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Preface

Synthetic polymers or plastic materials, whose history extends back 150 years, have
numerous technical, medical, and scientific applications in industrial fields.

The high impact and success of these materials are typically associated with their wide
range of characteristics/properties. For instance, they possess excellent combinations
of physical and chemical properties such as high mechanical strength, toughness/
impact resistance, flexibility, malleability, and low density, as well as good resistance
to corrosive chemicals (solvents, acids, or bases), which are frequently incompatible
with metals. They are also easy to synthesize and process, showing rapid applicability
to the industry at low costs.

In general, plastics are associated with good electrical resistivity and are commonly
employed as insulation for electrical cables. Recently (in the last 50 years), polymers
have been associated with conducting or semiconducting applications, which con-
firms the proficiency to synthesize polymers with intrinsic conduction.

The first semiconducting polymer was reported in 1977. It was doped polyacetylene,
which has electrical conductivity comparable to that of metals. The impact of this
discovery did not go unnoticed. The three chemists who contributed to its develop-
ment, Alan J. Heeger, Alan G. MacDiarmi, and Hideki Shirakawa, received the 2022
Nobel Prize for Chemistry.

Starting from this discovery, the interest in polymeric structures of “synthetic metals”
has increased. In the last 50 years, the aim of many worldwide studies has been to
easily develop environmentally friendly polymers with semiconducting or conducting
properties specific to classic metals and semiconductors at low cost.

If the first-generation intrinsic conducting polymers show low processability due

to low solubility and instability in the environment, the latest generation is easily
processed in powders, flexible thin films, nanowires, and nanoparticles, being soluble
in a variety of solvents and having high stability in the environment.

Although it was discovered more than 150 years ago, only recently has polyaniline
received increased interest among the scientific community due to its intrinsic
conduction properties, highlighting the possibility of polymer synthesis with high
electrical conductivity.

Easy synthesis, moisture stability, and simple doping/de-doping chemistry are
characteristics that distinguish polyaniline from all other conducting polymers. If sys-
tematic research has made possible the development of simple synthesis methods for
polyaniline, additional efforts should be devoted to the complete understanding of the
complex polymerization mechanism and its oxidation nature. With its rich chemistry
and wide applicability, polyaniline is one of the extensively investigated polymers.



Usually, polyaniline is synthesized by either chemical or electrochemical oxidation
of the aniline monomer in an acidic solution, and the aqueous medium is preferred.
Although chemical and electrochemical synthesis methods of polyaniline are simple,
requiring only some elements of fine chemistry, the polymerization mechanism is
much more complex.

In addition to the large variety of chemical and electrochemical methods of synthesis,
polyaniline has also been synthesized by unconventional methods, such as plasma
polymerizations, vapor-phase deposition polymerizations (VDPs), inverse emulsion
polymerization, photochemical polymerization, enzymatic polymerization, and
autocatalysis polymerizations.

The synthesis of polyaniline by chemical, electrochemical, or other non-conventional
methods is closely related to the desired final application. For instance, the electro-
chemical method is preferred when the final application requires highly ordered

thin films. Plasma polymerization is the method of choice in the case of conformal,
nanometer-thick films with high substrate adhesion that do not allow the use of
solvents during the synthesis process.

Polyaniline is one of the most investigated and useful conjugated polymers with a
dynamic evolution of applications. Assisted by both oxidation and protonation pro-
cesses, it is the only conducting polymer whose electronic structure can be controlled
in a reversible manner. In addition to the classical redox doping, polyaniline’s unique
electrochemical component also offers suitable chemistry for an easy doping/de-
doping in the presence of “protonic acids” by which the number of electrons remains
unchanged. It also exhibits intrinsic conductivity and a remarkable ability to undergo
reversible changes from a conducting form to a semiconducting form and to a dielec-
tric form. Last but not least, polyaniline is easy to synthesize and shows high stability
in the environment.

Although many significant technological advances have been undertaken since the
discovery of polyaniline’s synthesis and processing, it is generally accepted that it can-
not compete with traditional metals in applications such as electrical or transmission
cables.

One of the first applications of polyaniline was in the structure of light batteries.
Batteries have been developed with respectable performance using polyaniline as the
positive electrode (cathode) and lithium-aluminum alloys as the negative electrode
(anode). Polyaniline has also been used in biomedical applications; biosensors have
been developed starting with the immobilization of the enzymes on a conducting
polyaniline matrix. The color change property associated with polyaniline in various
oxidation/reduction states has found potential uses in electrochromic devices, such
as smart windows. Electrical charges and conformations of the multiple oxidation
states also make polyaniline highly promising for applications such as supercapacitors
or actuators. Polyaniline, with its distinct responses to doping processes (acid/base),
makes it an ideal option for applications in chemical vapor or liquid sensor structures.

The different colors of different forms of polyaniline, along with its doping/de-dop-
ing response and charges and conformations of multiple oxidation/reduction states,
makes polyaniline highly promising for antistatic applications, electromagnetic
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interference shielding, anti-corrosive coatings, toxic metal recovery, fuel cells, and
microbial fuel cells.

Polyaniline has come a long way from a pure scientific laboratory curiosity to a
material that can find its final destination in a wide range of commercial products.

My thanks go to all the authors who contributed to the writing of this book. I also
wish to thank Ms. Zrinka Tomicic at IntechOpen for her support throughout the
publication process.

I dedicate this book to my daughter, Ana Maria, who gave me time.

Florin Nistase

National Institute for Research and Development in Microtechnologies - IMT
Bucharest,

Bucharest, Romania
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Chapter1

Polyaniline Nanostructures:
Techniques in Structure-Tailored
Polymerisation-Superstructures

Jimmy J. Daka and George Mukupa

Abstract

Polyaniline (PANI) is one of the widely studied conducting polymers. As such
it is one of the widely applied conducting polymers for laboratory bench work
applications. The limitation to application in commercial work has been hampered by
the inherent difficulty of a polymer being processed once synthesised. The solution
to this lies in synthesising the PANI that has uniform structures ready for application
in that form or creating a composite with other molecules that bring about the level of
processability to acceptable processible levels. This paper seeks to outline the general
synthetic underlying principles behind the synthesis of PANI that may bear the struc-
tural nature for ready-to-apply or processible to some extent for possible application.
The paper outlines the general synthetic concept framework for one to manipulate for
suited use.

Keywords: structure, tailored, synthesis, techniques, polyaniline

1. Introduction

1.1 Polyaniline as conductor polymer, historical perspective and synthetic
techniques

In this chapter, structured tailored polyaniline (PANI) synthesis schemes will be
focused on, the body will provide various synthetic schemes that may result in a spe-
cifically shaped PANI. The structured tailored PANT is seen as ideal for applications.

Polyaniline (PANI) is one of the most highly studied intrinsic conductor polymers
(C.P). This has been due in part to its conductivity [1], stability of polymer [1, 2]
and ease of polymerisation process [1-6]. Intrinsic conductor polymers are organic
polymers with the ability to allow electricity to flow through them or they allow the
transfer of charge from one point to another in the polymer chain. In particular,
they possess the conjugations in the chain that may alter the energy gap and electro-
negativity through the various forms of synthesis. For polyaniline-based conductor
polymers, in principle, the chain is made up of benzenoid and quinoid linked through
the amine [6-13]. The amine could be protonated and deprotonated by the use of acid

1 IntechOpen
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Figure 1.
The benzenoid and quinoid ave the basic alignments of aniline monomers in polyamine [13, 17].

enrich or depleting substances called mainly referred to as dopants [1, 12-17]. The
diagram in Figure 1 shows the basic backbone polyaniline is the simplest form.

The number of benzenoids and quinoids in the chain gives the distinctive colour
of different PANIs that have been reported. The basic colours reported so far include
emeraldine green, violet, purple and colourless. The colouration can be structurally
understood, as given in Figure 2.

1.2 A brief history of polyaniline (PANI)

The earliest moments of researchers working with polyaniline or its predecessor
named black dye, dates back to the 1800s [18, 19]. The present name of polyaniline was
identified in the 1960s, earlier to which it was named based on various colour-based
names and commonly referred to as aniline black. The colour-based name code was
mainly because the primary application of early polyaniline was as green, blue and black
dyes for early cotton, with industrialisation in full swing, in the early days of industriali-
sation, dyes date far as the 1800s [19, 20]. The current momentum and interest in PANI
have grown with the after-match of the 2000 Nobel Prize and subsequent accelerated
desire for conductor polymers and their application [21, 22]. Generally, the drawback to
PANTI application is its inability to be processed after it has been polymerised, the rigid-
ity of a polymer and unpredictable nanostructures from the easy methods to polymerise
it that is chemical oxidative and electrochemical techniques.
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Figure 2.
Shows different forms of polyaniline with the expected colour.
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1.3 Polyaniline (PANI) synthesis techniques

Polyaniline is generally synthesised through oxidative polymerisation techniques.
The process involves polymerisation where monomers usually aniline or derivatives
of aniline in the presence of the oxidising agent or electric field in an acidic medium
[19, 20, 23-27]. Specific techniques such as (i) chemical oxidative polymerisation (ii)
electrochemical polymerisation, (iii) plasma polymerisation (iv) enzyme catalysed
polymerisation, (v) bio mimic catalysed polymerisation and (v) microwave-assisted
polymerisation [6, 8, 10, 28-32]. The undertaking is done to control the type of
shapes.

2. Polyaniline: structure-tailored synthesis for possible application

Structure-tailored polymerisations are the methods used to control the molecular
structures to obtain the structurally predictable, consistent properties of PANI. This is
generally done by adjusting reaction or polymerisation conditions to direct the reac-
tion towards the desired goal. Various studies have been conducted when it comes to
control of morphology, crystallinity and conductivity of polyaniline [10, 29, 33, 34].
What this means is that if PANI with a desired and targeted application is to be made,
then it means implementing a scheme of synthesis designed with the specific outcome
of structure-tailored PANT in the back of the synthesis plan. The following techniques
are used to obtain structure-tailored PANI.

* Template-assisted synthesis (hard and soft templates) [33, 35].
* Molecular imprinting [10, 36-41].
* Dopant-assisted polymerisation [42-48].
* Emulsion-based (inverted and non-inverted) techniques [48-55].
* Composite polymerisation [56-61].
2.1 Polyaniline synthesis template-assisted synthesis: soft templates

Soft templates are mainly solutions with the ability to line up the acidified or
non-acidified aniline monomers. The soft templates tend to have multiple functions
in PANI production. Among the roles, it may work as a surfactant for dispersing the
solution of anilinium, providing a local environment that tends to affect the pH of
the immediate surrounding of the solution, composites matrix for much processible
PANI and in some cases work as a doping material itself [62-66]. Chen was able to
use the suprastructures of methyl orange in a low pH solution. It was established
that the effectively self-assembled supramolecular aggregation in the shape of flake
and dendrite could work as soft templates for the preparation of micro-tubes of
PANI the monomer was aniline the activating agent for the reaction was ammonium
peroxydisulphate APS [35]. Meanwhile, Qui et al. were able to synthesise highly
crystalline PANI nanofibres and nanorods by changing the concentration of sucrose
octaacetate, 2.0 g and 3.0 g, respectively [62]. The solution of sucrose octaacetate was
working as a soft template. It was observed that they were significantly irregularly
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Figure 3.
Showing chemical structures of molecules used in the soft template: Methyl ovange, sucrose octaacetate and sodium
alginate [64-66].

shaped agglomerates and scaffolding formed at high concentrations. Chattopadhyay
et al. [63], synthesised structure-tailored PANI by oxidative polymerisation of aniline
monomers in the presence of sodium alginate. They were able to produce nanofibres,
ammonium peroxydisulphate was used as an oxidising agent while sodium alginate
worked as a soft template. The reaction was carried out in the presence of hydrochlo-
ric acid. For soft templates, the concept is that a molecule with some solubilities in an
aqueous medium helps align the aniline or anilinium ions in the solution. When close
examination of the molecules so far used, will show they show some centre in the
molecule with the potential to be ionised in an acidic or basic medium. Figure 3 shows
molecules of methyl orange, sucrose octaacetate and sodium alginate.

The monomer is still aniline, which in an acidic medium, is protonated and
becomes anilinium ion. The molecules used in aqueous medium help align the
anilinium ion just before oxidising agent can activate the process of oxidative poly-
merisation [8, 67, 68]. The process can be understood in Figure 4.

Therefore, for the soft template, it could be understood as in Figure 5. The soft
templates help in aligning the protonated aniline molecules which then get oxidised
by APS or hydrogen peroxide or another oxidising agent that is usable for the reaction.

This is not much different from other types of soft templates. Their role is typi-
cally that of aligning monomers. But at other times, they too help in creating the
background for the composite formation and subsequent doping or points where the
pH of the local environment is more strongly acidic than the solution of the reaction
medium [34, 68-70]. The soft templates in synthesis of structure-tailored polyaniline
means that, the use of small molecules or polymers for controlling the general growth
of a highly crystalline PANI. The soft templates may also serve other purposes such as
doping the PANI, solubility hence processibility and easy of post-synthesis processing.

2.2 Polyaniline synthesis template-assisted synthesis: hard templates

Hard templates could generally be understood as any substance that is solid or gel-
like material that helps in aligning the other materials. In this context, even composite
forming materials that intertwine with the polyaniline forming on conducting matrix
still could qualify to be referred to as hard templates [70, 71]. Wei et al., synthe-
sised the enzyme-catalysed polyanionic template based on sulfonated polystyrene.
Meanwhile, a hard template may entail fabricating polyaniline in the structures of hard
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Shows the methyl orange molecule being used as a soft template for the synthesis of PANI.
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templates, this technique not only has high specificity, predictability and enhanced
electro-activities of the PANI so synthesised, but it is easy and the throughput is
relatively high [72, 73]. Other techniques in the structure-tailored polymerisation on
hard templates include electrochemical polymerisation on the surface of charged hard
plates, predetermined nanostructured material to resemble the PANI nanostructures,
growth on the surface of other materials that have a specific design [74, 75].

Figure 6 shows electrochemical polymerisation using a conducting hard template
mechanism. The electroactive surface can be graphene, metal plate or zeolite on a
semi-conducting surface.

Then, for halloysite PANI synthesis, Lui et al. [33] used typical hard structure
halloysite-suited materials that were used to make nanotubes, Figure 7 depicts on
concept.

The shapes of nanostructures obtained were hollow tube-like structures resembling
the halloysite they were fabricated from. Their SEM images were remarkably shaped
as the hard templates they fabricated from. Figure 8 shows the actual produced PANI.

The halloysite templates provide surfaces that provided foundation and support for
the nanostructures of PANI synthesised by the technique. The polymerisation technique
remains anilinium and APS or any other oxidising material that may be suitable. Figure 9
outlines the general concept of the halloysite technique for the synthesis of PANIL

2.3 Polyaniline synthesis: molecular imprinting synthesis

Molecular imprinting (MIP) is the technique used to create artificial receptor
recognition sites which have an enhanced selectivity and specificity to a specific
molecule usually referred to as a target molecule [10, 36, 37]. In MIPs, the synthesis
involves the synthesising of a backbone-bearing polymer in this case polyaniline. The
synthesis is simultaneously done in the presence of the template or substrate mol-
ecule, which is achieved with another molecule called a cross-linker [10, 38]. Then,
the template molecules or substrates are removed from the backbone and cross-linked

%©9©mm

NH, ion
Conducting | -
material \ A APS, I-F:)Temp )
N|-|2 NHz I;JHZ W —— Hm-{@-m-@-w@:}y_
PANI
ﬁHQ ﬁHQ NHE

Power
source

Figure 6.
Shows the technique of polymerisation using the conducting material as aligning surface.
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HNTs Fe-HNTs Fe-HNTs/PANI Fe-HNTs/N-CNTs Fe/N-CNTs

Figure 7.
Hllustration of halloysite for PANI synthesis [33].

Figure 8.
Typical halloysite structure tailoved PANI [33].

matrix. The process leads to cross-linked matrix polymers, which have cavities that
are size, shape and functional group specific. It is this high specificity to a template or
substrate molecule that brings about the tailor-structured polyaniline nanostructures.
The polymer produced in the final state is not just specific at the molecular level in
terms of complementary sites but is still the consistency of suprastructures.

Bagdzitinas, synthesised what he termed a supramolecular system with tailor-
made sites for binding, which stood complementary to molecule templates in each
of the following parameter’s size, shape and specific functional groups intending to
evaluate its analytical, physical and theoretical interactions [38]. Different teams have
reported nanospheres, nanofibres and nanotubes [39-41]. The synthesis technique
may use any type of polymerisation available on PANI [38]. Therefore, the general
principle could be understood in Figure 10.

The molecular imprinting (MIPs) technique can be performed following any
other standard polymerisation types [10, 38-41]. In many instances for PANI due to
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Halloysite
structured
templates

¥Hs

Figure 9.
The general concept of halloysite hard template for PANI synthesis.

its inherent difficulty of processing once polymerised, the in printing in molecular
in printing techniques it is advisable to put in one mix the aniline monomers, oxidis-
ing agent, cross linkers and the substrate/template molecules. Based on the physical
properties of a substrate/template molecules can be removed from the cavities [10].

2.4 Polyaniline synthesis: dopant-assisted synthesis

In a quest to synthesise structured tailored dopant-assisted synthesis has been used
to try to control or manage the morphological makeup of the structures. In principle,
dopant-assisted polymerisation is the method used in polymer synthesis by adding
a small number of materials called dopants into the polymer to change monomer
reactivity and influence the chain growth and structures of the polymer. The dopant
used is referred to functional dopant. The functional dopant is meanwhile defined
as molecules that are added to conductor polymers to enhance conductor polymers’
conductivity [43]. Hafizah et al. [43], synthesised PANI nanoparticles whose particle
sizes were manipulated by the amount of sodium dodecyl sulphate SDS [44]. The
same SDS or SLS has been reported as playing the duo role in PANI synthesis that of
the surfactant for dispersing the aniline or anilinium ions and the dopant material.
Alshareef et al. were able to synthesise morphology-controlled PANI nanostructures
based on altering three parameters; (i) tunable oxidant manganese (IV) oxide (MnO,)
as a reactive template, (ii) redox-active electrolyte and (iii) porousness of the synthe-
sised PANI [46]. The other team made multi-layered morphology-controlled PANI.
The key to control of morphology is the SDS that helped control the shape and ionic
atmosphere where the PANI had a morphology [45]. It has also been established that
SDS can work as a dopant and also a wettability control medium (processability) [47].
Hence, to prepare some morphologically controlled PANI, dopants or redox-active
chemical reagents must be incorporated into the polymer final structure. The dopant
selection for versatility’s sake may need to have multiple roles in the synthesis scheme.
They can follow any of the known synthesis protocols.
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The general understanding of dopant-assisted structure tailoved PANI.

The general reaction equation could be understood in Figure 11.

Meanwhile, the specific cases where dopants were used as aligning molecules and
dopants is Shen et al., and Goswami et al. in each where various substituted sulfonic
acids were used in aligning oligomers for PANI synthesis for a particular application
[76, 77]. The technique produced fibres of the polymers of PANI that were meant for
the application. Figure 12 shows the typical application involving the structures of
PANI obtained.
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Figure 12.
(a) Dopants used in PANI for superconductor capacitors and (b) the SEM images for the nanofibres produced [76, 77].

2.5 Polyaniline synthesis emulsion as structure-tailored polymerisation technique

Emulsion polymerisation is the type of polymerisation technique that allows the for-
mation of a polymer on the surfaces of the layers of two solutions that may have different
densities (miscibility). The polymerisation is sometimes done in the presence of sur-
factants that provide stability to the reaction adduct. Emulsion polymerisation is widely
applied in PANI synthesis with a view to controlling the narrowness of nanostructures,
distribution of particles and reduce the residue monomers in the final product—oligo-
mers and dimers [48]. In emulsion polymerisation, the monomer molecules are emulsi-
fied in a continuous phase of an immiscible liquid, while the activator is dispersed in
another layer of an aqueous system. Then, the two solutions are brought in contact with
each other and allowed to interact. Since the solutions are not miscible, they will layer up
but at the boundary, the polymer will form [49]. The polymer and its oligomers may dif-
fuse in a layer favourable to their polarity. Meanwhile, the basic synthesis of PANTI is still
maintained where you use aniline monomer, oxidising materials [8, 10]. The emulsion
can be carried out in the following four major types of emulsion (i) microemulsion, (ii)
macroemulsion, (iii) miniemulsion and (iv) inverse emulsion (inverted).

(i) Microemulsion is the type of emulsion where the dispersion is oil water and the
particles of dispersion range from 1 nm to 100 nm, though common practice
shows a range between 10 nm and 50 nm being practised in synthesis.

(ii) Macroemulsion is the type of emulsion where the dispersion is oil water and
the particles are in the range of 1-100 pm.

(iii) Miniemulsion is the type of emulsion where the oil and water are the dispers-
ing media, but the particle sizes range between 50 nm and 1 pm.

(iv) In inverted emulsion on the other hand the dispersion is water oil medium,
especially with denser than oil/organic medium that is denser than water [50].
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In any case, it is understood that the monomer is dispersed in one medium, while
the activator or oxidants or initiator is set in another medium. Then, as the two mole-
cules come in contact either of boundary or during transfer the polymer is building up
at the interface of the two. Emulsion polymerisation by desire is meant to control the
sizes of particles, distribution and uniformity of particles in the final product [48].
So, for PANI structured tailored suprastructures, the technique entails dispersing the
aniline or anilinium ion monomers in an organic medium. Sometimes it may require
stabilisation employing the addition of surfactants. Chajanovsky and Suckeveriene
managed to synthesise PANI hybrid nanoparticles by inverse emulsion but used
ethanol as the medium where aniline was dispersed, while APS was dispersed in water
[51]. Osterholm et al. reported synthesis of PANI through a weakly acidic medium
but stabilised by dodecyl benzene sulphonic acid DBSA [52]. Perrin et al. reported a
method of synthesis of PANI, through emulsion but the oxidant APS was dispersed
in decylphosponic acid (DPA), while the aniline monomer was dispersed in a mixture
of heptane and chloroform, it was found that the emulsion synthesised PANI ratio
improved rate of polymerisation increased with the decrease in DPA concentration
[53]. In principle, emulsion polymerisation may require aniline monomers, stabilising
agents, oxidising agents and its polar solvent or medium for dispersing it. The general
understanding of the PANI synthesis could be as shown in Figure 13.

In general emulsion polymerisation, oil is used as dispersion molecules for mono-
mers [50]. However, for PANI, it is other polymeric solutions such as surfactants that
work well. These include dodecyl benzene sulphonic acid, sodium dodecyl sulphate
(SDS), sodium dodecyl benzene sulphonate and Triton X 100, [8, 10, 51-56, 78]. The
oxidants are APS, hydrogen peroxide, peroxide salts, dichromate solutions, iron (III)
oxide and manganese (IV) oxide in addition to any redox controlling agent.

2.6 Polyaniline synthesis: composite structures
Composite materials are materials that are made from a combination of two or more

materials of different chemical and physical properties for synergistic abilities when
combined [56]. For polyaniline suprastructures, it can be said these are structures that

NH;

Aqueous medium
Water & organic (oil) dispersing

molecules/surfactants initiator o)
%0%
8;‘\; AnnS urfacants NH;
ok
Jégb An=
NHy

An=
Ox = oxidant/Initiator
(APS, HyOq, MnO,.)

Figure 13.
Showing the geneval understanding of emulsion polymerisation for PANI.
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are hierarchically organised mixtures of PANI with other materials such as nanotubes
carbon, graphene, metals coreshell, polymeric molecules, clay, silicate, cellulose whiskers
and different metal oxides [57]. The PANI composite nanostructures do not only have
high nanoscale dispersing abilities but they possess far better properties than individual
components of the composite. In order to obtain the structured tailored nanocomposite
materials for PANI, they are three basic routes the synthesis need to take. (i) Iz situ PANI
polymerisation on the surface of nanomaterials of the other part of the composite. (ii)
One-pot one-step polymerisation of PANI and its composite material—this is com-

mon for polymeric support material. (iii) The last one is the physical mixing of the two
materials that are separately synthesised to create a composite [58].

(i) Structure tailored polymerisation—in situ. Iz situ polymerisation of composite
materials is usually done on the surface of the already-made nanocomposite
materials. The process of synthesis may follow any of the different types of
polymerisations available. Where aniline monomers are activated to polymerise
in presence of activator APS under controlled temperature conditions and
other special focus on nanostructures techniques are used. That is emulsion,
dopant-assisted polymerisation and soft template use. This process has the
potential to produce structure tailor nanocomposites on the basis that the other
nanomaterials added may already have their definite structure. The graphenes
for example are well-structured nanomaterials such that forming PANI on their
surfaces is like overlaying a sheet on them. Highly definite shapes [59].

(ii) Structure-tailored polymerisation—one-pot synthesis. In this polymerisation
technique, what is involved in the addition of various chemicals to the very
same reactor [58]. The addition can be sequential at timed intervals with each
addition tackling one part of the synthesis ultimately the product is PANI
composite of the other materials. Pina et al. reported a one-pot synthesis of
Fe;04-PANI nanocomposite for super magnetic property evaluation [60]. The
synthesis involved the mixing of aniline, iron ferrofluids and hydrogen perox-
ide as the oxidant. The spherical-shaped composite for Fe;0,4-PANI formed.

(iii) Physical mixing of the already formed materials. The technique is the simplest
as the PANI and the other composite materials are prior made. Zong et al.
reported the synthesis of PANI-magnetic graphene oxide composite for the
removal of metal waste and phenol, by pouring already synthesised PANI in a
plasma reactor at adjusted conditions [61].

Insitu polymerization One pot synthesis Physical mixing

" i b s

» ' Dopant/ surfactant

‘ Nanomaterial

L : : *
* ' i PANI polymer

- L
Pre-synthesized Nanomaterial
nanomaterial precursors
Figure 14.

Illustrates the PANI-composite synthesis techniques [58].
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Figure 15.
Graphene-PANI-composite synthesised in situ general overview.

The PANI composite suprastructures are the diverse ones mostly for the creation
of structured tailor PANT due to the many forms that can be manipulated. The sum-
mary of the synthesis could be illustrated as shown in Figure 14.

The composite molecule most applied is the graphene-based PANI material. This
is because graphene by itself can be conducting material, while PANI too is conduct-
ing. The synergistic conduction becomes the alluring property the composite brings
out. The general synthetic scheme follows the ix situ polymerisation of the graphene
and aniline monomer in one pot. The final product is the graphene around the PANI.
Figure 15 depicts the general reaction.

3. Conclusion

The synthesis techniques outlined above are the basic outline approach to
conceptualise the process of designing the structure tailored PANI one desires.
The actual reaction conditions and time may be adopted as per case analysis.
However, every synthesis requires monomers, initiators and dopant material acids
or redox-active chemicals. The actual synthesis for PANI with suprastructures that
are tailored may need to follow many ways. Among the practical ways may involve
the use of templates, both soft and hard ones. In either way, the template brings
about the structural alignment of the monomers and subsequently the polymer
formation follows the same aligned form. This in itself is beginning in the struc-
tured tailored polymerisation process. The other technique may involve the use of
molecular imprinting. In this synthesis scheme for structure-tailored PANI, mol-
ecules to be imprinted are introduced in the polymer matrix to leave curvatures in
a PANI, this is the highest form of tailor-made structures, but for suprastructures
other forth mentioned techniques could still be used to bring about the structures
of desire. In other techniques, dopants such as differently substituted sulfonic
acids have shown great potential for synthesising the PANT of specific structures.
While the molecules serve as dopants yet still work massively aligning molecules
of PANI. The emulsion is another form of polymerisation that leads to the forma-
tion of PANI. Different shaped PANI from spheres, rods and fibres. Finally, the
composites too are known to produce suprastructures that have tailored made
structures. This is from the fact that by design the material to composite with may
have already well-formed nature that acts as a frame for polyaniline to ride off as
they form. In all the techniques mentioned above PANI is synthesised through the
form of oxidation of aniline or anilinium ion.
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Abstract

Polyaniline (PANI) is one of the oldest, yet most profound conducting polymer
discovered. It’s ease of synthesis, high conductivity, and environmental stability in the
doped state makes it very attractive for a variety of potential applications. However,
its insolubility and lack of redox stability has hindered many commercial applica-
tions. Consequently, many researchers have sought to overcome PANT’s deficiencies in
many ways including the development of PANI derivatives. This chapter will discuss
the synthesis, properties, and applications of PANI derivatives. We will discuss three
types of PANI derivatives—substitution on the benzene ring, substitution on the
nitrogen atom, and fused ring cores. The properties of the PANI-derivatives will be
compared to pristine PANI. Finally, we will emphasize the applications that arise from
these derivatives and how they compare to PANI.

Keywords: Buchwald/Hartwig, polyaniline derivatives, conductive polymer, redox
polymer, electroactive polymers

1. Introduction

Electronic devices based on inorganic conductors and semiconductors (e.g., Au,
Cu, Pt, and Si) often require numerous etching and lithographic development steps
during fabrication leading to longer processing times, costly equipment development,
and higher priced devices [1]. In the middle of the twentieth century, these limita-
tions spurred on extensive engineering and research efforts focused on optimizing
fabrication methodologies; however, despite significant improvements, these devices
are still limited by the physical properties of the inorganic materials they employ.
Serendipitously, the discovery of trans-polyacetylene (PA) by Shirakawa [2-4]
resulted in a collaboration with MacDiarmid and Heeger whose efforts led to the
discovery of metallic-type electrical conductivity in halogen doped (i.e., p-doped)
trans-polyacetylene in the late 1970s (Figure 1a) [4, 5]. In this way, the p-doping of
PA (an electrical insulator with a non-zero energy gap (E,)) induces uniform bond
length for both the anti-bonding and bonding domains of the C—C (n* and = orbitals,
respectively). Doping also reduces the energy gap between PAs valance band (VB)
and conducting band (CB) and increases charge carrier density and electrical conduc-
tivity (Figure 1b) [5]. Shortly after their discovery, numerous other organic polymers
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having similar characteristics where identified or “re-discovered” (e.g., polyaniline
and polypyrrole); leading to a new family of materials aptly named conducting poly-
mers (CPs) (Figurelc) [6]. Similar to metals and semiconductors, CPs are character-
ized as being malleable and electronically conductive (with electrical conductivities
ranging from semiconductive to metallic), as well as, having magnetic and optical
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properties similar to inorganic substances [5, 7]. Therefore, CPs are often referred to
as “intrinsically conducting polymers” (ICP) or synthetic metals [1, 5, 8]. Similar to

PA, ICPs have an innate inclination to conduct electricity since their structures con-

tain a conjugated n-electron system, which forms uniform bond-lengths throughout
the polymer backbone when doped [9].

The discovery of the properties of CPs has paved the way for creating new devices
and novel applications where the benefits of plastics (i.e., scalability, processability,
low-cost, etc.) and retention of high electrical conductivity are desired [10]. In
this regard, solution and melt processable polymers could offer a facile approach
to applying CP coatings and fabricating devices on large dimensional scales [11].
Furthermore, unlike their inorganic counterparts, CPs can potentially be processed
using more modern solution-based processing techniques (e.g., inkjet printing),
which could dramatically reduce the complexity, fabrication time, and cost when
used to develop integrated electronic devices. Nevertheless, early development of
CPs has lacked focus on developing truly “processable CPs” which has hindered their
implementation to date.

A non-comprehensive list containing some classical CPs is shown in Figure 1c.
Among them, polyaniline (PANI), polypyrrole (PPy), polythiophene (PT), and
(poly-(3,4 ethylene dioxythiophene) (PEDOT) have been studied and employed to
the greatest extent to date. Interestingly, although not fully appreciated at the time,
the conductive nature of PANI was first observed more than 150 years ago after being
prepared electrochemically from an acidic solution of aniline monomer [4, 6, 12].
Since then, PANI has become one of the most extensively studied CPs, especially over
the last 20 years [12]. This interest in PANI is in large part due to its superior proper-
ties that impart high electrical conductivity, redox and ion-exchange properties, and
high operational stability (i.e., is stable under a variety of environmental, thermal,
and chemical conditions) (Figure 2) [13]. In addition, PANT straightforward syn-
thesis, tunable electrical conductivity, potential for chemical functionalization, and
low synthetic cost make it an economically viable option compared to other CPs [8,
13-18]. PANI is therefore being investigated for use in various disciplines, including
sensors [19], energy storage devices [20], corrosion inhibitors [21], solar cells [22],
and electromagnetic shielding materials [23].

Doping of CPs can dramatically improve their electrical conductivity by many
orders of magnitude and is required to obtain highly conductive materials. Doping
usually occurs through an oxidation or reduction process and the polymers are
considered p- and n-type, respectively [1, 7]. The oxidative/reductive doping process
results in the alteration of the electronic configuration of the polymers making them
unstable under environmental conditions. Another form of doping is protonic or acid
doping. Unlike the oxidative/reductive doping, protonic doping (acid) does not alter
the polymer’s electron configuration; consequently, the polymer is environmentally
stable in the doped state. It was shown that polyaniline could be doped with acid
thus maintaining the same number of n-electrons in the backbone. Inorganic acids
such as hydrochloric (HCI), sulfuric (H,SO,), nitric acid (HNO;) and chloric acid
(HCIOs) have traditionally been utilized as dopants in conductive PANI production.
Polystyrene sulphonic acid (PSS), para-toluene sulfonic acid (p-TSA), camphor sul-
fonic acid (CSA), and dodecyl benzene sulfonic acid (DBSA) are all organic dopants
that can also be used to dope PANI [24].

MacDiarmid proposed three forms for the structure of PANI based on the
oxidation states [1, 25]. The leucoemeraldine base (LB) (colorless) is the com-
pletely reduced state of PANI, the emeraldine base (EB) (blue) is half-reduced and
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half-oxidized, and the pernigraniline base (PB) (blue/violet) is the fully oxidized
form [1, 26, 27]. The leucoemeraldine base form has only benzenoid rings, the
emeraldine base form has both benzenoid and quinonoid rings, while the perni-
graniline base form has only the quinoid rings [18]. Upon doping, the emeraldine
base is converted to the emeraldine salt (ES) (green) and becomes conducting. The
transformation of the emeraldine base form of PANI from an insulating state to

the conductive emeraldine salt form is due to the formation of polaronic carriers,
i.e., the protonated species in the emeraldine state. The protonation occurs on the
imine N rather than the amine N because imines are more basic than amines [24, 28,
29]. Consequently, protonic doping of the ES form produces a bipolaronic species
(protonation of both imine Ns) that undergoes an internal relaxation to form the
highly conductive polarons [29, 30]. Polaron separations results in charge flow. Due
to its excellent stability at ambient temperature and the fact that after doping with
acid, the resulting emeraldine salt form of polyaniline is highly electrically conduc-
tive, EB is regarded as the most practical form of polyaniline. Unfortunately, even
after being doped with an acid, leucoemeraldine and pernigraniline still have low
conductivity [1]. Figure 3 shows the different oxidation states of PANI before and
after protonic doping.
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Oxidation states and doping of various forms of polyaniline.

Despite the excellent properties and potential applications of PANI, it has some
disadvantages that prevent its wide-spread applications. Actually PANI has been
used in limited large scale commercial applications [31]. Of the major challenges to
commercializing PANI, poor long term electrochemical stability and manufacturing
costs due to low solubility in most solvents making processing difficult, are the two
major issues [32]. The most successful improvements in PANI’s processability have
been achieved by using suitable dopants to increase the solubility and modifying the
monomers to incorporate solubilizing alkyl chains. The stability of PANI is improved
by forming composite materials [33-36]. In this chapter, we will focus on modifica-
tions of PANI (PANI derivatives) that address the limitations of poor solubility and
electrochemical instability. The synthesis, characterization, and applications of these
derivatives are the major focus here.

1.1 Synthesis of polyaniline

The three primary methods for producing PANI and its derivatives are chemical
(i.e., oxidative polymerization), electrochemical (i.e., anodization), and more
recently, palladium-catalyzed C-N cross-coupling (i.e., Buchwald-Hartwig reaction).
Historically, chemical oxidative polymerization and electrochemical polymerization
were the main methods of producing PANI due to their simplicity and availability
of the monomers. Chemical oxidative polymerization involves an acidic aqueous
media (pH < 2) with strong oxidants (e.g., potassium dichromate, hydrogen per-
oxide, ferric chloride, ceric nitrate, sulfate, and ammonium persulfate (APS)) in
order to create the electrically conductive emeraldine salt form of PANI (Figure 4)
[37, 38]. Unfortunately, the oxidative polymerization conditions produce PANI and
PANI-analogs with variation in their structures and properties due to the many side
reactions taking place simultaneously. While the overall mechanism is likely quite
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Mechanism of polymerization for polyaniline. Adapted from Refs. [39, 40].

complex, a simplified mechanism for aniline polymerization in acidic media (pH < 2)
is typically agreed to involve the initial formation of aniline radical cations (Figure 5a)
that can undergo para-coupling forming a dimer (4ADA), due to the ortho/para

(0, p) directing nature of the amine functional group. These dimers can likewise

be oxidized to their cation radical form and couple with an additional aniline
cation radical to form a trimer. This coupling process repeats until all monomer
and/or oxidant expire, and the chain-growth process is terminated (Figure 5b-d)
[13, 41]. The utility of this method enables easy scale-up to produce large quantities
of PANI powders. As mentioned, the numerous side reactions and alternatively
couplings likely occur simultaneously, which produces non-regiospecific PANI
product [40, 42, 43]. However, PANI produced in this way does preferentially form
p-substituted chains (despite equal likelihood for o-substitution), which has led to
some authors suggesting an alternative initiation mechanism involving a phenazine
initiation pathway (Figure 6) [39, 40].

Similar to the chemical-based oxidative polymerization route, electrochemical
polymerization also involves the oxidation of aniline monomers, and its mechanism
closely resembles that of oxidative polymerization (Figure 5) [39, 40]. Likewise, low
pH (pH < 2) is preferred to achieve an electrically conductive PANI film. However,
this process utilizes an applied potential at the electrode surface (e.g., using poten-
tiostatic, galvanostatic, or cyclic voltammetry techniques) as opposed to an oxidizer
in the bulk solution. In this way, the oxidation of aniline monomers to cation radicals
occurs only at the electrode surface. These radicals then undergo coupling with one
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Proposed alternative initiation pathway for polyaniline polymerization. Adapted from Ref. [39].

another to form dimers and ultimately polymers that becomes sufficiently large
that it is no longer soluble in the electrolyte. Subsequently, the polymer forms a

film at the electrode surface. The process can be terminated by removing the bias or
exhausting the monomer [13, 39, 40]. This process typically produces insoluble and
very high molecular weight PANI films with a fair amount of regio-irregularity (i.e.,
cross-linking).

Due to the presence of side reactions for both the chemical and electrochemical
polymerization methods and the difficulty of obtaining a soluble PANI product from
either methods, a new approach has recently been employed. This approach is based
on the palladium-catalyzed C-N cross-coupling reaction developed by Buchwald
and Hartwig that utilizes a Pd-catalyst, amine, aryl- halide, and hindered base ina
suitable solvent [44-46]. The Buchwald/Hartwig reaction mechanism (Figure 7a)
involves an oxidative insertion of the Pd(0) species I into an aryl halide substrate

a. L,PdCl, —> L,Pd
AR, » LPd — ArBr
Reductive '\ | / Oxidative
Elimination Addition
Ar Pd_Nﬂg W " Ar.. Pd_Er
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Figure?7.

Mechanism of the Buchwald-Hartwig palladium catalyzed C-N cross-coupling reaction and several optimized
ligands.
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forming a Pd(II) species II. The increased acidity of the coordinated amine (III) at
this point then allows for deprotonation with a hindered base (e.g., HN(SIMes),)

and formation of a palladium-amido complex IV. Reductive elimination regener-
ates the Pd(0) catalyst I and produces an arylated-amine product. Significant
improvements in ligand architecture (Figure 7b) and overall catalyst optimization
have led to higher efficiency and broader application of the C-N coupling reac-

tion. Consequently, coupling between numerous hetero(aryl) (pseudo)halides and
amines at low temperature and low catalyst loading (ppm) is enabled. Buchwald

and co-workers utilized this reaction to perform an efficient synthesis of a tert-
butyloxycarbonyl (BOC) protected PANI (Figure 8) [47]. The BOC group, which can
be removed during processing, was bulky enough to render the polymer soluble in
common organic solvents. The Meyer group incorporated ortho-substituted repeat
units into the backbone of PANI chain using the Buchwald/Hartwig reaction [48].
Due to the stepwise mechanism of the polymerization, alternative co-polymers can
be produced. The 0,p-PANI derivatives demonstrated similar properties (spectro-
scopic, oxidation states, colors, and conductivity) associated with the classical PANI.
Furthermore, meta-substituted PANI can be prepared using this method [49-51],
whereas the oxidative coupling or electrochemical reaction are unable to produce
meta-substituted PANI.

2. Polyaniline derivatives

Although conductive polymers, particularly PANI, have numerous distinct
benefits and possibilities as previously stated, PANI also has significant downsides.
The fundamental disadvantage of PANT’s conductive ES form is its low solubility in
common organic solvents due to its stiff backbone, which makes it difficult to process.
This insolubility hampers the practical application of PANI. Over the last few years,
alot has been done to make it easier to process PANI [11, 26, 52, 53]. Another, less
studied problem of PANI is its electrochemical instability, which is mainly due to the
defects in the polymer during the synthesis that resulted from the inherent instability
of the radical species produced during the reaction [54-56]. The main approach to
address the solubility, processability, and other aspects of PANT is to prepare PANI
derivatives, which is discussed in this chapter. PANI derivatives can be broken down
into three groups; (i) substitution on the benzene ring, (ii) substitution on the amino
nitrogen, and (iii) fused ring systems (Figure 9) [26, 57].
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Three types of PANI derivatives.

2.1 PANI derivatives with benzene ring substitution

Traditionally, increasing PANT’s solubility was obtained by including substituents
on the benzene rings, which weakens the chain’s stiffness and interchain interaction
[26, 58—61]. When substituents such as alkyl, alkoxy, and amino groups are attached
to the aromatic rings, the steric barrier between the polymeric chains of the polymer
increases, reducing the intermolecular force and increasing the dissolution of the
polymer (Figure 10). For example, poly(2,3-dimethylaniline) (P(2,3-DMA)) was
synthesized by Ma et al. using oxidative polymerization and was shown to have
improved anticorrosion, electrochemical, and crystal properties compared to PANI
[62, 63]. Unfortunately, no information was given by the authors pertaining to the
solubility, conductivity, or electrochemical stability of the pristine polymer. Patil
et al. prepared poly(o-anisidine) (POA) as coatings on copper by the electrochemi-
cal polymerization method [64]. Interestingly, the polymer film contained a mixed
phase of both the pernigraniline base (PB) and emeraldine salt (ES) form of POA
according to the optical absorption spectroscopy data. This polymer also lowered the
corrosion rate of copper metal ~100 times more compared to the uncoated copper
metal. However, due to the nature of the synthetic method that formed the film
on the copper surface, there is no information about the solubility of the polymer.
Sathyanarayana et al. prepared an ortho substituted poly ethoxy aniline (POEA) with
excellent solubility and corrosion inhibition of iron in the presence of acid chloride
[65]. A co-polymer, poly(o—/m-toluidine-co-o-nitroaniline), prepared by emulsion
polymerization under oxidative conditions was also reported by the same authors.
Interestingly, while the homopolymer of o-nitroaniline was not obtainable under the
reaction conditions, the co-polymer with o-/m-toluidine occurred in low to moder-
ate yields. The co-polymers showed improved conductivity, solubility, and thermal
stability compared to the homopolymer of o-/m-toluidine [66].

To achieve water solubility of PANI, derivatives were prepared with water
solubilizing hydrophilic groups such as a sulfonate [67, 68], carboxylate [69, 70],
phosphonate, boronate [71], and hydroxyl groups) to the aromatic backbone
(Figure 11). These groups preform dual function, i.e., they provide water solubility

o— o/

@ﬂ O -

Poly(2,3-dimethylaniline) poly(o-anisidine) .
(P(2,3-DMA)Y) (POA) peoly ethoxy aniline (POEA)

Figure 10.
Examples aryl substituted PANI derivatives.

29



Trends and Developments in Modern Applications of Polyaniline

(a) " (b) - (c) 5

] O]
B-OH %p.-OH S50
H H H

N N N

@ o (e) OH (f) o
o o) on ol o
H 0 '.*
N4 - N N-+
] o
/ F
H3C H5C
(9) (h) H H
H - | - [
K ) @“ Wals
s 5‘(
*\_\ CO.H
SO4H

Figure 11.
Hydrophilic self-doped substituted derivatives of PANL

and self-doping of the polymer. Sulfonic acid ring-substituted polyaniline (SPAN),
first reported by Epstein and coworkers, was obtained by the sulfonation of the
emeraldine base with fuming sulfuric acid [68, 72]. The transport, magnetic, and
electrochemical properties of SPAN was later determined through a collaboration
with the MacDiarmid group that provided insight to the effect of the sulfonate group
on the solubility, doping mechanism, and charge transport of SPAN [73]. The poly-
mer was shown to be self-doping as there was no pH effect on the conductivity for
pH < 7.5. Interestingly, the polymer can be casted into a film from aqueous alkaline
solvents (0.1 M NH,OH) forming the blue-violet solution, which when casted onto
a substrate and dried, reverts to the shiny green ES form that is highly conductive
(0.1 S/cm).

Carboxylate substituted PANI were synthesized from anthranilic acid (0-ami-
nobenzoic acid) and m-aminobenzoic acid by electropolymerization [70]. The
sulphonated PANI, when compared to the carboxylate substituted PANI, was more
electrochemically stable in the self-doped state than either the 7 or o-substituted
carboxylate PANI. Another synthesis of copolymers from aniline and 2-substituted
anilines with carboxyl groups (anthranilic acid, methyl anthranilate, and ethyl
anthranilate) were described by Sa and co-workers [67]. The chemical oxidative
method was used to prepare the polymers with a variety of acid dopants. Although
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the polymers contained variable amounts of phenazine-like by-products, the
anthranilic ester polymers had high to moderate solubility in a variety of solvents
and were more soluble than the other polymers. Moreover, the conductivities cor-
related well with the solubility and the methyl anthranilic ester polymer doped with
HCI (PANMEA-HCI) gave the highest conductivity, which is comparable to PANI.
These results lead to a conclusion that these polymers could be used for a variety of
application that are relevant to PANI. A recent example revealed an interested thio-
substituted lactic acid (TLA) PANI derivative that was conjugated to the benzene ring
of PANI through a thiol bond [69]. The PANI derivative (PANI-TLA) was shown to be
4 orders of magnitude more conductive in alkaline media compared to PANI-base.
Some other interesting PANI derivative structures containing fused aryl and ben-
zoquinone rings at the 2,3-positions of the PANI aryl group, have also been prepared.
Poly(1-naphthylamine) [74, 75], poly(1-amino anthracene) [76-78], and copolymers
from aminoquinoline (AQ ) and anisidine (AS) [79] were prepared by both oxidative
polymerization and electrochemical polymerization. The polymers have PANI-like
features. They exist in several different oxidation states with conductivities ranging
from 0.055-0.083 S/cm for the naphthalene and anthracene analogs. The conductivity
was much less for the AQ/AS copolymer. PANI derivatives containing benzoquinone
units fused to the 2,3-positions on the aniline moiety were also developed and their
electrochemical properties with respect to cathode electrodes were studied. Some
examples are shown in Figure 12. Poly(1,5-diaminoanthraquinone) [poly(DAAQ)]
were prepared from 1,5-diaminoanthraquinone (DAAQ) by electrochemical polym-
erization and the conductivity values at different potential was measured [80]. It was
shown that the conductivity values of the polymer ranged from 0.3 to 2.0 S/cm when
the voltage range from —2.0 to 0.8 V, which are much higher than PANI at the lower
potential. Poly(5-amino-1,4-naphthoquinone) (PANQ), reported by Pham etal., was
prepared by electrochemical polymerization [81, 82]. The films had properties similar
to PANI and the structure contained one quinone group per ANQ moiety. The poly-
mer had a conductivity of 10~ S/cm. Poly(5-amino-1,4-dyhydroxy anthraquinone)
(PADAQ) was synthesized by oxidative polymerization for cathode material and
was determined to behave like PANI [83]. Likewise, poly(1-aminoanthraquinone)
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Figure 12.
Fused-aryl substituted PANI derivatives.
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(PAAQ) films were prepared by the electrochemical polymerization and tested as
efficient cathode material [84]. These polymers were studied for energy storage
properties, which is discussed later.

2.2 Substituted derivatives of PANI on amino nitrogen atom

Another approach for increasing the solubility of PANI is to prepare N-substituted
PANI derivatives (Figure 13) [85, 86]. While N-substitution has been demonstrated
to have little effect on the synthesis of the polymers, it has significant effect on the
properties of the final polymer due to the steric component of the substituent. The
substitutions ranged from phenyl, substituted phenyl, to substituted alkyl chains.
PANI N-substituted derivatives have improved solubility and processability; however,
the final electronic properties are usually altered owing to the addition of the sub-
stituent on the N atom. One of the first studies of N-substituted PANI was reported
by Chen and co-workers who prepared a series of N-alkylated PANI, where the alkyl
chains ranged from butyl (C4) to the hexadecyl (C16) [86]. The solubility of the PANI
derivatives in common organic solvents (tetrahydrofuran (THF), dichloromethane
(DCM), and chloroform (CHCI;)) increased with the size of the alkyl chain, espe-
cially above C-6. Lowering the polarity and stiffness of the polymer chains through
integration of the flexible alkyl substituent is responsible for the improved solubility.
On the other hand, N-alkylated EB become insoluble in highly polar solvents like
N-methyl-2-pyrrolidone (NMP) and dimethyl sulfoxide (DMSO) due to lack the
amine hydrogen necessary for hydrogen bonding. Importantly, the polymer existed
in the EB form and can be effectively doped to produced soluble ES. The conductivity
ranged from 10™* to 10~ S/cm with the C-6 alkyl chain having the highest conductiv-
ity. Other examples are poly- (aniline-co-N- (4-sulfophenyl)aniline) (PAPSA) [87]
and its homo polymer, poly-(N-(4-sulfophenyl)aniline) [88], which were synthesized
from aniline and sodium diphenylamine-4-sulfonate by the chemical oxidative
polymerization. The polymer is soluble in aqueous basic media. While the conductiv-
ity is 10%-10° times higher than other N-alkylsulfonate substituted PANI [89], itis 3
orders of magnitude lower than PANI. In general, N-substitution significantly lowers
the conductivity of the polymer.

2.3 Fused-ring PANI derivatives

Fused-ring PANI derivatives have been prepared and studied since the
1960s [90]. These rigid ladder-type PANI derivatives are based on phenazine,
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Figure 13.
N-substituted PANI derivatives.
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phenoxazine, phenothiazine, and their co-polymers (Figure 14). The PANI
derivatives maintain the PANI backbone with n-extended structures, which leads

to mostly insoluble polymers [91, 92]. Fors and coworkers prepared PANI deriva-
tive poly (N-methylphenothiazine dimethylphenylenediamine) (PT-DMPD),

from N-methylphenothiazine and dimethylphenylenediamine (Figure 14a), and
poly(N-methylphenothiazine benzidine) (PT-BZ) from N-methylphenothiazine and
tetramethylbenzidine using Buchwald/Hartwig reaction as redox active materials
[93, 94]. Our group also synthesized PANI derivatives containing phenoxazine,
carbazole, and phenothiazine heterocycles by the Buchwald/Hartwig cross coupling
reaction to study their processability and electrochemical stability (Figure 14b-d)
[95-97]. Unlike classical PANI, these polymers were electrochemically quite stable
over 100 CV cycles without noticeable degradation while maintaining processibility
by attaching long alkyl chain pendant. Overall, these PANI-analogs offer a unique
insight into alternative ways of tuning PANT structural, chemical, and physi-

cal properties. The electrical conductivities of the undoped (pristine) structures
ranges from 107 to 10~® S/cm and increase 24 orders of magnitude upon doping,
More recent work has described additional side chain modification (Figure 14b

and d), which can impart greater solubility for processable polymers. Orlov et al.
describe the chemical oxidative polymerization of 2,5-dianiline-3,6-dichloro-
1,4-benzoquinone (DADCB) to give a PANI derivative (Poly-DADCB) containing an
N-substituted 5-aniline-3,6-dichloro-1,4-benzoquinone [98]. It was discovered that
Poly-DADCB forms at a faster rate that PANI. However, the electrical conductivity
was on the same order of magnitude as PANI.
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Fused ring PANI derivatives.
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3. Applications of PANI derivatives

PANT has been explored for many different types of applications such as biological
sensors, anti-static wrappings, and electronic devices. Unfortunately, many of these
applications are limited by its insolubility and electrochemical instability. However,
PANI derivatives have been successful in achieving adequate solubility and electro-
chemical stability that they have become preferred to PANI in these applications. This
section focuses on the applications of PANI derivatives in a variety of fields.

3.1 Antimicrobial activity

PANI and its derivatives have been shown to have antimicrobial properties where
the mode of action is different for each derivative. For example, Andriianova et al.
demonstrated the substituents effect of PANI derivatives on bactericidal properties
of the polymer [99]. It was shown that PANI derivatives with substituents on the
benzene ring, regardless of the bulkiness of the substituents, (POT, POA, PPA, PMA,
and PCIMA) had a negative or no effect on antibacterial activity compared to PANI.
Alternatively, N-substituted PANI derivatives (PNCIA and PNMA) increased the
antibacterial properties against gram-positive (Bacillus subtilis) and gram-negative
(Pseudomonas aureofaciens) bacteria (Figure 15). Additionally, these N-substituted.

PANI derivatives also showed bacteriostatic properties towards the microorgan-
isms. Here it was determined that the mode of bactericidal activity is due to the posi-
tive charges on PANI and its derivatives that disrupt the nature of the bacteria’s cell
membrane that ultimately leads to cell lysis. In another example, PANI and poly(3-
aminobenzoic acid) (P3ABA) (Figure 16a and b) were investigated as antimicrobial
agents and found that the mechanism of action is different for each polymer. While
both polymers adversely affected the growth of bacteria, the mechanism of anti-
microbial activity for PANI is believed to be a result of the production of hydrogen
peroxide (H,0,) that leads to hydroxyl radicals. On the other hand, the antimicrobial
activity of P3ABA is due to the disruption of the metabolic and respiratory machin-
ery of the bacteria by targeting the ATP synthase, thus causing acid stress [100].
PANI-based materials have also been investigated in tissue engineering applications,

Antimicrobial Activity

O OO 4O m

PANI OCH;4

- +@— + +
R =H, PCIPA
R = CH,, PCIMA
Gy

+O- O OO
04 a

Structures of PANI-derivatives with antimicrobial activity. Structures drawn from Ref. [99].
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(a) PANI (b) P3ABA, and (c) BBP. Structuves drawn from Refs. [100, 101].

which was recently reviewed [102]. Benzyl-substituted PANI (BP), bromine-benzyl-
disubstituted PANI (BBP), (Figure 16c) and PANI nanoparticles were tested against
both Gram-negative E. coil and Gram-positive B. subtilis; however, it was sown that
only BBP had high antibacterial activity where as PANI and BP did not [101].

3.2 Bio- and chemo-sensors
3.2.1 Biosensors

PANI and its derivatives are explored as biosensors. PANI derivative with Au/Pd
composites were prepared and analyzed as biosensors for cancer biomarkers [103].
Specifically, the polymers, poly(N-methyl-o-benzenediamine), poly(N-phenyl-
o-phenylenediamine), poly (N-phenyl-p-phenylenediamine), and poly(3,3’,5,5'-
tetramethylbenzidine) all with Au/Pd nanocomposite were used to simultaneously
detect four tumor biomarkers, carcinoembryonic antigen (CEA), carbohydrate
antigen 19-9 (CA199), carbohydrate antigen 72-4 (CA724), and alpha fetoprotein
(AFP) (Figure 17). Interestingly, these biomarkers can be found in different cancer
cells and as such the PANI dervatives/Au/Pd nanocomposities are capable of detect-
ing multiple cancers simultaneously. For example, biomarkers CEA, CA199, CA724
are found in gastric cancer where as liver cancer can be diagnosed from biomarkers
CEA, CA199, and AFP. As such, these biosensors can be used to detect gastric and
liver cancer simultaneously. In another example, polyaniline (PA), poly(o-anisidine)
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SWV responses (A) and calibration curves for diffevent concentration of CEA (B), CA199 (C), CA724 (D), and
AFP (E) in PBS (pH 5.5) with 1.5 mM H,0,. Reproduced from Ref. [103].

(POA) and their co-polymer poly(aniline-co-o-anisidine) (PA-co-POA) thin films
were used as glucose sensor by trapping glucose oxidase (GOD) in the polymers’
films [104]. Amperometric measurements show that the PA GOD electrode
responded the fastest to glucose followed by PA-co-POA, and the least responsive was
POA GOD electrodes.

3.2.2 Chemosensors

PANTI has also been widely explored as chemosensors due to its high conductivity
and electrochromic properties. However, there are only few examples of PANI deriva-
tives in sensor applications. PANI derivatives containing ortho-substituted methyl and
methoxy groups, ortho,meta-disubstituted methyl, N-substituted methyl, ethyl, and
phenyl groups were investigated for their sensory properties towards C-1 to C-5 alco-
hols [60]. The results revealed that resistance in the polymer increased (conductivity
decreased) for all the polymers in the presence of C-1 to C-3 alcohols, but decreased
(conductivity increased) for butanol and heptanol. A change in the crytallynity of the
polymers due to the incorporation of alcohol between the chains is deemed respon-
sible for the results. Consequently, the chain length of the alcohol and their structures
can make a big difference in their interaction with the polymers’ inter and intra
chain packing. Poly(o-alkylanilines) such as poly[2-(1-methylbut-1-en-1-yl)aniline]
(P-PA), poly[2-(1-methylbutyl)aniline] (P-MB), and poly[2-(2-aminophenyl)pen-
tan- 2-ol] (P-AP) have also shown to have high sensitivity to moisture and ammonia
(Figure 18) [19]. P-PA had the largest response to moisture, while P-MB was the most
sensitive to ammonia. The results were explained based on the roughness of the films.
For example, P-PA had the smoothest surface and gave the highest conductivity in the
presence of moisture, while P-MB was the roughest film but had the best interaction
with ammonia vapors. Recently, two-dimensional (2D) fluorescent PANI derivatives
(PPED and PPBA) were used to demonstrate high selectivity and sensitivity in the
detection of iron ion (Fe**), copper ion (Cu*), and hydrochloric acid (HCI) [105],
while PANI derivatives from carbazole and fluorene were used as pH sensors in both
solution and gas phase [106].
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Humidity and Gas sensors. (a) Plots of the conductivity of P-PA, P-AP and P-MB films on the air humidity. (b)
Plots of the conductivity of P-PA, P-AP and P-MB films on the concentration of ammonia vapor. Reproduced
from Ref. [14] with permission from the Royal Society of Chemistry.
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Figure 19.
Chronoamperometry of poly(OMA) and electrochromic devices of poly(OMA). Reproduced from Ref. [102] with
permission under Creative Commons License.

3.3 Electronic devices: electrochromic glass, solar cells, and LEDs

PANTI is well known for its electrochromic properties as the polymer changes color
reversibly with an electric field [107]. These materials are usually desirable for smart
glass. A similar behavior is also demonstrated for its derivatives. For example, poly(2-
methoxyaniline) and its copolymer, poly(2-methoxyaniline-co-3-aminobenzene
sulphonic acid), were shown to have electrochromic behavior in a display device by
Saharan et al. [108]. The response time was determined to be about 6 s going between
the oxidized and reduced states (Figure 19). Additionally, the cycling behavior of the
device was deemed to be stable. A PANI derivative containing phenoxazine unit was
shown by Almtiri et al. to undergo similar color changes based on the oxidation state
of the polymer [96]. Between 0 and 0.4 V, the polymer is light yellow, which changes
to dark green between 0.4 and 0.6 V. Further oxidation renders the film deep blue at
voltages greater than 0.6 V (Figure 20). The cycling stability was measured by cyclic
voltammetry (CV) and was shown to be very stable over 100 cycles. Electrochromic
conducting copolymers from aniline and different feed ratio of 4,4’-diaminodiphenyl
sulfone (DDS) were deposited on ITO glass plates for spectrochemical analysis [109].
The copolymers displayed multiple colors similar to PANI when the applied potential
was switched between —0.2 and 1.2 V, where the color changed from yellow to green
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Electrochemical and electrochromic behavior of carbazole PANI. Reprinted with permission from Ref. [96].
Copyright 2022 American Chemical Society.

and then blue. Upon changing the voltage from —0.2 to 0.0 V, a neutral yellow color
formed. Further oxidation from 0.1 to 0.8 V, resulted in the conductive green color
known to PANT and its derivatives. From 1.0 to 1.2 V, the polymer formed the blue
color known to the fully oxidized pernigraniline form.

PANI and its derivatives are utilized as hole transport layers in Perovskite solar
cells (PSC). For example, poly(0-methoxyaniline) (PoMA) doped with 4-dodecy-
Ibenzenesulfonic acid (DBSA) was used to replace spiro-OMeTAD, which was the
most explored hole transport material (HTM) in PSC. The best power conversion
efficiency (10.05%) was obtained using doped PANI-DBSA with Au as contact,
which is comparable with the device using Spiro-OMeTAD. Unfortunately, the
device of POMA with silver contact had the best performance of 5.5%, which is
significantly lower than the pristine PANI [110]. This outcome is probable due to the
close alignment of PANI and perovskite’s HOMO levels versus POMA and perovskite’s
HOMO levels (Figure 21). Our group have also prepared three PANI derivatives,
PANI-carbazole (P1), PANI-phenoxazine (P2), and PANI-phenothiazine (P3),
with different energy levels that were used to form an interface between PEDOT:PSS
and the perovskite layer [97]. While all the devices from all the polymers performed
better than the device without them, P2 exhibited the highest V. of 1.13 V and power
conversion efficiency of 21.06%. The result is also explained by the close overlap of
the perovskite’s HOMO to P2 versus the other polymers (Figure 22).
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Energy diagram of the different materials used in perovskite solar cells assembled in this work. Reprinted from

Ref. [110].
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(a) MAPbI3-based PSC device configuration and the chemical structuve of three polymers. (b) Energy level
alignment of the polymers in the MAPbI3-based PSC devices. Reproduced from Refs. [91, 97] with permission
from John Wiley and Sons.

3.4 Anti-corrosion and anti-fouling

PANI and its derivatives have been widely explored as anti-corrosion materials
[111]. Trimethylsilyl-substituted polyaniline (PSiAn) was synthesized and used as
anticorrosion materials [112]. The fabricated filler was highly hydrophobic due to the
trimethylsilyl group. It was incorporated into the epoxy matrix to provide a low porous
material with high barrier to aggressive corrosive substances. Anticorrosion coatings
prepared from poly (aniline-co-2-ethylaniline) (PEA) micro/nanostructures dis-
played good anticorrosion performance with corrosion protection efficiency of 87.29%
[113]. The hydrophobic property (CA = 145°), low conductivity, and low porosity was
attributed to the anticorrosion performance of the composite material. Chloro- and
bromo-substituted PANI derivatives have been shown to have excellent anti-corrosion
and anti-fouling properties. Aluminum alloy 3105 (AA3105) was coated with poly(2-
chloroaniline) (PCIAni) by electropolymerization and the polymer was investigated
for its anticorrosion properties. Potentiodynamic polarization technique and electro-
chemical impedance spectroscopy data showed that the metal coated with PClAni had
outstanding performance against corrosion versus the untreated metal when subjected
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to 3.5% NaCl solution [114]. A similar result was obtained with bromo-substituted
PANI derivatives (Br-PANI). De-doped Br-PANI in epoxy resin with varying amounts
of Br substituents (EBP coatings) were prepared and investigated for anti-fouling

and anti-corrosion properties by the accelerated immersion test, electrochemical
impedance spectroscopy (EIS), XPS, antibacterial test, and field test [115]. It was
shown that the polymers possessed excellent anticorrosion properties after immersion
in 12.0 wt% NaCl solution at 95°C for 100 days. Furthermore, the EBP coatings also
demonstrated better antibacterial and antifouling performance when compared to
pure epoxy coating or de-doped PANI composite coatings. Poly(1-naphthylamine)
(PNA) composites with polyvinyl alcohol (PVA) and polyvinylchloride (PVC) have
also shown both anticorrosion and antifouling properties. PNA/PVA coatings have
shown good corrosion protective efficiency and resistance in acid, alkaline, and saline
media [116]. The same polymer composite also demonstrated antibacterial activity
against Escherichia coli and Staphylococcus aureus [117]. Examples of the structures for
anti-corrosion and anti-fouling are shown if Figure 23.

3.5 Energy storage devices: supercapacitors and batteries

Supercapacitors are energy storage devices that are characteristically high in
energy and power density, as evidenced by a more extended battery life and fast
charge/discharge. They are the future of portable consumer electronics that have
excellent operational lifetimes. Supercapacitor energy storage devices have 10 times
more operational lifetimes than lithium-ion batteries. Some studies have focused on
enhancing the capacity of the materials and PANI derivatives are among the materials
being studied for increased capacitance. PANI derivative, poly(DAAQ ), was investi-
gated as an electrochemical capacitor. The constructed symmetrical (poly(DAAQ )/
poly(DAAQ)) electrochemical capacitor was shown to exhibit high specific energy
(25-46 Wh/kg) and high specific power (10,200-30,500 W/kg) at discharge rates
from 30 to 90 C [80]. Our group also developed supercapacitor from PANI derivative
containing the carbazole unit. Cbz-PANI was used to construct electrodes for a super-
capacitor device that showed a maximum areal capacitance of 64.8 mF cm™ and a
specific capacitance of 319 F g™ at a current density of 0.2 mA cm™ in a symmetrical
device (Figure 24) [96]. Moreover, the electrode showed excellent cyclic stability (~
83% of capacitance retention) over 1000 CV cycles and a 91% capacitance retention
after 1000 cycles of charge and discharge in a device.

On the other hand, batteries provide high energy densities that can be delivered
over time. Poly(5-amino-1,4-dyhydroxy anthraquinone) (PADAQ ) was used as
the cathode material in a lithium ion battery [83]. The initial discharge capacity
was 101mAhg ™" at the current density of 400 mAhg ™ with the cutoff voltage of
1.5-3.7 V. At a high current density of 1400 mAhg™, the capacity of the polymer was
95 mAhg™. Poly(5-amino-1,4-naphthoquinone) (PANQ) recorded an experimental
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Figure 23.
Structuves of anti-corrosion/anti-fouling PANI derivatives.
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Aveal capacitance, specific capacitance, and capacitance retention of Cbz-PANI-1/AU@PET. Reprinted with
permission from Ref. [96]. Copyright 2022 American Chemical Society.

charge storage capacity of 220-290 Ah/kg in nonaqueous electrolytes. The specific
energy of the battery is estimated to be about 100 Wh/kg with a 1 h discharge rate in a
thin-layer cell where LiCg is the negative electrode and a PANQ as the positive elec-
trode [81]. The mean redox potential was determined to be about 2.6 V more positive
than Li/Li* couple, which makes it a potential positive electrode for lithium metal or
lithium-ion batteries. The PANI derivatives, PT-DMPD and PT-BZ, developed by Fors
and coworkers, were investigated as cathode materials in Lithium-ion battery (LiB)
technology [93]. Li-Coin cells devices with PT-DMPD or PT-BZ as the cathode deliv-
ered discharge capacities of 128 mAh/g and 97 mAh/g, which are 82% and 76% of the
theoretical capacity for PT-DMPD and PT-BZ, respectively. However, the Coulombic
efficiency (35% for PT-DMPD and 44% for PT-BZ) were relatively low. Additionally,
the cycling performances were also poor with the discharge capacities for PT-DMPD
and PT-BZ after 50 cycles being 82 mAh/g (64% retention) and 64 mAh/g (66%
retention), respectively. To improve the performance of the polymers, Pt-DMPD

was copolymerized with a second phenothiazine unit that was crosslinked to another
one through a N-atom. The amount of cross-linked monomer was varied. Improved
Coulombic efficiencies (150 mAh/g) at very positive operating voltages (2.8-4.3 V vs.
Li+/Li) were obtained, which yielded high energy densities. Also, a greater retention
capacity (82%) was observed at ultrafast discharge rates (120 C) for the crosslinked
co-polymers.

4, Conclusion

To conclude, PANI derivatives are being widely developed in an attempted to
address the limitations of PANI, which are insolubility and electrochemical instabil-
ity. This short summary outlined both older but includes many new developments
of PANI derivatives that are able to sufficiently overcome PANT’s challenges and in
some cases outperform PANI in several applications. Interestingly, with the develop-
ments of new synthetic approach by the Buchwald/Hartwig reaction to synthesize
PANI derivatives, many new structures can be achieved that are not possible with
the previous synthetic methods of oxidative and electrochemical polymerization.
Consequently, it serves to continue developing new PANI derivatives by expanding
the substrate scopes to continue to move the field forward in improving the current
applications and merge into newer fields.
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Chapter 3

Recent Developments in the Use of
Polyaniline-Based Materials for
Electric and Magnetic Field
Responsive Smart Fluids

Ozlem Erol

Abstract

Smart fluids are stimuli-responsive materials whose rheological properties can be
changed drastically by applying either an external electric or magnetic field strength.
Smart fluids are dispersions comprised of dispersed particles in a carrier liquid that
transform from liquid-like state to solid-like state within milliseconds reversibly with
an application of external field due to the structural chain formation of the dispersed
particles. Owing to this outstanding controllable transformation capability, smart
fluids are utilized in various potential applications where an electro/magneto-
mechanical interface is required, such as dampers, clutches, shock absorbers, robotics,
haptic devices, microfluidics, etc. Various kinds of materials have been proposed and
used by researchers for applications that require the electrorheological (ER) and
magnetorheological (MR) effects. Polyaniline (PAn) is considered a remarkable
material as a dispersed phase of ER fluids due to its easy synthesis, low cost, adjustable
conductivity through doping/de-doping processes, and excellent environmental sta-
bility. PAn is an attractive material in MR fluids as well due to its contribution to the
improvement of dispersion stability and protection against corrosion and oxidation of
the soft-magnetic particles. In this chapter, the recent advances in the usage of various
kinds of PAn-based materials as electric and magnetic field responsive materials and
their ER/MR behaviors are summarized.

Keywords: polyaniline, polyaniline-based-nanocomposites, polyaniline-based-hybrid
materials, electrorheological fluids, magnetorheological fluids

1. Introduction

Electrorheological (ER) and magnetorheological (MR) fluids are stimuli-
responsive smart dispersions with rheological properties (yield stress, viscosity, shear
modulus, etc.) that are reversible and controllable in a continuous manner with the
usage of an externally applied electric field (E) or magnetic field (H), respectively.
The ER fluids are commonly composed of polarizable/semiconducting micron/nano-
sized particles as a dispersing phase, in an insulating dispersing medium with low
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volatility and high chemical/thermal stability, whereas their magnetic counterpart,
the MR fluids generally consist of highly magnetizable micron-sized dispersed parti-
cles in a nonmagnetizable carrier fluid such as mineral oil, silicone oil, polyesters,
polyethers, synthetic hydrocarbons, or water. Additives can also be added to enhance
the ER/MR effect and/or to increase dispersion stability of the whole stimuli-
responsive fluids. These smart fluids transform reversibly and rapidly from a liquid-
like state to a solid-like state within a millisecond with the aid of an E or a H. Smart
fluids, therefore, can be used as electrical and mechanical interfaces in various appli-
cations that require active control of vibrations or the transmission of torque, includ-
ing the fast-acting valves, clutches, brakes, shock absorbers, accurate polishing,
robotics, and tactile displays [1, 2].

For ER fluids, when an E is applied, the randomly dispersed particles are polarized
forming a dipole moment due to the difference between the dielectric constant of the
dispersant and dispersed particles. These particles attract each other along the field
between the parallel electrodes to construct chain and/or columnar-like structures
along the field direction. Similarly, when MR fluids are exposed to a H, dispersed
particles are magnetized and oriented along the direction of the H and generate
anisotropic aggregates. As a result, for both smart fluids, the field-induced structura-
tion in the fluid leads to resist the flow of the carrier fluid, which results in an
enhanced apparent viscosity and viscoelasticity of the fluid. This phenomenon is
known as the ER or MR effect. The schematic representation of the microstructure of
ER or MR fluids under on/off state of the E or H is shown in the Figure 1.

A deeper understanding of the field-induced structuring mechanism may lead us
to design and prepare high-performance field responsive fluids. The mechanism of the
electric field-induced rheological changes has been studied intensively since the
invention of the ER fluids [3]. Several mechanisms or models were proposed previ-
ously to explain the ER effect, including fibrillation, electrical double layer, water/
surfactant bridge, polarization, conduction, and dielectric loss model [4]. On the other
hand, particle magnetization model is the most acceptable mechanism to account for
the magnetic field-induced structuring in MR fluids. According to the particle mag-
netization model, the MR effect is ascribed to the magnetic permeability mismatch
between the dispersed particles and continuous phases [2]. There are several critical
key factors that influence the behavior of the ER fluids. Thus, it is difficult to develop
desired high-performance ER fluids in consideration of all variables such as dispersed
particle size, shape and overall morphology, particle conductivity and dielectric prop-
erties, particle surface properties, particle volume fraction of the ER fluid, the E,
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Figure 1.

Schematic vepresentation of the microstructure of ER or MR fluids under off-state (a) and on-state (b) of E or H.
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temperature, properties of dispersing medium, and dispersion stability. A proper
electrical conductivity range is desired to be 107°-10"" S/cm [5]. For MR fluids, the
H, carrier fluid, additives, temperature, dispersion stability, durability, magnetic per-
meability, particle surface roughness, volume fraction, density, and size/shape of the
dispersed particles are the major parameters on MR effect [6].

As a dispersed phase, a wide range of ER or MR active materials are developed to
eliminate the impediments that limit the use of stimuli-responsive fluids in the litera-
ture. Various polarizable particles ranging from ceramics to polymers have been
applied as the dispersed phase of ER fluids, including SiO,, TiO,, corn starch, alumi-
nosilicate, carbonaceous particles, conducting polymers, etc. [1]. In addition, recent
efforts on various hybrid materials with different hierarchical morphologies have
been made to improve the dispersion stability and polarizability. As a dispersed phase,
Fe;0y4, Fe,03, iron particles, carbonyl iron (CI) particles, iron alloy particles (nickel-
iron, cobalt-iron, magnetized stainless steel alloys), and ferrite nanoparticles were
used to fabricate MR fluids [7]. MR active particles are desired to have large saturation
magnetization and small coercivity value over a wide temperature range, high disper-
sion, and chemical stability [2]. Although these MR active materials have reasonable
mechanical properties, they generally have lack of dispersion stability against settling
and poor anticorrosion properties. Thus, surface modification, coating of magnetic
particles, or the addition of different additives are usually required. The optimum
particle size of dispersed phase is usually in the range of 0.1-10 pm.

Among conductive polymers, PAn has been widely used in the research on ER
materials so far due to its possessing excellent chemical and environmental stability
and tunable conductivity. Additionally, PAn has been utilized for enhancing the
dispersion stability of MR fluids and obtaining dual ER/MR response. In this chapter,
the recently developed PAn-based materials as electric and magnetic field responsive
materials and their ER/MR behaviors are reviewed.

2. Polyaniline-based ER fluids

As an anhydrous ER active material, PAn and PAn-based materials have been
extensively investigated in previous studies due to their adjustable electrical conduc-
tivity, easy synthesis, low cost, good environmental, thermal, and chemical stability,
and nonabrasive for the device. Various efforts have been made to increase the ER
efficiency of PAn, including synthetization of PAn with different morphologies, pre-
paring its derivatives, and combining PAn with various kinds of materials such as
inorganic particles or polymers by preparing composites, nanocomposites, core/shell
structures, etc. In this section, constituents of PAn-based ER fluids have been reported
so far and their general ER characteristics are summarized. The main parameters of
PAn-based ER fluids can be found in a brief table in a recent review reported by
Kuznetsov et al. [8].

2.1 Development and diversification of polyaniline-based ER fluids
2.1.1 Polyaniline, its derivatives, and copolymers
Among conjugated conductive polymers, PAn has drawn great attention due to its

easy and cost-effective production. PAn is synthesized in different morphologies,
including fibrillar, tubular, belt-like, porous, hollow structures, etc. PAn exists in
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different forms in terms of its oxidation state as fully oxidized, half-oxidized, and
fully reduced states, namely, pernigraniline, emeraldine base, and leucomeraldine,
respectively. For ER application, the level of conductivity of the fabricated PAn is
important and depends on the degree of doping, synthesis conditions such as temper-
ature, monomer: oxidatant ratio, presence of surfactant, and other components. If the
conductivity of the PAn is not within the proper semiconductive level, dedoping
process is generally applied to PAn before preparing ER fluids. The doping process by
organic/inorganic acids also impacts the control of wettability of PAn, which plays a
role in ER efficiency by influencing the compatibility between solid phase and liquid
phase [9, 10].

The doping degree of PAn can be controlled by adjusting the pH of the aqueous
solution containing the PAn particles to 9.0 to make it suitable for ER fluids. Addi-
tionally, Xie et al. reported the effect of different dedoping methods on ER properties
of PAn, namely equilibrium and nonequilibrium. In the reported equilibrium method,
the PAn particles were immersed in a diluted aqueous ammonia solution with a
certain pH value and stirred for a defined time. On the other hand, in the reported
nonequilibrium method, the PAn particles were immersed in a concentrated aqueous
ammonia solution for a certain time. Although similar conductivity values were
reached for both methods, the greater yield stress value was observed in case of the
PAn prepared via nonequilibrium method. The reason for this observation was attrib-
uted to the possible formation of more insulating shell coating on PAn particles via
nonequilibrium method, which led to more electron movement within the particles
rather than electron hopping between them [11]. However, when the PAn is even
dedoped, the current density may still be higher than that of desired for ER fluid and
cause consumption of power and electrical discharge. Thus, PAn derivatives and
copolymers have taken attention owing to eliminate the limitations of PAn.

Substituted derivatives of PAn are obtained by the introducing of substituted
groups on the benzene ring and/or amino N of PAn. The conjugation length and
electrochemical behaviors are both affected by the substituent nature and its position
on the ring [12]. The PAn derivatives usually show reduced intrinsic conductivities by
several orders of magnitude compared to PAn due to steric hindrance of the substitu-
ent groups or the disruption of the conjugated backbone or difference in the
interchain interactions [13]. Thus, further dedoping process, which is generally
required for PAn-based ER fluids, may not be required for PAn derivatives, and the
efficiency of the processing of ER fluid can be increased. The most extensively inves-
tigated introduced substituents are methyl, ethyl, methoxy, ethoxy, and phenyl
groups. There are vast amount of different homopolymers and copolymers have been
prepared from substituted anilines for ER application in the literature, including poly
(2-methoxyaniline) or poly(o-anisidine) [14], poly(2-ethoxyaniline), poly(N-
methylaniline), poly(N-ethylaniline), poly(2-methylaniline) or poly(o-toluidine)

[15, 16], poly(2-ethylaniline) [16, 17], poly(diphenylamine) (N-aryl-substituted PAn)
[18], substituted PAn with long alkyl pendants (poly(2-dodecyloxyaniline) [19], poly
(aniline-co-diphenylamine) [20], poly(aniline-co-o-ethoxyaniline) [21], poly(aniline-
co-1,4-phenylenediamine) [22], PAn copolymer containing N-substituted benzene
sulfonic acid group [23], and aniline/pyrrole copolymer [24]. In addition, oligomeric
aniline particles were demonstrated to exhibit greater ER activity than PAn [25].

An irregular particulate morphology is generally obtained from chemical oxidative
polymerization of aniline and used as ER active material. Additionally, well-defined
hollow [26], nanofibrous [27, 28], nanotubular [29], nanorod covered rectangular
tubular [30], urchin-like [31], and clip-like [32] shaped PAn have been developed
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using a variety of synthesis methods, such as template synthesis, rapid mixing poly-
merization or interface polymerization, chemical oxidation dilute polymerization in
an aqueous acidic solution with an anionic surfactant, the in-situ chemical oxidative
polymerization assisted with a surfactant mixed system. In a study, the effect of
morphology and size, that is nanofiber, nanoparticle, and microparticle PAn prepared
by modified oxidative polymerization method in the citric acid aqueous solution, on
the sedimentation and ER properties of PAn has been reported the highest dispersion
stability and the strongest ER effect were observed for nanofiber morphology com-
pared to that of the nanoparticle and microparticle ones due to its possession of high
aspect ratio [33]. In another study, porous PAn was prepared via chemical oxidation
polymerization at various synthesis temperatures between 37°C to 95°C and reduced
pore size, increased porosity, and specific surface area, and stronger ER response with
lower leakage current density were reported with increasing synthesis temperature. It
has been stated that the increased specific surface area and porosity lead to an increase
in the interaction area between the carrier fluid and the PAn particles in the ER fluid,
resulting in enhanced interfacial polarization and ER performance [34]. On the other
hand, the highest ER activity was reported for the dispersion of particles obtained at
the lowest synthesis temperature due to possessing higher molar mass and longer
main chains of PAn, at the same time, having greater the dielectric permittivity and
dielectric loss coefficient has been observed in a different study where the effect of
lower polymerization temperatures in the range from —10°C to 5°C was studied [35].

2.1.2 Polyaniline/inovganic hybrid materials

PAn and PAn derivatives have been hybridized with inorganic materials in order to
achieve the synergistic contribution of constituent materials, which cannot be pro-
vided from one another, to improve ER characteristics and dispersion stability of the
fluid and adjust the conductivity in a desired range for ER applications [36]. Several
methods have been applied to fabricate PAn/inorganic hybrid materials including in-
situ chemical oxidative polymerization, emulsion polymerization, microemulsion
polymerization, and Pickering emulsion polymerization of PAn and PAn derivatives
with the presence of inorganic material. As an inorganic part of the PAn/inorganic
hybrid material, titanate [37, 38], titania [39, 40], TiO, [41-43], kaolinite [44], silica
[14, 45-47], halloysite [48], sepiolite [49, 50], Fe,O3 [51, 52], Fe304 [53, 541,
palygorskite [55], BaTiO3 [56-58], bentonite [59], montmorillonite [60-62],
organoclay [63, 64], organo-montmorillonite [65], laponite [66], mesoporous SiO,
[67-70], mesoporous TiO, [71], anisotropic TiO, [72], attapulgite [73], nanoporous
zeolite [74], metal-organic framework (MOF) [75], MoS, [76, 771, WS, [78],
K-feldspar [79], red mud [80], aluminum hydroxide and talc [81], and zinc ferrite
[82] have been used. Among these inorganic compounds, since silica is a well-defined
uniform structured compound that can be fabricated on large scale, it has been widely
studied as a typical ER active material. In addition, ER fluid containing mesoporous
form of silica has demonstrated improved dispersion stability, dielectric property, and
ER activity due to its additional advantages, such as low density and high surface area
compared to bare silica [69]. However, since silica has low conductivity, its ER
response is limited. Researchers have enhanced ER activity of silica by controlling its
size and morphology, and via coating the silica with conducting polymers and carbo-
naceous materials using different methods. For example, Noh et al. fabricated vapor
deposition polymerized PAn-coated mesoporous silica particles with different aspect
ratios to investigate the particle geometry effect on ER activity and demonstrated that
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the ER performance of the dedoped PAn-coated mesoporous silica was significantly
enhanced due to the increase of the aspect ratio of the silica core [70].

Among the natural clay minerals, inherent 1D nanostructured sepiolite,
palygorskite (attapulgite), and halloysite have high aspect ratio and surface charge,
large specific surface area, good mechanical strength, outstanding chemical, thermal
and dimensional stability, low cost, abundant natural resources, and easy processing
and have been hybridized with PAn to utilize their 1D shape effect. In another study,
porous zeolite allowed the PAn to fill into microstructural pores resulting in complex
nanostructures, leading PAn composite to have better dielectric properties and ER
performance due to stronger polarization and fibrillar formation under E [74]. A thin
conducting layer of PAn is also one of the best ways of reducing the cost of conducting
polymers in these inorganic/PAn nanostructured particles.

2.1.3 Polyaniline/carbon-based nanoparticle composites

Carbon-based nanostructures such as carbon nanoparticles, multi-walled carbon
nanotubes (MWCNT), graphene, and graphene oxide (GO) have been utilized for the
preparation of ER materials due to their unique and versatile electrical and morpho-
logical properties. The carbon-based materials, which stand out with their high con-
ductivity, have been combined with polymers or inorganic compounds in order to
reach the appropriate conductivity range for ER studies. These studies were in the
form of coating carbon-based material on polymer or inorganic material, or, on the
contrary, coating carbon-based material with polymer or inorganic material. Among
the carbon-based materials, GO sheets, considered as an oxidation state of graphene,
have the most remarkable result since these materials possess relatively reduced
electrical conductivity even without any posttreatment and good dispersion stability
in carrier fluid due to the large amount of hydroxyl, carboxylic, and epoxide func-
tional groups on its basal planes and edges [83, 84]. PAn has been combined with
various carbon-based materials for ER studies, including MWCNT [85], GO [86-88],
graphene [89, 90], and carbon particles [91], in addition, 2D carbonaceous particles
were fabricated from annealing of PAn-coated GO sheets in vacuum [92] and core—
shell particles of carbonized PAn base was coated with PAn base [93].

In a study, nitrogen-enriched carbonaceous nanotubes with large aspect ratio and
tunable conductivity were prepared by heat treatment of PAn nanotubes at elevated
temperatures and used as ER active material. Thus, with this approach, to achieve the
desired high polarizability and dispersion stability for ER fluids, the high aspect ratio
of 1D morphology has been maintained with appropriate electrical conductivity,
which is difficult to achieve in highly conductive carbon-based nanostructures. Fur-
thermore, nitrogen-enriched carbonaceous nanotubes displayed better dispersion sta-
bility and higher ER performance compared to their granular analogue [29]. In
another study, to display the morphology and conductivity effect on ER performance
of composite nanoplates, in-situ fabricated GO-supported PAn emeraldine salt
nanoplates were treated either with ammonia or hydrazine to obtain nonconducting-
GO-supported PAn base nanoplates (rGO/PAn) or conducting reduced-GO-
supported PAn base nanoplates (GO/PAn), respectively. The dielectric and ER prop-
erties of both composite nanoplates, with the same morphology and shell property but
with different core conductivities, were compared with granular-shaped PAn. In case
of using conducting rGO as the core instead of nonconducting one enhanced the
intensity and the rate of interfacial polarization of composite nanoplates and thus
resulted in stronger ER response. Furthermore, both anisotropic nanoplate composites
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displayed much greater ER performance than that of PAn base [90]. This reported
study clearly indicated that the anisotropic GO structure had an influential role in
improved polarization and ER effect, whereas the conductive core gave further
favorable contribution to ER effect. Apart from this study, PAn-coated GO sheet
prepared with a similar approach mentioned above was subjected to heat treatment at
550°C under inert atmosphere to fabricate two-dimensional (2D) structures composed
of graphene-supported amorphous carbon. The electric field-induced yield stress
values of 2D-graphene-supported carbonaceous sheets were reported to be about
three times greater than that of dispersion of pure carbonaceous particles obtained
from annealing of PAn due to the increased polarization with the aid of the presence
of the graphene core. Additionally, the interparticle friction and viscous drag force
have been enhanced owing to the high-aspect-ratio of 2D-plate-like morphology [92].
Instead of amorphous carbon coating, PAn base coated on graphitic carbon prepared
from carbonized PAn base particles at 650°C under inert atmosphere was used as a
dispersed phase of ER fluid. This composite structure was reported to lower the
interactions between the carrier liquid and the dispersed particles and enhance the ER
efficiency compared with the dispersion of the bare PAn base and carbonized PAn
base in silicone oil [93].

2.1.4 Polyaniline/polymer composites

For ER application, the conductivity of PAn has to be adjusted to desired level to
prevent electrical short upon application of the E. There are various alternative
strategies to maintain the electrical characteristics of PAn at a safe and proper level
for ER purposes and enhance the ER performance, such as dedoping process, co-
polymerization, encapsulating of PAn with polymers or inorganic materials with low
conductivity, fabricating of core/shell hybrid structures, nanocomposites, composites,
and blends. The conductivity of the PAn incorporated materials can be controlled in a
wide range by altering the amount of PAn. The increasing PAn content increases the
density and mobility of the charge carriers until the optimum saturation level is
reached depending on the conducting network formation in the dielectric polymer
matrix [94]. Many researchers have devoted themselves to combining PAn particles
with an insulating polymer for ER studies. Especially, core/shell structured uniform
polymer microspheres coated PAn with controlled thickness have been extensively
studied to combine the morphological effect of core nonconducting polymer with the
electrical properties of conducting PAn layer. As a general approach, monodispersed
micron-sized PAn or PAn derivative composites are synthesized via oxidative poly-
merization of aniline or aniline derivative monomer in the presence of micron-sized
polymer spheres such as poly(styrene) (PS) [95, 96], poly(methyl methacrylate)
(PMMA) [97, 98], poly(glycidyl methacrylate) (PGMA)/PMMA [99], or poly(sty-
rene-co-glycidyl methacrylate-co-divinylbenzene) [100]. The ER effect of the PAn-
coated polymer core/shell composite particles containing dispersions depends on the
PAn loading, the dispersed particle conductivity, and concentration [100]. In a study,
among the homopolymer PAn, PMMA (core)/PAn(shell), and PAn(core)/PMMA
(shell) particles, the ER effect of the PAn(core)/PMMA (shell) particles was demon-
strated to be stronger than that of PMMA (core)/PAn(shell) particles whereas similar
with that of homopolymer PAn. As a result, an insulating shell on conductive PAn
core was found to be effective to obtain improved ER performance without dedoping
process [97]. Additionally, the particle size of the insulating polymer core with similar
PAn shell thickness and electrical properties have been reported to influence the ER
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performance. The larger particle size in the range from 1 to 10 pm resulted in the
greater ER effect [101]. In the literature, besides the isotropic spherical PAn/insulating
polymer core/shell structures, the fabrication of anisotropic PAn-coated snowman-
like core/shell particles was reported via seed emulsion polymerization method [98].
To enhance the mechanical strength of the core/shell structure, the crosslinking agent
like ethylene glycol dimethacrylate has also been introduced to the PMMA core before
being coated by the conducting PAn derivative overlayer via grafting polymerization
[102]. Another approach to produce semiconducting core/shell-type nonconducting
polymer coated on PAn particles is via Pickering emulsion-type polymerization, using
polymer particles as a solid polymeric surfactant, such as poly(divinylbenzene-alt-
maleic anhydride) [103].

2.1.5 Polyaniline/poly (ionic liquid) composites

Organic polymer-based materials have been most frequently studied as ER mate-
rials compared to the inorganic ones due to their low density, soft texture, and
relatively high ER activity. Among various organic polymer-based polymers, poly-
electrolytes are more extensively applied in ER fluids due to their low cost, facile
fabrication, and high ER response in the presence of promoter, such as a small amount
of water or moisture. The small amount of water required for ER activation leads the
traditional polyelectrolytes to face the electrical and thermal problems. To overcome
these drawbacks, a novel anhydrous polyelectrolyte-based ER system based on
hydrophobic poly(ionic liquid)s (PILs) has been developed recently [104].

PILs are a type of functional polyelectrolyte obtained by polymerization of ionic
liquids, a typical organic molten salt bearing hydrophobic counterions at room tem-
perature. PILs can exhibit strong ER activity and high dielectric polarizability without
affinity to water due to comprising of high-density cation/anion counterions
endowing polarized easily upon application of the E. Additionally, crosslinking can be
applied to improve the mechanical and thermal properties of PILs due to possessing
low glass transition temperature. The ER activity of PILs with linear backbone
depends on the type and the nature of the hydrophobic counterions [105]. If the PILs
are self-crosslinked, the ER effect rises with the length of the alkyl spacer due to
enhanced ion mobility and induced interfacial polarization whereas the operating
temperature range is narrowed resulting in current leakage at higher temperature
[106]. Hydrophobic PILs can be prepared by direct polymerization of hydrophobic
ionic liquid monomers or subsequent post-ion-exchange treatment after polymeriza-
tion of hydrophilic ionic liquid monomers. Although, the post ion-exchange treatment
is a facile procedure with higher yield, hydrophobic PILs prepared by post ion-
exchange procedure are easily surface charged. In order to eliminate the surface
charging and thus enhance the ER effect, the preparation of the composite particles
composed of conducting PAn core encapsulated by PIL, poly(vinylbenzyl)trimethy-
lammonium hexafluorophosphate (P[VBTMA]PF¢) was reported via post-ion-
exchange procedure. The P[VBTMA]PFg-capsulated PAn particles were demonstrated
to have an enhanced ER effect due to partially suppressing the positively charged state
of P[VBTMA]PF; particles by wrapping PAn into P[VBTMA]PF¢ when compared
with that of pure PIL, pure PAn, and their simple mixture [107].

At higher E values, the irreversible leakage of mobile ions from particles into
carrier liquid can be encountered for PIL-based ER fluids. Another approach to block
ion leakage from PILs can be semiconducting PAn coating on the surface of ionically
conductive PIL core since PAn mainly allows the transport of the electron or the hole.
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In a study, Zheng et al. demonstrated that core/shell structured poly[2-
(methacryloyloxy)ethyl] trimethylammonium bis(trifluoromethanesulfonyl)

imide (P[MTMA][TFSI])/PAn fabricated via low-temperature interfacial polymeri-
zation of PAn on the PIMTMA][TFSI] microspheres limited the irreversible ion leak-
age of PIMTMA][TFSI] microspheres and improved the particle polarizability and ER
effect [108].

The influence of oxidation state of PAn on the ER response of PIL/PAn composite
composed of P[VBTMA][PF¢] as a matrix and different forms of semiconducting PAn
as a filler, prepared by ion-exchange and subsequently treated by ammonia or hydra-
zine to obtain different forms of PAn filler, such as emeraldine salt, emeraldine base,
and leucoemeraldine was studied by Zheng et al. Thus, the researchers could adjust
the difference in polarization rate between filler and matrix and reported that when
the closer their polarization rates were, the more stable the flow curve was in a broad
shear rate region, and enhanced ER response was achieved only for the ammonia-
treated P[VBTMA][PF¢]/PAn particles at room temperature. On the other hand, the
flow curves of the hydrazine-treated P[VBTMA][PF]/PAn displayed more stable
flow curve with increasing temperature [109]. In another study, ionic liquid crystal
PAn prepared via microwave-assisted reaction using leucoemeraldine PAn as polymer
skeleton, naphthalene disulfonic acids as ionic crosslinkers, and diisonicotinates as
mesogenic groups demonstrated integrated behaviors of PIL, liquid crystal, and PAn-
base and strong ER dependency on operating temperature [110]. Emeraldine base
form of PAn was doped by the synthesized series of main-chain liquid-crystalline
polymers (LCPs) with pendant sulfonic acid groups using biphenyl-4,40-diol, 6,7-
dihydroxynaphthalene-2-sulfonic acid, and bis(4-(chlorocarbonyl)phenyl)
decanedioate in a one-step esterification reaction. The resulting sulfonic acid-
containing PAn-LCP ionomer dispersions showed better ER effect than PAn disper-
sions [111].

2.2 ER characteristics of polyaniline-based materials

Within the realm of ER fluids, the ER characteristics have been extensively exam-
ined by rheological measurements including steady shear, on/off switch test at con-
stant shear rate, and oscillatory test under E and dielectric analysis in terms of
understanding the behavior of ER fluid and response to external electrical stimuli. ER
properties investigated are mainly yield stress, storage, and loss modulus under dif-
ferent E values. Without E, the shear stress of ER fluid usually increases linearly with
increasing shear rate displaying Newtonian fluid behavior (Figure 2a). In the pres-
ence of the E, the shear stress remains constant over a low shear rate range and
increases with increasing the shear rate in the high shear rate range according to the
Bingham model (Figure 2a). The yield stress (7,) is defined as the minimum shear
stress required to completely disrupt the field-induced solid-like structure under
continuous shear. However, in many cases, Bingham model is not sufficient for
describing the flow curves of ER fluids over a large range of the shear rate. Therefore,
other models such as De Kee-Turcotte model, the Hershel-Bulkley model, Cho-Choi-
Jhon (CCJ) model (Figure 2a), and Seo-Seo model have been applied [112]. The 7, can
be determined by above-mentioned models using experimental data. The correlation
of the 7, and applied electric field follows power law, 7,xE”. The value of index, «, is
1.5 or 2.0 corresponding to the conduction model and ideal polarization model,
respectively [5]. On the other hand, in some cases, this relationship is not fully
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Figure 2.

Representative shear stress versus shear rate curves of an ER fluid that fits the Newtonian model under off-field, the
Bingham or CCJ model under on-field, and corresponding schematic microstructure under shear flow (a) and
representative dielectric spectrum (b) of an ER fluid.

consistent with the corresponding models due to the effect of dispersed particle size,
morphology, surface properties and concentration, and dielectric properties of ER
fluid on the z,.

The viscoelastic properties and phase transition of ER fluids can be examined by
dynamic oscillation test in which a sinusoidal strain or stress is applied, and the ER
fluid is sheared back and forth at a given strain amplitude and frequency [5]. In order
to do so, a linear viscoelastic region (LVE), where stress and strain are proportional, is
initially determined by stress or strain amplitude sweep test at a fixed frequency
value. Within the low-strain region, elastic (G’) and viscous (G”) modulus are inde-
pendent of the applied strain or stress and show a constant plateau. When the applied
strain or stress is inadequate and leads to structural breakdown of the field-induced
structures, the important microstructural properties are being measured. Out of the
LVE, nonlinearities arise and measurements can no longer be easily correlated with
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microstructural properties. Within the predetermined LVE for the given ER fluid, the
angular frequency sweep test is performed to analyze the time-dependent behavior of
the ER fluid in the nondestructive deformation range and to determine the behavior
and inner structure, and the long-term stability of the ER fluid [113]. In the absence of
the E, G'<G” is observed at low frequencies indicating liquid-like behavior predomi-
nates, then the crossover point of G’ and G” is appeared, which is related to the
relaxation time, and at high-frequency region G’>G” is displayed indicating solid-like
behavior predominates for viscoelastic liquids. Upon application of electric field,
G'>G” is displaced and G’ and G” are observed as parallel throughout the entire
frequency range indicating stable gel-like structure with solid-like behavior. With
increasing the E, the modulus values increase indicating raised structural strength.

Furthermore, the microstructural changes in the ER fluid can be directly deter-
mined by optical microscopy under E. The particles are dispersed in the carrier fluid
randomly whereas they rapidly align parallel to the direction of the E and form a
chain-like structure spinning towards the electrodes. Depending on the concentration
of the ER fluid and the magnitude of E, columnar or network structure can also be
observed.

Dielectric spectra of ER fluids, the frequency-dependent dielectric constant (g')
and dielectric loss factor (¢”) curves (Figure 2b), provide important information
about the polarization mechanism, polarizability, and polarization relaxation time ()
of ER fluids on analyzing of electrical polarization properties and interpreting the flow
behavior under the E [13]. Response time of the dispersed particles to the E and
formation of stable fibrillar structures are related to the relaxation frequency of the ER
fluid. A high relaxation frequency results in a short relaxation time and a rapid
response time to an E. Generally, a higher polarizability corresponds to strong inter-
actions between particles and ER performance. For achieving stable flow behavior
under an E, the response rate of the dispersed particles to E was presented in the range
of 107°-1072 5. If the response rate is too low, during shear deformation, the recon-
struction of the chain-like structures in time may be hindered. If the response time
value is too high, the repulsions between the particles dominate, resulting in a
decrease in the stability of the chain-like structure arisen. The dielectric spectra of ER
fluids can usually be explained by the Cole—Cole equation and the Havriliak-Negami
model [5].

3. Polyaniline-based MR fluids

MR fluids whose rheological properties tuned reversibly and rapidly (in a fraction
of millisecond) from a liquid to a nearly solid state under the presence of the H are
composed of dispersing micron-sized, soft-magnetic particles (up to 50 vol%) in a
nonmagnetizable carrier liquid. Soft-magnetic particles used as a dispersed phase for
MR fluids generally possess inevitable sedimentation problems due to the large den-
sity mismatch between the magnetic particles and the carrier fluid, which restricts
further MR applications. Additionally, corrosion, low reversibility, and remnant mag-
netization of the dispersed particles are other impediments to be considered. Most
common approaches to reduce density and prevent magnetic particle aggregation are
application of core/shell structures with the aid of polymers and addition of surfac-
tants or submicron-sized additives such as MWCNT, graphite nanotubes, fumed
silica, and organo-clay [6]. Fabrication of core/shell structure is taken more attention
compared to using additives to improve the dispersion stability of MR fluids since
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Synthetic approaches for the preparation of PAn-based MR particles.

introducing additives requires further other parameters to be considered such as size,
morphology, and affinity of the additive. Also, additives may interfere with the
induced chain structure of the magnetic particles in H [114]. For core/shell structures,
if the core is a magnetic particle, the coating shell will provide chemical and oxidation
stability. On the other hand, the ultimate disintegration in shearing can be obtained
when the magnetic particle is a shell and thus the interaction between magnetic shell
and nonmagnetic core should be strong. Nevertheless, both approaches improve the
dispersion stability [115]. As a polymer, PAn was attractive recently for enhancing the
dispersion stability and obtaining dual ER/MR response [116]. Various synthetic
approaches for the preparation of PAn-based MR particles are displayed in Figure 3.
In this section, the use of PAn in MR fluids in recent studies is summarized and the
comparison of various properties of PAn-based materials used for MR fluids is tabu-
lated in Table 1.

3.1 Development and diversification of polyaniline-based MR fluids

Various soft-magnetic particles such as Fe304, carbonyl iron (CI), CoNi, zinc-
ferrite (ZnFe;0,4), and MnFe,0, have been used as a dispersed phase for MR fluids.
Their organic/inorganic composites have attracted considerable interest in terms of
increasing dispersion stability of fluid, protecting magnetic particles against corrosion,
and improving reversible behavior in field on/off states while maintaining intrinsic
MR properties of soft-magnetic particles. However, fabricating hybrid structures have
their pros and cons. Hybrid structures show slightly inferior magnetic properties
compared to bare soft-magnetic particles as the aforementioned improvements are
gained.

PAn having fibrous structure was coated with Fe;O4 by an in-situ self-assembly
method and much lower magnetic properties were observed for the magnetic com-
posite compared to that of pure Fe30,4 due to high percent composition of PAn. In a
study, a magnetic composite consisting of Fe;O, nanoparticles inserted in PAn matrix
was fabricated and much lower magnetic properties were observed for the magnetic
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composite compared to that of pure Fe;0, due to the high percent composition of PAn
in the composite [118]. On the other hand, when a hierarchically structured composite
was prepared by the deposition of Fe;0, on fibrous structured PAn, fibrous PAn
coated by Fe;0, exhibited greater magnetic properties than that of particulate Fe30,4
embedded in PAn matrix [117]. The Fe;0, particles have also been considered to
fabricate a dual stimulus-responsive material to the E and the H. Fe30,4 coated
monodispersed poly(N-methylaniline) microspheres were prepared with proper con-
ductivity without undergoing dedoping and good magnetic susceptibility for ER and
MR performance, respectively [126].

CI particles obtained from the decomposition of iron pentacarbonyl are most used
for MR fluids due to their large saturation magnetization, small coercivity magnetiza-
tion, and appropriate size. However, CI-based MR fluids generally have serious sedi-
mentation problems due to the large density mismatch between the CI particles and
the carrier fluid. One of the strategies to reduce the density or prevent particle
aggregation is polymer coating on the particle surface. PAn coating has been intro-
duced to reduce the density or prevent CI particle aggregation. Core-shell structured
CI-PAn composite particles, prepared by dispersing CI particles in pre-synthesized
PAn colloidal dispersion in chloroform, were reported to have similar magnetic prop-
erties with CI particles whereas enhanced dispersion stability, decreased field off
viscosity and increased MR effect were observed compared to bare CI MR fluid [115].
To increase interfacial interaction and affinity between magnetic particles and PAn, CI
surface can be modified by suitable grafting agents. In a study, dopamine-attached CI
particles were coated by PAn by dispersion polymerization process and the formed
homogenous rough surface and low density of the core/shell PAn/ClI particles resulted
in improved dispersion stability [120]. For the same purposes, in another study, p-
toluenesulfonic acid monohydrate was used as a surface modifier and showed the
increase in chemical affinity between CI and polymer layer through hydrogen bond-
ing and electrostatic interactions, resulting in a better core-shell morphology and
improved dispersion stability, compared to the bare CI due to decreasing the density
mismatch between composite particle and carrier oil [121]. Another strategy to sustain
the dispersion stability was introducing carboxylic acid-functionalized MWCNT as a
second layer on the PAn-coated CI core/shell particles by a two-step coating process
[116]. Instead of being a shell of Cl core, iron nanoparticle-supported PAn
nanofibers were used as an additive for the preparation of CI-based MR fluids and
both MR properties and the dispersion stability of the MR fluid were reported to be
improved [119].

Magnetic ZnFe,0, particles coated with conducting PAn particles with raspberry-
like core/shell morphology synthesized by Pickering emulsion polymerization were
reported to exhibit dual ER/MR active material [122]. In another study, rough surfaces
were observed when ZnFe,0, was coated with dedoped-PAn with dual-field respon-
sive properties [123]. Also, PAn derivatives poly(N-methyl aniline) [124] and poly
(diphenylamine) [125] were also reported to be as a shell layer on magnetic ZnFe,0,
particles without any requirement of an additional de-doping process. PAn-coated
spherical MnFe,0, nanoparticles were reported with dual characteristics of ER/MR

fluids [127].
3.2 MR characteristics of polyaniline-based materials

MR fluids often show a Newtonian fluid behavior, in which shear stress increases
linearly with shear rate without the H. However, when a H is applied to MR fluids, the
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dispersed particles will get aligned along the direction of magnetic field forming
fibrous structure, which leads to a solid-like state. Hence, a yield stress is necessary to
make the fluid flow again. Above the yield stress, the fibrous structure breaks and
yields fluidity, which means the MR fluids show a fluid-like behavior. In general,

the yield stress depends on the volume fraction and the strength of H as well as the
intrinsic properties of MR materials. The properties of MR fluids under the H have
similarities to that of ER fluids under an electric field in terms of steady shear and
oscillatory tests. However, the Herschel-Bulkley model and Bingham model are gen-
erally used to explain the flow curve of an MR fluid. The 7, dependent on the magnetic
field strength can also be expressed as 7,<H” [128]. Instead of dielectric properties,
the saturation magnetization (M) of a material is an important parameter predicting
the MR performance that can be achieved in an MR fluid. Generally, a larger M value
indicates higher MR performance of the MR fluid at the same particle concentration.
Furthermore, the hysteresis of magnetic particles has a direct influence on the recov-
ery of an MR fluid upon the removal of the H. If there is no hysteresis loop, the MR
fluid exhibits soft magnetic properties and thus the magnetostatic interactions
between particles in the carrier fluid form rapidly upon application of the H

resulting in solid-like state and disappearing when the field is removed showing
liquid-like state.

4, Conclusions

This chapter presents an overview of the status and recent studies in PAn-based
materials used in electro/magneto-responsive smart fluids. Electro/magneto-
responsive smart fluids have tremendous applications such as shock absorbers, robot-
ics, clutches, valves, dampers, and microfluidics due to their possessing an ability to
change their rheological properties reversibly and promptly under externally applied
electric or magnetic fields in a controlled manner. The electro-responsive smart fluid,
namely, ER fluids mainly consists of polarizable particles dispersed in nonconductive
liquid dispersant and furthermore, various polar additives may be inserted to increase
polarizability or dispersion stability of the ER fluid. But, instead of incorporating
additives due to their drawbacks such as leading electrical breakdown and device
corrosion, inherently anhydrous polarizable particles are desired to be used as an ER
active material. Thus, inherently polarizable PAn has been one of the most promising
and extensively studied conducting polymers in the research of ER materials for many
years due to its tunable conductivity, ease of synthesis, adequate chemical and ther-
mal stability, noncorrosiveness, and less friction than pure inorganic compounds. The
morphology, size, shape, surface characteristics, dedoping level, and incorporation of
other compounds with PAn have a significant influence on the ER properties. In this
chapter, PAn-based ER fluids with various compositions are categorized in terms of
constituent components and discussed in detail. Various inorganic compounds, insu-
lating polymers, PILs, and carbon-based nanomaterials have been hybridized with
PAn and PAn derivatives to improve the ER performance and the dispersion stability.

The magnetic field analog of ER fluids, MR fluids are basically made up of soft
magnetizable dispersed particles, carrier fluid, and additives. The researchers have
focused on enhancing the dispersion stability of soft-magnetizable dispersed particles
in MR fluid, preventing particle corrosion, and improving the overall MR effect by
reduction in density mismatch between carrier fluid and dispersed particles, the
addition of various additives and particle coating with inorganic, organic or polymeric
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components. Even though PAn has no soft magnetic properties, PAn and its deriva-
tives have also been used for enhancing the dispersion stability of MR fluids and
obtaining dual ER/MR response. For that reason, there have been fewer studies on the
use of PAn in MR fluids compared to its use in the ER fluids. The literature studies
have indicated that while introducing PAn in MR materials enhanced the sedimenta-
tion stability, the magnetic saturation of the resulting structure was decreased. There-
fore, there are still major opportunities for the development of PAn with low magnetic
masking property in the future research.

According to the recent studies reported so far, it has been concluded that owing
high surface area, good wettability, rough surface compared to smooth surface, hier-
archical anisotropic structures compared to isotropic ones, suitable conductivity, and
reduced density mismatch with carrier fluid led to enhanced ER/MR performances of
PAn-based stimuli responsive fluids.
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Abstract

With the development of smart and functional textiles, electro-conductive fabrics
based on polyaniline have attracted much attention due to its unique chemical struc-
ture, ease of preparation, flexibility, stability, excellent electrical conductivity, and
sensing properties. As a result, polyaniline-based fabrics are widely used in various
applications, including electromagnetic shielding, electronics, sensing, monitoring,
and biomedicine. This chapter reviews the state-of-the-art technologies for fabricating
polyaniline-coated woven, non-woven, and knitted fabrics based on natural and syn-
thetic polymers, describing the fabrication methods, characterization techniques, and
applications.

Keywords: polyaniline-coated fabric, polyaniline, antibacterial textile,
electro-conductive fabric, mechanical sensor, ammonia gas sensor, pH sensor

1. Introduction

Textiles are used daily in several applications, such as apparel, household textiles,
furniture, medical and protective equipment, buildings, and vehicles. Textiles enable
products’ functionalities and performance as well as esthetics and comfort. The con-
temporary textile industry is continuously challenged with innovative applications
based on new technologies. Therefore, “smart textiles,” “E-textiles,” “functional tex-
tiles,” and “wearable electronic textiles” are among the terms used to represent
the potential applications. Smart textiles have become the most promising next-
generation wearable fabrics [1-7]. Smart textiles can respond to external physical and
chemical stimuli, communicate by sensor technology, and adapt to changing sur-
roundings [5, 6, 8]. The main aim behind developing smart textiles is to introduce new
applications using efficient methodologies without compromising the intrinsic com-
fort, flexibility, and light weight of the fabric. Smart textiles have enormous
potential in different applications possessing properties, including antibacterial,
thermochromic (response to changes in temperature), shape-memory (response to
external stimuli), hydrophobic and hydrophilic, oil-water separation, controlled
release, drug delivery, photonics, sensors (response to pressure, pH, gas), antistatic,
energy storage, and electro-conductive properties [1, 9-17].
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Common textiles do not conduct electricity and are considered insulators. The
textiles become electrically conductive by incorporating electro-conductive
materials such as graphene (G), graphene oxide (GO), conductive nano, microparti-
cles, and conjugated organic polymers on their surface for applications such as wear-
able electronic textiles [5, 6, 18-20]. The electrical conductivity of textiles depends on
various factors, including the type and nature of the conductive coating as well as the
ability to form an efficient interconnected conductive network within porous textile
substrate. Incorporating conductive metallic particles often results in rigid fabrics
with reduced flexibility that cannot maintain their functionality after washing.
Therefore, flexible, deformable, stretchable, and durable electro-conductive threads
are critical for electro-conductive textiles that serve as smart textiles for information
transfer and computation capability while accommodating the movement of the
human body [5, 6, 15, 21-26]. For those reasons, intrinsic conductive polymers are
the most suitable candidates for replacing conductive fillers to fabricate conductive
textiles.

In recent decades, intrinsically conductive polymers (ICPs) have been extensively
studied due to their unique electronic and electro-optical properties, and they are an
essential part of the development of smart textiles [27-29]. In 1976, Shirakawa, Mac-
Diarmid, and Heeger made a breakthrough discovery of a thin polyacetylene film
oxidized with iodine vapor resulting in electrical conductivity [30]. They were
awarded the Nobel Prize in Chemistry for discovering electrical conductivity in
organic-conjugated materials in 2000 [31]. Over the years, dozens of ICPs have been
introduced, among them polypyrrole (PPy), polyaniline (PANI), polythiophenes
(PThs), and their derivatives. Their exceptional combination of properties, including
electrical conductivity, electromagnetic shielding ability, light weight, flexibility, low
cost, solution processability, good adhesion to diverse substrates, and ease of prepa-
ration, makes them ideal candidates for the development of smart textiles [21, 32, 33].
PANI is one of the most applied organic-conjugated polymers on textile due to its
unique chemical structure, environmental stability, ease of preparation in aqueous
solution, and excellent film-forming ability [34]. The electrical conductivity usually
correlates to the molecular weight of the conjugated polymer, having reported that
PANI with high molecular weight achieved higher electrical conductivity than the low
molecular weight derivatives [35-38]. The molecular structure of PANI consists of
repeating units of the monomer aniline, as shown in Figure 1. The location of the N-
atom between the phenyl rings enables the formation of various oxidation states,
which significantly affect the physicochemical and mechanical properties of PANI
[39]. There are three basic oxidation states of PANI: (a) leucoemeraldine (white/
clear), (b) emeraldine (salt-green/base-blue), and (c) pernigraniline (blue/violet)
[40, 41]. PANI exhibits two distinctive interconverting molecular forms in emeraldine
oxidation state: salt (emeraldine salt (ES)) and base (emeraldine base (EB)). EB is a
neutral form in which the amine groups are present as imines. Protonation of the
imine nitrogen group with acid results in the doped ES state, in which the imines are
converted into quaternary ammonium ions (Figure 2A) [42]. ES is the only
conducting state among various forms of PANI that can be produced in an acidic
solution (pH < 3.0) [43]. Doping with inorganic acids, such as hydrochloric or
sulfuric acid, can influence the conductivity of PANI. As a result of doping, a charge
transfer reaction occurs, which in turn creates active sites (polarons), adding an
electron to the conduction band (n-doping) or removing an electron from the valence
band (p-doping) [39]. The dopant degree can be easily changed by controlling the pH
value of the dopant acid/base solution [44]. Both PANI-ES and PANI-EB display three
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Figure 1.
Chemical structures of the different forms of polyaniline (PANI): (A) polyaniline, (B) leucoemeradine,
(C) pernigraniline, (D) emeraldine base (EB), and (E) emeraldine salt (ES).

ultraviolet-visible (UV-vis) absorption peaks. The absorption peaks between 255 and
286 nm and 328-349 nm are attributed to the n-n* transitions of the conjugated
benzene rings of the PANI-ES and PANI-EB backbones. The third peak of PANI-ES
located at 430-439 nm is due to polaron absorption resulting from the doping process.
While the third band of PANI-EB is located at 610-650 nm, indicating the conversion
of the imine nitrogen atoms of the benzenoid rings to quinonoid rings [45-49]. These
unique properties of polyaniline make this remarkable material a suitable candidate
for the development of chemical sensors [50], electromagnetic shielding devices [51],
antibacterial protection [52], and electrochromic and electrochemical devices [53, 54]
for smart textile applications.
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Figure 2.
Reversible transformation between polyaniline emeraldine salt (ES) and polyaniline emeraldine base (EB)
(A), polymerization veaction of aniline, and schematic representation of fabric coating via in situ polymerization

(B) [42].

2. Fabrication methods

Textiles are frequently coated with ICPs, such as a thin layer of PANI, to achieve
electro-conductive and other functional properties. The common coating techniques
are in situ polymerization, screen or inkjet printing, spray, and dip-coating [34]. The
properties of the PANI-coated fabric depend on the aniline, oxidizing reagent, and
dopant type and concentrations, the polymerization conditions, the pretreatment of
the original fabric, and the type and style of the textile substrate.

2.1 In situ polymerization

Polyaniline can be polymerized directly on the textile surface via in situ polymeriza-
tion of aniline monomer using an oxidizing reagent such as ammonium persulfate (APS)
in an aqueous solution under acidic pH. During the polymerization process, the fabric is
first immersed into an acidic aqueous solution containing aniline to ensure its absorption
on the fabric surface for a specific time, followed by the introduction of APS triggering
the polymerization reaction (Figure 2B). After the reaction is completed, the fabric is
washed with water and organic solvents to remove the unreacted materials and
byproducts, as shown in Figure 3 [42]. Depending on the type of fabric and the presence
of reactive functional groups on the fabric surface, the growing polymer chains may be
attached to the fabric via physical or chemical bonding [55]. The in situ method has been
successfully applied on different textile substrates, such as cotton [56], poly(ethylene
terephthalate) (PET) [57], nylon [58], polypropylene (PP) [59], silk [60], and more [61-
63]. Over the years, it has become one of the most popular methods for developing
multifunctional electro-conductive textiles [61]. For example, Sheibani et al. carried out
in situ polymerization of PANI on cotton fabrics in the presence of hydrochloric acid
(HCI) as a dopant and APS as an oxidant to achieve the electrical conductivity. The
electrical resistivity of PANI-coated cotton fabrics was found to be strongly dependent
on the monomer concentration and the molar ratio between aniline and oxidant. When
using 0.019 mol of aniline and aniline-to-dopant molar ratio of 1.7, the electrical
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Figure 3.
Polyaniline (PANI)-coated poly(ethylene terephthalate) PET:viscose fabrics at different PANI concentrations and
scanning electron microscopy (SEM) images of the fabric at 20,000% [42].

resistivity of the composite fabrics reached the level of 23 x 10° Q/square, which was six
orders of magnitude lower in comparison with the original cotton fabric [56].

Wang et al. reported the coating of woven polyester fabric by in situ polymeriza-
tion using p-toluenesulfonic acid (p-TSA) as a dopant. The coated fabrics showed
good polarizing and absorbing-attenuation abilities for electromagnetic shielding
applications when the concentrations of aniline, oxidant, and p-TSA were 0.4 mol/l,
0.4-0.5 mol/l, and 0.2 mol/l, respectively [64].

Another option is to utilize a two-step in situ polymerization. The first stage involves
wetting of the fabric in an aniline solution for several minutes or hours to ensure efficient
monomer absorption on the surface of the fabric. The second stage involves either
immersion or spraying of the fabric with an aqueous/acidic solution containing oxidizing
reagent. Kumar et al. and Lau et al. applied the two-step fabrication method to obtain a
PANI layer on woven polypropylene and non-woven fabrics with ammonia gas-sensing
properties [65, 66]. Most of the studies on the fabrication of PANI-based fabrics via in situ
polymerization result in the formation of physical bonding between the polar chemical
groups on the surface of the fabrics and the PANI chains. Covalent grafting of PANI onto
the surface of fabrics is more challenging from a synthetic point of view; however, it may
offer more accurate control of the surface properties and provide coating durability. Wu
et al. reported a multistep process for covalent attachment of PANI to the surface of
cotton fabrics. The fabrication method included the attachment of the polymeric graft
chains containing epoxy functional end-groups to the hydroxyl groups of the cellulose,
which were subsequently chemically linked to the 4-amino phenethylamine molecules via
an amino-epoxy ring opening reaction. The modified fabric was then subjected to in situ
polymerization, creating a PANI graft layer on the surface of the cotton fabric [67].

2.2 Printing techniques
2.2.1 Screen printing

Screen printing is a well-known, versatile, low-cost printing method based on
high-viscosity inks forced and squeezed through the screen in a predetermined

83



Trends and Developments in Modern Applications of Polyaniline

pattern mesh. This printing technique transfers ink through the mesh onto the

fabric in the desired pattern [68-70]. Consequently, screen printing is widely used to
fabricate smart textiles, realizing that depositing a pattern of functional ink onto
fabric creates flexible and functional coatings. The inks and the substrates have a
crucial role in screen printing technology, and their properties will determine the
performance of the printed fabric [71]. There are various commercial inks

commonly used based on plasticized polyvinyl chloride microparticles and
Speedball®, which is based on poly(methyl methacrylate) particles. Screen

printing has significant potential for manufacturing wearable electronics. It is one of
the most cost-effective and efficient methods for producing electro-conductive pat-
terned coatings on different fabrics. PANI-based inks for screen printing textiles have
been extensively investigated [72]. For instance, Wang et al. developed flexible circuit
patterns on woven polyester fabric. Conductive pastes containing G/PANI with dif-
ferent concentrations of aniline between 0 and 25 w/v% and viscosity range of 3000-
25,000 Pa s were successfully prepared. The highest electrical resistivity of 0.6 x 10°
Q/square was achieved when the aniline concentration was 25 w/v%. The authors
found that the electrical conductivity depends on the printed width line; as the width
increases, the conductivity also increases; however, it was independent of the printing
time [73]. In addition, Yu et al. prepared and printed a conductive nano-silver/PANI
paste on cotton fabric to form conductive circuits for flexible electronic devices. PANI
was found to enhance adhesion and prevent the self-assembly of the silver
nanoparticles [74]. Ma et al. prepared thermo-conductive cotton fabric by incorpo-
rating eigenstate PANI with commercial ionic liquid (1-decyl-3-methylimidazolium
bromide ([DMIm]Br)) via screen printing. Although the cotton surface was rough,
the inks wrapped the cotton fibers uniformly. When the coated fabric was

exposed to near-infrared (NIR) irradiation at 350 mW, the electrical current was
increased by 150% [75].

Furthermore, the Gray group reported screen printing of a pH electrode on poly-
ester fabric using commercial ink combined with PANI powder and dodecylbenzene
sulfonic acid as a dopant [76]. In follow-up research, the authors fabricated the first
screen-printed PANI composite sensor on a textile fabric that can be applied with
textile-based microfluidic channels. The schematic illustration of screen printing is
shown in Figure 4A, and a screen-printed PANI composite electrode is shown in
Figure 4B [77].
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Figure 4.
(A) Schematic representation of typical textile screen printing; (B) polyaniline (PANI) composite screen printing
on polyester fabric [77].
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2.2.2 Inkjet printing

The inkjet printing method is attractive and versatile for controlled depositions of
functional materials suitable for various surfaces. In inkjet printing, the structures are
built up droplet by droplet on the surface of the substrate. Inkjet printing can be
advantageous due to its low cost, esthetic finish, excellent resolution, and minimal
material consumption. In comparison to screen printing, no mask is required, and
there is flexibility in changing the printed pattern design depending on the final
application. One of the requirements of this technique is to use low-viscosity fluids
having viscosity values under 20 centiPoise (cP) and surface tension between 28 and
350 Nm ! [78, 79]. Until today, this processing method has not been widely explored
for PANI-coated fabrics, with only a limited number of studies reported in recent
years. Stempien et al. proposed a facile method based on sequential line-by- line
reactive inkjetting of aniline monomer and APS on polyacrylonitrile (PAN), cotton,
PET, cotton/PET, wool, and cotton/wool fabrics for electromagnetic interference
(EMI) shielding applications. The electro-conductive lines were printed on the sur-
faces of the fabrics by a selected-controlled pattern having the first nozzle print the
aqueous solution of aniline hydrochloride and immediately after, the second
nozzle prints the aqueous solution of ammonium persulfate or vice versa, as shown in
Figure 5 [80, 81].

2.3 Spray-coating
In the spray-coating technique, the fabric can be sprayed with aniline solution

directly or polymerized by immersion in aniline solution, followed by spraying an APS
solution. By using a screen mesh, one can control the pattern of the conductive

NE

Figure 5.
Schematic vepresentation of inkjet-printed textile of the polyaniline (PANI) layer [80].
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particles or droplets on the textile substrate. Similar to screen-printing and inkjet-
printing techniques, spray-coating has yet to be extensively investigated in
fabricating PANI-based conductive textiles [79]. Qin et al. developed a
multifunctional protective spray-coating based on a layer-by-layer assembly of
PANI and GO on cotton fabrics. The GO particles were efficiently dispersed in the
PANI nanowire arrays, affording nanoscale coating with controllable thickness and
excellent antistatic, self-extinguishing, and antimicrobial properties [82]. Yu et al.
also fabricated electrically conductive PANI/two-dimensional (2D) metal

carbide (MXene)/cotton fabrics by a spray-coating method for acid/alkali-responsive
and tunable electromagnetic interference (EMI) shielding applications, as shown in
Figure 6 [51].

2.4 Dip-coating

Dip-coating is a common approach for conductive textile materials due to its low
cost, simplicity, and scale-up ability. This technique requires no specialized equip-
ment, making it widely used [21]. The dip-coating method demonstrates a thin
electro-conductive layer created on the surface of the fabric by immersion into an
aqueous acidic solution containing PANI [83]. One of the drawbacks of this method is
the formation of non-uniform coatings limiting the control of the coating thickness
[84]. Various processing parameters, such as temperature, solution concentration,
dip-coating time, and withdrawal speed, strongly impact the properties of the coating
[83, 85]. There are several reports on the fabrication of PANI-coated fabrics via the
dip-coating technique. Mahat et al. used dip-coating to fabricate a conductive
polyaniline cotton fabric with phosphoric acid and p-TSA as dopants. The results
revealed an increased thickness layer of PANI and improved electro-conductivity with
increased dopant concentration [47]. The authors later described the fabrication of
PANI-coated polyester fabric via dip-coatings that exhibited good antibacterial prop-
erties (Figure 7) [52]. Another study presented the preparation of thermo-electric
polyester/linen woven by dip-coating into acetone suspension containing PANI/
graphene nanosheets (GNSs). The preparation method included ultrasonication to
establish efficient dispersion of GNS in acidic solution prior to the introduction of the
aniline monomer and APS [86]. Wang et al. utilized dip-coating for the fabrication of
a flexible gas sensor based on PANI and graphene nanoplatelets on PP fabric. In this
case, the fabric was first dipped into graphene suspension, which was prepared via
ultrasonication and addition of sodium dodecylbenzenesulfonate to enhance the

E----T"}-T--:‘ <+ MXene ink
.m_ Sptgn A gty :
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Figure 6.
Schematic representation of fabrication of electrically conductive PANI/MXene/cotton fabrics by spray coating
[51]. Copyright © 2022, American Chemical Society.
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Figure 7.
Polyaniline (PANI) dip-coating process on polyester fabric [52].

graphene dispersion, followed by dipping into a PANI solution. The sensor fabric
demonstrated a detection limit of 100 parts per billion (ppb) for ammonia gas [61].
Alamer et al. prepared a dip-coated PANI/carbon black (CB) composite on cotton
fabric. Increasing PANI/CB concentration showed deeper coating penetration
between the fibers [87].

3. Properties and applications
3.1 Electrical conductivity

Electrical conductivity is an important characteristic of PANI-coated textiles [88].
The electronic properties of PANI are associated with the emeraldine oxidation state
and can be altered by reversible oxidation/reduction and protonation/deprotonation
processes. The molecular weight and color of the PANI depend on the chemical
composition of the reactants, concentration, and reaction conditions used for its
synthesis. The parameters affecting the electrical conductivity of PANI-coated fabrics
include the amount of polymer deposition, density, structure, and nature, which is
evident due to a high number of picks per inch, resulting in lower surface resistivity
[89, 90]. For example, Madhusoothanan et al. investigated the electrical resistivity of
PANI/PET fabrics prepared via in situ polymerization with different weaving patterns
of twill, satin, and plain, and 50-80 picks per inch. Their results revealed that among
80 picks per inch fabrics, the twill fabric showed lower surface resistivity of 1300 €/
square compared to satin and plain fabrics that exhibited resistivity values of 1340 Q/
square and 1644 Q/square, respectively. In addition, a reduction in surface resistivity
was observed with increased fabric density for all weaving types [91]. Cellulose-based
fabrics show efficient deposition of PANI due to the hydrogen bonds created between
the aniline monomer and the surface of the yarns. This is reflected by a significant
reduction in the electrical resistivity of the coated cotton-based fabrics compared to
the untreated ones. For example, Hong et al. reported an electrical resistivity of
0.275 x 10? Q cm obtained for knitted cotton fabric (255 grams per square meter
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(GSM)), which was eight orders of magnitude lower than the pristine fabric [92]. The
concentration of aniline used for the polymerization also affects the electrical resis-

tivity of the coated fabrics, which is decreased upon increasing the monomer concen-
tration [42, 56, 93]. The type of dopant used for the polymerization of PANI may also

affect the electrical properties of the fabrics. For example, using hydrochloric acid,
hydrofluoric acid (HF), and hydrobromic acid (HBr) for aniline polymerization on
cotton, wool, and polyester woven fabrics, the highest conductivity was observed for
the bromine-doped PANI-coated fabrics [23]. A further enhancement in electrical
conductivity of the PANI-coated fabrics may be achieved by combining PANI with
carbon-based additives such as carbon black, carbon nanotubes, graphene, and
graphene oxide, or conductive polymers such as polypyrrole and metal oxides such as
MnO, [40, 63, 87, 94-100]. To improve the interaction between PANI and the surface
of the fabric to provide a good distribution of the conducting coating compositions,
various compounds, such as polystyrene sulfonate (PSS) [101, 102], chitosan (CTS)
[103], poly(2-methoxyaniline-5-sulfonic acid) (PMAS) [104], nanodiamond [20],
polyetherimide [61], and 4-amino phenethylamine-glycidyl methacrylate [67], were
also introduced. These materials contain polar chemical groups that establish efficient
secondary interactions, such as hydrogen bonding with the aniline monomer, and
effectively bridge between PANI molecules to form a continuous electro-conducting
network. Table 1 summarizes the electrical properties of PANI-coated textiles with
various coating compositions and their applications.

3.2 Polyaniline-based textile sensors

Due to the unique chemical structure of PANI, it can act as a stimuli-responsive
material, responding to changes in the environment by changing its color and electri-
cal conductivity. Consequently, PANI-coated fabrics have been extensively studied as
sensors detecting different chemicals, pressure, or mechanical changes in the envi-
ronment [6, 26, 34, 107, 108].

Textile type and coating Fabrication method  Electrical Application Ref.
composition conductivity/
resistivity

PANI/cotton woven In situ polymerization, 71 x 10° Q/ square Electro-conductive [56]
(143 GSM) HCI, ammonium textile

persulfate (APS)
PANI/silk crepe, PANI/ In situ polymerization, 1.92 x 10° Q/cm, Wearable [93]
reduced graphene oxide HCI, APS 0.19 x 103 Q/cm electronic textile
(RGO)/silk crepe
PANI/wool, PANI/PET, In situ polymerization, 10*-10° Q/square Electro-conductive [63]
PANI/nylon 6, HCI, potassium iodide textile
PANI/acrylics, PANI/cotton  (KI), APS, potassium

bichromate
PANI/cotton knitted (255 In situ polymerization, 0.275 x 10 Q-cm Strain sensor [92]
GSM) HCI, APS
PANI/nylon 6 woven In situ polymerization, 0.6 x 10" S/cm Highly electro- [105]

HCIl, APS conductive

clothing
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Textile type and coating Fabrication method  Electrical Application Ref.
composition conductivity/
resistivity

PANI/PAN (220 GSM), Reactive inkjet 233 Q/square, 702 Q/ Electro-conductive [81]
PANI/cotton (120 GSM), printing, water, APS square, 1570 Q/ textile in
PANI/wool (150 GSM), square, 1550 Q/ electromagnetic
PANI/cotton/PET (50/50) square,438 Q/square interference
(250 GSM), PANI/cotton/ shielding
wool (25/75) (180 GSM),
All woven fabrics
PANI/PET, PANI/PET/ In situ polymerization, 29 Q:m, 163.2 Q-m, Electro-conductive [90]
viscose (70/30), HCI, APS 12.4Q-m, 89 Qm, textiles
PANI/bamboo, PANI/ 6.2Qm
bamboo/cotton (70/30),
All woven fabrics
PANI/viscose (170 GSM), In situ polymerization, 5.0 x 107 Q/square, Electro-conductive [42]
PANI/PET (150 GSM), HCI, APS 10 x 10° Q/square,  and antibacterial
PANI/PET:viscose (50:50) 1.6 x 10° Q/square  textile
(370 GSM),
All non-woven fabrics
PANI/cotton (192 GSM) In situ polymerization, 3281 pS/cm (HCI), Electro-conductive [23]
woven HCI, HF, and HBr, 2071 pS/cm (HF) textile

APS and 3314 pS/cm

(HBr)

PANI/ Covalently grafting by 1 x 107 Q/square Multifunctional [67]
4-aminophenethylamine- multistep treatment electro-conductive
glycidyl methacrylate/cotton process, APS textiles
PANI/Ag/cotton (120 GSM)  In situ polymerization, 19 x 10° Q/square Electrostimulation [106]

aniline hydrochloride, or monitoring of

APS wound dressing
PANI/MnO,/cotton In situ polymerization, 1.43 x 107'Q "m " Energy storage [99]

HCI, APS device
PANI/CB/cotton Dropcasting, 0.494 x 10° Q/ Electro-conductive [87]

dimethylsulfoxide square textile

(DMSO)
PANI/GO/cotton woven In situ polymerization, 48.35Q-cm Electro-conductive [98]

HCI, APS and UV-blocking

textile

PPy/PANI/cotton woven In situ polymerization, 210 Q/square Monitoring of [97]
(120 GSM) aniline hydrochloride, carnivorous plant

APS response
PANI/ In situ polymerization, 16 x 10° Q/square,  Electro-conductive [61]
ramie woven (70 GSM), HCI, APS 0.35 x 10° Q/square multifunctional
PANI/PEl/ramie textiles
PANI/carbon nanotubes In situ polymerization, 114 Q/square Supercapacitor [100]
(CNTs)/G/PET woven H,SO,, APS electrode textile
PANI/chitosan/ Two-step 11.32 S/cm Electro-conductive [103]
wool (80 GSM) polymerizations, HCI, and antibacterial

APS textile
PANI/PMAS/wool-nylon- In situ polymerization, 342 x 10® Q/square  Strain sensor [104]

lycra

HCI, APS
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Textile type and coating Fabrication method  Electrical Application Ref.
composition conductivity/
resistivity
PANI/boron-doped In situ polymerization, 6.4 x 10> Q/square ~ Wearable strain [20]
nanocrystalline diamond HCI, APS sensor
(BDND)/wool knitted (180
GSM)
PANI/polystyrene sulfonate  In situ polymerization, 1.4 x 10~* S/cm, Sensor-based [101]
(PSS)/polyamide (112 GSM), water, APS 1.1 x 10~* S/cm textile
PANI/PSS/wool (184 GSM)
PANI/PSS/nylon woven Layer-by-layer (LBL) 1.7 x 107> S/cm Electro-conductive [102]
assembly, in situ textile

polymerization, p-
toluenesulfonic acid

(p-TSA), APS
PANI/polyester (plain, twill, In situ polymerization, 1644 Q/square, Electro-conductive [91]
satin) HCI, APS 1300 Q/square, textile

1340 Q/square

Table 1.
Electro-conducting properties and applications of polyaniline (PANI)-coated textiles.

3.2.1 Gas sensors

Polyaniline-coated fabrics are promising candidates for various gas-sensing applica-
tions due to the reversible acid/base reactions with gas molecules accompanied by the
change in color and electrical conductivity [109-111]. Figure 8 shows a chemical reac-
tion of a quaternary ammonium moiety of PANI-ES forming PANI-EB [110-112].
Extensive research has been focused on the development of PANI-coated fabrics as
sensors for the detection and monitoring of ammonia, methanol, ethanol, acetone,
hydrogen sulfide (H,S), nitrogen dioxide (NO;), and other gases [113-115]. Essential
parameters for PANI-based gas sensors are the detection limit that defines the lowest
concentration of the gas that can be reliably detected, and the “selectivity” refers to the
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Figure 8.
Acid-base reaction between polyaniline (PANI) and ammonia (NH;).
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Sei;n; ?nechanism of the PP/G/PANI hybrid sensor [59]. Copyright © 2022, American Chemical Society.
ability to distinguish between various gases [116]. For instance, Jia et al. fabricated
PANI on cotton fabric for detecting ammonia gas in the range of 1-20 parts per million
(ppm), while the detection of H,S in the range between 1 and 1000 ppm was studied by
de Souza et al. [117, 118]. The incorporation of additives, such as graphene, graphene
oxide [50], and MXene [51], into PANI coating was shown to significantly improve the
diffusion and penetration depth for the analyte gas molecules [110, 111, 119-124]. Kim
et al. fabricated a hybrid sensor based on PANI/G/PP, allowing the detection of ammo-
nia gas from 100 ppb to 75 ppm with a detection limit of 1 ppm. When the sensor was
exposed to 50 ppm of ammonia, the response and recovery times were 114 s and 23 s,
respectively. The sensor also sensed H,S gas in the range of 10-50 ppm, with a response
time of 138 s and a recovery time of 22 s for 50 ppm (Figure 9) [59]. Another gas sensor
was fabricated by spraying PANI and multiwall carbon nanotubes (MWCNTs) on the
PP fabric. The sensor was characterized for detecting ammonia in the 20-100 ppm
range and demonstrated a detection limit of 200 ppb, as presented in Figure 10a.
Furthermore, compared to nine other organic protic and aprotic solvents, the sensor
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Figure 10.

Sensor response: (a) sensor response plot of F-MWCNTs/PANI toward the exposure of ammonia; (b) selectivity of
the F-MWCNTs/PANI [65]. Copyright © 2018, American Chemical Society.

91



Trends and Developments in Modern Applications of Polyaniline

Sensor fabric  Fabrication = Gas  Detection Response Response  Recovery  Ref.
method type range [ppm] value [ppm] time [sec] time [sec]
PANI/cotton In situ NH;3 25-100 — — — [113]
polymerization
PANI/nylon 6 In situ NH;3 1000 — — — [125]
polymerization
PANI/cotton In situ NH; 100 100 1.9 30 [117]
polymerization
PANI/PP Inkjet printing NH; 15-100 — — — [114]
PANI/PET In situ NH;3 29 — — — [115]
)\ izati
polymerization " o, 69
PANI/cotton In situ H,S 1-1000 — — — [118]
polymerization
PANI/G/PP In situ NH; 0.01-75 50 114 23 [59]
! .
polymerization 'y s 10-50 50 138 2
PANI/ In situ NH;3 20-100 100 9 30 [65]
MWCNTSs/PP  polymerization
V,0s/PANI/ In situ NH; 0.5-100 20 70 520 [50]
GO/PET polymerization 1 - 259
PANI/MXene/ Spray-coating NH; 10-200 50 308 — [51]
cotton
PANI/WO3/ In situ NH; 3-150 100 122 165 [119]
cotton polymerization
PANI/clean In situ NH;3 10-320 20 50 500 [120]
wiper polymerization
Table 2.

Textile gas sensors based on polyaniline (PANI) coatings.

showed more significant selectivity for the ammonia gas, as shown in Figure 10b [65].
Table 2 summarizes the composition, fabrication methods, and gas-sensing character-
istics of the main reported textiles-based gas sensors.

3.2.2 pH sensors

Textiles have become an attractive platform for fabricating pH sensors in the past
decade due to their breathability, flexibility, and bending ability. Consequently,
PANI-based textile sensors are proposed for monitoring skin pH for different skin
conditions and diseases. Similar to the gas detection mechanism, depending on the pH
values of the environment, the nitrogen atoms of the PANI backbone undergo pro-
tonation/deprotonation reactions between the imine groups and the quaternary
ammonium ions. These processes allow rapid and reversible transformation between
PANI-ES and PANI-EB in the pH range of 2-12 that are obtained by the changes of
color, electrical and optical properties (Figures 8 and 11) [126-129]. For example,
Gray et al. fabricated a pH sensor based on screen printing of PANI-incorporated
commercial ink on polyester fabric. The sensor properties were evaluated in the 3-10
pH range and showed a sensitivity of —28.2 mV/pH [76]. Other studies showed that
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Figure 11.
Polyaniline (PANI)-coated non-woven cotton fabric functional as an optical pH sensor.

PANI emeraldine salt had a better sensitivity of —42.6 mV/pH than PANI emeraldine
base, which had a sensitivity of —27.9 mV/pH [77]. Koo et al. fabricated a skin pH
sensor using a paste composed of carbon nanotubes (CNTs), agarose, and PANT on
cotton, regular polyester, waterproof polyester, and thermoplastic polyurethane as
an overlayer to improve stability. The sensor displayed a linear dependence on pH
ranging from 5 to 9 with a 45.9 mV/pH sensitivity and maintained its sensing ability
after repeated bending cycles [130]. Another wearable pH sensor was prepared from
PANI combined with chopped carbon fibers and showed a Nernstian response of
58.0 mV/pH in the presence of pH values in the 4-8 range [131].

3.2.3 Mechanical sensors

Wearable sensors can interact with the human body/skin and monitor the move-
ments of different body parts as well as physiological signals such as muscle vibrations
and pulse [132-134]. Textile-based PANI sensors are divided into strain (triboelectric)
and pressure (piezoelectric) sensors, responding to the corresponding stimuli by
changing their electrical conductivity [132, 135]. Mechanical sensors can monitor
stress, torque, pressure, or force applied to a textile [136-138]. Textile-based strain and
pressure sensors show a good correlation between the applied mechanical deformation
and the change in the electrical resistivity [139-141]. When strain is applied to the
fabric, it causes the straightening of the yarns, increasing the density, improving the
solid-state packing of the PANI molecular chains, and increasing the electrical conduc-
tivity of the coated fabric due to more efficient charge transport. Upon structural
relaxation of the fabric, the free volume between PANI molecules increases, decreasing
the electrical conductivity, as shown in Figure 12 [143, 144]. As a result, testing
electrical conductivity changes as a function of the applied strain shows that the PANI-
coated fabric sensors exhibit high strain linearity. The performance of the strain sensor
depends on the weaving structure and intrinsic elasticity of the fabrics as well as the
ability to form an efficient coating with strong interactions between the PANI chains
and the fabric, enabling it to withstand tensile deformation. For example, Hong et al.
developed a strain sensor based on PANI/cotton knitted fabric showing good repeat-
ability for strain values up to 10% with excellent stretch recovery of 1000 cycles. When
the strain was increased to 20%, the sensing repeatability was affected by the damaged
PANI layer [92]. Kannaian et al. introduced a strain sensor based on PANI/nylon-lycra
(92:8) fabric that exhibited changes in electrical conductivity up to 50% strain due to
typical human body movement and bending angles up to 90°. Above these angles, they
have yet to get a significant response. The gauge factor represents the sensitivity of a
strain sensor, which was 0.92 [145]. Another PANI-based wearable strain sensor was
fabricated using a 4-way stretch nylon-spandex (80:20) tricot fabric encapsulated with
waterborne polyurethane coating to maintain the PANI onto the fabric. The sensor can
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Releasing Stretching

Figure 12.
Schematic illustration of the structural change in the conductive polymers (CPs)-coated polyester/spandex textile
under a stretching force [142].

monitor different knee states, such as walking and running, hand movements, and
breathing rates in a strain range between 2.5 and 30%, with a gauge factor of 1-2.5 while
detecting loadings up to 50 g. In addition, the sensor showed the ability to endure
repeating 10% strain for 1000 cycles with a relative resistance change (AR/R) between
2.5 and 23% [146]. Another study described a strain sensor fabricated on lycra fabric
using PANI/graphene nanoplatelets/silicon rubber successfully monitored up to 40%
strain with a change of AR/R between 0 and 30%, and a gauge factor of 67.3. In
addition, the sensor could monitor the bending angle of a finger up to 120° [147].
Composite coatings containing PANI and carbon nanotubes or titanium dioxide were
fabricated on milk protein-based and knitted polyester fabrics operated at an even larger
strain scale of 50-60% [62, 148]. Table 3 summarizes the composition, fabrication
methods, and strain characteristics of the main reported textiles-based strain sensors.

Sensor fabric Fabrication Operating Resistance  Cycling Monitoring ability  Ref.

method regime/sensing stability

range [%] [cycles]
PANI/cotton In situ 0-20 — 1000 Elbow, knee, finger, [92]
knitted polymerization and, laryngeal
PANI/nylon- In situ 0-60 12 x10*- 25 Elbow and knee [134]
lycra (92:8) polymerization 11 x 10°Q
PANI/nylon- In situ 0-50 22 x 10°- 5 Elbow [145]
lycra (92:8) polymerization 15 x 10°Q
PANI/ In situ 0-25 5.1 x 10%- 1000 Knee and hand [146]
nylon-spandex polymerization 3.8 x10°Q movement
(80:20)
PANI/GNPs/ Spin-coating 0-40 2.23 x 10%- 40 Finger [147]
SR/lycra 5x10%Q
PANI/TiO,/ In situ 0-60 — 100 — [148]
polyester polymerization
PANI/CNTSs/ In situ 0.1-50 — — Laryngeal, finger, [62]
protein polymerization elbow, and knee
Table 3.

Textile strain sensors based on polyaniline (PANI) coatings.
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Figure 13.

(A) Real-time detection of physiological signals of a wrist by using the pressure sensor-based polyaniline (PANI).
(B) Detection of a wrist pulse current. (C) A scveen-printed sensor-based PANI and feather sensing. (D) By three-
dimensional (3D) bar graph that displays the current change dependent on the pressure area [149].

Li et al. reported a pressure sensor made of PANI-coated non-woven cotton fabrics
and screen-printed electrodes with an excellent sensitivity of 46.48 kPa " in a pres-
sure range of up to 4.5 kPa. The sensor showed a low detection limit of 0.46 Pa, fast
response and relaxation time of 7 and 16 ms, respectively, and high stability for more
than 250 cycles. They tested the detection of physiological signals, such as wrist
movement shown in Figure 13A, and the plot in Figure 13B demonstrates the
change in current between 2.75 and 3.05 pA. Figure 13C presents the fabrication of
silver paste electrodes by screen printing on neat and PANI-coated cotton placed
together using a feather weight to create a AI/I change, as shown by a 3D graph in
Figure 13D [149].

Additionally, Zeng et al. designed a PANI-coated cotton sensor for monitoring
finger pressing and fingertip motion with normalized current change between 0 and 4
and 0-6, respectively. The sensor senses between 300 Pa and 30 kPa, with a response
time of 0.4 s and a relaxation time of 0.2 s [120]. Yu et al. prepared a PANI/Ag/PET
pressure sensor with high sensitivity and good linearity for monitoring walking,
running, squatting, and jumping. The sensor showed an immediate response at pres-
sures between 2.5 and 6.5 kPa with a sharp increase in the relative change in the
resistance (AR/R) due to an increase in the effective contact area [150]. Yu et al.
prepared a PANI/nano-silver/cotton mechanical sensor. The sensor showed a sensi-
tivity of 0.04-0.10 kPa " with a sensing range of 0-20 kPa, and a quick response and
recovery time of 0.4 s. The sensor demonstrated 500 loading and unloading cycles
with a resistance of 3.5 x 10° Q and 1.1 x 10° Q, respectively. Preparing a fabric with a
layer-by-layer structure of PANI and nano-silver increases the electro-conductivity
and contributes to excellent properties. This sensor can effectively monitor the move-
ments of vocal cord vibrations, arm, elbow, and foot [151]. Table 4 summarizes the
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composition, fabrication methods, and pressure characteristics of the main reported
textiles-based pressure sensors.

3.3 Electromagnetic interference shielding

Electromagnetic interference shielding can protect electronic equipment and
humans against external electromagnetic irradiation. EMI shielding is based on three
components: reflection, absorption, and multiple reflections inside the shielding
material at different frequency ranges [152]. Textiles are useful for protecting
materials due to their light weight, flexibility, and drapability. Textile-based EMI
shielding is strongly driven by using new materials, such as ICPs, to fabricate
protective coatings [153, 154]. In this emerging field, PANI-based textiles have gained
considerable research interest due to their tunable electronic properties combined
with the ease of processability and the ability to control the thickness and the amount
of shielding coating. PANI can be used solely or in combination with other conjugated
polymers, metal particles, or carbon-based additives. EMI shielding properties are also
affected by other factors, such as the fabric structure, porosity, and thickness.

For example, Ozdemir et al. reported an average electromagnetic shielding
efficiency of 3.8 dB and an average absorption value of 48% for PANI-coated cotton
fabrics [155]. Also, Sun produced a PANI-coated cotton fabric with a low surface
resistivity of 0.5 kQ and electromagnetic shielding effectiveness of up to 60%. They
demonstrated the correlation between the oxidant concentration and the shielding
effectiveness, resulting in a decreased electromagnetic shielding effectiveness when
increasing the APS concentration [156]. In addition, Jia et al. prepared PANI-coated
cotton composite strips with ammonia gas-sensing and EMI shielding properties. The
EMI shielding effectiveness varied depending on the frequency and increased to about
—9 dB in the frequency range of 4.5 GHz and 9 GHz. [117]. Muthukumar et al.
investigated the correlation between the fabric type and the EMI shielding effective-
ness. They displayed cotton, polyester, and nylon PANI-coated fabrics in the
frequency range of 8-12 GHz with EMI values of —1.62, —2.78, and —1.5 dB, respec-
tively [157]. In another study, Kannaian et al. developed a conductive PANI-coated
nylon-lycra fabric with an EMI shielding efficiency of 26 dB in the frequency range of
8-12 GHz [158]. Dhawan et al. fabricated PANI coating on polyester fabric with
various PANI layer thicknesses, showing a strong correlation between the coating
thickness layer and the shielding effectiveness. The highest shielding effectiveness of
21 dB was obtained for a three-layered PANI-coated polyester fabric, while a PANI-
coated silica fabric exhibited a shielding effectiveness of 35 dB at 101 GHz [159]. The
EMI shielding can be enhanced by fabricating PANI composite coatings with other
conductive materials. For example, Yu et al. used a spray-coating layer-by-layer
assembly to prepare a conductive PANI/MXene/cotton fabric with an EMI shielding
effectiveness of 54 dB, compared to 45 dB, which was obtained for an MXene/cotton
fabric shown in Figure 14. The researchers found a direct relationship between the
number of spray cycles and EMI shielding properties. It was shown that acid/alkali
environments can trigger EMI shielding. When treated with an alkali gas, the
shielding effectiveness decreased to 15 dB, while exposure to acidic gas increased the
EMI shielding effectiveness to 22 dB [51]. Yu et al. reported a PANI/nickel-tungsten-
phosphorus (Ni-W-P) coating on functional polyimide fabric with an electrical resis-
tivity of 0.08 Q/square and an outstanding EMI shielding effectiveness of 103 dB. This
study highlights the relationship between high electrical conductivity and excellent
shielding performance [58]. Additionally, Sebastian et al. incorporated graphite to
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Figure 14.
Schematic draw of acid/alkali-responsive and tunable EMI shielding behavior of the PANI/MXene/cotton fabric
[51]. Copyright © 2022, American Chemical Society.

enhance the shielding properties of PANI nanofibers due to their conductivity and
flake-like morphology. They tested the PANI powder and the PANI/graphite powder
to show the effect of graphite additive on the electrical conductivity and shielding
effectiveness. The results showed increased electrical conductivity and shielding
effectiveness from 18.5 S/cm to 24 S/cm and from 71 to 77 dB to 83-89 dB, respec-
tively. Incorporating PANI nanofibers/graphite composite coating with a thickness of
about 0.1 mm into cotton and nylon fabrics resulted in 11-15 dB shielding effective-
ness in the frequency range of 8.2-18 GHz [160]. Another study described
PANV/silver-plated PET fabrics with surface resistivity of 0.1 Q/square, with shielding

effectiveness between 60 and 90 dB in the frequency range between 30 kHz and
3 GHz, which was barely affected after ultrasonic washing for 30 min (50-90 dB)

[57]. Table 5 summarizes the composition, fabrication methods, and shielding effec-

tiveness characteristics of the main reported textiles-based EMI shielding.

Sensor fabric Fabrication Electrical Frequency EMI Ref.
method conductivity/ range shielding
resistivity effectiveness
PANI/cotton In situ 350 Q 6-14 GHz 3.8dB [155]
polymerization
PANTI/cotton In situ 0.5 x10°Q 1-1500 MHz 60% [156]
polymerization
PANI/cotton In situ — 0.3-9000 MHz 0-(—9)dB  [117]
polymerization
PANI/MXene/cotton  Spray-coating 0.64 Q/square 8.2-12.4 GHz ~54 dB [51]
PANI/cotton, PANI/ In situ 7 x 103 Q/square, 8-12 GHz -1.62, —2.78, [157]
polyester, and PANI/  polymerization 5 x 10% Q/square, and — 1.5dB
nylon 5 x 10® Q/square
PANI/nylon-lycra In situ 3.5 x 10% Q/square 8-12 GHz 26.38 dB [158]
(92:8) polymerization
PANI /polyester and In situ 26 Q-cm, and 101 GHz 21.48 dBand [159]
PANI /silica polymerization 20-28 Q -cm 35.61dB
PANI/artificial suede In situ 9.2 S/m 8.2-12.4 GHz 25.90 dB [161]
polymerization
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Sensor fabric Fabrication Electrical Frequency EMI Ref.
method conductivity/ range shielding
resistivity effectiveness
PANI/nickel- In situ 0.08 Q/square 0.3-3000 MHz 103 dB [58]
tungsten- polymerization
phosphorus/
polyimide
PANI/graphite/ In situ — 8.2-18 GHz 15dB and [160]
cotton and PANI/ polymerization 14 dB
graphite/nylon
PANI/silver-plated/ In situ 0.1 Q/square 0.3-3000 MHz ~ 50-90 dB [57]
PET polymerization
Table 5.

Polyaniline (PANI)-based fabrics with electromagnetic interference (EMI) shielding properties.

3.4 Antibacterial textile

Over the past decade, extensive research has been focused on developing textiles
that can either kill or inhibit the proliferation of bacteria, fungi, and viruses [162].
Microorganisms can easily multiply on certain types of fabrics, causing odors, hygiene
problems, and a reduction in the mechanical strength of the fabric. Furthermore, the
increased spreading rate of epidemics brought the need for antibacterial fabrics for
their use in public places and personal care. Consequently, dozens of studies have
been introduced describing the incorporation of various antibacterial agents into
fabrics, including nanoparticles of silver, zinc, and magnesium oxides, essential oils,
chitosan, and chitin [42, 162-167]. The exact mechanism of the antibacterial effect of
these and other reagents is unclear. However, the one proposed mechanism involves
electrostatic interactions between cationic moieties of the antibacterial reagent
and negatively charged surface or RNA/DNA proteins of the bacterial membrane
[42, 52, 168, 169]. Emeraldine salt of polyaniline is an excellent material for
antibacterial applications since it may be considered a poly quaternary ammonium
ion containing many effective cationic sites within a single polymer chain, as shown in
Figure 15 [42]. In addition, PANI is insoluble in water and can establish strong
intermolecular interactions with the fabric providing coating durability, unlike other
organic quaternary ammonium salt-based reagents and N-halamines that are water
soluble and can be removed upon repeated washings.

Furthermore, a large quantity of small molecule-based antibacterial reagents will
be required to achieve the effect compared to a small quantity of PANI, which can be
sufficient due to its polymeric nature. The transformation of PANI-ES and PANI-EB is
accompanied by a color change from green to blue, which can provide a visual
indication of the antibacterial effectiveness and the possibility of restoration by re-
doping. The antibacterial properties of PANI-coated cotton fabric were first reported
by Bhat et al. [170]. Since then, a significant number of publications have been
published describing PANI-based fabrics with antimicrobial effects against a variety
of Gram-negative and Gram-positive bacteria, including Escherichia coli (E. coli),
Staphylococcus epidermidis (S. epidermidis), Staphylococcus aureus (S. aureus),
Pseudomonas aeruginosa (P. aeruginosa), Enterococcus faecalis (E. faecalis), Campylobac-
ter jejuni (C. jejuni), and more [168]. The antibacterial efficiency of PANI-coated
fabrics reported in the literature is between 50 and 100% depending on the fabric
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Figure 15.
Schematic vepresentation of protonated polyaniline (PANI)-integrated fabric when exposed to the bacteria [52].

type, chemical composition of the coating, and the PANI fabrication method. Table 6
summarizes some of the reported PANI-coated fabrics with antibacterial properties.
Amir’s group applied PANI on non-woven fabrics, including viscose, PET, and

PET:viscose (50:50), and counted the bacteria by a Colony count method that esti-
mates the number of bacteria on the plate. The PET, viscose, and 50:50 PET:viscose
PANI-coated fabrics exhibited a 100% antibacterial effect on the S. aureus population.
In addition, PANI-coated viscose fabrics are very effective against S. epidermidis,
showing a 100% reduction. Nevertheless, PANI-coated PET:viscose and PET fabrics
showed a slightly more moderate effect against S. epidermidis, with a 99.65% and
99.9997% reduction in the bacterial population, respectively [42]. Mahat et al. fabri-
cated a PANI/polyester fabric and analyzed the antibacterial properties using the
Kirby-Bauer disc diffusion method. They measured the size of the inhibition zone
(mm) around the tested fabric on Muellor Hinton (MH) agar, indicating the
antibacterial activity level. They demonstrated that the Gram-positive bacteria group

Antibacterial fabric Fabrication Test Bacteria type  Antibacterial Ref.
method method efficiency
PANI/viscose, PANI/PET, and In situ Colony S. aureus 100% [42]
PANI/PET:viscose (50:50) polymerization count S. epidermidis  100%, 99.9997%,
and 99.65%
PANI/cotton In situ Colony S. aureus 95% [170]
polymerization count E coli 85%
Candida 92%

albicans
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Antibacterial fabric Fabrication Test Bacteria type  Antibacterial Ref.
method method efficiency
PANI/cotton and PANI/ Dip-coating Kirby- Klebsiella 35+ 0170 mm  [85]
polyester Bauer disc  pneumoniae and
diffusion 10.3 £+ 0.048 mm
S. aureus 0 mm and
3.5+ 0.170 mm
E. coli 0 mm and
5.0 + 0.140 mm
PANI/polyester Dip-coating Kirby- S. aureus 2230 £0.03mm  [52]
Bauer disc
diffusion Staphylococcus  21.50 £ 0.09 mm
aureus
S. epidermidis  19.11 + 0.02 mm
P. aeruginosa  24.33 = 0.02 mm
E. coli 14.12 + 0.07 mm
S. typhi 21.35+ 0.08 mm
PANI/GO/cotton Spray-coating Kirby- E. coli 10.2 mm [82]
Bauer disc
diffusion S. aureus 11.0 mm
PANI/carbon nitride (CN)/ In situ Colony  E. coli bacteria 72.6% [171]
cotton polymerization count
PANI/Ag/cotton In situ Kirby- S. aureus 3 mm [106]
I s .
polymerization B.auer.dlsc E coli S mm
diffusion
PANI/silk and PANI/copper In situ Colony E. coli 45.3% and 99.64% [60]
sulfide nanoparticles polymerization count o .
(CuSNPs)/silk S. aureus ~90% and 99.99%
PANI/wool and PANI/ Two-step Colony E. coli 64.92% and [103]
chitosan/wool polymerization count 99.99%
S. aureus 69.27% and 100%
Table 6.

Antibacterial fabrics based on polyaniline (PANI).

exhibited a 19-22 mm diameter, while the Gram-negative bacterial groups exhibited a
14-24 mm diameter for the zone diameter breakpoint measurement. These results
demonstrate a remarkable antibacterial performance of PANI-coated fabric against
Gram-positive and Gram-negative bacteria [52]. Srinivasan et al. developed a carbon
nitride (CN)/PANI-coated cotton fabric and tested its antibacterial effect on E. coli,
indicating a 72.6% efficiency [171]. Stejskal et al. improved the antibacterial perfor-
mance by adding Ag particles to the PANI-coated cotton fabric, displaying an
antibacterial activity against S. aureus of 3 mm and E. coli of 5 mm [106]. In another
research, Wei et al. tested the antibacterial properties of PANI/wool and PANI/
chitosan (CTS)/wool fabrics against E. coli, showing 64.92% and 99.99% efficiency,
respectively. Examination of the treated fabrics against S. aureus indicated a 69.27%
and 100% efficiency for PANI/wool and PANI/CTS/wool, respectively. In the case of
PANI/CTS/wool fabric, the antibacterial effect against E. coli and S. aureus was more
than 99.99% even after 10 washing cycles [103]. Table 6 summarizes the
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composition, fabrication methods, and antibacterial characteristics of the main
reported antibacterial-based textiles.

4. Conclusions and future outlook

The increasing number of publications describing fabrication and properties of
PANI-based fabrics reflects the tremendous potential of this exceptional material for a
broad range of smart textile applications. Its processability from aqueous solutions is a
significant feature behind exploring different coating and printing techniques toward
the realization of large-scale production. In situ polymerization method is one of the
most studied coating techniques that was extensively studied, providing several solu-
tions for thickness and quality control of PANI coating on different types of fabrics.
The results of the published studies indicate that the electrical conductivity of PANI-
coated textiles can be modified within a wide range by controlling the polymerization
conditions, performing the coating method, and using additional conductive fillers.
This allows one to adjust the electrical and other properties of the coated fabrics based
on the target application requirements. The unique combination of reversible stretch-
ability of the textile yarns and PANI molecular chains is a key feature behind the
pressure and strain-sensing ability of PANI-coated fabrics. Despite much of the pro-
gress that has been achieved in this field, future research should aim to increase the
robustness of the coatings by establishing strong adhesion between the PANI coating
and the fabric allowing multiple deformations of the fabric without damaging the
PANI layer. The reported high values of EMI shielding effectiveness, combined with
the intrinsic flexibility and drapability of the fabrics, indicate a strong potential of
PANI-coated textile for protecting applications. The chemical structure of PANI is
fundamental to the fabrication of smart textile sensors that respond to external stimuli
by changing the electrical conductivity and optical properties. Furthermore, the
antibacterial properties, gas- and pH-sensing abilities of PANI-coated fabrics can be
reversible due to the rapid transformation between ES and EB forms. PANI establishes
strong hydrogen bond interactions with cellulose-based fabrics containing hydroxyl
groups on the surface, providing long-term coating stability. Nevertheless, the adhe-
sion of PANI layer is weaker for low surface energy fabrics, such as polyester or nylon.
Despite the several strategies introduced to improve coating adhesion by incorporat-
ing intermediate layers with polar chemical groups, further research is required to
develop durable, functional coatings with high washing stability.

Overall, the research studies reviewed in this chapter provide a solid platform for
the future development of PANI-coated fabrics with advanced and multifunctional
properties and commercial realization.
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Abstract

In this chapter, we will present different methods of synthesis of PANI-based
nanocomposites and their applications as bionanosensors, pH, and gas nanosensors.
In this chapter, a comparison of various methods of synthesis of PANI-based
nanocomposites with carbon nanotubes and graphene, as well as the production of
nanosensors based on Screen Printed Electrodes will be given. Parallel, complete
electrochemical and physical characterization of SPE-based nanosensor electrodes will
be presented. For biosensing applications, various pharmaceutical active components
will be reported. For pH testing, results of seawater testing in various parts of Europe
(Sardinia, Barcelona, Napoli) will be reported. Gas-sensing analysis was done for SO,
CO,, and NHj gases.

Keywords: PANI-based sensors, electrochemical synthesis, pH sensing, gas sensing,
PANI-based nanocomposites

1. Introduction

Electroconductive polymers are a class of modern materials particularly interesting
to researchers because of their proven sensing ability [1]. These low-cost materials
have demonstrated desired properties for developing room temperature operable gas
sensors. Conductive polymers receive attention for their vast use in electrochemical
applications, mainly for the improvement of electronics such as sensors, optoelec-
tronic, and photonic devices [2].

Last decade, particular interest has been directed toward the design and develop-
ment of chemical sensors based on electro-conductive polymers such as polyaniline
(PANI). Especially, great interest was given to PANI-based composites due to the fact
that composite materials made of conductive polymer or semi-conductors have been
extensively used to improve the properties and sensing performance of gas sensing at
room temperature [3]. In addition to electronic conductive polymers, nanomaterials
are a crucial sensing component for the further development of gas sensors. Their
ability to interact with the surroundings at a nanoscale level, large specific surface
area, and high reactivity show the incredible performance of nanomaterials employed
as excellent sensors with superior properties. Polymer-based electrodes can be
implemented as an exceptional system for the detection of gaseous chemicals [4].
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Polymer-based chemical sensors with specific functionalities can successfully recog-
nize a particular compound within a mixture, providing rapid identification and
qualitative analysis. Introducing a second component such as nanomaterials into PANI
enhances its performance because of the synergetic effect between the two structures
and thereby expands its application scope in the field of electronic devices.

Due to its p-type semiconductivity, polyaniline is characterized as a versatile electro
polymer because of its excellent optical and electrical properties, conductivity, and
ability to work at room temperature [3, 5]. Owing to the unique conduction mechanism,
ease of synthesis, low cost, and high environmental stability, PANI is serving as a
potential candidate for the fabrication of sensitive layers of novel gas sensors [6]. PANI’s
outstanding conductivity arises from its simple and reversible acid/base doping-
dedoping chemistry. The doping process includes removal of electrons from the poly-
mer’s backbone, causing the cation radical to act as a charge carrier [7].

Not only PANI but also nano-sized PANI with high surface-to-volume ratio and
unique electrical properties that can enhance the gas adsorption/desorption and thus
promote the response and recovery processes is one of the ideal candidates for the
development of PANI composites-based gas. The PANI/PVA composites have been
reported for carbon dioxide sensing by Doan et al. [8]. PANI/TiO2 nanocomposites
and PANI/sodium superoxide composite exhibited high sensitivity toward the CO2
sensor, and the fabricated sensor shows good response and recovery time [9]. The
sensor performance of pure and PANI/Cu-ZnS composite were studied by
Parangusan et al. [10]. Their results indicated that the PANI/Cu-ZnS composite
exhibits a higher sensor response upon exposure to CO2 gas at room temperature.
They discussed the enhanced sensing related to the p/n hetero-junction and porous
microstructure of the core-shell structure. He et al. successfully produced a PANI/
WO3@cotton thread-based flexible sensor that is capable of detecting NH3 at room
temperature [11]. The WO3 nano-blocks were synthesized using a hydrothermal
method, while the PANI/WO3@cotton thread was prepared by in-situ polymeriza-
tion. The molar ratio of WO3 was varied and for 10% of WO3, the obtained sensor
demonstrated the highest gas response upon exposure to 100 ppm NH3.

Shen et al. designed a wireless passive gas sensor based on alumina ceramic in
which the sensor components were based on acidified CNT and PANI composites [12].
The gas sensing layer worked by physical adsorption of NH3 molecules. The wireless
passive measurement was realized through the changes in resonant frequency. The
relevant tests have shown that the sensor was able to detect a wide range of concen-
trations with a sensitivity of 0.04 MHz/ppm in the concentration of 300 ppm NH3.
Parmar and his team worked on PANI and PANI/Graphene film-based sensors for the
detection of the toluene [13]. The graphene-PANI ratio in the nanocomposite polymer
film was optimized at 1:2. For the film’s preparation they used N-methyl-2-pyrrolidone
(NMP) solvent. The sensing behaviors of the films were analyzed at different temper-
atures (30, 50, and 100°C) for 100 ppm toluene in air. They found out that the
nanocomposite Graphene-PANI films have exhibited better overall toluene sensing
behavior in terms of sensor response and recovery time as well as repeatability [13].

Gaikwad et al. [14] reported the synthesis of PANI nanofibers and two
nanocomposite systems: Polyaniline/Graphene Oxide (PANI/GO) and Polyaniline/
Graphene Oxide/Zinc Oxide (PANI/GO/ZnO), used for sensing of NH3, LPG, CO,
and H2S gases at room temperature. The authors observed better selectivity and
sensitivity from all systems toward NH; at room temperature. PANI/GO/ZnO
nanocomposite showed the best performance with a response of 5.706 for 1000 ppm
NH; at around 80°C and a rapid recovery time of only 90 seconds. Polyaniline/zinc
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oxide (PANI/ZnO) hybrid film-based sensors have been developed for ammonia
detection at room temperature by Zhu et al. [15]. The obtained sensor exhibited a
p-type semiconductor behavior and better response than pristine PANI. ZnO nanorod
arrays incorporated into the PANI create a nanoscale gap for gas diffusion and provide
abundant adsorption sites, thus enhancing the sensors’ response. The length of the
nanorods is proportional to the sensitivity i.e., longer nanorods provide an efficient
gap for gas diffusion, leading to better sensitivity.

Liu et al. [16] proposed an NH3 gas detector based on pristine and nanostruc-
turalized PANI thin film, prepared by chemical oxidation polymerization and spin
coating approach with further etching via reactive ion etching (RIE). The nanostruc-
turalized PANTI thin film sensor showed an increased response from 1.16 to 3.19 while
increasing the NH3 concentration from 3 ppm to 990 ppm. The response, reproduc-
ibility, and selectivity toward NH3 showed superior properties of the nanostruc-
turalized PANI film compared to the pristine PANI film sensor.

Macangnano et al. [17] investigated systems of PANI nanofibrous layers with differ-
ent electrospinnable hosting polymers (polystyrene (PS), polyvinylpyrrolidone (PVP),
and polyethylene oxide (PEO)), tested against traces of nitrogen oxide and ammonia.
The authors reported good selectivity and rapid sensor response due to the components’
both high porosity and high interaction surface. The hosting polymers are reported as
modulators of the sensors’ properties such as: PANI-PEO, a sensor with good electrical
performance and high sensitivity to NH3, but unstable while subjected to environmental
stress; PANI-PVP, with good selectivity toward NO, but unstable while exposed to
humidity; PANI-PS, stable and promising sensor, with good performance even when
exposed to high humidity (up to 50% RH) and high temperature. Electrospun nanofibers
have been confirmed as promising candidates for the development of gas sensors with
high sensitivity, offering an improvement of the surface area-to-volume ratio. Korent
et al. [18] described a novel and controllable method for the synthesis of PANI sensors
using electrochemical deposition via cyclic voltammetry (CV) on golden screen-printed
electrodes (SPEs), used for the detection of NH3. The proposed sensor showed good
performances in terms of repeatability, reproducibility, and sensitivity in the range of
32-1100 ppb of NH3. Zhu et al. [19] developed a high-performance ammonia gas sensor
based on self-assembly polyaniline films, prepared with the assistance of sodium dodecyl
benzene sulfonate (SDBS). The SDS-functionalized PANI film-based sensor showed a
good response toward NHj in the concentration range of 5.4-40 ppm NHj3, a low
detection limit of 0.1 ppm, and a recovery time of 12 s. The surfactant functionalized
PANTI film enhances the gas sensing performance as a result of its structure ordered to
accelerate the electron transport rate and the protonation/deprotonation properties.

Moreover, PANI is investigated in depth as an active component for other electrical
devices such as pH sensors. Since solution pH has a crucial role in chemical reactions,
exact determination and monitoring of pH are important in various fields [20].

In this chapter, we will discuss the synthesis and application of PANI, as one of the
most promising conductive polymer substrates for the development and improve-
ment of electrical devices such as sensors.

2. Synthesis and application of PANI-based nanocomposites

Polyaniline can be produced by chemical or electrochemical polymerization.
Both include redox processes. Chemical polymerization is carried out in strongly
acidic aqueous solutions in the presence of various oxidizing agents such as K,Cr,0y,
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(NH)4S,0s, or KIO3 [21-23]. Its advantage is obtaining PANI to a large volume scale
[23] compared to electropolymerization which is limited to dimensions of the electrode.
Electrochemical polymerization is carried out in an aqueous solution of aniline in strong
oxidizing protonic acid (mostly H,SO,4) [24], using different electrochemical techniques
such as: potentiostatic, galvanostatic, and cyclic potentiodynamic methods [25]. The
product of electrolysis—polyaniline, is obtained on the anode (oxidative process).
Advantages of the electrochemical route of polyaniline synthesis, especially for PANI-
based composites and sensors are [26]: (1) good adhesion on the transducer surface (ex.
screen printed electrodes), (2) control of layer thickness (controlled electron transfer
with the electrode), (3) control of the morphology (using an appropriate electrolyte and
its hydrodynamic regime), (4) no need for polymerization initiator or heating and (5)
higher conductivity of the produced polymer/composite [27]. Depending on the applied
potential, the mechanism of the PANI electropolymerization involves the exchange of
electrons of the aniline with electrode forming different electronic states of the
polyaniline such as leucoemeraldine (fully reduced), emeraldine (half-oxidized), and
pernigraniline (fully oxidized) [28-30], where emeraldine is the highly conductive one.
Electropolymerization of PANI was proved as an auto-catalyzed process [31].

The following text will explained our own procedure for the electrochemical syn-
thesis of polyaniline and nanocomposite based on PANI, reinforced with carbon
nanostructures (CNSs)—graphene(G) and multi-walled carbon nanotubes
(MWCNTS) [32, 33]. The used graphene was obtained by molten salt electrolysis in
the lab of the Faculty of Technology and Metallurgy in Skopje. Before the usage, the
graphene was treated in a 10 wt% solution of H,0, for 2 h and later, in a 40 wt%
solution of HF for 1 h. MWCNTSs were received from JRC (No.231, ISPRA,

d = 1040 nm, purity ~94%) and used without additional treatment.

The first step in the determination of the electropolymerization conditions was
cyclic voltammetry scanning of both systems—pure PANI and PANI + CNSs. The
measurements were performed in three-electrode cells, where the working and coun-
ter electrodes were platinum tiles with a working surface of 10 cm’, while as a
reference one, a saturated calomel electrode (SCE) was used. Two types of electrolytes
were prepared: 0.1 M aniline +0.5 M H2S04 and 0.1 M aniline +0.5 M H,S0,4 + CNSs.
Before being dispersed into the electrolyte, CNSs were sonicated in an ultrasonic bath
for 30 minutes. During the measurements, the electrolyte was stirred by a magnetic
stirrer (200 rpm) at ambient temperature. The electrochemical set-up was consisted
of potentiostat/galvanostat METROHM Autolab PGSTAT 128 N, three-electrode cells,
and corresponding software for data acquisition (Figure 1). The potential range of
scanning was from —0.2to 1 V.

—_—
Stirring Heating
@ @

200 rpm 25 °C

Figure 1.
Electrochemical set-up for cyclic voltammetry measurements.
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Figure 2.

Cyclic electrochemical spectra of electropolymerization of pure PANI (0.1 M aniline +0.5 M H2SO4) and
G/PANI nanocomposite (0.1 M aniline +0.5 M H2S04 + 3%uwt. graphene velated to aniline weight). In the inset,
only the spectrum of electropolymerization of pure PANI is shown.

The electrochemical spectra of both studied systems are shown in Figure 2. Both
spectra show similar redox peaks, but the spectrum of the G/PANI shows a much
higher current response as a result of the presence of graphene with high electrical
conductivity. So, there is more electron exchange and electrochemical processes occur
faster in this system. Because redox peaks of the pure PANI system are not so pro-
nounced, this spectrum is shown separately in the inset of Figure 2. Corresponding
potential values of peaks appearance are summarized in Table 1.

The peak O1 in the anodic potential region corresponds to oxidation of the
reduced form of PANI—Ileucoemeraldine to half-oxidized form—emeraldine [34-36].
The opposite peak in cathodic region R1, corresponds to the reverse reaction.
According to the literature data [34, 37], this process occurs with the removal of
electrons from the nitrogen atoms of the amine between the benzene rings, where
the nitrogen atom acquires a cationic character. The middle redox pairs O2/R2
and O3/R3 can be ascribed to the oxidation/reduction of intermediate products
[37, 38]. The oxidation peak O2 corresponds to the formation of benzoquinone, while
the opposite cathodic peak R2 to its reduction to hydroquinone [35]. These redox
reactions are the result of over-oxidation or degradation of PANI film [39]. O3/R3 is
related to the formation of p-aminophenol/benzoquinoneimine [39, 40]. The last peak
04 denotes the oxidation of half-oxidized emeraldine to the fully oxidized
pernigraniline form of PANI [34-36]. The opposite reaction is denoted with peak
R4 in the cathodic region. Form the cyclic voltammogram, the potential region of
formation of the partially oxidized emeraldine (the electroconductive form of PANI)

System 01 02 03 04 R1 R2 R3 R4

PANI 0.19 0.48 0.56 0.82 0.037 0.45 0.52 0.79

G/PANI 0.26 0.50 0.58 0.79 0.076 0.43 0.50 0.70
Table 1.

Potential position of the characteristic vedox peaks for the studied system, from cyclic voltammograms in Figure 2.
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can be estimated. According to the voltammogram it takes place in the potential
region of 0.64-0.8 V. But, in this potential region is possible to obtain pernigraniline
—a non-conductive form of PANI. In order to avoid this and to determine precisely
the working potential of PANI electropolymerization, the steady-state polarization
measurement was performed.

The steady-state change of the current in the potential region from 0.6 to 1.1 V is
shown in Figure 3. As can be seen, the oxidation of emeraldine begins at 0.7 V vs. SCE
and completed to pernigraniline at 0.9 V. It was expected that the formation of
electroconductive PANI should occur in the middle of the oxidation region of
emeraldine, i.e., at 0.8 V. But, the electropolymerization at this potential lead to the
formation of a dark blue film of non-conductive pernigraniline. Therefore, the
electropolymerization should be performed at a lower potential. The next attempt of
electropolymerization at 0.75 V, lead to the formation of desirable conductive, green-
colored emeraldine.

After the determination of the optimal electropolymerization potential, PANI and
CNSs/PANTI films were deposited on screen-printed electrodes (SPE) aimed for dif-
ferent sensing applications. Electropolymerization was performed at potentiostatic
conditions, at 0.75 V, using an electrochemical set-up (potentiostat/galvanostat
WENKING HC 500) as is shown in Figure 4.

During the potentiostatic electropolymerization (E = const.), it was observed that
current density continuously increased, highlighting the autocatalytic character of the
electropolymerization process. This is illustrated in Figure 5, where the change of
current density during the time for electropolymerization of pure PANI and
nanocomposites G/PANI and MWCNTs/PANI are shown. Increasing of the current
density can be explained by the initial formation of the polymer/composite film,
which possesses increased surface roughness related to the initial pure electrode
surface [35, 41]. As the thickness of the polymer/composite film increases, surface
roughness increases and consequently, current density increases. Initially, there is not
so pronounced current increase. This can be ascribed to the induction period of the

0,1 M Aniline + 0,5 M H,SO
10 4

-2

Current density, mA-cm

0.6 0.7 0.8 0.9 1.0 1.1
Potential, V vs. SCE

Figure 3.
Steady-state polarization curve in the system 0.1 M aniline +0.5 M H2S504.
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Figure 4.
Electrochemical set-up for electropolymerization of PANI on screen printed electrodes (SPE).
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Figure 5.
Change of the curvent density with time during the potentiostatic electropolymerization of PANI, G/PANI, and
MWCNTs/PANI, at 0.75 V vs. SCE.

polymer/composite film formation. The induction period consists of a few consequent
processes: (1) oxidation of aniline to radical cations, (2) their polymerization to an
oligomer of aniline, and (3) formation of PANI by autocatalytic reaction [42-44].
Another observation that we can highlight from Figure 5 is that the electropoly-
merization of composites is considerably more intensive than that of pure PANI. This
is the result of the much higher electrical conductivity of CNSs included in the
polymer film, enabling faster electrons exchange of electrons and consequently,
higher current density. Nanocomposite reinforced with MWCNTs has shown the
highest current density of the electropolymerization process.

Cyclic voltammetry was also used for the determination of the double layer
capacity of the obtained PANI and CNSs/PANI nanocomposite, using an
electrochemical set-up as in Figure 1. The voltammograms were scanned at different
scan rates: 10, 20, 50, and 100 mV-s~ ! and shown in Figure 6 for pure PANI and in
Figure 7 for G/PANI nanocomposite. Double layer capacity C,; can be calculated by
the following equation [45]:
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Figure 6.
Cyclic electrochemical spectra of pure PANI (0.1 M aniline +0.5 M H2S04) at different scan rates: 10, 20, 50,
and 100 mV-s~*. In inset is shown the change of capacitance current density by the change of scan rate.
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where v; is scan rate and i, is the capacitance current density at intersected
potential in the region of double-layer charging and discharging as shown in Figures 6
and 7. Capacitance current density is the arithmetic mean of the absolute values of
anodic and cathodic current density:
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Figure 7.

Cyclic electrochemical spectra of pure PANI (0.1 M aniline +0.5 M H2504 + 3%uwt. graphene velated to aniline
weight) at different scan rates: 10, 20, 50, and 100 mV-s™*. In inset is shown the change of capacitance current
density by the change of scan vate.
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icap, _ |ianodic| _;|imthodic| , (2)

The change of the capacitance current density by the change of the scan rate is
shown in the inset of Figures 6 and 7. The double layer capacity of G/PANI
nanocomposite was determined to be 121.07 mF-cm ™ > This is about 70 times higher
related to the double layer capacity of the pure PANI. Incorporation of only 3%
graphene in the polymer matrix of PANI, the electrochemical characteristics of the
nanocomposite can be remarkably improved. Except the sensing application, these
nanocomposites have good potential in electrochemical and energy storage devices
[46-48].

3. pH sensing

The PANI-based pH sensors, obtained with electropolymerization have been tested
to follow the pH changes of the water, on a laboratory scale, displaying quite good
potentiality (Figure 8) [32, 33]. Besides the pure PANI, also several nanocomposites
MWCNTs/PANI and G/PANI containing 1, 3, 5, and 10 wt% of nanostructures were
created. The devices require immersion in the water sample for 30 sec. For 1 minute a
voltammogram was recorded. The sensing response was expressed by the anodic peak
at positive current values. The applied potential range during the measurement was
—0.8 to +0.8 V, performed with a scan rate of 0.05 V-s™ ",

They are suitable for the analysis of samples with pH values in the range required
by the target application (Figure 9) and they displayed the ability to detect pH in both
laboratory (buffers and seawater simulating solutions) and real samples. Experimen-
tally obtained PANI-based SPE-sensors, created in the FP7-COMMONSENS project,
were compared with commercial PANI-based SPE [49].

Actually, it has been verified that the presence of many possible components in
real seawater does not affect the efficiency of the device working and not disturbing
the measurements. Even in the case of good agreement of the electrode response to
the pH variation and the results of the laboratory pH meters, commonly used as a
reference, it is important to improve the sensitivity of the systems in order to allow
more precise results. This can be achieved by: (i) more controlled nanocomposite
deposition on the electrode, (ii) obtaining a layer with fixed thickness, and (iii)
constant and uniform covering degree of the sensing electrode surface.

The precision value obtained during field testing activities (Figure 10) showed
that the SPE-based pH sensor needs to be optimized.

Figure 8.
PANI-based pH sensors, obtained with electro polymerization.
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Figure 9.
Validation curve for pH range = 7.9 +8.5.
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Figure 10.
Field testing at CNR in Oristano, September 2016, pH and electrical resistivity (MS2] on abscissas and time
[minutes] in ovdinates.

The comparison of the measurements performed in the sample of the lab tank with
the measurements performed directly in the lagoon has shown that both curves
followed the same trend in the pH range of around 8 (Figure 11). Namely, the
presented resistivity curve for 16 minutes at pH = 8.1 in the seawater was compared
with the resistivity curve for 16 minutes in the lab tank when pH was changed in the
range from 7.9 to 8.7 by adding NaOH drops in the water glass. It is evident that the
resistivity values are in different ranges. For constant pH = 8.1 while for increasing pH
from 7.9 to 8.7, resistivity in the lab tank was measured from 400 (pH = 7.9) to 500 kQ
(pH = 8.7).
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Sample 3% wt MWCNT/PANI R [MQ]

Imin 2min 3min 5min 10min 12 min stabilized

First day 1.26 1.40 1.50 1.81 2.31 2.48

5 days 1.60 1.67 1.76 1.80 2.01 2.06

10 days 1.70 1.80 1.83 1.91 1.99 2.04

21 days 131 1.36 137 1.33 1.39 1.40
Table 2.

Stability of SPE-MWCNT nanosensors in seawater at pH = 8.4.

Comparison of Lagun and Lab Tank testing
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Figure 11.
Comparison of lagoon and lab tank testing by SPE of 3% G/PANI nanocomposite sensing element, with resistivity
[k2] on abscissas and time [minutes] in ordinates.

Because by this technique a current is applied during the measurement, a more
stable signal can be obtained. Once the applied current is optimized, the sensor needs
to be tested using artificial samples. In the case of achieving good linear response,
reproducibility, and precision values, the sensor can be tested using real seawater
samples. The time needed to perform this action has been estimated to be of about 6—
8 months. Also, with better resolution of the measurements, it can be possible to have
better precision in the measured potential.

The stability of the pH sensor based on SPE of MWCNTs/PANI nanocomposites
was tested in seawater at pH = 8.4. The obtained data are presented in Table 2.

3.1 Gas sensing

Industrialization, urbanization, and rapid technological modernization are three
crucial factors contributing to over-exploitation of natural resources. With domina-
tion of the nonrenewable fossil fuels in the global energy supply, environmental
pollution is worsening everywhere on the globe. In the past decade, atmospheric
pollution has become a global phenomenon reaching life-threatening levels. Ammonia
(NHj3) and nitrogen dioxide (NO2) are one of the most abundant inorganic toxic
pollutants known for their worsening effect on the air quality, causing serious eye,
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skin, and mucous membrane respiratory irritation even when found in traces [50, 51].
Serving as a serious threat to human health, it is important to find an efficient and
rapid solution for maintaining air quality in both indoor and outdoor environments.
Researchers are constantly developing strategies and solutions for clean technology
environmental applications to lower pollution damage. However, the first prerequisite
procedure for environmental pollution treatment is monitoring. Therefore, it is
imperative to develop novel sensors with outstanding characteristics such as higher
sensitivity, selectivity, and accuracy, for effectively enriching pollutants in traces.

Even though many analytical instruments based on colorimetry, luminescence, or
IR absorption are used for the concentration measurement of toxic gases, screen-
printed electrochemical gas sensors are receiving constant attention because of their
low-cost, simple design, and miniature size [52]. The screen-printing technique is one
of the easiest and cheapest methods for chemiresistive sensor development which
serves as an alternative to the traditional electrodes. The electrochemical principle
requires a three-electrode system consisted of working, counter, and reference elec-
trodes (Figure 12), where the sensing component or composite is deposited or printed
onto the working electrode on various types of plastic or ceramic substrates. The
principle is widely recognized and serves as one of the most promising approaches for
sensor development because of its superior features—rapid in-situ analysis, high
sensitivity and selectivity, portable miniaturized size, and low-cost [53]. Referred as
economical electrochemical substrates, screen-printed electrodes are continually
improving with respect to both their format and printing materials [52].

By now, there has been a large amount of research related to conducting polymer-
based gas sensors, including our work [54] and other numerous reviews [2, 55-57].
Conductive polymers are explored as active substrates in gas sensors because of their
broad properties in terms of conductivity, sensitivity, selectivity, and redox charac-
teristics [17]. Among all of them, PANI, an intrinsically conducting polymer with
excellent properties, has experience as a frequently investigated gas sensing compo-
nent in chemiresitive sensors. PANI’s nanodispersions have shown large potential for
sensing applications, regarding the fact that they are inkjet and screen-printable,
facilitating the conductive polymer pattern directly to the substrate [58]. Due to
PANT’s classification as a semiconductor, it is often used for accurate and rapid detec-
tion of reducing ammonia gas, a highly desirable task not only in environmental
applications but also in the automotive and chemical industry and medical
applications.

Chemoresistive sensors based on PANI have routinely been applied for ammonia
detection, such as electrospun PANI fibers-based highly sensitive chemiresistive

12 Metrohm
DrapSens

110

Counter electrode
Reference electrode

Working electrode

Figure 12.
Screen-printed electrode.
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sensor described by Zhang et al. [59], MWCNT/PANI nanocomposite based SPE gas
sensor proposed by Chepishevski et al. [60], inkjet-printed polyaniline nanoparticles
based ammonia sensor described by Crowley et al. [61], modified gas sensor based on
PANI nanofibers employing the techniques of electrical impedance spectroscopy with
frequency response analysis and amperometry reported by Basak et al. [62] and many
more. A highly sensitive and flexible ammonia gas sensor based on PANI film as an
active sensing layer has been reported by Kumar et al. [63]. Their room temperature
functioning sensor operated in the range of 5-1000 ppm, offered good reproducibil-
ity, long-term stability, and mechanical robustness, indicating the promising applica-
tion of PANI films for portable on-site detection. Nanostructured PANI-based
composites are suggested by Wojkiewicz and al. [64] for ppb range ammonia sensing.
The author and his team studied three types of PANI composites with different
morphologies: two core-shell systems with a poly(butyl acrylate) (PBuA) or poly
(vinylidene fluoride) (PVDF) core and a PANI shell, and a composite based on PANI
nanofibers embedded in a polyurethane (PU) matrix, and all of them showed high
performances in terms of response time, reversibility and detection limit. The detec-
tion limit has been reported as below 100 ppb for films formed of the core-shell
nanoparticles and below 20 ppb for the nanofiber-based composites. The team con-
cluded that better sensitivity is achieved for the films made of the contacting core—
shell nanoparticles. Talwar et al. [65] proposed a novel synthesis of ZnO-assisted
PANI nanofibers and investigated their sensing response regarding ammonia gas. The
fabricated sensor showed excellent selectivity and its sensing response has been pro-
portional to the concentration of ammonia gas. Sutar et al. [66] prepared nanofibrous
PANI films using an amino-silane self-assembled monolayer (SAM) employed as
artificial seeds for the self-organization of PANI during polymerization. Chemiresistor
sensors that have been developed using the fabricated nanofibrous PANI films as a
sensitive layer, showed high sensitivity to very low concentrations (0.5 ppm).

One of the aims of this chapter is to show the results obtained from the electro-
chemical characterization of pristine PANI electrodes, as proposed sensors tested
against ammonia (NHj;) vapors with different concentrations. The electrochemical
characterization included resistance change monitoring of commercial PANI electrodes
exposed to variable ammonia vapor concentrations of 3, 6.2, 12.5, and 25% (wt.).
Commercial screen-printed PANI electrodes with 4 mm in diameter were ordered from
Dropsens, Spain. In order to obtain better results, electrodes were exposed to external
thermal excitation, measuring the sensing activity by heating and evaporating the
ammonia solution around 50°C. The experimental setup scheme is shown in Figure 13.

The working mechanism is quite simple. The ammonia solution is evaporated in a
closed circuit and ammonia gas is released. Because of the heating and humidity, the
atmosphere gets more conductive, so it can absorb and more evenly distribute excess
charges. Gas molecules travel and interact with the surface of the PANI electrode.
When PANI is exposed to ammonia, its conductivity starts to change due to the
deprotonation mechanism of amine groups in emeraldine salt converting it to
emeraldine base following equation:

PANI — H" + NH3<PANI + NH4 ™, 3)

proving excellent selectivity toward NH3 [67]. PANI’s conductivity can be adjusted
by changing its oxidation and protonation state and the material can be found in three
key oxidative states: leucoemeraldine—fully reduced state, emeraldine—half-oxidized
state, and pernigraniline—fully oxidized state.
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Figure 13.
Experimental setup for gas-sensing characterization.

6

——3% NHg3 PANI
5 —6.2% NH3

—12.5% NH3

——25% NH3

Electrical resistance, MQ

Time, min

Figure 14.
Resistivity changes of commercial screen-printed PANI electrodes in various concentrations of NH3 ions.

The electrochemical characterization results obtained from the commercial PANI
electrodes testing confirm electrochemical resistance decrease and conductivity
increase, over time and at all concentrations. This effect is expected, as exposure to
the ammonia vapors should indeed cause a resistance change which manifests as a
decrease and conductivity increase.

Because of the conductive nature, PANI electrodes show high conductivity, as
shown in Figure 14. Moreover, the tested electrodes show a non-linear response. The
measured data suggests that it takes approximately 6 minutes to reach equilibrium, at
all concentrations. This phenomenon happens because of the required time for the
solution to create a humid environment. The sensor shows a stable and good response
for all concentration levels. However, the highest conductivity is measured while
testing the electrodes in the most concentrated ammonia solution i.e., 25%. The lowest
response from the obtained measurement is shown for the ammonia solution with a
concentration of 6.2%. After around 10 minutes, saturation is achieved at all concen-
trations and the curves show steadiness and linearity for the rest of the measurement.
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Figure 15.
Resistivity changes of irradiated SPE- PANI electrodes 3% of NH3 ions.

We tested the irradiation treatment of PANI electrodes by using 50 and 100 kGy
e-beam irradiation. Comparison is given in Figure 15. Evidently, a higher effect was
achieved with 50 kGy.

Looking through the literature data, this behavior agrees with the experimental
results for pure PANI-based gas sensors [7, 68, 69]. PANI is found to exhibit detectable
sensitivity expressed as increasing resistivity change for ammonia gas [18]. Improved
response and sensitivity can be achieved by the addition of other conductive materials
to the PANI matrix, which can act synergistically, such as carbon materials (CNT,
graphene), metals (Ag, Au, Pt, Cu), inorganic nanoparticles (CeO,, TiO,, ZrO,, Fe;03,
Fe;0,), chalcogenides (CdS, ZnS, CdSe), polymers (polyvinyl alcohol (PVA), polyvinyl
acetate (PVAc) and polymethyl methacrylate (PMMA)), etc. [2, 56].

4. Conclusions

PANI and PANI-based nanocomposites with CNT and G were employed in the
design of highly sensitive electrochemical sensors for the monitoring of the pH of sea
and ocean waters and gases compounds. PANI and its nanocomposites possess excellent
electrocatalytic properties for the modified sensors, such as enhanced detection sensi-
tivity, electrocatalytic effects, high conductivity, and reduced fouling. These superior
attributes endow CNTs, graphene, and PANI nanocomposites with great advantages for
enhanced monitoring of pH and gas sensing applications. Carbon nanostructures (CNT,
G) have shown that they may play a critical role in the future improvement of PANI-
based sensor development of advanced points of other sensing applications.
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Abstract

The long lasting intrinsic conducting polymers (ICPs) including polyaniline
(PANI), polypyrole (PPy), Polyindole (PIn), Poly (methyl methacrylate) (PMMA),
Polythiophene (PT), poly (3,4-ethylene dioxythiophene) (PEDOT) have been recog-
nized for their significant benefits in optoelectronic devices. In the last few decades,
polyaniline has gained recognition over metals, owing its low cost, flexibility, and
high conductivity, as well as the ease with which it may be produced using chemical
or electrochemical processes. Due to its high electrical conductivity, light weight, ease
of fabrication, and excellent environmental stability, PANI has an extensive range of
applications, including batteries, sensors, supercapacitors, waste water treatment and
organic electronic devices. It also has the potential for chemical and electrochemical
synthesis. Polyaniline has promising potential in many optoelectronic applications as
well as in supercapacitors. In this chapter, the basic historical background, different
synthesis mechanism about conducting polymer polyaniline is discussed in details.
Polyaniline has great potential application such as in sensors, supercapacitor and
optoelectronic devices etc. due to its ability of ease of synthesis by various methods.
Polyaniline based nanocomposites with different metals, metal oxide, metal sulfides,
and carbon nanomaterials, graphene, carbon nanotubes (CNTs) etc. are described in
this section in detail.

Keywords: polyaniline, protonation, chemical oxidative polymerization, OLEDs,
supercapacitors

1. Introduction

Since ancient times researchers have been trying to develop new smart materi-
als which have unique amalgamations of properties. In modern times, conducting
polymer-based nanocomposites and nano blending technologies were extensively
utilized in various fields such as supercapacitors, solar cells, sensors, and different
types of electronic device applications. Conducting polymer becomes promising
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candidates due to their unique properties such as transparency, lightweight, low cost,
flexibility, optical, electrical, and dielectric over the inorganic semiconductors [1].
Uses of inorganic semiconductors are replaced by conducting polymers all over the
technologies. Intrinsic conducting polymers are divided into three types according

to the conduction mechanism: IT conjugated, redox, and ionic conducting polymers
[2]. In IT conjugated systems, the electron is carriers to conduct electricity through
the backbone skeleton of the polymer. Thus, these electrons are called delocalization
of electrons. The redox polymers contain immobilized redox or electroactive centers.
These electroactive centers are not connected to each other. Charge (electrons) are
transferred in this system via a hopping mechanism from one active center to the
other. To increase the conductivity, systems need to have large numbers of redox-
active centers. In the case of ionic polymers contain ions. This system conducts
electricity due to the movements of ions in the polymer chain [3]. The conducting
polymers’ electrical conductivity, mechanical stability, and optical properties were
enhanced multiple times by doping or mixing inorganic semiconductors as filler
elements. Recently, inorganic-based polymeric nanocomposites have been extensively
used in various fields [2, 3].

Hideki Shirakawa, Alan Heeger, and Alan Mac Diarmid discovered the simplest
conducting polymer in 1977 and got the Nobel Prize in 2000 [4]. After that, a new
novel conducting polymer, polymerization mechanism, and electron transport mecha-
nism gradually developed in front of researchers. Polyacetylene was the first synthe-
sized conducting polymer; after that, several conducting polymers were developed,
such as polythiophene, PEDOT: PSS, polypyrrole, polyaniline, and polycarbazole.
Among these conducting polymers, polyaniline is the most reported conducting
polymer in electronic devices like sensors, solar cells, supercapacitors, anticorrosion
materials, and optoelectronic device applications [5, 6]. Henry Letheby first developed
aniline black or PANI by using HNO3 as an oxidant agent via the oxidative chemical
polymerization method, which is insulating in nature. In 1997 Mac Diarmid introduced
another derivative (green emeraldine salt), the aniline family, which conducts electric-
ity. He introduced three different derivative aniline families one is colorless reduced
leucoemeraldine base (LEB), the second is blue/green half oxidized emeraldine base/
salt (EB), and the third one is blue/violet fully oxidized pernigraniline base (PAB).
Emeraldine salt is extensively used out of these three derivatives because it has out-
standing optical, electrical, and anticorrosive properties [7]. Optical band gap energy
(Eg = 1.20 eV-3.2 eV) and electrical conductivity (cele = 10-8 s/cm-10 s/cm) depend
on the synthesis method. The refractive index of polyaniline is 1.31-1.36. The polyani-
line exhibited a different type of nanostructure (such as tower-like, nanoflower-like,
leaf-like, rod-like, and sea urchin-like morphologies) depending on the synthesis
techniques [8]. Different type of microstructure has been shown in Figure 1.

In this book chapter, we have discussed the basic historical background of
conducting polymers, and the main focus of our work is details about conduct-
ing polymer polyaniline. Polyaniline based nanocomposites with different metals,
metal oxide, metal sulfides, and carbon nanomaterials, graphene, carbon nanotubes
(CNTs), reduced graphene oxide (rGO) etc. are described in this section. Different
types of synthesis methods and polymerization mechanisms were broadly discussed.
In the last section, we discussed the application of polyaniline, specifically in superca-
pacitor and optoelectronic device applications.

140



Synthesis, Structural Study and Various Applications of Polyaniline and its Nanocomposites

DOI: http://dx.doi.org/10.5772/intechopen.1002227
H H H
N N N
H H
N N N N

Leucoemeraldine base (LEB)
Emeraldine base (EB)

U

ZT

Pernigraniline base (PAB)

Figure 1.
Different derivatives of PANL

2. Synthesis of polyaniline (PANI)

PANT is one of the promising and electrically conductive polymers owing its
conversion ability between base and salt form. Access of oxidation and reduction
and ease of synthesis made polyaniline more popular that attracts great deal of
research. The most widely used synthesis method for preparing polyaniline is
chemically oxidative polymerization technique using aniline monomer in acidic
medium. The various method can be used for the synthesis of polyaniline are
following:

1. Chemically oxidative polymerization

2.Electrochemical polymerization

3. Vapor-phase polymerization

4. Photochemically initiated polymerization
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2.1 Chemically oxidative polymerization (COP)

For preparing monomers to polymer such as aniline to polyaniline, pyrrole to
polypyrrole etc. chemical oxidative polymerization plays most prominent role. It
is a cheap method for preparing large quantities of polymers with less time. In this
method, chemical oxidizing agent initiates the polymerization process. The monomer
compounds exhibit high electron donating properties. Chemical oxidative polymer-
ization has been done with the help of oxidizing agents such as ammonium persul-
fate (APS), potassium dichromate, hydrogen peroxide etc. Ammonium persulfate
(NH,4),S,0g is a strong oxidizing agent which has been used to prepare polyaniline
(PANI) from aniline monomer in our research work as it highly soluble in water. APS
helps in generating radical cation sites in monomer and initiating the polymerization
process. The prepared monomer solution is kept within aqueous acidic medium ata
low temperature. This reaction is later allowed on a constant stirring for 5-8 hours in
order to obtain the polymer precipitate (Figure 2) [9, 10].

Propagation chain
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A A
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Figure 2.
Chemically oxidative polymerization of PANIL
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2.2 Electrochemical polymerization (ECP)

For the preparation of thin film polyaniline with a huge surface area electrochemi-
cal process plays a vital role. Electrochemical method is quite similar to electrodeposi-
tion method used for metals. Electrochemical method provides homogenous polymer
deposition over the electrode which contains a power source, an electrode and an
electrolyte solution. Electrochemical polymerization of aniline is carried outin a
strong acidic electrolyte such as acetonitrile which helps in the formation of anilinium
radical cation by aniline oxidation on the electrode (Figure 3) [11].

2.3 Vapor phase polymerization (VPP)

Vapor phase polymerization is used to prepare polyaniline from aniline monomer
by introducing to an oxidant coated substrate in vapor form. At the oxidant vapor
interface, the polymerization takes place. Vapor phase polymerization (VPP) can

be either chemical vapor phase polymerization (CVPP) or electrochemical vapor
phase polymerization EVPP). CVPP is a solvent free process use to get highly uniform
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Figure 4.
Vapor phase polymerization method.

conductive polyaniline which allows formation of PANI layers of any thickness on
an insulating substrate. In VPP monomers are applied as vapor rather than solution
or liquid which restricts the particle agglomeration. Intrinsic conjugated polymers
formed via VPP have high electrical conductivity and they are agglomeration free
[12, 13]. VPP provides polymers of very high purity with excellent conductivity and
scope of synthesis at the nanoscale range (Figure 4) [14].

2.4 Photochemically initiated polymerization

In this method light (photon) is used to initiate free radical polymerization.
This technique consumes less energy and higher productivity at lower reaction
temperature compared to other conventional polymerization techniques. In this
method, the photochemical initiation is achieved by subjecting suitable photo
initiators to ultra-violet radiations. The formation of PANI using photopolymeriza-
tion requires an external source of gamma rays, microwaves, UV rays and X-rays.
PANI can be synthesized using bilayer films containing [Ru(bipy)s]** as a primer
and methylviologen (MV*') as an oxidizer polyaniline through irradiated with vis-
ible electromagnetic light. The process of electron transfer between [Ru(bipy)s]**
and (MV?) is responsible for the oxidation of aniline and formation of PANI [15].

Figures.
(a) Various nanostructures/microstructures of PANI; SEM image of (b) tower/spindle-like PANI, (c) leaf-like
PANI, (d) hedgehoglike PANI, (e) flower-like PANI, (f) brain-like PANI, and (g) sea urchin-like PANI [9].
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The photochemical polymerization is similar to the free radical polymerization but
initiation via light.

The different morphologies of PANI can be obtained using different synthesis
method as shown in Figure 5.

3. Different methods for synthesis of nanocomposites

Synthesis of nanocomposites involves the combination of two or more materials
at the nanoscale to create new materials with enhanced properties. There are vari-
ous methods for synthesizing nanocomposites, and here are some commonly used
techniques:

a.In-situ polymerization: This method involves the formation of nanoparticles
within a polymer matrix during the polymerization process. Monomers and
nanoparticles are combined, and polymerization occurs simultaneously, resulting
in a nanocomposite material.

b.Solution mixing: In this method, nanoparticles and a polymer are separately dis-
solved in a common solvent and then mixed together. The solvent is subsequently
removed, resulting in the formation of a nanocomposite.

c. Melt mixing: This technique involves the direct blending of nanoparticles and a
polymer in the molten state. The mixture is then cooled and solidified, leading to
the formation of a nanocomposite material.

d.Electrospinning: Electrospinning is a versatile method used to fabricate nanofibers.
It involves the application of an electric field to a polymer solution or melt, result-
ing in the formation of ultrafine fibers. Nanoparticles can be incorporated into the
polymer solution or melt prior to electrospinning to create nanocomposite fibers.

e. Layer-by-layer assembly: This technique involves the sequential deposition of
alternating layers of nanoparticles and polymers. Electrostatic interactions or
other forces are utilized to form the multilayered structure, resulting in the crea-
tion of nanocomposite films or coatings.

f. Sol-gel method: The sol-gel process involves the transformation of a sol (a
dispersion of nanoparticles in a liquid) into a gel (a three-dimensional network
of interconnected nanoparticles) by hydrolysis and condensation reactions. By
controlling the reaction conditions, nanocomposite materials can be obtained.

g.Chemical vapor deposition (CVD): CVD is a technique used to deposit thin films
of materials onto a substrate. In the case of nanocomposites, nanoparticles are
introduced into the gas phase and allowed to react and deposit onto the substrate
surface, resulting in the formation of a nanocomposite film.

h.Template synthesis: This method involves using a template or scaffold to guide
the growth of nanoparticles or polymers. The template can be a porous material
or a sacrificial structure that is subsequently removed, leaving behind a nano-
composite material with a specific structure.
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These are just a few examples of the methods used for synthesizing nanocompos-
ites. The choice of method depends on factors such as the desired properties of the
nanocomposite, the nature of the materials involved, and the intended application.

4. Polyaniline-based nanocomposites

Polyaniline (PANI) is a conducting polymer with unique electrical, optical, and
chemical properties. When combined with nanomaterials, such as nanoparticles or
nanofibers, PANI-based nanocomposites exhibit enhanced properties and a wide
range of potential applications. Polyaniline-based nanocomposites can be synthesized
through various methods, including in situ polymerization, solution blending, electro-
chemical deposition, and template-assisted synthesis. The choice of synthesis method
depends on the desired properties and application requirements. PANI can be com-
bined with different types of nanomaterials, including metal nanoparticles (e.g., gold,
silver), metal oxides (e.g., titanium dioxide, zinc oxide), carbon-based materials (e.g.,
carbon nanotubes, graphene), and organic/inorganic nanofibers. These nanomaterials
serve as fillers or reinforcements, imparting unique properties to the nanocomposite.
Enhanced electrical conductivity: PANI itself is a conductive polymer, but the addition
of nanomaterials further enhances the electrical conductivity of the nanocomposite.
This property makes PANI-based nanocomposites suitable for applications such as sen-
sors, actuators, electrostatic discharge materials, and energy storage devices. Improved
mechanical properties: The incorporation of nanomaterials in PANI matrices improves
the mechanical strength and toughness of the nanocomposite. Nanofillers act as
reinforcing agents, reducing the brittleness of PANI and enhancing its resistance to
mechanical stress. Enhanced thermal stability: PANI exhibits limited thermal stability
at high temperatures. However, the addition of nanomaterials can improve the thermal
stability of PANI-based nanocomposites, allowing their use in applications that require
higher operating temperatures. Tailored optical properties: PANI-based nanocom-
posites can exhibit tunable optical properties, including changes in color, absorbance,
and emission, depending on the nanomaterials incorporated. These properties make
them suitable for applications such as optoelectronics, light-emitting devices, and
sensors. Polyaniline-based nanocomposites find applications in various fields, includ-
ing energy storage and conversion (batteries, supercapacitors, solar cells), electronics
(printed circuit boards, conductive coatings), sensors and actuators, corrosion protec-
tion, electromagnetic shielding, and biomedical applications (drug delivery, tissue
engineering). Despite their promising properties, the development of PANI-based
nanocomposites faces challenges related to achieving uniform dispersion of nanofill-
ers, controlling the size and morphology of nanoparticles, and maintaining stability
over time. Additionally, the scale-up of synthesis methods and the cost-effectiveness
of production are areas that require further research and development. Polyaniline-
based nanocomposites offer exciting opportunities for advancing materials science
and developing innovative technologies. Continued research and exploration of these
materials will likely lead to further improvements and new applications in the future.
In past decades, the incorporation of inorganic filler into organic conducting polymer
forming a composites or nanocomposites matrix attracted huge attention. The com-
bination of inorganic provides better performance, stability and electrical conductiv-
ity to polymer matrix and has application in sensors, actuators, OLEDs, solar cells,
supercapacitors and so on. Many publications have been reported for the synthesis of
PANI with metal oxides, metal, sulfides, graphene and other inorganic materials.
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4.1 PANI-based binary/ternary nanocomposites

Polyaniline nanocomposites can be considered of as a material composed of a
PANI matrix and one component, including semiconductors, metal nanoparticles,
organic compounds, inorganic compounds, biological and natural compounds, to
modify the surface morphologies and enhanced the polymer stability, optical and
electrical properties. Similarly, in case of ternary nanocomposites surface interaction
enhanced modify the electronic structure [16]. In Figure 6 shows the PANI based
nanocomposites revealed from the literature survey.

PANI-based binary nanocomposites: Researchers synthesized and developed new
electrode materials by refining different parameters in response to the rising demand
for the development of high-performance supercapacitors.

4.2 Applications of polyaniline

Polyaniline exhibited in three different oxidation states such as Leucomeraldine
(LM), pernigraline (PN) and emeraldine (EM). Emeraldine salt is a conducting
nature polymer. Due to different surface morphology (such as nanofiber, nanoflow-
ers, nano- leaf) of polyaniline shows distinct physiochemical properties. Large
specific surface area, easily dissolved in alcohol, ketone and other organic solvent
of polyaniline can improve the reactivity in the application of supercapacitor, sen-
sor and water pollutant free applications. Due to semiconducting nature, excellent
optical, electrical properties and higher thermal stability polyaniline has extensive
application in the field of optoelectronic device (like organic light emitting diode
(OLED), organic solar cell). In Figure 6 shows the various applications of PANI based
nanocomposites. Engineering is the current focus of medicine, and advancements in
this field need for new intellectual technologies. Devices that compensate for nerve
weakening and advance neuroscience are needed by neuroscientists. Biocompatibility
conductive scaffolding has high bio-counterfeit qualities, and it has been used to treat
organ problems. Moreover, PANI applications in delivery systems have drawn a lot
of interest; as a consequence, novel delivery structures, such electro-drug delivery
systems, are being investigated. PANT has been successfully used as an anti-corrosion
barrier with positive outcomes [17]. Figure 7 showed the application of the PANI in
different field.

PANI based Nanocomposites

Binary Ternary
Nanocomposites Nanocomposites

© PANI/Metal Oxide
(2r0s, Cu0, Zn0...)

Figure 6.
PANI based nanocomposites.
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Figure7.
Various applications of PANI based nanocomposites.

4.2.1 Supercapacitor applications

Supercapacitor is one of the highly anticipated energy storage technologies having
numerous advantages over its most common counterpart i.e., rechargeable battery. It
possessed quick energy supply, long life-span and environment compatibility. These
properties suggest this technology as the energy storage for modern era [18, 19].

Conventional carbon material based supercapcitor (electric double layer capaci-
tor) suffer from low specific capacitance and energy density [20, 21]. Therefore,
recently researchers have turn towards conducting polymer based supercapcitor
(pseudocapacitor) which provides enhanced specific capacitance due to presence of
numerous redox active sites. Zhang et al. synthesized PANI via chemical oxidative
polymerization. The resultant polymeric electrode exhibited specific capacitance of
330 Fg ' with capacitance retention of 75% [22]. Similarly, Khdary et al. synthesized
mesoporous PANI which passed much improved specific capacitance (532 Fg™') and
cyclic stability (85% after 1000 cycles) [23]. The mesoporous nature of the material
proved to be beneficial for charge mobility and increase its charge accumulation abil-
ity. However, PANI in its pristine form is not usually recommended for supercapacitor
due to lack of stability [24]. The stability material can be improved by introducing
different filler materials such as carbon materials, metal oxides, metal sulfides, metal
organic frameworks (MOFs) etc. For instant, Shafi et al. synthesized ternary compos-
ite of LaMnO;/RGO/PANTI having excellent cyclic stability and energy density [25].
The polymeric material possessed specific capacitance of 802 Fg™" at current density
of 1 Ag™". Further the asymmetric supercapcitor (ASC) employing LaMnO3/RGO/
PANI as positive electrode and RGO as negative electrode showed highly improved
cyclic behavior with capacitance retention of 117% even after 100 k cycles as repre-
sented in Figure 8. Table 1 summarized electrochemical properties of some impor-
tant PANI based electrode materials for supercapacitor applications.

4.2.2 Organic solar cell applications

Inexpensive, high-performance film solar cells based on an electrolyte and a
semiconductor are known as dye-sensitive solar cells (DSSCs) [30, 31]. They typi-
cally include a counter electrode, which is often composed of platinum, a redox
electrode, and a color-sensitive titanium dioxide electrode. Pt, which is replaced with
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Figure 8.

(az’j’I Schematic representation of LaMnO,/RGO/PANI composite and its asymmetric supercapacitor; (b) CV
curves for different electrode materials; (c) GCD curves for different electrode materials; (d) variation of specific
capacitance of LaMnO,/RGO/PANI electrode with currvent density; (e) variation of specific capacitance of
symmetric and asymmetric supercapacitor devices with curvent density; and (f) cyclic stability of ASC up to

100 k cycles. Adapted with permission from [25]. Copyright 2018, American Chemical Society.

SL No. Nanocomposite Current Specific Capacity Ref.
density (Ag'l) capacitance (Fg'l) retention

1. PANI 1 330 75% after [22]
1000 cycles

2. Mesoporous PANI 15 532 85% after [23]
1000 cycles

3. PANI/GO/Cu 1 558 90% after [26]
1000 cycles

4. PANI/RGO/LaMnO; 1 802 117% after [25]
100 k cycles

5. PANI/Graphene/MnO, — 395 92% after [27]
1200 cycles

6. PANI-Ag/ZnO 0.8 635 96% [28]

7. PANI/graphene/ 0.2 454 76.4% after [29]
manganese ferrite 5000 cycles

Table 1.

Few electrochemical properties of PANI based nanocomposites as electrode materials for supercapacitor
applications.

carbon-based materials, is the component in DSSCs that costs the highest. Because of
its simple synthesis, cheap cost, and high conductivity, PANI is used in DSSC. Due to
complicated electrocatalytic rooting activity at I3- and a lower charge transfer ratio
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of oxidation reactions, microporous PANI electrodes seem better than Pt electrodes
[32]. The catalytic activity advances, the absorbency of PANI rises at a certain surface
area, and the effectiveness of trapping liquid electrolytes for DSSC rises. In order
to produce counter electrodes, PANI is electrolyzed in FTO glass by a number of
counteractions, such as SO42-, BF4-, CL-, ClO4-, and p-toluene sulfonate [TsO-].
As aresult, PANI-SO4 offers the greatest amount of porous medium while requiring
the least amount of charge transfer resistance and the greatest amount of reduction
current [33]. The electrical area of PANI and total conductivity are increased by PANI
polymerization on the graphene surface [34]. Hence, an anti-electrode in DSSC or
other electrocatalytic activity is improved by this strategy.

The absorbance range of the active layer material of organic solar cell should be
in visible range of electromagnetic spectrum for the better efficiency of the device.
The device with PSSA-g-PANI exhibits about 4% PCE, which is 20% higher than that
of the device with PEDOT: PSS due to unique high transparency in the UV-vis region
(especially 450-650 nm) and high conductivity of PSSA-g-PANI, when the blend of
P3HT and PCBM is used as the active layer of PSCs as shown in Figure 9.

4.2.3 Organic light emitting diode (OLED) application

OLED is a device that produces light as a result of the induction of an electric
current or electric field are known as electroluminescence devices. When a suit-
able voltage is applied, they can serve as a source for organic light-emitting diodes
(OLEDs) with a p-n connection diode. As a result, photon energy can be discharged
by combining electrons with the device’s electron holes [35]. With the semiconductor
energy bandgap, a vivid color will be produced. The organic LED (OLED) is a per-
forated injection film made of conductive polymer. OLED performance is improved
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Figure 9.
(a) Device structure of solar cell. (b) AFM of the PSSA-g-PANI layer, (c) absorbance spectra of the device and
(d) efficiency of the device.
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by using PANI-poly (styrene sulfonate; PPS). Comparing PANI-PPS to commercial
PEDOTPPS, more complex performance is obtained, and hole injection increases.
PANI-PPS, in contrast, performs with the highest efficiency and lowest voltage given
the high conductivity, medium clarity, and roughness. In comparison to traditional
PEDOT-PPS, PPS with a conductive polymer, such as its PANI copolymer solution,
offers easier doping, solubility, and film quality for thematic monitors/screens [36].
To create a perforation injection film in two-layer electroluminescence with an
orange electroluminescence display in comparison to a single-layer electrolumines-
cence device, PANI self-doping based on aniline and (aminobenzene sulfonic acid)

is assembled in its ITO glass [37]. Similar to ZnO/PANI nanowire (type n/p), this
organic-mineral ray-emitting diode is produced by the recombination of the electron
boundary in the conduction band and the holes over a broad light spectrum [38]. The
less the separation between the heterostructure of hole transport layer and emissive
layer the greater will be the efficiency of the device due to the more transport of
holes from HTL to EL in the device. Similarly, the less the separation between the
heterostructure of electron transport layer and emissive layer the greater will be

the efficiency of the device due to the more transport of electrons from ETL to EL in
the device (Figure 10).

4.2.4 Waste-water treatment applications
Application of PANI based binary nanocomposites as absorbents in waste water

treatment: Polyaniline nanocomposites have been employed as adsorbents to remove
various impurities from effluent in recent years. Due to their excellent interaction
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Figure 10.

(a) energy level diagram of heteromolecular (b) Current versus voltage curve of OLED device (c) AFM surface
structure of layer and (d) luminescence versus current curve of device, Image reused with permission from Ref.
[37] Copyright 2007 Elsevier.
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Adsorbent Pollutant Langmuir pH Conc. Adsorbent Ref.
maximum capacity (mg/L) dose (mg)
(Qmax) inmg/g

PANI/PVP Mn (II) 50.30 7 100 250 [39]
PANI/Fe CR 99.6 7 100 1000 [40]
PANI/zeolite Cr (VI) — 2 50 200 [41]
PANI/ Rhodamine 1000 2 10 500 [42]
ZnFe,0, BRHB

PANI/PAN Cr (VI) 67.3 2 5 10 [43]

Table 2.

Contains the PANI based nanocomposite employed as an absorbent of pollutants.

with the functional groups of PANI nanocomposites, further research has been
conducted on the adsorption of organic pigments and ions of heavy metals. In the
study of the association between PANI nanocomposites and impurities, various
adsorption parameters including pH, incubation time, adsorbent dose, temperature,
adsorbent nature, and pollutant concentration are investigated. The different PANI
based nanocomposite employed as an absorbent of pollutants are listed in Table 2. To
confirm the potential of PANI nanocomposites as adsorbents for water purification,
the efficacy and adsorption capability of nanocomposites can be estimated based on
these parameters.

5. Conclusions

Polyaniline (PANI) is a conducting polymer with a wide range of applications due
to its unique electrical, mechanical, and chemical properties. PANI can be synthe-
sized by various methods, including chemical oxidation, electrochemical polym-
erization, and template-assisted synthesis. Polyaniline exists in different oxidation
states: emeraldine base (EB), emeraldine salt (ES), and pernigraniline (PN). The EB
form is most widely studied and has both conductive and insulating properties. The
doping of polyaniline with acids or other dopants enhances its electrical conductivity
and other properties. Polyaniline exhibits good thermal stability, high mechanical
strength, and excellent environmental stability. Polyaniline has wide range of appli-
cations such as in conductive coating material for corrosion protection of metals,
anti-static coatings, and electromagnetic shielding. Polyaniline has shown promise
in applications such as supercapacitors and rechargeable batteries due to its high
specific capacitance and good cycling stability. Polyaniline-based sensors are used for
gas sensing (e.g., detection of ammonia, carbon monoxide), humidity sensing, and
biosensing applications. Polyaniline-based actuators can convert electrical energy
into mechanical motion, making them suitable for applications in robotics and micro-
fluidics. Polyaniline can be employed in organic field-effect transistors (OFETs),
organic light-emitting diodes (OLEDs), and other organic electronic devices. Also,
polyaniline-based adsorbents have been explored for the removal of various pollut-
ants from water, including heavy metals and organic contaminants. Advancements in
the design of polyaniline-based nanocomposites and hybrid materials are expected
to further enhance its performance in various fields. The development of scalable
and cost-effective synthesis methods is crucial to facilitate the commercialization of
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polyaniline-based technologies. It’s worth noting that the field of polyaniline research
is vast, and ongoing discoveries may expand the range of applications and under-
standing of its properties.
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