Cobalt molybde-
num sulfide/PANI composite required OPs of 98 and 250 mV at
10 mA cm ™ for HER and OER, respectively. The efficiency of
this composite was due to the presence of a defect-rich struc-
ture and the conductive nature of PANI that directs the electron
transfer.'*” Cobalt-incorporated PANI was analyzed for the OER
study using glassy carbon and nickel foam substrates. When
glassy carbon was used, an OP of 341 mV was required, whereas
when nickel foam was used, the OP was reduced to 251 mV.'*®
Cobalt-doped tungsten selenide/PANI composite required OPs
of 308 and 360 mV for HER and OER analyses, respectively.'*’
When cobalt-doped molybdenum selenide was combined with
PANI, OPs of 196 and 385 mV were required for HER and OER,
respectively.””® The onset potential for OER was found to be
134 mV when zinc-cobalt/cellulose acetate/PANI composite was
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Fig. 8 Overall water splitting studies using PANI/carbon dot composite.
Reproduced from ref. 144 with permission from ACS, copyright 2021.
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used as an electrocatalyst.">" When sulfonated PANI was com-
bined with cobalt, an OP of 312 mV was required for OER
analysis.’®® Copper molybdenum sulfide particles combined
with rGO/PANI were utilized for OER, which required an OP of
395 mv.">

The metal oxides were combined with PANI in various
studies to be used as the electrocatalysts for water splitting studies.
PANI/manganese molybdenum oxide composite was utilized for
overall water splitting studies. The OPs required for HER and OER
studies were 155 mV and 410 mV, respectively, for the
composite."> PANI/tungsten trioxide composite required an OP
of 289 mV at 50 mA cm > for OER study.'>® PANI was combined
with cobalt oxide to analyze its efficiency towards OER, and it
required an OP of 258 mV to attain a Cp of 10 mA cm 2."°
Molybdenum/carbon/nickel electrocatalyst synthesized from PANI/
molybdenum oxide was utilized for HER studies. The catalyst
showed an onset potential of 44 mV at 1 mA cm > The Tafel
slope value was found to be 49 mV dec™ ', and the OP value was
found to be 60 mV. The authors claim this is a potential earth-
abundant catalyst for hydrogen generation."”

PANI and its composites have shown notable electrocatalytic
activity in both the HER and OER. Pristine PANI exhibits a
high HER OP (690 mV), indicating limited catalytic efficiency.
However, upon hybridization with suitable materials, signifi-
cant reductions in OP are observed. For instance, PANI/carbon
dots (65 mV for HER, 150 mV for OER), PANI/nickel-cobalt
phosphide (80.6 mV for HER), and PANI/tungstic acid (220 mV
for HER) display marked improvements, illustrating the role of
synergistic effects and enhanced active surface area. For OER,
PANI/nickel (360 mV) and PANI/manganese molybdenum oxide
(410 mV) show promising performance. The inclusion of multi-
metallic oxides, phosphides, and carbon-based nanostructures
improves conductivity, boosts active site availability, and facil-
itates electron transfer, making PANI-based composites effi-
cient bifunctional catalysts for overall water splitting.

Polyaniline composites for adsorption studies

The high surface area and excellent porous nature of PANI have
made it an excellent adsorbent substance for removing toxic
organic substances that cause pollution from water sources.
The incorporation of substances like metal oxides into the PANI
matrix has improved the adsorptive nature of PANI. Wood dust
was used to synthesize ZnO through the green synthetic
method, and it was incorporated into PANI for adsorptive
removal studies of red-XGRL dye. 200 mg L~ " of the dye
solution was used, and the optimum pH for the composite
was 11. The composite showed a maximum adsorption capacity
of 70.4 mg g~ toward the dye solution. The study confirmed
the fitness towards pseudo second order kinetics, Langmuir
adsorption isotherm, and exothermic behavior of the adsorp-
tion process.'®® PANI/ZnO composite was synthesized using
wheat straw and was used for the adsorptive removal of blue-
XGRRL dye. The composite showed a maximum adsorption
capacity of 55.8 mg g~ towards a dye solution with a concen-
tration of 100 mg L. The adsorption process followed pseudo
second order kinetics and Langmuir adsorption isotherm."’
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In another study, PANI/ZnO adsorbent was chemically
synthesized using formic acid. This composite was utilized to
remove methylene orange dye from wastewater. Maximum
removal efficiency of 97% was shown by the adsorbent within
a period of 40 min.'®® Methyl orange dye removal was carried
out by using PANI/ZnO composite, synthesized by A. Deb
et al."®" The maximum adsorption capacity was found to be
240.8 mg g . When ultrasonication was carried out, the
adsorption equilibrium was obtained within 15 min, which
proves the efficiency of the ultrasonication method in the
adsorption process. Using response surface methodology, the
maximum removal efficiency of methyl orange dye was found to
be 99%.

The synthesis of PANI/manganese oxide/niobium pentoxide
composite was carried out using the chemical oxidative polymer-
ization technique in an acidic medium. This was used as the
adsorbent for the removal of methyl orange from an aqueous
solution, which showed a maximum removal efficiency of
97.3%."®> PANI was combined with iron oxide to remove basic
blue dye from water samples. A maximum adsorption capacity of
78.1 mg g~ ' was shown by the composite. The adsorption process
followed pseudo second order kinetics. It was also found that the
adsorption process is exothermic in nature.'® Acid blue 40 dye
was removed from water sources using PANI/iron oxide adsor-
bent. A higher maximum adsorption capacity of 216.9 mg g~ was
observed for this composite."®* PANI/iron oxide was also used for
the removal of chromium and nickel ions from the wastewater.'®>

Various organic pollutants like p-nitrophenol and resorcinol
were removed from the wastewater by using PANI/nickel oxide
composite. Freundlich and Temkin adsorption isotherms were
best fitted for the process, and it followed pseudo second order
kinetics. A maximum adsorption capacity of 19.53 mg g~ * for
resorcinol and 29.78 mg g~ for p-nitrophenol was observed."*®
PANI was combined with titanium dioxide to remove methyl
orange dye. In this study, physical adsorption occurred between
the dye molecules and the adsorbent.'®” In another study,
polyacrylonitrile/PANI/TiO, fiber composite was synthesized
through the electrospinning method. The Langmuir adsorption
isotherm was the best fit for the adsorption process between
congo red dye and the adsorbent. This membrane was also
used to remove chromium ions from water sources."®®

Nickel oxide and manganese oxide were incorporated into
PANI to remove methyl orange dye through chemical oxidative
polymerization of aniline using ammonium persulfate as the
oxidant. Pure PANI has a removal efficiency of 53%, whereas
the metal oxides-doped PANI showed an enhanced removal
efficiency of 97%. The maximum adsorption capacity of metal
oxides doped PANI was found to be 248.4 mg g '.'*° Iron,
manganese, and zirconium oxides were combined with PANI
for the removal studies of methyl red dye. A maximum adsorp-
tion capacity of 434.7 mg g ' was seen for the adsorbent.'”®
PANI/CuO/ZnO composite was synthesized to carry out the
adsorptive removal of congo red dye. The negative values for
the Gibbs free energy data suggest the spontaneity of the
adsorption process.'”" Iron oxide, zirconium oxide, and man-
ganese ferrite were incorporated into the PANI matrix to study

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the adsorptive efficiency of a dye solution containing methyl
orange and eosin yellow dyes.'”> Hollow PANI combined with
manganese dioxide and iron oxide has been utilized for the
adsorptive removal of malachite green and congo red dyes
(Fig. 9)."”° From the studies, it is understood that PANI is an
excellent candidate for various energy and environmental
applications. Table 2 gives details of the adsorption studies
reported using polymer composites.

Polypyrrole composites for energy and environmental
applications

PPy was successfully synthesized by Donald Weiss and his team
in 1963. In 1915, Angelo Angeli had already reported the
synthesis of Pyrrole black, which was the early form of PPy."”
The good conducting nature, electrochemical behavior, and
excellent surface area of PPy have allowed scientists to use
composites with PPy for energy applications.

Polypyrrole composites for supercapacitance studies

Introducing metal oxides into PPy has improved the efficiency
of composites in applications for energy storage. The incorpora-
tion of molybdenum oxide into the PPy matrix was studied by
M. Sun et al. The high Csp and layered structure of this
transition metal oxide, along with the fast charging-dischar-
ging capacity of PPy makes it an efficient candidate in charge
storage applications.'”” Bismuth oxide was also utilized to
combine with PPy composite to be used as an electrode for
supercapacitance study. The electrolyte used in this study was
lithium sulfate, and the Cg shown by this compound was found
to be 360 F g~ '.'”® Gadolinium oxide was combined with PPy
and polyindole to check the supercapacitance activity. It was
found that the activity of the PPy composite was comparatively
higher than that of the polyindole composite. The PPy compo-
site showed a Cgp of 341.6 F g’l, whereas the polyindole
composite showed a lesser Csp of 305.5 F g *. The GCD curves
of this study confirm the pseudocapacitance nature of this
composite.'’”” Manganese oxide on carbon cloth was utilized as
the cathode, and the PPy/Mxene composite was utilized as the
anode in a study to form asymmetric supercapacitors. This

v'PNHM exhibits larger surface area.
v’ Maximum adsorption capacity for MG (1142.13 mg/g) and CR (599.49 mg/g) dye
v Fe,0, facilitates magnetic separation of PNHM/MnO,/Fe,0,
v Reusability of spent PNHM/MnO,/Fe,0, achieved

Dye laden-
PNHM/MnO,/Fe,0,

Treated solution

_

Cationic/Anionic Dye Solution
(pH"6.75)

PNHM/MnO,/Fe;0,

Fig. 9 Adsorptive studies using PANI/manganese dioxide/iron oxide on
toxic dyes. Reproduced from ref. 173 with permission from ACS, copyright
2021
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Table 2 Reported works on the adsorption studies using polymers

Maximum adsorptive

Sl. no. Composite Dye capacitance (mg g~') Ref.
1 PANI/zinc oxide RedXGRL 78.4 151
2 PANI/zincoxide BlueXGRRL 55.8 152
3 PANI/zinc oxide =~ Methyl orange 240.8 154
4 PANI/iron oxide  Basic blue 78.1 156
5 PANI/iron oxide  Acid blue 40  216.9 157
6 PANI/nickel oxide Resorcinol 19.5 159
7 PANI/nickel oxide/ Methyl orange 248.4 162

manganese oxide

fabricated energy storage device gave a Cgp of 75.3 F g " at a
scan rate of 10 mV s~ ".** Iron oxide combined with PPy on
carbon cloth showed a Cgp of 640 F g~ at 1 mA em ™ 2.'°* Iron
oxide derived from the used ink cartridges is combined with
PPy, which showed a Cgp of 319 F ¢~ ' when a 4 M KOH was used
as the electrolyte.'°

Cobalt oxide, which is flower shaped, was combined with
PPy and showed a Cgp of 6.81 F cm 2 at a Cp of 5 mA cm ™ 2. It
also demonstrated a capacitance retention of 95% at 1000
cycles.'”® PPy, when combined with nickel oxide, has a Cgp of
595 F g~ with a capacitance retention of 80.7% after 1000
cycles was observed."”® PPy incorporated with vanadium pent-
oxide showed a Cgp of 172 F g~ .'® PPy was combined with
honeycomb-like hematite to function as an electrode for stu-
dies related to storing energy. This PPy/iron oxide composite
showed a Cgp of 1167.8 Fg~ " ata Cp of 1 A g~ ". The retention of
capacitance of this composite was studied for 3000 cycles, and
it showed a capacitance retention of 97.1%.*®' Cobalt oxide,
when combined with PPy, showed a Csp of 155.5 mA h g~ 1.18% A
highly porous cobalt oxide was combined with PPy for a super-
capacitance study. The electrode made by this composite
exhibited a Cgp of 1292.2 F g~ "at a Cp of 1 A g~ '.'®* In another
study, porous iron oxide was incorporated into the PPy
matrix, which produced an extensive conductive network for
energy storage applications. This composite showed a Csp Of
215.12 mF cm” at 1.1 mA cm™2.'%

The carbon-based materials were also combined with PPy to
act as electrodes for supercapacitance studies. Carbon nano-
tubes combined with PPy/manganese oxide showed a Csp of
214 F g~ ". The carbon nanotube acted as flexible and conduc-
tive backing in this composite, whereas the role of metal oxide
was to increase the surface area. The interface of PPy also plays
a vital role in the energy storage activity of the composite."®>
Multiwalled carbon nanotube and manganese oxide were incor-
porated into the PPy matrix, which demonstrated a Cgsp of
272.7 F g~ 1'% PPy/manganese oxide/graphene/copper hydro-
xide composite was synthesized by H. N. Miankushki et al. In
this study, the prepared composite showed a Cgp of 370 F g~ ' in
6 M KOH solution."®” PPy was combined with iron oxide and
GO, which showed a Cgp of 163 F g~ at 10 A g~ *. The electrolyte
used in this study was lithium nitrate."®® The study on the
energy storage capacity of PPy/rGO doped manganese ferrite
was carried out by S. Ishaq. It was found that the composite
demonstrated a Cgp of 232 F g~ " at a scan rate of 5 mV s~ "."*°
One pot hydrothermal method was utilized to synthesize PPy/
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rGO/cobalt oxide composite, which was used for supercapacitor
applications. This study analyzed the influence of an anodic
surfactant (sodium lauryl sulfate) on the synthesized compo-
site. It was seen that with the addition of surfactant, the Cgp
values increased from 1206 to 1663 F g~ '."°° PPy/manganese
oxide combined with carbon fiber paper was developed as a
flexible supercapacitor with a Csp of 69.3 F cm > (Fig. 10a-d).""

The ternary composites using PPy also showed good results
in supercapacitance studies. Zinc oxide and tin oxide were
combined with GO/PPy by V. Molahalli et al. The composite
showed a Csp 0f 392 F g~ " ata 75 mV s ' scan rate.'®> The silver
oxide was combined with PPy/Zn-Co MOF, which showed a Csp
of 420 Fg " ata Cp of 1 A g~". This composite showed a cyclic
stability of 84.5% capacitive retention after 10 000 cycles.'®* In
another study, PPy was combined with rGO and iron oxide,
which gave Cgp of 442 F ¢ ' at a Cp of 1 A g~ .'%* Nitrogen-
sulfur co-doped iron oxide was combined with PPy for super-
capacitor applications. The Csp demonstrated by this composite
was 866 F g ' at 1 A g 1.'% A co-electrodeposition method was
carried out to synthesize PPy/nickel oxide/cobalt oxide in the
form of nanosheets. The electrode using this composite
demonstrated a Cgp of 1123 F ¢ ' at a Cp of 1 A g~ '."°® PPy
based composites showed efficiency in energy storage studies.
Table 3 gives details of the supercapacitance studies reported
using polymer composites.

PPy-based metal oxide composites have also exhibited excel-
lent electrochemical behaviour, with certain combinations out-
performing even their PANI counterparts. In particular, the
PPy/rGO/cobalt oxide composite achieved an outstanding Csp of
1663.0 F g, followed by PPy/cobalt oxide (1292.2 F g~ ') and
PPy/nickel oxide/cobalt oxide (1123.0 F g~ '), highlighting the
efficiency of cobalt-rich systems in enhancing charge storage.
The addition of nanostructured oxides, carbon nanotubes, and
rGO to the PPy matrix facilitates improved electron transport,
mechanical strength, and electroactive surface area. These
findings underscore the versatility of PPy as a conductive
polymer and its potential to be engineered with advanced

b MnO,-Carbon fiber a
hybrid structure Carbon fiber
MnO, deposition q
A —
Polypyrrole
deposition

Solid electrolyte

c d /

PPy-MnO,-Carbon fiber
supercapacitor

PPy-MnO,-Carbon fiber

hybrid structure Preservative film

Fig. 10 Supercapacitance studies using a flexible PPy/manganese oxide
combined with carbon fiber supercapacitor. Reproduced from ref. 191
with permission from Nature, copyright 2013.
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Table 3 Reported works on the supercapacitance studies using polymers

Specific
capacitance

Sl. no. Composite (Fg™ Ref.
1 PANI/iron oxide 286.0 93

2 PANI/copper oxide 376.0 102
3 PANI/manganese oxide 115.7 104
4 PANTI/cobalt oxide 985.0 107
5 PANI/manganese oxide 665.0 110
6 PANI/zinc-cobalt oxide 1055.0 106
7 PANI/copper oxide-tGO 534.5 113
8 PANI/titanium oxide/tin oxide 540.0 114
9 PANI/manganese oxide/GO 829.0 115
10 PANI/ruthenium-cobalt oxide 1028.7 121
11 PANI/Ni-Co-Mn-MOF/rGO 1007.0 127
12 PPy/bismuth oxide 360.0 169
13 PPy/gadolinium oxide 341.6 170
14 PPy/cobalt oxide 1292.2 176
15 PPy/manganese oxide-carbon nanotubes  214.0 178
16 PPy/rGO/manganese ferrite 232.0 182
17 PPy/rGO/cobalt oxide 1663.0 183
18 PPy/nickel oxide/cobalt oxide 1123.0 189

nanostructures for sustainable and efficient supercapacitor
applications.

Polypyrrole composites for water splitting studies

The water splitting studies were also carried out using various
PPy based composites. Composites of PPy combined with metal
oxides are reported for energy production studies. Samarium
oxide was combined with PPy to be used as a bifunctional
catalyst through the hydrothermal method for both HER and
OER applications. The OPs required by the catalyst for HER and
OER were observed as 206 and 272 mV ata Cp, of 10 mA cm™2.'%”
Nickel/nickel ferrite combined with PPy was utilized for overall
water splitting. The presence of PPy improves the rate of flow of
ions and their interaction between the electrode and the electro-
Iyte. The interaction between the conducting polymer and
the nickel/nickel ferrite increases the reaction efficiency of
the surface active sites. The OPs required for HER and OER
by the catalyst were found to be 127 and 265 mV at a Cp of
10 mA cm >.'*® Cobalt oxide was combined with PPy for OER
studies, and it showed an OP of 610 mV. The metal oxide
enhances the electrocatalytic active surface area and electro-
chemical activity of the whole system."®® When iridium oxide
was combined with PPy, an OP of 291.3 mV was required to
reach 10 mA cm™>.*°° Nitrogen-doped carbon and cobalt oxide
were combined and incorporated into PPy for electrochemical
OER studies. This composite required an OP of 120 mV for OER
analysis.”*" Nickel oxide was combined with PPy to be used as an
electrocatalyst for OER analysis through the electrodeposition
technique. It required an OP of 610 mV at a pH of 9.2.>%>

PPy was incorporated with walnut-shaped nickel hydroxide
for OER studies. It showed an OP of 461 mV and a Tafel slope
value of 89 mV dec '.*** Flower shaped cobalt-nickel sulfide/
PPy composite was synthesized for utilization in water splitting
reactions. It was observed that the OPs required by the catalysts
were 63 and 207 mV for HER and OER, respectively.”** Iron-
phosphorus nanorods were incorporated into PPy for HER

© 2025 The Author(s). Published by the Royal Society of Chemistry
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studies, which required an OP of 103.1 mV.**> An electrodepo-
sition technique was carried out for the synthesis of PPy, which
was introduced with phosphotungstic anion on nickel foam.
The OPs required by the catalyst were found to be 48 and 236 mV
ata Cp of 10 mA cm ™ for HER and OER, respectively.>*® PPy was
combined with iron, tungsten, and cobalt doped cobalt oxide
for OER analysis, which showed an OP of 400 mV to reach
10 mA cm > Cp.>” Cobalt phosphide containing PPy was
utilized to synthesize N-O-P-doped hollow carbon composite
through pyrolysis. This was utilized for HER analysis with an OP
of 290 mV.”*® PPy/zinc tungstate was synthesized as a bifunc-
tional electrocatalyst for water splitting with OPs of 76 and
84 mV towards Her and OER, respectively.”*

In another study, PPy was combined with cobalt-nickel
ferrite and rGO to obtain a catalyst for OER study. It required
an OP of 371 mV for OER analysis.?'° Cobalt oxide incorporated
PPy/carbon nanocomposite was utilized as an electrode mate-
rial for water splitting, which required OPs of 340 and 490 mV
for OER and HER, respectively.>'" PPy/ZIF-67 MOF was utilized
for the synthesis of cobalt oxide/nitrogen-doped carbon nano-
tubes. The synthesized electrocatalyst required an OP of
200 mV for OER analysis.>"> PPy/cobalt hydroxide/rGO required
an OP of 350 mV to attain a Cp of 10 mA cm™ > during OER
analysis.”"® The combination of PPy with various metal oxides,
heteroatoms, carbonaceous compounds, and MOFs enhances
the properties of the polymer for water splitting studies. Table 4
gives details of the electrocatalytic water splitting studies
reported using polymer composites.

PPy-based composites also exhibit promising HER and OER
catalytic behavior. Notably, PPy/zinc tungstate demonstrates
excellent bifunctional activity with very low OPs (76 mV for
HER and 84 mV for OER), highlighting its efficiency. Other
HER-active materials include PPy/nickel-nickel ferrite (127 mV)
and PPy/samarium oxide (206 mV), while for OER, PPy/cobalt
hydroxide/rGO (350 mV) and PPy/cobalt nickel ferrite/rGO
(371 mV) display respectable values. However, some composites
like PPy/cobalt oxide show a higher OER OP (610 mV), indicat-
ing room for improvement. The integration of rare-earth oxi-
des, ferrites, and rGO into the PPy matrix enhances conduc-
tivity, electrochemical activity, and stability, confirming the
viability of PPy-based composites for sustainable water electro-
lysis applications.

Other polymer composites for energy and environmental
applications

Many other polymers like PEDOT, chitosan, and polythiophene
were also reported for energy and environmental applications.
The composites of these polymers were synthesized by incor-
porating various substances like metal oxides, carbonaceous
compounds like graphene, and heteroatoms.

PEDOT composites

The supercapacitance studies using PEDOT based composites
have caught the attention of researchers. A fiber-based super-
capacitor was developed by combining PEDOT with vanadium

pentoxide, showing a Cgp of 60 mF cm >>'* Copper oxide

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Reported works on the electrocatalytic water splitting studies
using polymers

Overpotenital
(mv)
SI. No. Composite HER  OER Ref.
1 PANI 690 133
2 PANI/tungstic acid 220 128
3 PANTI/iron 235 129
4 Nitrogen doped-cobalt nickel nitride 68 247 130
5 PANI/nickel 190 360 135
6 PANI/nickel-cobalt phosphide 80.6 136
7 PANI/carbon dots 65 150 137
8 PANI/ruthenium 240 138
9 PANI/rGO/copper-molybdenum sulfide 395 146
10 PANI/manganese molybdenum oxide 155 410 147
11 PPy/samarium oxide 206 272 190
12 PPy/nickel-nickel ferrite 127 265 191
13 PPy/cobalt oxide 610 192
14 PPy/zinc tungstate 76 84 202
15 PPy/cobalt nickel ferrite/rGO 371 203
16 PPy/cobalt hydroxide/rGO 350 206
17 PPy/carbon-cobalt oxide 490 340 204

nanowires were incorporated into the PEDOT matrix, which
showed a remarkable Csp of 907.5 mF cm 2 at a Cp of
3 mA cm >*" Cobalt ferrite was introduced into PEDOT to
analyze the efficiency of charge storage capacity. It showed a Cg
0f299.2 mAh g " ata Cp of 1 A g . A cyclic stability of 91.7%
capacitance retention was seen after 2000 cycles for this
composite.”*® PEDOT, when combined with molybdenum oxide,
shows a Cgp of 365 F g7' at 1 A g ">’ When iron oxide
is incorporated into PEDOT, a Csp of 338 mF cm 2 at a Cp of
1 mA cm ™ is obtained.”'® PEDOT was combined with tin oxide
and evaluated for charge storage applications in 2 M sulphuric
acid. The composite showed a Csp of 126 F g ', which was
evident from the GCD studies.?'® In 2014, cobalt oxide nanowires
and manganese oxide were introduced into PEDOT to analyze
its efficiency towards supercapacitor application.*?° In 2008,
F. J. Liu introduced manganese oxide into PEDOT for energy
storage studies. This composite showed a maximum Cgp of
372 F g~ ".**! Manganese oxide is a common metal oxide used
for various energy storage applications and is combined with
PEDOT for synthesizing efficient composites for supercapaci-
tance applications.*****

When carbon nanotubes were introduced into PEDOT/
MnO,, an even higher Cgp of 427 F g~ ' was obtained.”* Iron
oxide, when combined with graphene and PEDOT showed a Csp
of 153 Fg " at 0.1 A g~ *. The cyclic stability was only seen up to
3500 cycles for this composite.**® PEDOT/graphene/molybde-
num oxide flexible supercapacitor was fabricated, and it
showed a Cgp of 94 F g~ *. The role of PEDOT in this study
was to behave as both a current collector and a binder."®> When
combined with titanium oxide and rGO, PEDOT showed a Cgp
of 102.6 F g '. The binary rGO/titanium oxide in this study
showed a Cgp of 98.8 F g . The improvement in the Cgp of the
final composite is due to the addition of a conducting
polymer.”*” Nickel cobalt ferrite, when combined with rGO
and PEDOT, gave a Csp of 1286 F g~ '. The synergistic effect
between the carbonaceous compound, conducting polymer,
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and nickel cobalt ferrite is responsible for the better efficiency
towards energy storage capacity.>*®

The HER studies using PEDOT composites were also
reported. Pt/sulfonated graphene sheets/PEDOT were synthe-
sized for HER analysis, and it was found that a lower OP of
40 mV was required to reach a Cp of 10 mA cm™ 2. Even though
the composite shows efficiency towards HER studies, the high
cost of Pt makes it less feasible.”*® Pt/polyacrylic acid/PEDOT
composite was utilized for HER analysis, which required an OP
of 84 mv.>** Cobalt-molybdenum selenide combined with
PEDOT was utilized for overall water splitting. The OPs required
for HER and OER were 20 and 153 mV, respectively.>*" Cobalt-
nickel sulfide/PEDOT composite was also utilized as a bifunc-
tional electrocatalyst, which required OPs of 90 and 270 mV for
HER and OER, respectively.”*> The synergy between the various
compounds incorporated into the polymer matrix and the
PEDOT polymer has improved the electrochemical efficiency of
the polymers.

Chitosan composites

The chitosan composites have been extensively used in anti-
corrosion studies. There are also energy-related studies that
have been reported using chitosan composites. The composites
of chitosan with metal oxides are used for supercapacitance
and water splitting studies. Chitosan/iron oxide combined with
activated carbon was used as an electrode for supercapacitor
application. This electrode showed a Cgp of 54.4 F g '.>*
Nitrogen-doped nickel oxide incorporated into porous carbon
structure derived from nitrogen-doped chitosan was utilized for
supercapacitance studies, which showed a Cgp of 614.6 F g~ *.23*
When combined with copper oxide and zinc oxide, chitosan
showed a Cgp of 638.3 F g ' and a capacitance retention of
86.98% at 5000 cycles.>*> Cobalt/nickel oxide combined with
graphitic porous carbon composite was derived from chitosan
and was utilized for energy storage studies. It showed a Cgp of
1266.7 F ¢ ' at a Cp of 1 A g *.>* Copper oxide and copper
metal were combined with chitosan to study the energy storage
capacity, and it showed a Csp of 2479 F g~ " at 0.5 A g *.>¥’
Nickel cobalt oxide sulfide used as an electrode for the super-
capacitance study showed an energy density of 55.3 W h kg™ " at
a power density of 400 W kg '.>*®* Manganese cobalt oxide
nanoneedle combined with carbon aerogel derived from chit-
osan showed an energy density of 84.3 W h kg™ "
density of 600 W kg~ *.>*°

The chitosan composites combined with metal oxides and
heteroatoms were utilized for electrocatalytic water splitting
studies. Nickel cobaltite combined with chitosan was utilized
as the electrode for electrocatalytic water splitting. The OPs
required for HER and OER were observed as 240 and 310 mV,
respectively.”*° In another study, manganese cobalt oxide was
combined with chitosan for the water splitting reaction. The
overall water splitting reaction required a potential of 1.57 V to
reach a Cp, of 10 mA cm ™ 2. The OPs required for HER and OER
were found to be 180 and 258 mV, respectively.**' Chitosan/
Prussian blue nanocomposite was coated on nickel foam to be
used as an electrocatalyst for water-splitting studies. It was
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Fig. 11 Illustration of the inhibition action on metal surface. Reproduced
from ref. 245 with permission from ACS, copyright 2024.

observed that OPs of 146 and 272 mV were required for HER
and OER analysis, respectively, to reach a Cp, of 10 mA cm™2.>*?
Chitosan combined with nickel oxide required an OP of 240 mV
for OER analysis.>** Nitrogen-doped chitosan matrix with tung-
sten oxide was utilized for overall water splitting, with OPs of
60 and 306 mV towards HER and OER, respectively.>**

Chitosan is a polymer that is extensively used for corrosion
inhibition studies. Many studies have reported using various
chitosan composites for mitigating the corrosion effect. The
inhibitors prevent the metal surface from undergoing corrosion
(Fig. 11).>*® The chitosan was evaluated as an inhibitor on mild
steel under acidic conditions, which showed an inhibition
efficiency of 77%.'°® The combination of chitosan and metal
oxides has been proven as an effective candidate in corrosion
inhibition studies. Chitosan/TiO, composite was utilized as an
inhibitor on mild steel under acidic conditions, which showed
an inhibition efficiency of 97.1%.>*® Chitosan was combined
with iron oxide to evaluate its efficiency in an acidic medium.
The medium used was 15% HCI, and the composite showed an
inhibition efficiency of 95.4%.>*® When copper oxide was
combined with chitosan, the inhibition efficiency was 90.3%
when studied under a 5% HCl medium on carbon steel.®®
Chitosan/GO/zinc oxide composite was evaluated for corrosion
inhibition, and an inhibition efficiency of 85.6% was found in
1 M HCI solution. Thus, it is understood that the combination
of polymers with suitable materials will enhance the efficiency
towards energy and environmental applications.

Conclusions

This review discussed the importance of polymer based com-
posites for energy and environmental applications. Polymer-
based composites have shown significant promise in advancing
energy and environmental technologies. Their customizable
properties, including high surface area and conductivity, have
led to notable improvements in energy storage within super-
capacitors. In the realm of water splitting, these composites
have enhanced catalytic efficiency, thereby supporting more
effective hydrogen production. When applied to adsorption,
polymer composites exhibit high selectivity and capacity for
removing pollutants, making them highly effective for water
treatment and environmental cleanup. Likewise, in corrosion
inhibition, the incorporation of polymers into composite

© 2025 The Author(s). Published by the Royal Society of Chemistry
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materials offers a sustainable and efficient solution for protect-
ing metal surfaces. These diverse applications highlight the
flexibility and potential of polymer-based composites in tack-
ling critical energy and environmental challenges.

The future of polymer-based composites in energy and
environmental applications depends on advancing their per-
formance through innovative material design and fabrication
methods. Breakthroughs in nanotechnology, molecular engi-
neering, and hybrid systems are expected to yield composites
with greater efficiency and multifunctionality. Additionally,
developing biodegradable and renewable polymers will be
crucial for aligning these materials with sustainability objec-
tives. Ensuring that these composites are scalable, cost-
effective, and ready for real-world applications will be key to
moving them from the lab to industry. As the demand for clean
energy and environmental solutions continues to grow,
polymer-based composites are set to play a pivotal role in
shaping next-generation technologies.
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