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ABSTRACT

Corrosion is a challenge in industrial places with metallic components and devices. Significant effort
has been made to develop corrosion-prevention methods. Conducting polymer (CP)-based
nanocomposites are promising materials for developing anticorrosion coatings. Their distinctive
characteristics, such as excellent conductivity, resilience in various climatic conditions, and
adaptability in creating composites, render them appealing substitutes for conventional coatings. An
ideal high-performance anticorrosion CP nanocomposite should possess excellent electrical and
thermomechanical characteristics, little water absorption, biocompatibility, and exceptional UV and
chemical stability. CP-based nanocomposites have been discovered to effectively inhibit corrosion in
aerospace and aviation structural elements, electronic components, and biomedical devices. This
brief review discusses the CP-based nanocomposites as they have excellent properties. Moreover, the
methods and performance of anticorrosion coatings are explained. Nevertheless, there are a
multitude of obstacles that must be overcome in this field to develop nanocomposites that are more
resistant to corrosion. The current challenges of metal corrosion can be resolved by replacing
metal-based materials with advanced nanomaterials in future research on polymer nanocomposites.

Introduction

Conducting polymers (CPs), a class of organic materials with
conjugated electronic structures is gaining interest in
electrochemical sensors, metal corrosion inhibition, and more.

Besides, CPs have been evaluated as protective
anticorrosion coatings in mild steel, stainless steel, iron,

copper, zinc, and aluminium [3,4].

By incorporating

CPs have superior electroactive, catalytic redox, and mechanical
properties compared to traditional polymers. Polyaniline
(PANI), polypyrrole (PPy), polythiophene, and polyindole are
potential CPs with good stability, conductivity, and nontoxicity.
The anticorrosive effects of CP coating on metals have been
extensively studied in recent years [1].

There are limitations to traditional corrosion control
methods, such as the use of metallic coatings and inhibitors, as
well as their long-term efficacy and environmental impact. The
CP composites (CPC) and nanocomposites show better
properties for anticorrosion coatings [2].

Conducting polymers (CPs), a class of organic materials
with conjugated electronic structures is gaining interest in
electrochemical sensors, metal corrosion inhibition, and more.
CPs have superior electroactive, catalytic redox, and mechanical
properties compared to traditional polymers. Polyaniline
(PANI), polypyrrole (PPy), polythiophene, and polyindole are
potential CPs with good stability, conductivity, and nontoxicity.
The anticorrosive effects of CP coating on metals have been
extensively studied in recent years [1].

There are limitations to traditional corrosion control
methods, such as the use of metallic coatings and inhibitors, as
well as their long-term efficacy and environmental impact. The
CP composites (CPC) and nanocomposites show better
properties for anticorrosion coatings [2].

nanoparticles into polymers, several aspects of a
nanocomposite are improved, including mechanical strength,
optical and electronic properties, thermal conductivity, and
anticorrosion  performance. Polymeric nanocomposite
materials have been developed to combat corrosion and have
anticorrosion, barrier, abrasion, and wear resistance
properties [5].

To prevent corrosion, CPs can be doped with oxidising
agents, which restrict electron flow from metal to oxidising
organisms. Despite this, neat polymers have proven not to be
very corrosion-resistant or wear-resistant when applied as
metal coatings. To enhance the corrosion resistance of CP
nanocomposites, nano-sized carbon nanoparticles (fullerene,
nanodiamond, graphene, graphene oxide, carbon nanotube,
carbon black, nano clay, silica, titania nanoparticles) have
been incorporated into matrixes. Functionalisation enhances
the performance of nanocomposites by enhancing the
bonding between different components and the transmission
of loads. This not only inhibits corrosion by impeding the flow
of corrosive substances but also enhances the structural
integrity of the nanocomposite, hence decreasing friction and
improving resistance to wear [6,7].

The review paper aims to explore PANI and PPy-based
composites and nanocomposites for anticorrosion coatings. It
also discusses the general synthesis and properties of CPs and
their nanocomposites.
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Synthesis and Properties of CPs

The synthesis of CPs typically involves the polymerisation of

monomers like aniline, pyrrole, or thiophene. Three standard

methods are used for this synthesis.

a. Chemical Polymerization: This method uses oxidising
agents to initiate polymerisation. It's widely used for its
simplicity and scalability, although it often requires
thorough purification to remove residual chemicals [1].

b. Electrochemical Polymerization: In this technique,
monomers are polymerised on the surface of an electrode by
applying an electrical current. This method allows for
precise control over the thickness and uniformity of the
polymer film, making it ideal for creating high-quality
coatings.

c. Vapor-Phase Polymerization: Monomers are vaporised and
then deposited on a substrate where they polymerise. This
approach produces uniform, high-purity films and is
particularly useful for coating complex surfaces [8].

CPs owe their conductivity to the conjugated double bonds
along their backbone, which allows electrons to move freely.
The level of conductivity can be significantly enhanced by
introducing dopants—small molecules or ions that alter the
electronic structure of the polymer. This doping process can
increase conductivity by several orders of magnitude, making
the polymers suitable for various electrical applications [9,10].

Cps and their mechanism in corrosion protection

CPs, including PANI and PPy, have conjugated m-electron
systems that enable electron delocalisation, making them
conductive. Their anticorrosion methods are generically
classified as barrier protection, cathodic protection, and anode
protection. As barrier protectors, these polymers provide a
physical barrier that prevents corrosive chemicals from
reaching the metal surface. Cathodic protection is
accomplished by slowing the rate of anodic dissolution, whereas
anodic protection entails the creation of a passivating oxide
layer on the metal surface. CPs provide various benefits over
traditional anticorrosion treatments, including a lower
environmental effect and the possibility of self-healing
characteristics [11,12]. However, individual CPs are unable to
provide all of the properties. Consequently, composites with CP
can be fabricated to provide all the properties.

CPs Composites and Nanocomposites

CP composites involve the integration of CPs into a matrix of

another material, such as epoxy, polyurethane, or silicone. This
combination allows the composites to utilise the inherent
conductivity of the polymers to effectively combat corrosion
while the matrix material adds strength and durability. The end
result is a strong protective layer that not only shields metal
surfaces from corrosive agents but also actively hinders the
electrochemical processes that lead to corrosion [2,5].

To further enhance the coating's protective properties,
nanoparticles like carbon nanotubes (CNT), graphene-based
materials, or metal oxides are incorporated into the CP matrix,
creating nanocomposites. These nanoparticles greatly increase
the coating's surface area, conductivity, and barrier properties.
For instance, polyaniline nanocomposites with graphene oxide
have demonstrated exceptional performance in preventing
corrosion thanks to their synergistic effects. They provide both
physical Dbarrier protection and active electrochemical

inhibition [1,13].

In order to improve the characteristics of CPC and
nanocomposites, the synthesis of these materials requires the
use of various processes. Methods such as electrochemical
polymerisation, solution casting, and in situ polymerisation are
frequently utilised in the materials manufacturing process. In
situ polymerisation, monomers are polymerised with fillers
such as graphene, clay, or metal nanoparticles [14]. This ensures
that the fillers are distributed evenly throughout the material. In
order to create the composite, solution casting involves
combining the polymer solution with fillers, which is then
followed by the evaporation of the solvent. The CP is deposited
onto a substrate via electrochemical polymerisation, which
takes place in the presence of an electric field and begins with a
monomer solution. The composites and nanocomposites that
are produced as a result of these technologies were designed to
enhance their mechanical, electrical, and anticorrosion
properties [15]. The properties of CP nanocomposites for
anticorrosion coatings are depicted in Figure 1.
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Figure 1. Re-modelling SWCNT’s schematic under traverse loading
on a foundation.

PANI-based composites and nano composites

These are some works related to PANI-based nanocomposites
for anticorrosion coatings. Chang et al. [11] represent a
comparative study of PANI/graphene and PANI/clay
composites. As a result, PANI/graphene composites have better
properties for anticorrosion coatings. Lin et al. [15] fabricated
epoxy coatings incorporated with a composite filler of
poly(styrenesulfonate)-PANI/reduced graphene oxide(rGO) by
in situ oxidative polymerisation and measuring its mechanical
and anticorrosion properties. Another PANI base composite,
i.e., graftedepoxy@PANI, is fabricated by the Solvent casting
method and reported by Zhu et al. [16] to measure the
anticorrosion properties. The composite coating's surface
resistance and anticorrosion performance indicate that the
favourable wet adherence of the graftedepoxy@PANI coating
contributes to its anticorrosion properties. Situ et al. [12]
analysed the anticorrosion properties of epoxy-PANI/Titanium
nitride (TiN) composites and concluded that these composites
are effective for steel surfaces. Numerous other studies have
fabricated composites of epoxy and PANI for anticorrosion
coatings, consistently showing that the combination of epoxy
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and PANI improves the protective properties of the coatings
[17-19]. These composites generally exhibit enhanced adhesion,
electrical conductivity, and mechanical strength, all of which
contribute to their superior performance in preventing
corrosion.

PPy-based composites and nanocomposites

Ionitd et al. studied the anticorrosion and mechanical
properties of PPy/functionalised SWCNT nanocomposites
[20]. Jiang et al. compared two composites, PPy/GO and
PPy/camphor sulfonic acid, and revealed that PPY-GO
promotes adhesion, whereas PPY-CSA increases the coating's
conductivity. Another Scientist, Liu et al., represents the
conductivity and anticorrosion properties of electrodeposited
graphene/polypyrrole composites fabricated through one-step
electropolymerisation [21]. Compared to polypyrrole coating,
this composite coating has superior conductivity and greater
chemical stability. Lu et al, fabricated PPy@functionalized
boron nitride nanosheets for superior anticorrosion coatings
[14]. As a result, this composite coating outperformed pure
epoxy by 58 times, with a corrosion rate of only 15 nm per year.
The addition of metal nanoparticles to PPy, including zinc and
titanium dioxide, enhances its anticorrosion capabilities
[22,23]. These nanoparticles improve the composite's
mechanical strength and increase its protection against
corrosion by adding more active sites for the process.

Although the results are positive, there are numerous
constraints associated with nanocomposites and composites
based on CPs. The homogenous dispersion of additives(fillers)
within the Polymer matrix is a primary challenge that is
essential for achieving optimal performance. Furthermore,
further research is required to investigate the long-term stability
and durability of these composites in severe environmental
conditions. Additionally, the scalability and practical
application of these materials are restricted by the complexity
and expense of the synthesis process.

Methods and Performance Evaluation of CPC
Coatings

The general anticorrosion coating methods for CPC include
electrochemical polymerisation, chemical vapour deposition
(CVD) and dip-coating. Good adhesion and uniformity are
ensured by electrochemical polymerisation via electrochemical
oxidation, which deposits a polymer onto a metal substrate.
CVD is the process by which a high-purity, high-performance
coating is achieved by depositing a polymer layer from a vapour
phase. Dip-coating refers to immersing the substrate into a
polymer solution and then pulling it out, leaving behind a thin
and uniform film. Every technique has its unique advantages
regarding coating quality, uniformity and compatibility of the
substrates used [24-26]. Various important things must be
considered while evaluating and assessing the performance of
these coatings. The first is their electrical conductivity, which is
critical for use in electronics and sensor technology. CP coatings
may be modified to have high conductivity by doping them with
different chemicals. For example, when doped with particular
acids, PANI exhibits dramatically increased conductivity,
making it excellent for use in lightweight, flexible batteries and
sensors [27].

Corrosion resistance is another important performance
parameter. CP coatings operate as a protective barrier, keeping

corrosive ions from accessing the metal surface [28]. PANI and
PPy coatings are very useful in this area. They generate a passive
oxide layer on the metal surface, acting as a corrosion barrier.
This feature is useful in areas where metal constructions are
subjected to extreme weather conditions, such as marine and
automotive applications [29].

Mechanical qualities such as adhesion, flexibility, and
toughness are critical to the longevity of CP coatings. These
coatings must stick to the substrate and sustain mechanical
forces without breaking or flaking. Advances in nanocomposite
technology have greatly enhanced these qualities. Researchers
created coatings with high mechanical strength and flexibility
by integrating nanoparticles such as graphene, carbon
nanotubes, and metal oxides into the polymer matrix. These
modifications increase the coatings' resistance to mechanical
wear and tear, increasing their lifespan efficiency [29,30].

Environmental  stability is  another  important
consideration when assessing the performance of CP coatings.
These coatings must retain their qualities under a variety of
environmental circumstances, including moisture, UV
radiation, and temperature variations. Recent studies have
concentrated on increasing the environmental resilience of
these coatings. For example, moisture-resistant and UV-stable
CP coatings have been created, with promising results in terms
of long-term performance [31]. In addition to these
characteristics, the simplicity —of application and
cost-effectiveness of CP coatings are critical factors in their
commercial viability. Electrochemical deposition, spin coating,
and spray coating are popular methods for applying these
coatings. These technologies provide consistent coating
thickness and scalability, making them appropriate for
large-scale industrial applications [32].

Testing the performance of CP coatings commonly
employs a variety of methodologies. Electrical conductivity may
be tested using four-point probe methods, whereas corrosion
resistance is frequently assessed using electrochemical
impedance spectroscopy (EIS) and salt spray testing. Tensile
and flexural tests are used to evaluate mechanical qualities,
whereas accelerated ageing experiments under controlled
settings are used to determine environmental stability [33,34].

Conclusions and Future prospectives

CPC and its nanocomposites create a barrier that prevents
metals like steel, aluminium, copper, etc, from being exposed to
harmful elements in corrosive environments. These compounds
enhance the durability of metals by providing both physical
shielding and electrochemical protection. The lifespan and
performance of these structures and devices are extended and
improved by exploiting their excellent adhesion, conductivity,
and corrosion resistance. Applications of anticorrosion coatings
include infrastructure, marine vessels, automotive parts, and
electronics. Such coatings make use of the conjugated
n-electron systems of these CPs, allowing them to be excellent
barriers against corrosive agents, with very good electric
conductivity and mechanical strength.

Despite these developments, some issues remain. The
homogeneous dispersion of nanoparticles in the polymer
matrix is essential to ensure optimal performance. Long-term
stability and durability of such composites under harsh
environmental conditions also remain to be further ascertained.
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The complexity and cost of the synthesis process are also
bottlenecks to large-scale commercial application.

Future research challenges would include developing more
synthesis methods that could bring about efficiency and
scalability in  the process and exploring new
nanoparticle-polymer combinations that can further boost
performance. Other interesting lines of inquiry might include
the development of self-healing CP coatings able to
autonomously repair damage and extend their lifetime. With
the continuous development of the field, CP coatings provides
huge opportunities for exploitation in next-generation
protective coatings that offer significantly enhanced
performance with less environmental impact and lower cost.
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