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An authentic revolution took place in the area of solid-state chemistry and physics 
just after World War II. The century of solid state started from the modest beginnings 

of the transistor at Bell Laboratory. Since then, the area of science and technology 
has been directed primarily toward the study of alloys, ceramics, and inorganic 

semiconductors. The size of electronic devices became smaller and smaller, while the 
dimensionality of materials was also reduced just after the invention of the integrated 

circuit. It is at this point that the advent of the discovery of quasi one-dimensional 
conductors has opened up a whole new area of ‘’nonclassical’’ solid-state chemistry 
and physics. In the modern world, plastic and electrical devices are always tightly 
integrated together. However, it was in 1977 that an electrically conductive, quasi 

one-dimensional organic polymer, polyacetylene, was discovered. During the past 30 
years, a variety of different conducting polymers have been developed. Excitement 
about these polymeric materials is evidenced by the fact that the field of conducting 

polymers has attracted scientists from such diverse areas of interest as synthetic 
chemistry, electrochemistry, solid-state physics, materials science, polymer science, 
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Preface

Conducting polymers—organic conjugated materials are a fast-expanding area of research,
part of the growing field of polymer technology. They offer high electrical conductivity
through doping by oxidation and a wide range of unique electrochromic and electrome‐
chanical characteristics. The properties of conducting polymers depend not only on the
properties of their individual states but also on their morphology and intrafacial characteris‐
tics.

It might be surprising to those who recognize that our modern lifestyle is dependent, to a
large extent, on the use of organic polymers as thermal and electrical insulators and to learn
that specific plastics may also be used as conductors of electricity. Besides demonstrating the
versatility of polymers, their use as conductors will lead to developments that are not possi‐
ble with other available materials of construction.

An authentic revolution took place in the area of solid-state chemistry and physics just after
World War II. The century of solid state started from the modest beginnings of the transistor
at Bell Laboratory. Since then, the area of science and technology has been directed primari‐
ly toward the study of alloys, ceramics, and inorganic semiconductors. The size of electronic
devices became smaller and smaller, while the dimensionality of materials was also reduced
just after the invention of the integrated circuit. It is at this point that the advent of the dis‐
covery of quasi one-dimensional conductors has opened up a whole new area of “nonclassi‐
cal” solid-state chemistry and physics.

In the modern world, plastic and electrical devices are always tightly integrated together.
However, it was in 1977 that an electrically conductive, quasi one-dimensional organic poly‐
mer, polyacetylene, was discovered. During the past 30 years, a variety of different conduct‐
ing polymers have been developed. Excitement about these polymeric materials is
evidenced by the fact that the field of conducting polymers has attracted scientists from such
diverse areas of interest as synthetic chemistry, electrochemistry, solid-state physics, materi‐
als science, polymer science, electronics, and electrical engineering.

In the present text, we attempt to do justice to the different topics of conducting polymers
and their applications. This text is generally suitable for researchers rather than students. In
the first chapter, a discussion is done to illustrate a conductive polymer–based membrane.
Conducting polymers in sensor design are illustrated in the second chapter. The third chap‐
ter is about conducting polymer aerogels. Also, coating of conducting polymers on natural
cellulosic fibers is discussed in the fourth chapter. Space-charge–limited current in conduct‐
ing polymers; perspectives of conductive polymers toward smart biomaterials for tissue en‐
gineering; electrical transport in electronic polymer devices; properties of metal oxide
pigments surface modified with polyaniline phosphate and polypyrrole phosphate in corro‐



sion protective organic coatings; exfoliated nanocomposites based on polyaniline and tung‐
sten disulfide; phenylenevinylene systems, the oligomeric approach; and insertion of
poly[bis-(methoxyethoxyethoxy) phosphazene] into lithium hectorite are discussed in the
fifth, sixth, seventh, eight, ninth, tenth, and eleventh chapters, respectively. Finally, let us
point that although many books in the field of conducting polymers appear, none of them
are complementary.

Dr. Faris Yilmaz
FNSS Savunma Sistemleri A.Ş., Ankara

Turkey
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Chapter 1

Conductive Polymer-Based Membranes

Gheorghe Batrinescu, Lucian Alexandru Constantin,

Adriana Cuciureanu and Mirela Alina Constantin

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63560

Provisional chapter

Conductive Polymer-Based Membranes

Gheorghe Batrinescu, Lucian Alexandru Constantin,
Adriana Cuciureanu and Mirela Alina Constantin

Additional information is available at the end of the chapter

Abstract

This review focuses on an important theme of conductive polymer domain: prepara‐
tion and applications of advanced materials with permselective properties, such as
conductive  polymer‐based  membranes.  The  most  common  groups  of  conductive
polymers, their particularities, their use in membranes preparation together with main
specific  obtaining  methods/techniques  and  conductive  polymer‐based  membrane
applications are presented based on a comprehensive documentary study.

Keywords: polymers, conductive polymers, membranes, membrane processes, con‐
ductive polymers membranes applications

1. Conductive polymers general data

1.1. Introduction

Polymers represent  a  larger class  of  organic compounds,  in terms of  both diversity and
industrial‐scale applications. They are used in the majority of industrial branches and have
contributed decisively to the last century economic development. Polymers’ impact upon the
human society progress showed a positive effect, but nowadays, more attention is given to the
mitigation of negative environmental impact induced by their intensive use. As a consequence
of exponential growth of researches in the polymers field, the macromolecular compounds’
chemistry became a distinct  science within organic chemistry,  a  well‐defined domain,  in
connection  with  other  natural  sciences  areas.  The  turning  point  in  the  development  of
macromolecular compounds chemistry as an exact science was the transition from semi‐
empiric researches to rigorous experiments marked in 1925–1930 period by Staudinger and

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Carothers researches [1–4] that led to highlighting of polymer structures, defining the notions
of macromolecule, macromolecular chain, homologous polymeric series, etc.

Polymers led to rapid development of plastic materials science due to their specific properties:
chemical stability on acids, bases and solvents (higher than gold and platinum in some cases),
high thermal stability, elasticity, plasticity, excellent mechanical strength, non‐permeability to
gases, low density, electrical insulation properties and also electroconductive properties. The
latest characteristics referring to electroconductivity was thoroughly studied during the last
60 years, leading to the development of a new polymer chemistry subdomain, and dedicated
to conductive polymers. The results, reported within research works focussed on conductive
polymers, materialized in two Nobel prizes in chemistry [5]:

• Rudolph A. Marcus (1992) for his works on electron transfer theory in redox processes, with
direct applications in biopolymers science and

• Alan J. Heeger, Alan G. Mac Diarmid and Hideki Shirakawa (2000) for development of
intrinsic electroconductive polymers through researches related to polyacetylene.

At the same time, with macromolecular compound chemistry, a new domain related to the
preparation and use of membrane‐type advanced materials was developed. Membrane science
developed continuously as an interdisciplinary science in which polymers have a central role.
With the progress of research works dedicated to conductive polymers, researches on con‐
ductive polymers membranes preparation and their application were also initiated and
developed.

1.2. Conductive polymers classes, specific characteristics, preparation methods and general
applications

Classification of conductive polymers can be done based on various criteria. The most
important criterion is related to the electric charge movement type which depends on the
polymer chemical structure. Thus, two groups of electronic conductive polymers are formed:

• Redox polymers: polymers that possess redox potential within their structure groups
(reduction/oxidation capacity);

• Intrinsic electroconductive polymers: polymers with conjugated п‐п or p‐п systems.

In the case of redox polymers, the movement of electrons is realized through reversible
chemical reactions “donor‐acceptor” type, in accordance with Eq. (1):

xO ne Red- ¾¾®+ ¬¾¾ (1)

where “n” is the number of transferred electrons.

The standard potential (E0) is determined by Eq. (2):

Conducting Polymers2
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0 0E G /nF= -D (2)

where F is the Faraday constant and ΔG0 is the standard Gibbs free energy, calculated in
accordance with Eq. (3):

0 0 0
Red OxΔG ΔG ΔG= - (3)

In the case of redox polymers, the essential condition needed for continuous electron transport,
which defines the “electronic conductive polymer” property, is that groups with redox
potential have to be distributed one next to the other within the macromolecular structure (its
spatial configuration) in such a way that electron jump between groups is possible (Figure 1).

Figure 1. Electric charges movement within redox polymers.

Such polymers are those based on substituted nitro‐styrene, quinones, dopamines and
polymers which have within structure coordinative ligands based on Ir, Co, Re, Ru or Os [6].

The electrons transport principle of intrinsic electroconductive polymers consists of electrons
transfer from п type bonds to nearby simple σ bonds, due to repulsion effect of same type
charges.

The mandatory condition is that double bonds alternate with the simple ones (conjugated п‐
п systems), as shown in Figure 2.

Figure 2. Electric charges movement in “π‐π” conjugated systems.

The same principle applies to the continuous transport of electrons in the case of polymers
which contains heteroatoms N, S or O types within the macromolecular chain. Heteroatoms
must be bonded to C atom that is involved in a double bond. Practically, non‐participating p
electrons of the heteroatom move to σ single bond, and through electrostatic repulsion effect,
they further induce the movement of п electrons from the nearby double bond. That type of
electrons transport is specific to conjugated p‐п systems (Figure 3).

Intrinsic conductive polymers have the capacity to conduct electricity better than the majority
of plastic materials which do not contain conjugated electron systems. For example, polyace‐

Conductive Polymer-Based Membranes
http://dx.doi.org/10.5772/63560
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tylene has a conductivity of 10−8–10−7 S m−1 in the form of “cis” isomer and 10−2–10−3 S m−1 in
the form of “trans” isomer, compared with Teflon which has a conductivity of 10−16 S m−1.
However, compared with the conductivity of metals with best electric properties (Ag and Cu),
which is of order 108 S m−1, the conductivity of these polymers is very low, having semicon‐
ductor properties. Through doping process, similar with that applied to classic inorganic
semiconductors, the conductivity of intrinsic conductive polymers significantly grows, being
closer to metals properties. Thus, polyacetylene doping with halogen vapour made (Cl, Br, I)
the conductivity grow up to 105 S m−1 [5].

Figure 3. Electric charges movement in “p‐π” conjugated systems.

Doping process involves the introduction of atoms capable of extracting or providing electrons
to polymer’s conjugated system, within its macromolecular chain. Introduction of such defects
within the structure of macromolecule results in a more rapid jumping of electrons from
created polar centres, assuring a better conductivity for the polymer. Usually, two distinct
doping processes are applied [5]: oxidative doping (or p‐doping) through which electrons are
abstracted from the structure of polymer and reductive doping (or n‐doping) through which
electrons are introduced within the structure of polymer.

The two mentioned reactions are the processes for polyacetylene in Eqs (4) and (5):

(4)

Oxidative doping

(5)

Reductive doping
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In the first case, iodine is abstracting electrons from double bonds and in the second case,
sodium atoms are releasing electrons to the double bonds bond resulting in their polarization.
Both electric charges are migrating within the polymeric chain, adding the electric conductivity
property, as shown in Eqs (4) and (5).

Doped intrinsic conductive polymers are obtained through one of the two main methods:
chemical or electrochemical [7, 8]. Through chemical synthesis processes, monomers are
polymerized/polycondensated by mixing with specific oxidative reagents such as ferric
chloride or ammonium persulphate, at a specific pH. The method presents two main advan‐
tages compared with the electrochemical method: can be used to obtain polymeric powders
or films that can be further processed and used at industrial level and can be used also in the
synthesis of conductive polymers via electrochemical methods. Drawbacks of the methods are
related to the fact that is highly sensitive, being dependent on reaction conditions (solvent
nature, solvent and reagents purity, reagents’ molar ratios, temperature, mixing mode and
speed, reaction time, etc.). Electrochemical synthesis method is based on polymerization/
polycondensation of monomers dissolved in a specific solvent through appliance of electricity
between two electrodes. The monomer solution also contains the doping agent. Through this
method, polymeric films (nanometers order thickness) with controlled/predefined structure
are obtained. Electrochemical synthesis can be realized through three techniques: galvano‐
static, potentiostatic and potentiodynamic [8]. The method presents the following disadvan‐
tages: limited polymer doping, conductive polymer quantity and polymeric film size are
limited by electrode geometry and surface, difficulties in appliance for composite materials
preparation (compared with the chemical synthesis).

No. Chemical name Abbreviation

1 Polyacetylene PAc

2 Polyaniline PANI

3 Polypyrrole PPy

4 Polythiophene PTh

5 Poly(p‐phenylene) PPP

6 Polyazulene PAZ

7 Polyfuran PFu

8 Polyisopren PIP

9 Polybutadiene PBD

10 Poly(isothianaphtene) PITN

11 Poly(α‐naphthylamine) PNA

Table 1. A list of representative polymers and their abbreviations.

Conductive Polymer-Based Membranes
http://dx.doi.org/10.5772/63560
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At the 2014 year level, more than 25 intrinsic conductive polymers [8] were known and used
in various applications: electrochemical sensors [9–11]; gas sensors [12]; biosensors for
medicine, food industry and environmental monitoring [13–15]; functionalized biomaterials
with application in medicine [8, 16]; corrosion inhibitors [17]; fuel cells [18], etc. One of the
main applications of conductive polymers is the development of optoelectronic devices based
on electroluminescence phenomenon (field-effect transistors, FET; photodiodes; and light-
emitting diodes, LEDs) [19]. The most representative polymers from those classes and their
abbreviations are presented in Table 1.

For each basic polymer, a larger number of derivatives with electroconductive properties
suitable for various applications were studied, and the research results were reported within
the literature.

Many of the listed conductive polymers can be used for the preparation of polymeric mem-
branes used in advanced separation processes, which is presented in the next section.

2. Membranes based on conductive polymers and their applications

2.1. General data on membranes and membrane processes

Membranes are advanced materials used for separation of compounds of sizes between 0.1 nm
and 1 µm (from suspensions, dissolved macromolecules to simple or complex ions) from liquid
and gaseous mixtures. It is difficult to find a membrane definition that covers simultaneously
the issues related to its structure, separation mechanism and utilization domain. A generally
accepted definition presented within the literature is as follows: membrane is a selective barrier
which actively or passively participates to the mass transfer between the phases separated by it [20]. The
membrane selectivity is determined by the material from which it is made, its structure (form,
dimensions and pores distribution) and the force responsible for the separation process.

Membranes are classified based on material type and nature, structure and application
domain. Based on these criteria, membranes are as follows:

• Depending on material nature: natural or synthetic;

• Depending on material type: polymeric or inorganic;

• Depending on structure: porous or dense (non-porous);

• Depending on utilization domain: microfiltration (MF), ultrafiltration (UF), nanofiltration (NF),
reverse osmosis (RO), dialysis (D), electro-dialysis (ED), membrane distillation (MD),
pervaporation (PV) and electro-osmosis (EO).

Considering the pores’ form and distribution within the porous or non-porous membranes,
they can be classified as

• Symmetric structure: straight or inclined cylindrical pores, uniformly distributed of mono-
disperse microspherulites;

Conducting Polymers6
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• Asymmetric structure: micropores with variable diameters forming a very thin layer 0.1–1
µm named active layer and non‐regulated macropores forming the macroporous layer 100–
200 µm;

• Composite structure: an active compact symmetric or asymmetric layer, an intermediary layer
and a macroporous layer.

Depending on the separation surface, geometry membranes are plane, tubular hollow fibre
type (inner diameter <0.5 mm), tubular capillary type (0.5 mm < inner diameter < 5 mm) and
tubular type (inner diameter > 5 mm).

There are five main methods for membrane preparation: sintering, lamination, irradiation,
phase inversion and deposition on thin layers [21]. Among them, phase inversion is the most
commonly used method and is applied for membrane preparation at both laboratory and
industrial level. Phase inversion concept was introduced in the literature by Kesting [22], and
the concept implies transformation of one homogeneous polymeric solution in a two‐phase
system: one rich in polymer which forms the continuous part of porous membrane and other
lacking polymer which fills the pores from membrane structure. The process has three main
stages: polymer solubilization in a suitable solvent, skinning of polymer solution on a plane
or tubular surface and polymer precipitation (phase inversion). The stage responsible for
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follows:

• Microfiltration, ultrafiltration and reverse osmosis (driving force—pressure gradient);

• Pervaporation, gas permeation, dialysis, separation through liquid membranes (driving force
—concentration gradient);

• Thermo‐osmosis and membrane distillation (driving force—temperature gradient);

• Electrodialysis and electro‐osmosis (driving force—electric potential gradient).

Practical realization of membrane separation processes involves specific installations for each
application field, in which the core element is represented by the equipment that contains the
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modules: plane and tubular. Plane membranes can be used in various geometries within
modules similar to classic plate filters. Plane membranes can also be used within filter modules
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with both spiral and folded configurations. Tubular membranes can be used within tubular,
capillary or hollow fibre modules.

Membranes and membrane process applications cover a vast area: treatment of water intended
for human consumption from various sources (surface water including marine water, ground
water), wastewater treatment, separation and concentration of proteins and enzymes from
various natural and biosynthesis media, preparation of ultrapure water, development of
medical devices (artificial kidneys, artificial lungs), development of sensors and biosensors
with multiple applications, gas separations, fuel cells, ultrapure compounds via membrane
distillation and pervaporation, etc.

Recent works in the field of membranes and membrane processes are focussing on obtaining
cost reduction, improvement of separation characteristics (flow rate, selectivity, limitation of
clogging) and extension of application domains at industrial scale [30]. Among these domains,
the use of conductive polymer‐based membranes is envisaged.

2.2. Membranes based on conductive polymers and their applications

Membranes based on conductive polymers represent a new class of advanced materials that
can be used for separation or for interphase transfer processes of some chemical species based
on their electrical properties. These membranes can be obtained through the previously
described processes for preparation of classic membranes, their particularities being linked to
polymers’ “doping” methods in order to improve their conductive properties. Membranes of
this type are obtained mainly from the polymers mentioned within Table 1, but considering
the number of citations from the literature, the most used polymers are polyaniline (PANI)
and polypyrrol (PPy). Apart from these polymers, during the last period, the use of function‐
alized polyetheretherketone (PEEK) as conductive polymer and of a considerable number of
other polymers in fuel cells were thoroughly researched. Based on these facts, three main
classes of conductive polymer‐based membranes are presented. All the above‐mentioned
polymers have physical‐chemical properties that do not allow the preparation of membranes
using only the specific polymer but only in combination with other polymers. Such membranes
usually lack conductive properties but have excellent mechanical strengths. Therefore, the
majority of conductive polymer‐based membranes are “composite membranes”.

2.2.1. Membranes based on polyaniline (PANI) and their applications

Polyaniline (PANI) is a macromolecular compound obtained through oxidative polymeriza‐
tion of aniline in accordance with Eq. (6):

(6)
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In its structure, there are structural units formed from benzene rings linked through aminic
groups (‐NH‐) and structural units formed from a benzene ring linked with a quinone diimine.
The ratio of the two structural units within polymeric chain is varying depending on its degree
of oxidation. There are three particular structures of the polyaniline, which differentiate among
them the function of the two structural units’ ratio (Figure 4).

Figure 4. Structural PANI forms. (a) Leucoemeraldine base, (b) pernigraniline base and (c) emeraldine base.

Thus, in the limit case of PANI containing only structural units formed from benzene rings
linked through aminic groups (x = 1), the compound is named PANI-leucoemeraldine base (Figure
4a), and in the limit case in which within the structure are only structural units formed from
one benzene ring linked with a quinone diamine (x = 0), the compound is named PANI-
pernigraniline base (Figure 4b). The third particular case is that in which within the macromo‐
lecular compound structure, the proportions of the two structural units are equal (x = 0.5), the
compound being named PANI-emeraldine base (Figure 4c). Through treatment of these forms
with acids or bases (“doping”), the polymer reversible passes from one form to other and gains
electroconductive properties.

PANI in the base form has properties that do not allow obtaining simple membranes (low
solubility in the majority of solvents commonly used for membranes preparation, low
plasticity, thermal instability at temperatures above 160°C, etc.). For this reason, PANI‐based
membranes are obtained through blends with other polymer (usually chemically inert)
suitable for membranes preparation. Composite membranes based on PANI with conductive
properties are obtained. There are a large number of inert polymers used for PANI‐based
composite membranes preparation, the most used being cellulose and its derivatives, poly‐
sulphone, polystyrene and polypropylene.

PANI‐based composite membranes are used in the majority of domains mentioned for
conductive polymers, mainly for selective separation processes of some chemical species from
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complex liquid solutions, selective separation of gases, development of biosensors, electric and
electronic devices (LED, photovoltaic cells), anticorrosive films and fabrication of antistatic
textile materials.

The most recent scientific researches on preparation and specific applications of PANI‐based
composite membranes are presented in the following paragraphs.

Fibre‐type cellulose was used in nanocomposites fabrication through oxidative in situ poly‐
merization of aniline within fibres microstructure [31]. Polymerization was made in oxidative
conditions using ammonium peroxydisulphate in hydrochloric acid aqueous solutions in
which cellulose fibres impregnated with aniline are suspended. From the fibres separated at
the end of the process, which contain PANI in their microporous structure, polymeric films
were obtained via phase inversion process. Similarly, a composite material using nanofibrils
bacterial cellulose as support material for PANI was obtained [32]. Research works showed
the growth of PANI content within the composite material at the same time with the increase
of its electric conductivity, with the prolonged reaction time from 30 to 90 min. Prolonging
reaction time more than 90 min resulted in a decrease of electric conductivity due to aggrega‐
tion of PANI particles and creation of discontinuities within nanocomposite structure. At the
optimum time, a nanomaterial with the best conductivity of cca. 5.0 S m−1 was obtained. Using
this composite material, a flexible film (conductive membranes) that synergetically combines
PANI conductive properties with mechanical strength (Young’s modulus is 5.6 GPa and tensile
strength is 95.7 MPa) provided by bacterial cellulose is obtained. The membranes obtained are
applied in the field of electrochemical sensors, flexible electrodes and flexible displays.
Compared with the processes in which first a nanocomposite material is obtained and then is
used for conductive membrane preparation following a classic technique (phase inversion
through immersion‐precipitation technique), research works were conducted with the aim to
obtain PANI‐based composite conductive membranes following the next sequence: first, a
semipermeable cellulose membrane is obtained and then on its surface, a thin layer of PANI
is applied [33]. Deposition of the thin layer at membrane interface is realized via in situ
polymerization of aniline with oxidative mixture containing ammonium peroxydisulphate in
hydrochloric acid aqueous solutions. An aniline conversion of 80% was obtained after 24 h
reaction time. At the end of the process, residual aniline was found on the active side of PANI
membranes and secondary reaction products (ammonium hydrogen sulphate) obtained from
ammonium peroxydisulphate were found on both sides of the membrane.

Cellulose esters are representing another class of polymeric materials used as support in
preparation of PANI‐based composite membranes. Investigations on PANI deposition on the
surface of some microporous cellulose ester membranes were performed using two distinct
techniques: deposition of PANI layer on membrane surface through in situ aniline polymeri‐
zation in liquid phase or aniline polymerization in vapour phase [34, 35].

In situ polymerization of aniline in liquid phase was performed through dipping of one
membrane from cellulose esters mixture in an aniline solution (PANI monomer) and FeCl3 as
oxidant [34]. In other experimental variant, aniline polymerization in liquid phase is made by
immersion of pre‐formed cellulose esters membrane in a solution that contains aniline and
HCl followed by the addition (at a certain time) of oxidative agent such as ammonium
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peroxydisulphate solution [35]. Aniline polymerization in vapour phase is done by soaking
cellulose ester‐based membrane in a solution of aniline and HCl and maintaining it in a closed
tank with an oxidizing agent (ammonium peroxydisulphate and HCl solution)‐saturated
vapour atmosphere heated at 65–70°C [34, 35]. Cellulose acetate—PANI composite membranes
with electric conductivities from 10−3 and 11 S m−1 (using the liquid phase polymerization) [34]
and respectively 98 Sm‐1 (using the vapour phase polymerization) [35] were obtained.

Polysulphone (Psf) is another frequently used polymer in the preparation of polymeric
membranes used in membrane processes based on gradient pressure driving forces (microfil‐
tration, ultrafiltration, reverse osmosis). This diversity of uses is due to polymers physical‐
chemical characteristics (chemical inertness, very good plasticity, excellent solubility in usual
solvents used within phase inversion process, good mechanical strength, etc.). Psf is used as a
substrate for the preparation of Psf–PANI composite membranes designed for advanced
separation of compounds with polar groups from various mixtures, capitalizing the conduc‐
tive properties of PANI from their structure.

Within the Psf – PANI composite membranes, PANI is present in the whole membrane’s
microporous structure, not only on surface. Preparation method is also a specific one and is
differentiating from those already described. Thus, research works aimed to prepare Psf–PANI
composite membranes through simultaneous formation of Psf‐base membrane and aniline
polymerization in oxidative conditions within membranes under formation pores [36].
Practically, the process consists of solubilization of Psf polymer within a specific solvent (N‐
methyl‐pyrolidone or dimethylformamide) and aniline (PANI monomer), skinning of poly‐
meric solution on a plane surface and immersion of polymeric film within an oxidative
coagulation solution (ammonium peroxydisulphate and HCl). As the phase inversion process
advances, Psf membrane is formed and within its pores PANI resulted from aniline polymer‐
ization in oxidative conditions.

Six types of composite membranes were obtained, using three polymeric solutions with 10, 12
and 14% Psf and two types of coagulants (distilled water and distilled water with 1.9% aniline).
In all polymeric solutions, Psf was dissolved in a mixture of N‐methylpyrrolidone and aniline.
Obtained membranes were characterized from the point of view of flow and electroconductive
properties through flows determination for solutions with variable pH (1, 3, 5, 7, 9 and 11),
and selective separation properties were emphasized via determination of retention degree
for standard proteins (albumin from bovine serum—BSA). BSA separation experiments
proved that membranes obtained through coagulation from water and aniline solution present
higher flows and retention degree compared to the membranes obtained by coagulation with
only distilled water. For example, membranes obtained from 10% solution coagulated with
water and aniline present a flow of 151.2 L/m2h at pH = 4.9 and 196.3 L/m2h at pH = 7.4 compared
with membranes obtained from the same solution but coagulated in distilled water that
showed a flow of 140.1 L/m2h at pH = 4.9 and 189.4 L/m2h at pH = 7.4. Retention degrees for
membranes coagulated in water and aniline varied between 81.84 and 92.16% compared with
75.36–81.4% determined for membranes coagulated in distilled water.

Through this process composite membranes with conductive properties are obtained, having
separation characteristics superior to those obtained using similar polymeric conditions that
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contains only Psf. Performed research emphasized the dependence of Psf/aniline ratio from
polymeric solution and structural and hydrodynamic characteristics of Psf–PANI composite
membranes.

In order to diminish the errors at laboratory level, mainly the manual skinning of polymeric
solution and variation during the phase inversion process of the coagulation solution compo‐
sition, Psf–PANI‐based composite membrane preparation was studied in a steady‐state
installation [37]. That induces a modification of composite membrane preparation technology
such that in one tank Psf membrane forming takes place. Psf membrane has in its pre‐formed
pores a certain quantity of aniline, and finalization of its structure is made in a reaction tank
filled with oxidative mixture in which polymerization of aniline from pores occurs.

Using a 10% Psf solution (MW = 22,000 Da) dissolved in a mixture of N‐methylpyrrolidone
and aniline, membranes in a continuous system in the following working conditions were
prepared: thickness of the polymeric film is equal to 0.2 mm, speed of the carrier in the tanks
is equal to 1 m/min, temperature of the oxidative solution is equal to 25°C and reaction time
is equal to 2 h. Characterization via distilled water flow for nine samples from the same
membrane led to a maximum relative deviation of flow values of 2.45%, proving that through
this approach, Psf–PANI composite membranes with reproducible hydrodynamic and
conductive properties both in the entire surface and from one batch to other are obtained.

Other polymers studied as support materials in order to develop composite membranes based
on PANI, with conductive polymers, are polystyrene [38, 39] and polypropylene [40]. Thus,
from blends containing PANI and polystyrene in various ratios, dissolved in N‐methyl‐2‐
pyrrolidone, flexible polymeric films were obtained via phase inversion process, phase
changing taking place through precipitation in vapour phase [38]. The particularity of the
method consists in the fact that PANI was obtained in a separate oxidative polymerization
process: a reaction media formed from aniline and alcoholic solution of 0.1 M H2SO4 in a
volumetric ratio of 1/25 is cooled to −5°C; a solution containing ammonium peroxydisulphate
as initiator is slowly added in a 2‐h period within the reaction mixture; obtained PANI polymer
is filtered and washed with acetone and a solution of 0.1 M NH4OH and mixed for 24 h; after
that the polymer is filtered again, washed with distilled water and dried at 60°C for 24h. After
drying, PANI and polystyrene are dissolved in N‐methyl‐2‐pyrrolidone, the solution being
coated on a support that is heated in an oven at 60°C for 24 h. Finally, the composite membrane
obtained is removed from the support and subjected to doping process by immersing in a 5 M
HCl solution for 9 min and dried afterwards [38].

Obtained polystyrene‐PANI composite membranes present conductive properties depending
on polystyrene/PANI ratio within the solution.

Polystyrene is used also in functionalized sulphonated form for the preparation of PANI‐based
composite materials [39]. Both polymers are obtained simultaneously in the same reaction
environment consisting of aniline (PANI monomer), 4‐styrene sulphonic acid sodium salt
hydrate (sulphonated polystyrene monomer), ammonium peroxydisulphate and HCl (for
oxidative polymerization).
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The working procedure is the following: within a 3.47 mM aqueous solution of 4‐styrene
sulphonic acid sodium salt hydrate, heated at 80°C, the oxidant ammonium peroxydisulphate
(aqueous solution 4.86 M) was added drop wise in a volumetric ration of 1/7 to styrene solution,
under mixing for 1 h; after that an aqueous solution of aniline chlorhydrate 0.58 M (volumetric
ratio of 1/8 to mixture) is added and after another 15 min a new quantity of 4‐styrene sulphonic
acid sodium salt hydrate (aqueous solution with a concentration of 0.72 M in a ratio of 1/9 to
reaction media) was added drop wise; the reaction media is maintained under mixing at 80°C
for 3 h, and afterwards the temperature drops to ambient temperature in a 24‐h period. The
composite polymer is precipitated in iso‐propanol for 24 h without mixing and is washed with
ethanol and dried at 70°C.

Obtained composite material contains in its structure PANI and sulphonated polystyrene
macromolecular linked with chemical bonds (ionic bonds) through diimino protonated groups
of PANI and sulphonic groups of sulphonated polystyrene. Due to these bonds, the conductive
capacity of the composite material is lower compared with the above‐presented composite
materials, being practically a semiconductor. This composite material is used for polymeric
membranes preparation through classic processes, dense films for antistatic packages,
anticorrosive material or semiconductors.

Polypropylene is used as support material for preparation of PANI‐based composite materials
in the form of microporous membrane film through biaxial stretching technique [40]. PANI is
formed within the polypropylene pores membrane through soaking of polymeric film in
aniline followed by aniline oxidative polymerization using ammonium peroxydisulphate and
HCl. Polypropylene—PANI composite membranes maintain the microporous structure of the
support polymer, with various pores diameters and present conductive properties. These
composite membranes are used in selective separation of chemical species from various liquid
media through microfiltration, ultrafiltration, nanofiltration and reverse osmosis.

Besides polymeric materials, inorganics can be used as support for PANI‐based composite
materials. Thus, zeolites were used for new zeolite‐PANI composite materials preparation due
to their microporous structure and adsorption capacities [41]. Method consists of polymeri‐
zation of aniline retained within zeolite matrix (Molecular Sieve 13X – SUPELCO Analytical)
in oxidative conditions similar to those described previously (ammonium peroxydisulphate
and HCl). The composite material is included within a quartz filter structure resulting in an
inorganic‐organic membrane with ultrafiltration flow rate properties. Conductive properties
of these membranes (due to the PANI inclusion within their structure) allow separation of
chemical species with high pollution potential from wastewater, such as heavy metals ions (Pb,
Cu, Zn) and phenol derivatives (phenol, aminophenols or nitrophenols). Thus, retention
degrees determined for heavy metal ions were 72.59% for Pb2+, 87.48% for Zn2+ and 99.55%
for Cu2+. Phenol derivatives from wastewater were removed using these composite materials
with efficiencies above 98% (phenol, 98.15%; aminophenol, 99.78%; nitrophenol, 99.23%).

2.2.2. Polypyrrol-based membranes and their applications

Polypyrrol (PPy) is a polymer obtained by pyrrol oxidation (Py) in the form of a black powder.
This polymer has poor mechanical strength and thus low processibility. Its conductive
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properties in natural state are very low, and it is rapidly oxidized in contact with air, changing
its properties. PPy conductivity is given by the existence within its structure of π conjugated
electron systems (from pyrrol ring) with p electrons available at N atom from pyrrol ring. This
property is significantly improved by PPy “doping” with anions such as chloride, sulphate,
perchlorate, dodecylsulphate and other organic compounds. Doped PPy is a polymer charac‐
terized by good chemical and thermal stability and better conductivity compared with other
conductive polymers. Disadvantages related to PPy mechanical strength, plasticity and
elasticity are improved both through doping process and by inclusion (as doped form, similar
with PANI) within the polymeric and inorganic composite materials structure. PPy‐based
composite materials are frequently used as membranes within the processes in which driving
force is no longer the pressure gradient but concentration gradient (gas separation from
complex mixtures and pervaporation) and electric potential gradient (electro‐dialysis).

During the last period, the research works related to PPy‐based composite materials studies
are focussed on their application in electro‐analysis, medical field (systems for controlled
release of drugs and use as biomaterial for artificial muscles) and antistatic and anticorrosive
protection.

PPy polymerization in PPy‐based composite materials is done through two methods: poly-
merization through chemical oxidation and electrochemical polymerization [42].

Ammonium peroxydisulphate, hydrogen peroxide and various compounds based on transi‐
tional metals salts (Fe2+; Cu2+; Cr6+; Mn2+; etc.) are frequently used as oxidative agents for the
polymerization through chemical oxidation.

The process is presented in Eq. (7):

(7)

PPy polymeric chain can contain Py linked with three types of dimer sequences [8], presented
in Figure 5.

Addition within the chemical oxidation reaction media of surfactants such as sodium dode‐
cylbenzensulphonate and sodium alkylsulphonate and alkylnaphtalenesulphonate results in
an increase of electric conductivity of the composite material and Py polymerization efficiency
[42]. Electrochemical polymerization is performed in conditions mentioned within Section 1.2
based on application of an electric current between two electrodes immersed in a Py solution
that contains also the dopant, in accordance with Eq. (8):

(8)
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where C− is counterion.

Figure 5. Dimer sequences within PPy structure. (a) α,α’, (b) α,β’ and (c) β,β’

The Py chemical oxidative polymerization was applied to obtain membranes with high
permeability for gas separation. Membranes were obtained through the technique of deposi‐
tion in thin layers through interfacial polymerization [43, 44]. A freestanding polymeric film,
200–300 nm thick, was obtained by Py polymerization on an inert glass support through mixing
of oxidative agent aqueous solutions containing ferrous chloride (0.4 M) and ferric chloride
(0.5 M) with a solution of Py dissolved in an organic solvent (n‐hexane) [43]. The membranes
were prepared by pouring a solution of polydimethylsiloxane dissolved in n‐hexane on PPy
surface, after oxidant excess removal and polymeric film washing with methanol. The contact
between components was maintained for 24 h and after that the composite membrane was
annealed in air at 80°C for 15 min. Finally, the composite membrane is removed from the glass
surface by simple washing with water. Obtained composite membranes present high selectiv‐
ity for separation of oxygen and nitrogen from various mixtures, separation ratios O2/N2 of
17.2 being reported. The permeability for O2 was 40.2 barrer. Using the same method of
interfacial polymerization through chemical oxidation of Py or its derivatives (N‐methylpyr‐
role), PPy‐based conductive composite membranes with applications in the field of gas
separation and pervaporation were obtained on a surface of microporous membrane supports
[44]. Polymerization was performed at chamber temperature for 4 h using an aqueous 0.5 M
Py solution and ferric chloride solutions (0.5, 1, 2 or 3M) as oxidative agent. The obtained
membranes were washed with deionized water and stored in a 1 M HCl solution, and the
operation was repeated daily for a week. In the final, membranes were stored in deionized
water prior to characterization and use.

The Py chemical oxidative polymerization was used also for the preparation of PPy‐based
composite membranes having pre‐formed membranes from sulphonated poly(styrene‐co‐
divinylbenzene) as support, with its biotechnological applications and applications in
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wastewater treatment through electro‐dialysis [45]. PPy polymer was formed through
chemical oxidation within the structure of a commercial membrane with cationic exchange
properties (Selemion CMT, manufactured by Asahi Glass Co.). The process consists of
immersion of commercial membrane soaked in a ferric chloride oxidant solution in a Py
aqueous solution at chamber temperature for about 4 h.

Similar properties related to ion exchange and possibility to apply in electro‐dialysis also
present PPy‐based membranes obtained via Py chemical oxidative polymerization within the
microporous structure of some inert polymeric supports [46] or inorganic supports [47]. In the
first case [46], composite membrane is formed in one single stage through phase inversion
techniques and chemical oxidation reactions. A solution of polysulphone and PPy dissolved
in a N,N‐dimethylformamide/methanol solvent system is coated on a plane surface and then
immersed in a ferric chloride oxidant solution. At the same time, with formation of micropo‐
rous polysulphone support, the chemical oxidative polymerization of Py within the preformed
pores takes place. In the second case [47], the process consists of polymerization of adsorbed
Py into silica through chemical oxidation, resulting in PPy inorganic‐organic composite
membranes.

PPy obtained through chemical oxidative polymerization is used as base material for medical
devices [48, 49] due to its conductive properties. Py polymerization takes place in controlled
conditions, a special attention being given to PPy doping and modification in order to be
biocompatible. On PPy structure are engrafted biomolecules or cells (mammalian cells,
endothelial cells, mesenchymal stem cells, etc.) through adsorption of covalent bonding [48].
Other studies emphasized the use of PPy incorporated in poly(ε‐caprolactone) and gelatin
nanofibres for cardiac tissues [49]. Performed experiments proved that increase of PPy
concentration up to 30% within the composite material resulted in a reduction of average
diameter of fibres from 239 ± 37 to 191 ± 45 nm, at the same time, with an increase of about six
times of tensile modulus (7.9 ± 1.6 MPa initial and 50.3 ± 3.3 MPa after introduction of PPy).

Other applications of PPy‐based composite membranes prepared through Py chemical
oxidation is in the antistatic and anticorrosive materials field. Polyethylene used as natural [50]
or modified [51] polymer constitutes an excellent polymeric material for the preparation of
PPy composite membranes due to its properties (good mechanical strength, plasticity,
elasticity) needed for membranes preparation. Thus, within the pores of polymeric films
obtained through melt extrusion with subsequent annealing, uniaxial extension and thermal
fixation, PPy was deposited through Py chemical oxidative polymerization [50]. Using another
technique [51], polyethylene polymeric film is modified through engraftment within its
structure of another polymer realized through acrylic acid irradiation with γ rays. Obtained
material is highly hydrophilic which contributes to a better Py retention through surface
adsorption that is further polymerized through chemical oxidation using iron chloride (III) or
ammonium peroxydisulphate. Performed researches [51] were focussed on increase of electric
conductivity of the composite material through increase of Py concentration within the
reaction media from 0.3 to 0.9 M, but obtained results proved that this was insignificant (from
162 to 166 S m−1). Introducing a new Py polymerization phase resulted in an increase of electric
conductivity from 166 to 543 S m−1.
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PPy obtained via electrochemical method has similar application with those of PPy obtained
through chemical oxidation.

Thus, PPy membrane formed on stainless steel net is used for separation of ethanol and
cyclohexane mixtures through pervaporation [52]. Electrochemical polymerization takes place
in a four‐cell installation with porous glass walls and three electrodes. One of the electrodes is
made from stainless steel net obtained through weaving of stainless steel fibre with 25 or 18
µm diameter. Within the cell that contains this electrode, a solution of 0.1M Py, acetonitrile as
solvent and a doping agent (Me4NBF4 0.05 M, Bu4NBF4 0.1 M or Bu4NPF6 0.1 M) are adminis‐
tered. Formed pervaporation membranes were tested in a specific installation and are proved
to be selective for ethanol, permeation being dependent on Py polymerization degree and
dopant type.

Using a similar method, electrochemical polymerized PPy deposited onto platinum sputter‐
coated polyvinylidene filters was obtained [53]. Process was realized through introduction
within the cell containing filters of a Py aqueous solution containing as doping agents 8‐
hydroxyquinoline‐5‐sulphonic acid (HQS) or 2,9‐dimethyl‐4,7‐diphenyl‐1,10‐phenanthroline
disulphonic acid (BCS). PPy/BCS‐type conductive membranes are permeable to a series of ions
such as Co2+, Ni2+, Zn2+, K+, Mg2+, Ca2+, Mn2+, Fe3+ and Cu2+. PPy/HQS conductive membranes
are not permeable to all above‐mentioned ions, significant results being obtained only for K+,
Co2+ and Cu2+. Moreover, ion fluxes are much higher (more than 10 times in case of Cu2+) for
PPy/BCS compared with PPy/HQS membranes. Conductive membranes with permeability
for Na+, K+, Ca2+ and Mg2+ ions were obtained in similar conditions with those described above
with the difference that PPy was deposited onto platinum sputter‐coated polyvinylidene
fluoride filters and polystyrenesulphonate/dodecylbenzenesulphonate (1%) or polyvinyl‐
phosphate/dodecylbenzenesulphonate systems were used for doping [54]. It was proved that
ions transport fluxes are varying in the following order: Na+ > K+ > Ca2+ >Mg2+.

Another domain that was thoroughly studied in the last period and uses PPy polymers
obtained in the form of membrane films via electrochemical polymerization is that of electro‐
analysis. Through deposition of PPy membrane on the Al2O3 surface of one electrode, am‐
perometric sensors with multiple uses in the field of analytical chemistry is obtained [55]. PPy
membrane is prepared through electrochemical polymerization of Py on the electrode surface
using an aqueous solution 0.2 M Py and 0.1 M KCl (dopant) or 0.1 M Py and 0.5 M
K4[Fe(CN)6] (dopant).

PPy based membranes applications within fuel cells domain should be mentioned also. The
conductive polymers applications in the field of fuel cells are presented within the next section.

2.2.3. Conductive polymers based membranes used for fuel cells

Fuel cells are devices that generate electricity based on the free energy of a chemical reaction.
A classical fuel cell consists of a porous anode fed with gas fuel that after oxidation led to
electrons release; a porous cathode fed with oxidant, which generates protons and an electro‐
lyte located between the two electrodes; and two bipolar plates and electric connectors that
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are linking electrodes through an exterior circuit. Chemical reactions for a classic combustion
cell are presented in Eqs (9–11).

2 22H 4HO 4H O 4e Anodereaction- -+ = + (9)

2 2O 2H O 4e 4HO Cathodereaction- -+ + = (10)

2 2 22H O 4H O E H Overall reaction+ = + + (11)

where E = electrical energy and H = heat.

Type of fuel cell Operating temperature (°C) Electrolyte Reaction

At the anode (A)

At the cathode (C)

AFCs 60–90 KOH (liquid) (A) H2 + 2HO− = 2H2O + 2e−

(C) 1/2O2 + H2O + 2e‐ = 2HO−

PEMFCs 60–120 Polymer–SO3H (solid) (A) H2 = 2H+ + 2e−

(C) 1/2O2 + 2H+ + 2e− = H2O

DMFCs 60–120 Polymer‐+NR3

(liquid)

(A) CH3OH + 6HO‐ = CO2 + 5H2O + 6e−

(C) 3/2O2 + 3H2O + 6e− = 6HO−

PAFCs 160–220 Phosphoric acid H3PO4

(liquid)

(A) H2 = 2H+ + 2e−

(C) 1/2O2 + 2H+ + 2e− = H2O

MCFCs 600–800 Molten salt

Li2CO3/K2CO3

(liquid)

(A) H2 + CO3
2− = H2O + CO2 + 2e−

(C) 1/2O2 + CO2 + 2e‐ = CO3
2−

SOFCs 800–1000 Ceramic ZrO2/Y2O3

(solid)

(A) H2 + O2− = H2O + 2e−

(C) 1/2O2 + 2e‐ = O2−

Table 2. Main combustion cell type’s characteristics.

These devices present large spectra of applications due to the fact that global efficiencies
obtained for electricity are higher than those of classical systems (thermic engines or hydro‐
electric turbines). At the same time, the effects induced upon the environment are less harmful
than those produced by other electricity‐producing systems such as fossil fuels burning.

Fuel cells can be classified based on two main criteria: electrolyte nature (charge carriers
HO−, H+, CO3

2− or O2−) and operation temperature. Based on the latter criterion, fuel cell
types are: low temperature—alkaline fuel cells (AFCs—T < 100°C), polymer electrolyte fuel
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cells (PEMFCs—T = 60–120°C), direct methanol fuel cells (DMFCs—T = 60–120°C), phos‐
phonic acid fuel cells (PAFCs—T = 160–220°C) and high temperature—molten carbonate
fuel cells (MCFCs—T = 600–800°C), solid oxide fuel cells (SOFCs—T = 800–1000°C).

Table 2 is summarizing the main combustion cell types depending on operating temperature,
electrolyte nature, anode (A) and cathode (C) reactions.

Conductive polymer membranes are thoroughly studied due to advantages offered by the fact
that they function both as solid electrolytes and as selective separation barriers for the species
implied in electricity generation within the fuel cells.

First applications were based on preparation and inclusion within the fuel cells structure of
protons exchange membranes—Nafion, obtained from persulphonic acid and PTFE by Dupont
Company 30 years ago. Nowadays researches are focussed on preparation of conductive
polymers membranes with improved electric and mechanical properties. The most recent
researches in preparation of both conductive membranes with protons exchange properties,
applicable in PEMFCs, and conductive membranes applicable to AFCs are reviewed in the
following paragraphs.

In a study dedicated to this domain [56] are emphasized the large number of composite
membranes based on conductive polymers used for fabrication of high temperature proton
exchange membrane fuel cells. Both organic composite membranes based on polymers with
electric properties such as sulphonated poly (p‐phenylene), sulphonated poly(ether ether
ketone), sulfonated polysulfone, sulfonated poly (arylene ether sulfone), sulfonated poly(aryl
ether ether nitrile), sulfonated poly(sulphide ketone), and organic‐inorganic composite
membranes such as fluorinated polymer/SiO2, polyalkoxysilane/phosphotungstic acid,
Nafion/PTFE/zirconium phosphate, Nafion/TiO2 and Nafion/SiO2 are reviewed.

One of the most studied polymers for organic composite membranes with applications in fuel
cells is poly(ether ether ketone) (PEEK), which is used in base or modified form. Thus, from
sulfonated poly(ether ether ketone) (SPEEK), asymmetric microporous membranes can be
obtained via phase inversion method and immersion‐precipitation technique. The SPEEK
polymer was obtained by dissolving PEEK in concentrated H2SO4 added in a proportion of 5
wt%, at room temperature, reaction media being maintained by mixing for 24 h. From the
resulted solution, a membrane was prepared by coating on a plane glass surface, followed by
immersion in a coagulation bath containing distilled water (phase inversion method, immer‐
sion‐precipitation technique). The obtained membrane is modified through in situ polymeri‐
zation (within membrane pores) of Py doped with iron chloride and cerium sulphate [57].
Electroconductive properties of PPy from composite membrane structure (ionic conductivity
of 0.34 S m−1) made the membrane suitable for fuel cells.

Composite membranes are obtained, using SPEEK as base material, through inclusion within
its structure of heteropolycompounds based on tungsten, molybdenum or wolfram [58].
Obtained composite membranes present a conductivity of 1 S m−1 at chamber temperature and
10 S m−1 at 100°C temperature, being used in PEMFC‐type fuel cells.
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Other studies on SPPEK applications for fuel cells showed that it can be functionalized with
quaternary amine hydroxide and imidazolium hydroxide [59] (resulting membranes with 10−3

S m−1 conductivity) or by PANI inclusion within membrane structure [60].

Polysulfone [61] and poly(1,4‐phenylene ether ether sulfone) [62] are other polymeric materials
that can be used to obtain composite membranes with conductive properties for fabrication of
fuel cells. Using polysulfone, asymmetric membranes can be obtained via classical process of
phase inversion and afterwards functionalized through incorporating acrylamide‐based
ionomers having proton‐conducting sulphonics groups. Incorporation process of the new
polymer is based on photopolymerization [61]. At the surface of membranes prepared from
poly(1,4‐phenylene ether ether sulfone) modified through addition of tungstophosphoric acid,
a layer of PPy polymer is applied via chemical oxidation, resulting in composite membranes
used for fabrication of DMFC [62]‐type fuel cells.

Fuel cells protons exchange composite membranes, which can be used at temperature above
100°C, were obtained from poly(2,6‐dimethyl‐1,4‐phenylene oxide), N‐(3‐aminopropyl)‐
imidazole and metal – organic frameworks [63].

Composite membranes with applications at high temperatures, for fuel cells, are obtained also
from bi‐functionalized copolymer prepared through radical copolymerization, having SiO2

[64] within in its structure.

Another point of interest within the literature is represented by preparation of membranes for
alkaline fuel cells. Studies performed in this domain [65, 66] classify conductive membranes
for preparation of AFCs in heterogeneous and homogeneous membranes, each with their
specific polymers and preparation methods. One of the most recent researches related to
membranes for alkaline fuel cells is focussing on preparation of high ionic conductivity
membrane from crosslinked poly(arylene ether sulphones) [67].

Besides traditional methods for preparation of polymeric membranes with conductive
polymers (phase inversion, lamination, irradiation, etc.), a new technique was recently
developed—plasma techniques both for plasma polymerization and for plasma modification
of membrane surfaces [68]. Proton exchange membrane for PEMFCs and membranes for
alkaline fuel cells (AFCs) can be obtained using this technique.

3. Conclusions

Conductive polymers themselves are not forming membranes that can be used in various
processes due to low mechanical strength, lack of elasticity and plasticity. For this reason,
conductive polymer‐based membranes are mainly composite membranes.

Preparation methods of composite membranes based on conductive polymers are similar to
those used for simple membranes (sintering, lamination, irradiation, phase inversion, depo‐
sition on thin layers) for the formation of support polymer that confers mechanical strength
and elasticity. Chemical oxidation polymerization and electrochemical polymerization are
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used for the inclusion within the support structure of a polymer with conductive properties.
There are three ways for preparation of composite membranes presented within the literature:

• Conductive polymer is formed at the same time with support membrane; in this case, the
composite membrane contains the conductive polymer in all its structure;

• Conductive polymer is formed after support membrane preparation and its soaking in
monomer solution followed by polymerization through chemical oxidation; in this case,
composite membrane contains conductive polymer in all microporous structure;

• Conductive polymer is formed only after preparation of support membrane through
deposition on its surface of conductive polymeric film; in this case, composite membrane
contains in its structure two different layers—sandwich type.

Conductive properties of polymers that contain conjugated electrons systems (п‐п or p‐п) are
low compared with metals, being at the level of semiconductors. In order to obtain polymers
with better conductive properties, “doping” technique is used, through introduction within
polymeric chain of atoms or groups of atoms that creates “defects” within macromolecule
structure as a result having more rapid “jumping” of electrons between polar centres. Doping
process takes place simultaneously with conductive polymer formation within the composite
membrane structure, through dopants addition within monomer solution. Doping process
takes place with conductive polymer preparation in some rare cases.

Conductive polymer‐based composite membranes are used in membrane processes that
generally use concentration gradient (pervaporation and gas separation) and electric potential
gradient (electro‐dialysis) as driving forces. There are also cases in which these membranes
are used in processes that uses pressure gradient (MF, UF, RO). Many researches are focussed
on conductive polymer‐based composite membranes’ use for fuel cells.
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Abstract

Conducting polymers (CPs) as well as conducting polymer nanoparticles seem to be
very applicable for the development of various analyte-recognizing elements of sensors
and biosensors. This chapter reviews mainly fabrication methods as well as application
of conducting polymers in sensors. Conducting polymers (CPs) have been applied in
the  design  of  catalytic  and  affinity  biosensors  as  immobilization  matrixes,  signal
transduction  systems,  and even analyte-recognizing  components.  Various  types  of
conducting and electrochemically generated polymer-based electrochemical sensors
were  developed  including  amperometric  catalytic  and  potentiodynamic  affinity
sensors. A very specific interaction of analyte with immobilized biological element
results in the formation of reaction products.

Keywords: conducting polymers, conducting polymer nanoparticles, fabrication of
conducting polymer nanomaterials, sensors, biosensors

1. Introduction

A high number of nanostructured materials including conducting polymers (CPs) become
extremely  essential  in  sensor  and  biosensor  design.  Conducting  polymers  as  artificial
convenient materials seem to be very applicable for the development of different analyte-
recognizing parts of sensors and biosensors.

Conducting polymers (CPs) have been applied in the design of catalytic and affinity biosensors
as immobilization matrixes, signal transduction systems, and even analyte recognizing
components. Different types of conducting and electrochemically generated polymer-based
electrochemical sensors were developed including amperometric catalytic and potentiody-
namic affinity sensors. A very specific interaction of analyte with immobilized biological
element results in the formation of reaction products.
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Sensors based on conducting polymer materials present a series of effective features depending
on the conducting materials as well as on the conducting polymer fabrication/modification
methods. Differences of CPs were broadly utilized in the generation of proper polymers. There
are clear signs that the capability of conducting polymers to transfer electrical carrier will be
exploited in the fabrication of molecular tools.

Due to the sensor implementations, the most important features of CPs are presented as: (i)
CPs are readily synthesized by electrochemical and chemical processes; (ii) CPs are strongly
sensitive to a wide range of analytes at ambient conditions (i.e. temperature); (iii) a response
is expected from their inherent transport properties (i.e. electrical conductivity, rate of energy
transfer); (iv) the polymer structure can be modified to display selective responses toward
specific analyte; (v) the sensitivity is readily tunable by adjusting the synthetic variables such
as incorporated counter ions or polymerization temperature; and (vi) sensor array may be
formed through electrochemical deposition, which permits for miniaturization and mass
production of sensor tools [1].

Conducting polymer materials of nanosizes have emerged as significant elements of high-
performance transducer applications. They possess unique properties associated with high
surface area, small dimensions, and bulky counterparts [2]. Conducting polymer nanomate-
rials have been employed to detect diverse analytes such as toxic gases, volatile organic
compounds, as well as biological species. Well known from literature are sensors based on
conducting polymer nanomaterial, consisting of polypyrrole (PPy), polyaniline (PANI), poly-
(3,4-ethylenodioxythiophene) (PEDOT) [1].

This contribution is reviewing principally fabrication methods of conducting polymer
nanomaterials for biosensorics. Major types of biosensors based on conducting polymer
nanoparticles including catalytic biosensors and molecularly imprinted polymer-based
affinity sensors are presented.

2. Fabrication of conducting polymer nanomaterials

Conducting polymer nanomaterials are potentially useful for the fabrication of miniaturized
sensors that enable small sample volumes, portability, and high-density arrays. Nanostruc-
tured CPs are favorable for electron transfer and biomolecule stabilization due to their
increased surface area and high surface-free-energy. Nanostructured CPs, such as polypyrrole,
polyaniline, and polythiophene (PTh), offer excellent prospects for both interfacing biological
recognition species and transducing electronic signals to design novel bioelectronic devices [3].

Recently, many procedures for their fabrication with controlled shape and size have been
developed. These ranged from lithographic techniques to chemical methods [4]. Moreover, the
utilization of nanosize particles with narrow size distribution meets the demands for trans-
parent and flexible sensor platforms.

There are a variety of interesting and useful characteristics associated with chemical approach,
for example, template synthesis. Probably the most useful feature of template synthesis is that
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it is a general procedure with respect to the types of materials that can be prepared as well as
templates that can be involved. Depending on the properties of monomers to be polymerized,
the chemistry of the template, and their mutual interactions, that is, whether the monomer
interacts electrostatically or whether it is chemically bound to the template, different micro-
and nanostructures can be formed. The use of porous membranes with uniform pores yields
monodisperse nanocylinders or nanorods, whose dimensions are carefully controlled by the
pore size. These tubular or fibrillar structures can remain within the template or they can be
extracted from the membrane. Porous materials in which polymer structures are grown can
be considered as “encapsulating” materials aimed at the isolation of the functional, conducting
micro- or nanostructure from the surrounding.

The synthetic strategies for conducting polymer nanomaterials can be classified into hard-
template synthesis, soft-template synthesis, and template-free synthesis [5].

Hard-template synthesis is favorable in tailoring the dimensions of nanomaterials. It is often
used in the production of nanosize materials such as nanotubes, nanorods, and nanocapsules.
This method has been used to prepare conducting polymer nanomaterials as colloidal
nanoparticles, nanofibers, and porous membranes [6]. An easy route to polypyrrole (PPy)
nanotubes has been developed with an alumina membrane template. These nanotubes were
produced by vapor deposition polymerization coupled with template synthesis. Significantly,
the wall thickness of the structures was controlled within the range of a few nanometers [7].
This accurate control on the wall thickness of nanotube indicated that the template-mediated
procedure was a precise and effective route for producing polymer nanotubes.

The soft-template approach has occurred as an alternative route to fabricate polymer nano-
materials with a good result. Soft template concerns surfactants, polyelectrolytes, liquid
crystals, block copolymers, as well as biomolecules [8]. One of the examples of using this
method for obtaining polymer nanomaterials was the formation of cylindrical micelles of bis(2-
ethylhexyl)sulfosuccinate, through a co-interaction with iron cations in a solvent of low
polarity [9].

Template-free synthesis is very accessible without using some specific templates. But this
procedure is restricted to individual precursor material. For example, the template-free
synthesis of polyaniline (PANI) nanofibers is systematically reported since the first report of
Huang et al. [10]. A dispersion polymerization for the mass production of polyaniline nanorods
was also presented by Jang’s group [1].

Other templating method depends on the use of self-assembled monolayers (SAMs). These
layers provide an opportunity to define their chemical functionality and applications with
molecular precision and become increasingly valuable tools in the design of surface-confined
synthetic routes to complex structures. The use of self-assembled monolayers with suitable
functional groups protruding toward the monomer-containing solution can lead—via the
suitable synthetic method—to covalent or electrostatic attachment of monomers to these
functionalities. Consecutive polymerization results in one-dimensional (1D) or two-dimen-
sional (2D) polymeric structures (brushes, “wires”, surfaces), depending on the polymeriza-
tion method [11, 12].
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2.1. Electrochemical template method—polymeric native films

Here we present some applications of monomolecular setups for templated growth of
polymeric materials. The thicker films on the electrode can also be used to govern the polymer
growth. One of benefits of this procedure is that the thicker layers (i.e. insulating polymers)
may block more effectively than monomolecular layers the access of the monomers to the
electrode surface. In this situation, the polymer can be grown within defects. There are several
works on deposition of conducting polymers onto thicker coating layers, but this results in the
formation of composite structures where the coating layer acts as a support rather than a
template [13, 14].

An interesting strategy of using polymeric coatings to prepare polypyrrole nanosize structures
was reported by Jerome et al. [15–18]. This approach requires the use of an insulating polyethyl
acrylate layer deposited on the glassy carbon (GC) electrode onto which pyrrole is electro-
chemically oxidized. When a suitable solvent for polyethyl acrylate is utilized, the insulating
matrix is swollen and incorporates monomer molecules. The oxidized form of monomer
creates within the coating some amount of nuclei that in the next step grow to create channels
in the layer. These channels permit the PPy to occur from the polyethyl acrylate film in the
form of nanowires. Despite the fact that different insulating layers might be used to template
nanowire creation (ca. 350-4000 nm in diameter and hundreds of micrometers in length), films
of polyethyl acrylate appear to give the best results [4].

The critical condition for nanowire preparation is the use of solvents with high donor numbers
which are known to impart limited conductivity to PPy [19]. As a consequence, the monomer
oxidation does not appear at the PPy nanowire, but simply between the electrode surface and
foot of the growing polypyrrole wire, due to which the already created nanostructure is pushed
away from the electrode.

In solvents with low donicity, PPy nanowires are not created due to the high conductivity of
the resulting polymer that grows in cauliflower-like shape as an alternative [4]. Wang et al. [20]
have proposed a little different route for fabrication of polypyrrole nanowires. The nanowires
were fabricated by voltammetric or potentiostatic oxidation of pyrrole on GC electrode coated
with a thin film of paraffin. It was investigated clearly that the nucleation process of PPy is of
a 2D type, while the growth of the structure is a 1D process.

The 2D polymeric surfaces modified biosensor electrodes were also close to our earlier
experiences [21, 22]. There were published sensing tools, where platinum electrode was
modified with polymers obtained in the process of electrochemical polymerization. An
example is thin film (550 nm) built of 3-methylthiophene/3-thiopheneacetic acid/2,7-bis[2-(3,4-
ethylenedioxythiophene)]-N-nonylacridone [21]. The electropolymerized layer exists in the
conducting oxidized state. The overall charge of the polymer was neutral due to the doping
anions which are incorporated into the polymeric matrix during the electropolymerization.
The optimal current density for copolymer deposition was observed as 12 mA/cm2, and the
polymerization time 1 min [21]. CPs porous film was used as suitable matrix for enzyme
immobilization. The immobilization of laccase was performed in a one-step process. It was
carried out for 10 min under galvanostatic conditions applying a current density of 3 mA/cm2.
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The optimal conditions presented in the experimental part were obtained considering a high
signal-to-noise ratio, and stability of biosensor response [21].

Another CP (poly(N-hexyl-2,7-bis(thiophene) acridone)) was exploited by us in ceramic optical
biosensor designed for the permanent monitoring of water solutions, Figure 1 [22].

Figure 1. SEM images of: A—platinum bare electrode, B—electrode modified with polymer, C—electrode modified
with polymer and laccase. Adapted with permission from Jędrychowska et al. [22].

2.2. Nanoparticle monolayers

A smart method of preparation of well-ordered honeycomb polymeric structures was reported
by Han et al. [23]. They used monolayers of polystyrene nanoparticles supported on gold to
template PANI growth into interstitial voids of the colloid. After dissolution of the template,
the products form a negative pattern reflecting the ordered geometry of the particle monolay-
er (Figure 2). The colloidal assembly of polystyrene particles (diameter 600 nm) was prepared
by sandwiching a gold substrate between two Teflon elements and adding dispersed poly-
styrene particles into the solution well of the top block.

Figure 2. Procedure of formation honeycomb structures with nanoparticle monolayer as template.
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The polymerization was performed by potential cycling of the electrode in the acidic solution
of aniline. After the process of polymerization the deposits were placed in toluene to dissolve
the polystyrene template. The above procedure yields a well-ordered 2D polyaniline honey-
comb structure on the gold surface. It was found that the rigidity of polyaniline structure and
long-distance order is greatly improved when polystyrene nanoparticles are pre-coated with
polyelectrolyte multilayers (polydiallyldimethyl-ammonium chloride and polysodium-4-
styrene-sulfonate).

Polyelectrolyte assemblies may also be used to create polymeric models. Briseno et al. also
reported [24] truncated eggshell structures of the polyelectrolyte to template the PANI growth.
The method involves assembling a film of polystyrene particles covered with a few polyelec-
trolyte layers onto a gold area. Extraction of the polystyrene templates results in the rupture
of the apexes of the spherical polyelectrolyte shells and an expansion of the shells along the
surface. The resulting structure consists of truncated eggshell features and retains the hexag-
onal arrangement of the original polystyrene particles. The polyelectrolyte shells are prepared
by alternate assembling of cationic and anionic layers. The outermost layer is anionic and
therefore it can assemble cationic anilinium cations from the solution. It was found that aniline
is adsorbed onto eggshell structures and infiltrates into the void spaces within the polyelec-
trolyte multilayers. After immobilization the monomers can be polymerized by electrochem-
ical oxidation in acidic water solution yielding composite polyaniline-polyelectrolyte
truncated eggshell assembly.

2.3. Nanoparticle 3D orders

Another approach yielding 3D conducting polymer assemblies was reported by Sumida et al.
[25]. This pathway is essentially the same as presented earlier for nanoparticle monolayers.
The main dissimilarity is that the particles create 3D lattice rather than a monomolecular layer,
consequently the resulting polymer is 3D. The synthetic pathway engages the use of colloidal
particles generating “crystalline” lattice organized on the electrode surface. The required
polymeric structure is settled onto the template which yields 3D network of the polymer. The
main duty of the particles is to mechanically reduce the growth of the polymer to interstitial
voids. The polymer creates interconnected macropores linked to each other via a symmetrical
network of smaller pores. After the polymeric structure is generated the template may be
removed by dissolution (Figure 3). The particle array template is usually fabricated of silica
or polystyrene monodispersed colloids. The diameter of particles used is found as ca. 200 nm–
1 μm. The colloid crystal phase was prepared by sedimentation of particles onto the electrode
[25] or by vertical lifting from the colloidal suspension [26].

Due to an increase in mechanical stability of silica templates, the samples are sintered, which
results in necking between neighboring particles [25]. The particle lattice is generated on the
electrode, followed in the next step by electro-polymerization of the required monomer. The
polymer is grown (electrochemical synthesis) by the template from conductive metal electrode
surface onto which the template is organized.

Several polymers were electrochemically deposited onto colloid lattice templates including
polypyrrole, polyaniline, polythiophene, polybithiophene, and so on and various electro-
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chemical techniques were employed to polymerize monomers on the template [11]. The most
general is potentiostatic deposition, which permits credible monitoring over the structure of
the growing polymer. The chronoamperometric transients expose at the start rather low
current densities adequate to growth of polymer within the empty spaces of the template. In
the next step, there is a rapid growth of current due to an increase in electrochemical process
area when the new material reached the membrane/bulk solution interface. Polymerization
above this transition point results in the subsequent growth of a cauliflower-like structure on
the membrane surface; thus, effective preparation of replicas of colloidal particles requires
avoiding deposition times that last too long [25].

Similar transient points are observed on potential-time dependence in galvanostatic deposi-
tion. After filling the template with polymer, a quick change in the potential is found when the
growth front extends above the template/bulk solution interface [26]. The polymerization can
also be processed by potentiodynamic methods, that is, cyclic voltammetry. Supposing the
regulation over the thickness of the coating layer is more difficult, the inversed polymeric opals
are characterized by improved quality originating from well-controlled polymerization
process. This appears to fil efficiently the interstices in the colloid crystal and to generate a
compact and defect-free structure [27].

Figure 3. Procedure of formation polymeric inverted opals using 3D colloid crystals.
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3. Sensor based on transduction

3.1. Amperometric sensor

In case of amperometric sensors, signal is proportional to the concentration of an analyzed
species. Specific target species are electroactive ones, that are able to be oxidized or reduced,
when the oxidation or reduction potential is zero. The best known to this moment ampero-
metric sensor is the Clark Oxygen Cell (developed in 1956). In this type of biosensors, concen-
tration of a biocatalyst substrate is detected by the O2 consumption by oxidase catalyzed
process, or by the generation of H2O2. Electrochemical biosensors (Figure 4) are based on
mediated or unmediated electrochemistry for electron transfer [27].

Figure 4. Scheme of amperometric sensor.

Direct electrical communication between redox enzyme and electrode was presented earlier
by us [21]. However, usually this contact is prohibited because of a donor-acceptor separation
distance - a major factor controlled the electron transfer rates. The most redox proteins
(diameter 80–150 Å, laccase 50 Å) have the redox centers deeply embedded and therefore
electrically insulated. That is, redox enzymes that form a donor-acceptor pair with an electrode
support lack electrical contact with this support. In these systems, the biofunctions of the
biocatalysts are electrochemically stimulated by electron transfer [21]. The electrical contact
may be improved significantly by the application of CPs.

3.2. Piezoelectric sensor

An operating of this type of sensors is based on an acoustic wave expanded by an applied
alternating current between two electrodes or interdigitated electrode fingers deposited on a
piezoelectric solid that is, quartz. The types of piezoelectric transducers are based on the way
of acoustic wave propagated between the electrodes. These tools are mainly used for gas phase
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monitoring, where H2S, CO2, O2, NO2, Hg, toluene as well as acetone sensors have been created
[27, 28].

For the last few years, scientists have explored the possibility of using composite-material
sensors by combining both silicon and polymers, examples of which include embedding of
silicon sensing elements in polymer skins [29], packaging of silicon-based sensing devices in
protective casing of polymer layer [29], and so on. Silicon-based tactile sensors have proven to
provide high sensitivity, high spatial resolution, and ease of integration into electronic devices.
There was also reported a piezoelectric polymer-based, skin-like tactile sensor which was
selectively sensitive to stress and shear forces [29].

3.3. Optical sensor

Optical sensors are developed as tools based on the measurements of light absorbed or emitted
as a consequence of a biochemical reaction. These sensors may be used for determination of
pH, O2, CO2, and so on. [27]. Classically, these tools incorporate a material at the tip or on the
side of the cable, which can generate an optical signal related to the concentration of analyte
in the sample [28].

4. Sensor based on application mode

Different types of sensors have been fabricated using conducting polymers in various trans-
duction modes. The transduction modes may be classified into five classes based on the
operating rules, namely conductometric, potentiometric, amperometric, colorimetric, and
gravimetric procedures [30, 31]. The conductometric mode utilizes changes in electrical
conductivity as a result of a target species interaction. The conductivity of conducting polymers
bridging the gap between two adjacent electrodes is mainly estimated as a function of analyte
concentration, and it may also be monitored with a fixed potential in a sample.

4.1. Chemical sensors

There are many chemicals of concern that have to be determined, including toxic gases, volatile
organic species, alcohol, and humidity. Different types of conducting polymer nanostructures
have been used as elements of various detectors. Chemically synthesized polymer nanoparti-
cles suspended in solvents can be simply deposited on a prefabricated electrode by drop
casting to construct a sensor tool. Strongly sensitive chemiresistive sensors based on polypyr-
role nanotubes were developed to determine toxic gases as well as volatile organic com-
pounds [32].

PPy nanomaterial was transported onto a polydimethylsiloxane solid by a dry-transfer process
and then micro-patterned Au electrodes were deposited onto the nanotubes by thermal
evaporation. Different CPs such as PPy nanoparticles, PEDOT nanorods, and PEDOT nano-
tubes were introduced as well into electrode matrix to cause discriminative reactions toward
individual target species in a sample. The lowest measured concentration of the sensors was
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ca. 0.01 ppm for ammonia, selectively. Electrochemical polymerization process permits, in a
governable manner, deposition of the polymer on an electrode.

Recently, PPy nanowires (grown electrochemically on a microelectrode) were used as con-
ductometric transducers to detect hydrogen gas at room temperature (Figure 5a) [33]. It was
observed that the polypyrrole nanowires were assembled at high density (Figure 5b); more-
over, a few of the nanowires bridged the gap between the electrodes (Figure 5c). The sensor
was exhibited to various amounts of H2 at room temperature in a limited space, during which
the resistance of the polypyrrole nanowire electrode was verified. The resistance of the
nanosized wires was supposed to reduce during exposition to H2 (reducing gas). The sensors
were characterized with a linear detection of ca. 600–2500 ppm for the gas. The sensitivities
were observed depending on the quantity of the settled nanowires.

Figure 5. (a) Picture of a gas sensor electrode, (b) SEM images of polypyrrole nanowires settled on the electrode, and
(c) top view of PPy nanowires bridging the insulating gap between the gold electrodes. Adapted with permission from
Yoon [36].

Moreover, it was observed that PANI is able to interplay with H2. There was reported imme-
diate interaction of H2 with doped polyaniline nanofibers to provoke a modification in the
conductivity of the nanofibers [34]. The direct mass uptake of H2 by polyaniline nanofibers
was found as well by a quartz crystal microbalance (ca. 3% relative to the nanofiber mass). A
reliable program of the H2/PANI reaction provokes H2 interacting with doped PANI at the
charged amine nitrogen, proceeded after the dissociation of H2 and the creation of N–H bonds
at the amine nitrogen of the polyaniline [34, 35]. Afterward, charge transport between adherent
amine nitrogen atoms regains the polyaniline back to its classical doped, emeraldine-salt
pattern with a deliverance of H2.

The nanoparticle-modified sensor for volatile organic compounds (VOCs) detection was
reported by Vaddiraju et al. [37, 38]. They used, at first, oxidative chemical vapor deposition
(oCVD) method as a comprehensive and substrate-independent technique for the formation
of well-adhered conducting polymer layers which may be used as a platform to anchor the Au
nanoparticles and ameliorate the robustness of the sensor. The resistive answer of the nano-
particle/polymer layers is used to determine the inherence of VOCs. The metal nanoparticles
were grafted onto the surface of the functionalized conducting copolymer films using thiol as
the linker molecule [39].
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A system of electrochemical and electrical nanosensor for determination of nitroaromatic
explosives vapors (TNT – 2,4,6-trinitrotoluene) was reported by Aguilar et al. [40]. The
integrated sensor system consists of two elements with a thin layer coating of liquid crystal 1-
butyl-3-methylimidazolium hexafluorophosphate (BMIM-PF6): (i) PEDOT nanojunctions for
conductometric determination and (ii) electrodes for electrochemical detection (Figure 3).
Conducting polymers can be integrated with many species to form composites that are
sensitive to various chemicals. Polyaniline nanofibers treated with CuCl2 exhibited the capacity
to determine hydrogen sulfide with change in resistance by 4 orders of magnitude [41].
Moreover, water-soluble metal salts were to be readily included into polyaniline nanofibers,
such as CuCl2, CuBr2, CuF2, Cu(O2CCH3)2, Cu(NO3)2, EuCl2, NiCl2, FeCl3, and CoCl2 [36]. The
salts were sieved to find the best candidates for determination of arsine.

One of the habitual toxic gases is sarin (an organophosphorous derivative). Flexible nerve
element sensors based on hydroxylated poly(ethylenedioxythiophene) nanotubes (HPNTs)
equipped with unusual surface architectures were also reported [42]. Other gas detecting
system was reported by Airoudj et al. as a multilayer integrated optical sensor (MIOS) using
polyaniline as a sensitive material and demonstrated the detection of ammonia gas [43].

4.2. Biosensors

Biosensor is an analytical tool based on biological recognition element integrated with a signal
transduction system. Undoubtedly, biosensors are one of the main issues of nanobiotechnology
due to the fact, that commonly biosensing devices consist of various nanostructures meeting
also nanosized biomolecules; as well as bio-bio and/or bio-non-bio reactions at nano-level
which are consulted during the construction process. Sometimes miniaturization toward nano-
dimension permits growth of selectivity as well as sensitivity of tools that are the main benefits
of these analytical instruments. According to the recognition principals, biosensors can be
classified into two clearly different groups as catalytic biosensors and affinity biosensors [36].
Conducting polymers have been applied in construction of both types of biosensors as
immobilization matrixes [28, 44], signal transduction systems, and even analyte recognizing
components [36].

In comparison to metals and ceramics, CPs are more compatible to biological structures.
Inorganic nanosized materials have been included into biosensor setups by lithography and
focused ion beam methods.

Nevertheless, the integration of CP nanomaterials into biosensors has been limited because of
their incompatibility with the customary microfabrication procedures. However, the conduct-
ing polymers are subjected to chemical instability, weak mechanical properties, and poor
biocompatibility, which may negatively affect the performance of the biosensors based on these
polymers.

Aiming to solve the above-mentioned problems associated with conducting polymers,
composite structures were fabricated by coating conducting polymers on rigid nanomaterials
[45]. The composites are expected to maintain the merits and discard the shortcomings of the
single component and act as excellent biosensor immobilization scaffolds. For example,
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graphene-PANI composite film was successfully synthesized in large scale by a facile electro-
deposition method and horseradish peroxidase (HRP) was entrapped onto the film modified
electrode to construct a H2O2 biosensor [46]. The biosensor exhibited a fast amperometric
response after less than 5 s, a good linear range from 1 to 160 μM, and a low detection limit of
0.08 μM.

The incorporation of CNTs into conducting polymers can lead to new composite materials
with improved properties due to synergic effects of the two. The π-conjugated structure of the
nanotubes allows them to interact with organic aromatic compounds through π-π electronic
and hydrophobic interactions [47]. Recently, Lete et al. presented a dopamine sensor based on
poly(ethylenedioxythiophene) – PEDOT as well as CNTs. The tyrosinase-based biosensor
prepared at low frequency range displayed the lowest limit of detection of 2.4 μM dopamine,
the best repeatability of 4.9%, and a recovery of 100.9% for dopamine determination in the
presence of catechol [48].

Xu et al. [49] fabricated glucose biosensor based on carbon nanotubes coated with PANI and
dendrimer coated Pt nanoparticles. Xian et al. [50] chemically synthesized a composite of PANI
nanofibers and Au nanoparticles. Chemical synthesis required several different chemicals,
thereby increasing the complexity of the growth process.

Sun et al. have recently reported polypyrrole-Pluronic F127 nanoparticles (PPy-F127 NPs), a
novel conducting polymer nanomaterial [51]. These novel nanomaterials were employed in
the design of biosensors, which were further used in biochemical assays of L-lactic acid in pig
muscle samples. Pluronic F127 was used because it is difficult to obtain PPy nanoparticles with
the desired small size and good dispersion. F127 can be used as a template and dispersant for
preparing nanoparticles with special shapes [52, 53] as well as according to its good biocom-
patibility. The reported biosensor had good electrocatalytic activity toward L-lactic acid with
a linear range of 15μM–37.5 mM and a low detection limit of 8.8 μM. The L-lactic acid biosensor
had also a good anti-interference property toward uric acid, ascorbic acid, glucose, and
cysteine [51].

An alternative strategy of using PPy nanoparticles was presented by Yoon et al. [54]. Covalent
links between polypyrrole nanotubes and a microelectrode were formed to obtain convenient
electrical communication in solution. PPy nanotubes equipped with carboxyl groups were
obtained and the carboxyl elements were bonded with the surface amino groups of the
modified electrode. A liquid, ion-gated field-effect transistor (FET) sensor was successfully
constructed by this procedure. The scheme of the FET sensor is almost the same as the normal
metal-oxide-semiconductor FET, except for the gate, which includes the means of transduction
from a chemical event to a voltage [55]. Several critical parameters determining the FET sensor
response have also been investigated that is, Shirale et al. presented single PPy nanowire-based
FET sensors for real-time pH determination. They also examined how the diameter of the
nanowire affects the sensor activity [56]. The FET sensors had higher sensitivity with lower
diameter and higher length [56].

Wang et al. reported an amperometric glucose biosensor based on a direct-electron-transfer
mechanism [57, 58]. They electrochemically entrapped glucose oxidase (GOx) onto the inner
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wall of polyaniline nanotube orders fixed from an anodic aluminum oxide (AAO) pattern [59].
A pair of symmetric redox peaks was presented in the cyclic voltammogram, and a seeming
constant electron transport rate of 5.8 ± 1.6 s−1 was estimated. The biosensor exposed good
sensing presentation with a violent response (3 s), a low detection limit (0.3 ± 0.1 μM), a linear
range (0.01–5.5 mM), and high sensitivity (97.18 ± 4.62 μA mM−1 cm−2). The biosensor exhibited
anti-interfering features versus common compounds such as ascorbic acid, uric acid, and 4-
acetamidophenol.

Ramanathan et al. reported a single-step electrodeposition technique for the formation of PPy
and PANI nanowires to bridge the gap between two electrodes on a silicon wafer [60, 61]. The
deposition and growth of the nanowires are based on electrochemical oxidation polymeriza-
tion.

To further improve the sensitivity and selectivity, a variety of biosensors based on CP compo-
sites have been developed, for example, the composites of CPs and carbon nanotubes, metal
particles, metal oxide particles, metal salts, chitosan, and biocompatible materials [3].

Figure 6. Classic example of electrochemical biosensor based on CPHs.

Recently, the growing attention is addressed to the synthesis of conducting polymer hydrogels
(CPHs) and their introduction into functional biosensors. Different synthetic pathways,
including templating against a hydrogel matrix [62], cross-linking by multivalence metal ions
[63], and self-assembly, have been adapted to generate conducting polymer networks inside
the water environment. Among them, there was reported a general CPH synthesis procedure
by cross-linking CPs with multi-valence doping-acids [3]. Combining the features of both the
CPs and hydrogels, these CPHs present great potential as advanced interface materials to be
used in biosensors. Here is presented illustration of a reasonably constructed electrochemical
biosensor based on CPHs (Figure 6). The CPHs are extremely important in enhancing the
sensing properties by (i) spreading the planar electrode to the 3D organic matrix to enhance
the efficient interface area, (ii) supplying links between soft and hard materials for sufficient
enzyme immobilization, (iii) interfacing the ionic transferring phase and the electron trans-
porting phase to lower the impedance, as well as (iv) ensuring high density loading with
catalytic nanoparticles to provoke electron set [63]. Due to these, biosensors based on CPHs
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have displayed inviting features such as sensitivity, low detection limit, and quick response
time. Until now, the development of CPH-based biosensors has been focused on the reasonable
design of both the materials and instruments.

Heller as well as Asberg [64, 65] reported biosensors based on redox hydrogels and metal-ion-
cross-linked CPHs, respectively, and suggested that the gels could be brilliant biosensor
electrodes because of the benefits: (i) the specific charge transfer properties of CPs allow
electron transport [66]; (ii) CPHs with three-dimensional porous nanostructures present a large
surface area and short diffusion way; (iii) great biocompatibility [67]. Mano et al. also presented
an electron-conducting cross-linked polyaniline-based redox hydrogel. The active film was
created in a one-step process (by cross-linking a polymer acid-templated PANI with a water-
soluble poly(ethylene glycol) diglycidyl ether (PEGDGE)) [68]. Glucose oxidase was immobi-
lized in the hydrogel by simultaneously co-cross-linking, leading to the electrical wiring of the
protein.

Asberg and Inganas investigated a general method to synthesize PEDOT hydrogels using
multi-valence metal ions, such as magnesium, iron, and osmium to cross-link the poly(styre-
nesulfonate) (PSS) groups on PEDOT:PSS into a mesoscopic conducting network of hydrogels
[65]. They also developed a biomolecule-enhanced electrode with the electroactive polymer
hydrogel PEDOT:PSS in combination with poly(4-vinylpyridine) (P4VPy) cross-linked by
osmium [65].

The integration of the benefits of organic conducting structures and hydrogels, CPHs present
a hopeful interface for biosensor electrodes. The hierarchical structures of CPHs ensure an
open porous system, a large surface area, and an organic matrix, which are profitable for
enhancing the permeability of bio-species, increasing the interfacial area of electrodes, and
immobilizing enzymes evenly and densely [3].

Another important issue in biosensor design concerns the relationship between receptors and
transducers and the way they are coupled. Comprehensive receptors containing enzymes,
antibodies, nucleic acids, and cells have been inserted into CPs through adsorption, entrap-
ment, or covalent bonding. A well-known example concerns enzyme-based glucose determi-
nation for diagnostic of diabetes. Commonly, amperometric glucose determination has been
reached with GOx electrodes. The GOx has been immobilized on electrodes by chemical cross-
linking, electrodeposition, or electrostatic interactions [69]. The latest developments have
suggested variants to the classic biocatalyst electrode [70, 71].

CPs nanomaterials have primarily been adapted as the conductive matrix with redox features.
A FET-based sensor was reported by using GOx-attached PPy nanotubes as the conductive
channel [72]. The polypyrrole nanotubes were fabricated by the chemical polymerization of
pyrrole-3-carboxylic acid inside the cylindrical pores of an alumina membrane. A novel
glucose sensor was developed by Wu and Yin, who utilize polyaniline-wrapped boron nitride
nanotubes equipped with platinum nanoparticles as the electrode material [73]. Enzyme,
according to the procedure, was mixed with the Pt/PANI/boron nitride nanotubes, which
resulted in a cotton-like enzyme nano-hybrid. The nano-hybrid electrode has had good acid
stability and heat resistance.
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Molecularly imprinted polymers (MIPs) are tailor-made biomimetic materials that are capable
of selective recognition toward target molecules. The selective recognition property, high
stability, easy preparation, and low cost of these MIPs make them extremely attractive as
sensing materials in biosensors and chemical sensors [74].

Molecularly imprinted sensors that demand no receptors have also been designed by CPs. For
example, a simple procedure for the photoelectrochemical sensing of microcystin-LR (MC-LR)
was obtained by utilization of PPy/titania nanotubes with MC-LR recognition places [75]. MC-
LR is an agent that can induce structural as well as functional bothers of the liver, and is a
potential cancer threat [76]. Due to its omnipresence and high toxicity, MC-LR is an agent of
concern in water and environmental monitoring.

Zhou et al. reported an electrochemical sensor based on molecularly imprinted PPy for
epinephrine recognition [77]. Pyrrole was electropolymerized with epinephrine on the surface
of an electrode coated with silica nanoparticles and CNTs. After the removal of silica nano-
particles and epinephrine, a molecularly imprinted PPy/CNTs porous layer could be formed
on the electrode. The amperometric answer of the PPy/CNTs electrode was recorded by adding
of epinephrine in PBS. Also Li et al. [78] reported molecularly imprinted polymer arrays (3D
MIP arrays) as the sensing materials. ZnO nanorods were deposited on indium tin oxide coated
polyethylene terephthalate film and used as high-surface 3D scaffolds for 3D MIP arrays
deposition. The obtained results indicated that this 3D MIP arrays-based electrochemical
sensor exhibits high sensitivity and good selectivity for epinephrine.

Cai et al. prepared polyphenol nanocoating on the tips of CNTs in the presence of a template
protein. Then, they relied on measurements of impedance to monitor the recognition. This
nanosensor was sensitive and selective; moreover, it was also capable of detecting protein
conformational changes [79]. Using TiO2 NTs as the microreactor, Liu et al. fabricated MIPs
onto the internal surface of TiO2 nanotubes and used them as working electrode for photo-
electrocatalytic and photocatalytic degradation of 9-AnCOOH [80]. Similarly, Tran et al.
reported a novel photoelectrochemical sensor by surface modification of molecularly imprint-
ed polymer on highly ordered and vertically aligned TiO2 nanotube arrays which could be
used for photoelectrochemical determination of perfluorooctane sulfonate [81].

5. Summary and outlook

Conducting polymers are favorable materials for both nanotechnology and biosensorics. The
intensity of conducting polymer application in sensors and biosensors design increases
permanently. For example, sensors based on conducting polymer-based nanocomposites show
several inviting characteristics depend on the composite materials as well as on the CPs’
formation procedure. Common utility of CPs is recently broadly utilized in design of suitable
polymer-based nanocomposites. There were observed clear appearances that capability of CPs
to transport electrical charge will be utilized in the design of different molecular tools.
Furthermore, the conducting polymers will be adopted for integration nanosized elements and
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probably in the construction of single receptor molecule-based sensors within such molecular
tools.

Frequent studies on conjugated polymer nanotubes and nanowires established that improve-
ments in their molecular structure, crystallinity, and an increase in conjugation length are
responsible for the increase in the room temperature conductivity when the diameter of such
fibrillar structures decreases.

Sensors play a crucial role in environmental diagnostics, medical monitoring, industrial safety
checking, as well as security. CP nanomaterials are supposed to possess much unexplored
capability for sensor appliances. CP-based biosensors are likely to address the issues of
biocompatibility for continuous monitoring of biological metabolites and drug dosages, and
the possibility of in vivo sensing. Consequently, the forthcoming development into CP nano-
materials-based sensors may proffer large promise for the design of future-generation sensor
instruments. Notably, it is envisaged that convenient and flexible high-performance sensors
will soon be constructed by utilization of conducting polymer nanomaterials.

Acknowledgements

The authors gratefully acknowledge the financial support from Wrocław University of
Technology.

Author details

Jadwiga Sołoducho* and Joanna Cabaj

*Address all correspondence to: jadwiga.soloducho@pwr.edu.pl

Wroclaw University of Science and Technology, Faculty of Chemistry, Wrocław, Poland

References

[1] Yoon H., Jang J. Conducting-polymer nanomaterials for high-performance sensor
applications: issues and challenges. Adv. Funct. Mater., 2009, 19, 1567–1576

[2] Hatchett D.W., and Josowicz M. Composites of intrinsically conducting polymers as
sensing nanomaterials. Chem. Rev., 2008, 108, 746–769

[3] Li L., Shi Y., Pan L., Shi Y., and Yu G. Rational design and applications of conducting
polymer hydrogels as electrochemical biosensors. J. Mater. Chem. B, 2015, 3, 2920–2930

Conducting Polymers42



probably in the construction of single receptor molecule-based sensors within such molecular
tools.

Frequent studies on conjugated polymer nanotubes and nanowires established that improve-
ments in their molecular structure, crystallinity, and an increase in conjugation length are
responsible for the increase in the room temperature conductivity when the diameter of such
fibrillar structures decreases.

Sensors play a crucial role in environmental diagnostics, medical monitoring, industrial safety
checking, as well as security. CP nanomaterials are supposed to possess much unexplored
capability for sensor appliances. CP-based biosensors are likely to address the issues of
biocompatibility for continuous monitoring of biological metabolites and drug dosages, and
the possibility of in vivo sensing. Consequently, the forthcoming development into CP nano-
materials-based sensors may proffer large promise for the design of future-generation sensor
instruments. Notably, it is envisaged that convenient and flexible high-performance sensors
will soon be constructed by utilization of conducting polymer nanomaterials.

Acknowledgements

The authors gratefully acknowledge the financial support from Wrocław University of
Technology.

Author details

Jadwiga Sołoducho* and Joanna Cabaj

*Address all correspondence to: jadwiga.soloducho@pwr.edu.pl

Wroclaw University of Science and Technology, Faculty of Chemistry, Wrocław, Poland

References

[1] Yoon H., Jang J. Conducting-polymer nanomaterials for high-performance sensor
applications: issues and challenges. Adv. Funct. Mater., 2009, 19, 1567–1576

[2] Hatchett D.W., and Josowicz M. Composites of intrinsically conducting polymers as
sensing nanomaterials. Chem. Rev., 2008, 108, 746–769

[3] Li L., Shi Y., Pan L., Shi Y., and Yu G. Rational design and applications of conducting
polymer hydrogels as electrochemical biosensors. J. Mater. Chem. B, 2015, 3, 2920–2930

Conducting Polymers42

[4] Mazur M., and Krysiński P. Electrochemical template synthesis of conjugated polymers.
Curr. Top. Electrochem., 2007, 12, 15–31

[5] Jang J. Conducting polymer nanomaterials and their applications. Adv. Polym. Sci.,
2006, 199, 189–260

[6] Jang J., and Bae J. Synthesis and characterization of polyaniline nanorods as curing
agent and nanofiller for epoxy matrix composite. Adv. Funct. Mater., 2005, 15, 1877–
1882

[7] Jang J., and Oh J.H. A facile synthesis of polypyrrole nanotubes using a template
mediated vapor deposition polymerization and the conversion to carbon nanotubes.
Chem. Commun., 2004, 882–883

[8] Jang J., and Yoon H. Multigram-scale fabrication of monodisperse conducting polymer
and magnetic carbon nanoparticles. Small, 2005, 1, 1195–1199

[9] Yoon H., Chang M., and Jang J. Formation of 1D poly(3,4-ethylenedioxythiophene)
nanomaterials in reverse microemulsions and their application to chemical sensors.
Adv. Funct. Mater., 2007, 17, 431–436

[10] Huang J., Virji S., Weiller B.H., and Kaner R.B. Polyaniline nanofibers: facile synthesis
and chemical sensors. J. Am. Chem. Soc., 2003, 125, 314–315

[11] Mazur M., and Krysinski P. Covalently immobilized 1,4-phenylenediamine on 11-
mercaptoundecanoic acid-coated gold: effect of surface-confined monomers on the
chemical in situ deposition of polyaniline and its derivatives. Langmuir, 2001, 17,
7093–7101

[12] Tagowska M., Mazur M., and Krysinski P. Covalently and ionically immobilised
monomers on the gold surface. Synth. Met., 2004, 140, 29–35

[13] Neves S., Fonseca C.P., Zoppi, R.A., and de Torresi, S.I.C. Polyaniline composites:
improving the electrochemical properties by template synthesis. J. Solid State Electro-
chem., 2001, 5, 412–418

[14] Roux S., Audebert P., Pagetti J., and Roche, M. Electrochemical growth of conducting
polymer into zirconium oxopolymers sol-gel coatings. J. Sol-Gel Sci. Technol., 2003, 26,
435–439

[15] Jerome C., and Jerome R. Electrochemical synthesis of polypyrrole nanowires. Angew.
Chem. Int. Ed., 1998, 37, 2488–2490

[16] Jerome C., Labaye D., Bodart I., and Jerome R. Electrosynthesis of polyacrylic polypyr-
role composites: formation of polypyrrole wires. Synth. Met., 1999, 101, 3–4

[17] Jerome C., Demoustier-Champagne S., Legras R., and Jerome R. Electrochemical
synthesis of conjugated polymer wires and nanotubules. Chem. Eur. J. 2000, 17, 3089
—3093

Conducting Polymers in Sensor Design
http://dx.doi.org/10.5772/63227

43



[18] Jerome C., Labaye D.E., and Jerome R. Electrochemical formation of polypyrrole
nanowires. Synth. Met., 2004, 142, 207–216

[19] Ouyang J., and Li Y. Effect of electrolyte solvent on the conductivity and structure of
as-prepared polypyrrole films. Polymer, 1997, 38, 1971–1976

[20] Ge D., Wang J., Wang Z., and Wang S. Electrochemical synthesis of polypyrrole
nanowires on composite electrode. Synth. Met., 2002, 132, 93–95

[21] Jędrychowska A., Cabaj J., Świst A., and Sołoducho J. Electrochemical laccase sensor
based on 3-methylthiophene/3-thiopheneacetic acid/bis(3,4-ethylenedioxythiophene)-
Nnonylacridone as a new polymer support. J. Electroanal. Chem., 2014, 720–721, 64–
70

[22] Jędrychowska A., Malecha K., Cabaj J., and Sołoducho J. Laccase biosensor based on
low temperature co-fired ceramics for the permanent monitoring of water solutions.
Electrochim. Acta, 2015, 165, 372–382

[23] Han S., Briseno A.L., Shi X., Mah D.A., and Zhou, F. Polyelectrolyte-coated nanosphere
lithographic patterning of surfaces: fabrication and characterization of electropolymer-
ized thin polyaniline honeycomb films. J. Phys. Chem. B, 2002, 106, 6465–6472

[24] Briseno A.L., Han S., Rauda I.E., Zhou F., Toh C.S., Nemanick E.J., and Lewis N.S.
Electrochemical polymerization of aniline monomers infiltrated into well-ordered
truncated eggshell structures of polyelectrolyte multilayers. Langmuir, 2004, 20, 219–
226

[25] Sumida T., Wada Y., Kitamura T., and Yanagida S. Electrochemical preparation of
macroporous polypyrrole films with regular arrays of interconnected spherical voids.
Chem. Commun., 2000, 1613–1614

[26] Tian S., Wang J., Jonas U., and Knoll W. Inverse opals of polyaniline and its copolymers
prepared by electrochemical techniques. Chem. Mater., 2005, 17, 5726–5730

[27] Gupta N., Sharma S., Mir I.A., and Kumar D. Advances in sensors based on conducting
polymers. J. Sci. Ind. Res, 2006, 65, 549–557

[28] Janata J. (Ed.), Principles of chemical sensors. Plenum Press, New York, 1984

[29] Nambiar S., and Yeow J.T.W. Conductive polymer-based sensor for medical applica-
tion. Biosens. Bioelectron., 2011, 26, 1825–1832

[30] Bartlett P.N., and Ling-Chung S.K. Conducting polymer gas sensors part II: response
of polypyrrole to methanol vapors. Sens. Actuat. B, 1989, 19, 141–150

[31] Adhikari B., and Majumdar S. Polymers in sensor applications. Prog. Polym. Sci., 2004,
29, 699–766

[32] Turyan I., and Mandler D. Selective determination of Cr (VI) by self-assembled
monolayer-based electrode. Anal. Chem., 1997, 69, 894–897

Conducting Polymers44



[18] Jerome C., Labaye D.E., and Jerome R. Electrochemical formation of polypyrrole
nanowires. Synth. Met., 2004, 142, 207–216

[19] Ouyang J., and Li Y. Effect of electrolyte solvent on the conductivity and structure of
as-prepared polypyrrole films. Polymer, 1997, 38, 1971–1976

[20] Ge D., Wang J., Wang Z., and Wang S. Electrochemical synthesis of polypyrrole
nanowires on composite electrode. Synth. Met., 2002, 132, 93–95

[21] Jędrychowska A., Cabaj J., Świst A., and Sołoducho J. Electrochemical laccase sensor
based on 3-methylthiophene/3-thiopheneacetic acid/bis(3,4-ethylenedioxythiophene)-
Nnonylacridone as a new polymer support. J. Electroanal. Chem., 2014, 720–721, 64–
70

[22] Jędrychowska A., Malecha K., Cabaj J., and Sołoducho J. Laccase biosensor based on
low temperature co-fired ceramics for the permanent monitoring of water solutions.
Electrochim. Acta, 2015, 165, 372–382

[23] Han S., Briseno A.L., Shi X., Mah D.A., and Zhou, F. Polyelectrolyte-coated nanosphere
lithographic patterning of surfaces: fabrication and characterization of electropolymer-
ized thin polyaniline honeycomb films. J. Phys. Chem. B, 2002, 106, 6465–6472

[24] Briseno A.L., Han S., Rauda I.E., Zhou F., Toh C.S., Nemanick E.J., and Lewis N.S.
Electrochemical polymerization of aniline monomers infiltrated into well-ordered
truncated eggshell structures of polyelectrolyte multilayers. Langmuir, 2004, 20, 219–
226

[25] Sumida T., Wada Y., Kitamura T., and Yanagida S. Electrochemical preparation of
macroporous polypyrrole films with regular arrays of interconnected spherical voids.
Chem. Commun., 2000, 1613–1614

[26] Tian S., Wang J., Jonas U., and Knoll W. Inverse opals of polyaniline and its copolymers
prepared by electrochemical techniques. Chem. Mater., 2005, 17, 5726–5730

[27] Gupta N., Sharma S., Mir I.A., and Kumar D. Advances in sensors based on conducting
polymers. J. Sci. Ind. Res, 2006, 65, 549–557

[28] Janata J. (Ed.), Principles of chemical sensors. Plenum Press, New York, 1984

[29] Nambiar S., and Yeow J.T.W. Conductive polymer-based sensor for medical applica-
tion. Biosens. Bioelectron., 2011, 26, 1825–1832

[30] Bartlett P.N., and Ling-Chung S.K. Conducting polymer gas sensors part II: response
of polypyrrole to methanol vapors. Sens. Actuat. B, 1989, 19, 141–150

[31] Adhikari B., and Majumdar S. Polymers in sensor applications. Prog. Polym. Sci., 2004,
29, 699–766

[32] Turyan I., and Mandler D. Selective determination of Cr (VI) by self-assembled
monolayer-based electrode. Anal. Chem., 1997, 69, 894–897

Conducting Polymers44

[33] Canh T.M. (Ed.), Biosensors, Chapman & Hall, London, 1993

[34] Belanger D., Nadreau J., and Froteir G. Electrochemistry of the polypyrrole glucose
oxidase electrode. J. Electroanal. Chem. Interfacial Electrochem., 1989, 274, 143–155

[35] Yabuki S., Shinohara H., Ikariyama Y., and Aizawa M. Electrical activity controlling
system for a mediator-coexisting alcohol dehydrogenase-NAD conductive membrane.
Chem. Interfacial Electrochem., 1990, 277, 179–187

[36] Yoon H. Current trends in sensors based on conducting polymer nanomaterials.
Nanomaterials, 2013, 3, 524–549

[37] Vaddiraju S., Seneca K., and Gleason K.K. Novel strategies for the deposition of -COOH
functionalized conducting copolymer films and the assembly of inorganic nanoparti-
cles on conducting polymer platforms. Adv. Funct. Mater., 2008, 18(13), 1929−1938

[38] Vaddiraju S., and Gleason K. Selective sensing of volatile organic compounds using
novel conducting polymer-metal nanoparticle hybrids. Nanotech., 2010, 21(12),
125503−125511

[39] Laforgue A., and Robitaille L. Production of conductive PEDOT nanofibers by the
combination of electrospinning and vapor-phase polymerization. Macromol., 2010,
43(9), 4194−4200

[40] Aguilar A.D., Forzani E.S., Leright M., Tsow F., Cagan A., Iglesias R.A., Nagahara L.A.,
Amlani I., Tsui R., and Tao N.J. A hybrid nanosensor for TNT vapor detection. Nano
Lett., 2010, 10, 380–384

[41] Virji S., Fowler J.D., Baker C.O., Huang J.X., Kaner R.B., and Weiller B.H. Polyaniline
nanofiber composites with metal salts: chemical sensors for hydrogen sulfide. Small,
2005, 1, 624–627

[42] Kwon O.S., Park S.J., Lee J.S., Park E., Kim T., Park H.W., You S.A., Yoon H., and Jang
J. Multidimensional conducting polymer nanotubes for ultrasensitive chemical nerve
agent sensing. Nano Lett., 2012, 12, 2797–2802

[43] Airoudj A., Debarnot D., Beche B., and Poncin-Epaillard F. Design and sensing
properties of an integrated optical gas sensor based on a multilayer structure. Anal.
Chem., 2008, 80, 9188–9194

[44] Barik A., Solanki P.R, Kaushik A., Ali A., Pandey M.K., Kim C.G., and Malhotra B.D.
Polyaniline-carboxymethyl cellulose nanocomposite for cholesterol detection. J.
Nanosci. Nanotechnol., 2010, 10, 6479–6488

[45] Kesik M., Kanik F.E., Hizalan G., Kozanoglu D., Esenturk E.N., Timur S., and Toppare
L. A functional immobilization matrix based on a conducting polymer and function-
alized gold nanoparticles: synthesis and its application as an amperometric glucose
biosensor. Polymer, 2013, 54, 4463–4471

Conducting Polymers in Sensor Design
http://dx.doi.org/10.5772/63227

45



[46] Feng X.-M., Li R.-M., Ma Y.-W., Chen R.-F., Shi N.-E., Fan Q.-L., and Huang W. One-
step electrochemical synthesis of graphene/polyaniline composite film and its applica-
tions. Adv. Funct. Mater., 2011, 21, 2989–2996

[47] Carvalho R.C., Gouveia-Caridade C., and Brett C.M.A. Glassy carbon electrodes
modified by multiwalled carbon nanotubes and poly(neutral red): a comparative study
of different brands and application to electrocatalytic ascorbate determination. Anal.
Bioanal. Chem., 2010, 398, 1675–168

[48] Lete C. Lupu S., Lakard B., Hihn J.-Y., del Campo F.J., Multi-analyte determination of
dopamine and catechol at single-walled carbon nanotubes – conducting polymer –
tyrosinase based electrochemical biosensors. J. Electroanal. Chem., 2015, 774, 53–61

[49] Xu L., Zhu Y., Yang X., and Li C. Amperometric biosensor based on carbon nanotubes
coated with polyaniline/dendrimer-encapsulated Pt nanoparticles for glucose detec-
tion. Mater. Sci. Eng. C, 2009, 29, 1306–1310

[50] Xian Y., Hu Y., Liu F., Xian Y., Wang H., and Jin L. Glucose biosensor based on Au
nanoparticles–conductive polyaniline nanocomposite. Biosens. Bioelectron., 2006, 21,
1996–2000

[51] Sun C., Wang D., Zhang M., Ni Y., Shen X., Song Y., Geng Z., Xu W., Liu F., and Mao C.
Novel L-lactic acid biosensors based on conducting polypyrrole-block copolymer
nanoparticles. Analyst, 2015, 140, 797–802.

[52] Bakshi S., Kaura A., Bhandari P., Kaur G., Torigoe K., and Esumi K. Synthesis of colloidal
gold nanoparticles of different morphologies in the presence of triblock polymer
micelles. J. Nanosci. Nanotechnol., 2006, 6, 1405–1410

[53] Mao C., Chen X.B., Hou X.M., Shen J., Zhu J.J., and Zhao W.B. Synthesis of rambutan-
like hybrid nanospheres of Au-P123. Gold Bull., 2009, 42, 215–218

[54] Yoon H., Kim J.H., Lee N., Kim B.G., and Jang J. A novel sensor platform based on
aptamer-conjugated polypyrrole nanotubes for label-free electrochemical protein
detection. ChemBioChem, 2008, 9, 634–641

[55] Lee C.S., Kim S.K., and Kim M. Ion-sensitive field-effect transistor for biological
sensing. Sensors, 2009, 9, 7111–7131

[56] Shirale D.J., Bangar M.A., Chen W., Myung N.V., and Mulchandani A. Effect of aspect
ratio (length: diameter) on a single polypyrrole nanowire FET device. J. Phys. Chem.
C, 2010, 114, 13375–13380

[57] Wang Z.Y., Liu S.N., Wu P., and Cai C.X. Detection of glucose based on direct electron
transfer reaction of glucose oxidase immobilized on highly ordered polyaniline
nanotubes. Anal. Chem., 2009, 81, 1638–1645

[58] Ruzgas T., Csoregi E., Emneus J., Gorton L., and Varga G.M., Peroxidase-modified
electrodes: fundamentals and application. Anal. Chim. Acta, 1996, 330, 123–138.

Conducting Polymers46



[46] Feng X.-M., Li R.-M., Ma Y.-W., Chen R.-F., Shi N.-E., Fan Q.-L., and Huang W. One-
step electrochemical synthesis of graphene/polyaniline composite film and its applica-
tions. Adv. Funct. Mater., 2011, 21, 2989–2996

[47] Carvalho R.C., Gouveia-Caridade C., and Brett C.M.A. Glassy carbon electrodes
modified by multiwalled carbon nanotubes and poly(neutral red): a comparative study
of different brands and application to electrocatalytic ascorbate determination. Anal.
Bioanal. Chem., 2010, 398, 1675–168

[48] Lete C. Lupu S., Lakard B., Hihn J.-Y., del Campo F.J., Multi-analyte determination of
dopamine and catechol at single-walled carbon nanotubes – conducting polymer –
tyrosinase based electrochemical biosensors. J. Electroanal. Chem., 2015, 774, 53–61

[49] Xu L., Zhu Y., Yang X., and Li C. Amperometric biosensor based on carbon nanotubes
coated with polyaniline/dendrimer-encapsulated Pt nanoparticles for glucose detec-
tion. Mater. Sci. Eng. C, 2009, 29, 1306–1310

[50] Xian Y., Hu Y., Liu F., Xian Y., Wang H., and Jin L. Glucose biosensor based on Au
nanoparticles–conductive polyaniline nanocomposite. Biosens. Bioelectron., 2006, 21,
1996–2000

[51] Sun C., Wang D., Zhang M., Ni Y., Shen X., Song Y., Geng Z., Xu W., Liu F., and Mao C.
Novel L-lactic acid biosensors based on conducting polypyrrole-block copolymer
nanoparticles. Analyst, 2015, 140, 797–802.

[52] Bakshi S., Kaura A., Bhandari P., Kaur G., Torigoe K., and Esumi K. Synthesis of colloidal
gold nanoparticles of different morphologies in the presence of triblock polymer
micelles. J. Nanosci. Nanotechnol., 2006, 6, 1405–1410

[53] Mao C., Chen X.B., Hou X.M., Shen J., Zhu J.J., and Zhao W.B. Synthesis of rambutan-
like hybrid nanospheres of Au-P123. Gold Bull., 2009, 42, 215–218

[54] Yoon H., Kim J.H., Lee N., Kim B.G., and Jang J. A novel sensor platform based on
aptamer-conjugated polypyrrole nanotubes for label-free electrochemical protein
detection. ChemBioChem, 2008, 9, 634–641

[55] Lee C.S., Kim S.K., and Kim M. Ion-sensitive field-effect transistor for biological
sensing. Sensors, 2009, 9, 7111–7131

[56] Shirale D.J., Bangar M.A., Chen W., Myung N.V., and Mulchandani A. Effect of aspect
ratio (length: diameter) on a single polypyrrole nanowire FET device. J. Phys. Chem.
C, 2010, 114, 13375–13380

[57] Wang Z.Y., Liu S.N., Wu P., and Cai C.X. Detection of glucose based on direct electron
transfer reaction of glucose oxidase immobilized on highly ordered polyaniline
nanotubes. Anal. Chem., 2009, 81, 1638–1645

[58] Ruzgas T., Csoregi E., Emneus J., Gorton L., and Varga G.M., Peroxidase-modified
electrodes: fundamentals and application. Anal. Chim. Acta, 1996, 330, 123–138.

Conducting Polymers46

[59] Ramanathan K., Bangar M.A., Yun M.H., Chen W.F., Mulchandani A., and Myung N.V.
Individually addressable conducting polymer nanowires array. Nano Lett., 2004, 4,
1237–1239

[60] Yun M.H., Myung N.V., Vasquez R.P., Lee C.S., Menke E., and Penner R.M. Electro-
chemically grown wires for individually addressable sensor arrays. Nano Lett., 2004,
4, 419–422

[61] Green R.A., Baek S., Poole-Warren L.A., and Martens P.J. Conducting polymer-
hydrogels for medical electrode applications. Sci. Technol. Adv. Mater., 2010, 11,
014107–014120

[62] Dai T.Y., Jiang X.J., Hua S.H., Wang X.S., and Lu Y. Facile fabrication of conducting
polymer hydrogels via supramolecular self-assembly. Chem. Commun., 2008, 4279–
4281

[63] Zhao Y., Liu B.R., Pan L.J., and Yu G.H. 3D nanostructured conductive polymer
hydrogels for high-performance electrochemical devices. Energy Environ. Sci., 2013, 6,
2856–2870

[64] Heller A. Electron-conducting redox hydrogels: design, characteristics and synthesis.
Curr. Opin. Chem. Biol., 2006, 10, 664–672

[65] Asberg P., and Inganas O. Hydrogels of a conducting conjugated polymer as 3-D
enzyme electrode. Biosens. Bioelectron., 2003, 19, 199–207

[66] Guo B.L., Finne-Wistrand A., and Albertsson A.-C. Simple route to size-tunable
degradable and electroactive nanoparticles from the self-assembly of conducting coil-
rod-coil triblock copolymers. Chem. Mater., 2011, 23, 4045–4055

[67] Mao F., Mano N., and Heller A. Long tethers binding redox centres to polymer
backbones enhance electron transport in enzyme "Wiring" hydrogels. J. Am. Chem.
Soc., 2003, 125, 4951–4957

[68] Mano N., Yoo J.E., Tarver J., Loo Y.L., and Heller A. An electron-conducting cross-linked
polyaniline-based redox hydrogel, formed in one step at pH 7.2, wires glucose oxidase.
J. Am. Chem. Soc., 2007, 129, 7006–7007

[69] Wang J. Electrochemical glucose biosensors. Chem. Rev., 2008, 108, 814–825

[70] Yoon H., Ahn J.H., Barone P.W., Yum K., Sharma R., Boghossian A.A., Han J.H., and
Strano M.S. Periplasmic binding proteins as optical modulators of single-walled carbon
nanotube fluorescence: amplifying a nanoscale actuator. Angew. Chem. Int. Ed., 2011,
50, 1828–1831

[71] Barone P.W., Yoon H., Ortiz-Garcia R., Zhang J.Q., Ahn J.H., Kim J.H., and Strano M.S.
Modulation of single-walled carbon nanotube photoluminescence by hydrogel
swelling. ACS Nano, 2009, 3, 3869–3877

Conducting Polymers in Sensor Design
http://dx.doi.org/10.5772/63227

47



[72] Yoon H., Ko S., and Jang J. Field-effect-transistor sensor based on enzyme-functional-
ized polypyrrole nanotubes for glucose detection. J. Phys. Chem. B, 2008, 112, 9992–
9997

[73] Wu J.M., and Yin L.W. Platinum nanoparticle modified polyaniline-functionalized
Boron nitride nanotubes for amperometric glucose enzyme biosensor. ACS Appl.
Mater. Interfaces, 2011, 3, 4354–4362

[74] Wackerlig J., and Lieberzeit P.A. Molecularly imprinted polymer nanoparticles in
chemical sensing-synthesis, characterisation and application, Sens. Actuat. B, 2015, 207,
144–157

[75] Chen K., Liu M.C., Zhao G.H., Shi H.J., Fan L.F., and Zhao S.C. Fabrication of a novel
and simple microcystin-LR photoelectrochemical sensor with high sensitivity and
selectivity. Environ. Sci. Technol., 2012, 46, 11955–11961

[76] Xia Y.T., Deng J.L., and Jiang L. Simple and highly sensitive detection of hepatotoxin
microcystin-LR via colorimetric variation based on polydiacetylene vesicles. Sensors
Actuat. B, 2010, 145, 713–719

[77] Zhou H., Xu G.L., Zhu A.H., Zhao Z., Ren C.C., Nie L.L., and Kan X.W. A multiparous
electrochemical sensor for epinephrine recognition and detection based on molecularly
imprinted polypyrrole. RSC Adv., 2012, 2, 7803–7808

[78] Li H.-H., Wang H.-H., Li W.-T., Fang X.-X., Guo X.-C., Zhou W.-H., Cao X., Kou D.-X.,
Zhou Z.-J., and Wu S.-X. A novel electrochemical sensor for epinephrine based on three
dimensional molecularly imprinted polymer arrays. Sens. Actuat. B, 2016, 222, 1127–
1133

[79] Cai D., Ren L., Zhao H.Z., Xu C.J., Zhang L., Yu Y., Wang H.Z., Lan Y.C., Roberts M.F.,
Chuang J.H., Naughton M.J., Ren Z.F., and Chiles T.C. A molecular-imprint nanosensor
for ultrasensitive detection of proteins. Nat. Nanotechnol., 2010, 5, 597–601

[80] Liu Y.T., Liu R.H., Liu C.B., Luo S.L., Yang L.X., Sui F., Teng R., Yang R.B., and Cai Q.Y.
Enhanced photocatalysis on TiO2 nanotube arrays modified with molecularly imprint-
ed TiO2 thin film. J. Hazard. Mater., 2010, 182, 912–918

[81] Tran T.T., Li J.Z., Feng H., Cai J., Yuan L.J., Wang N.Y., and Cai Q.Y., Molecularly
imprinted polymer modified TiO2 nanotube arrays for photoelectrochemical determi-
nation of perfluorooctane sulfonate (PFOS). Sens. Actuat. B, 2014, 190, 745–751

Conducting Polymers48



[72] Yoon H., Ko S., and Jang J. Field-effect-transistor sensor based on enzyme-functional-
ized polypyrrole nanotubes for glucose detection. J. Phys. Chem. B, 2008, 112, 9992–
9997

[73] Wu J.M., and Yin L.W. Platinum nanoparticle modified polyaniline-functionalized
Boron nitride nanotubes for amperometric glucose enzyme biosensor. ACS Appl.
Mater. Interfaces, 2011, 3, 4354–4362

[74] Wackerlig J., and Lieberzeit P.A. Molecularly imprinted polymer nanoparticles in
chemical sensing-synthesis, characterisation and application, Sens. Actuat. B, 2015, 207,
144–157

[75] Chen K., Liu M.C., Zhao G.H., Shi H.J., Fan L.F., and Zhao S.C. Fabrication of a novel
and simple microcystin-LR photoelectrochemical sensor with high sensitivity and
selectivity. Environ. Sci. Technol., 2012, 46, 11955–11961

[76] Xia Y.T., Deng J.L., and Jiang L. Simple and highly sensitive detection of hepatotoxin
microcystin-LR via colorimetric variation based on polydiacetylene vesicles. Sensors
Actuat. B, 2010, 145, 713–719

[77] Zhou H., Xu G.L., Zhu A.H., Zhao Z., Ren C.C., Nie L.L., and Kan X.W. A multiparous
electrochemical sensor for epinephrine recognition and detection based on molecularly
imprinted polypyrrole. RSC Adv., 2012, 2, 7803–7808

[78] Li H.-H., Wang H.-H., Li W.-T., Fang X.-X., Guo X.-C., Zhou W.-H., Cao X., Kou D.-X.,
Zhou Z.-J., and Wu S.-X. A novel electrochemical sensor for epinephrine based on three
dimensional molecularly imprinted polymer arrays. Sens. Actuat. B, 2016, 222, 1127–
1133

[79] Cai D., Ren L., Zhao H.Z., Xu C.J., Zhang L., Yu Y., Wang H.Z., Lan Y.C., Roberts M.F.,
Chuang J.H., Naughton M.J., Ren Z.F., and Chiles T.C. A molecular-imprint nanosensor
for ultrasensitive detection of proteins. Nat. Nanotechnol., 2010, 5, 597–601

[80] Liu Y.T., Liu R.H., Liu C.B., Luo S.L., Yang L.X., Sui F., Teng R., Yang R.B., and Cai Q.Y.
Enhanced photocatalysis on TiO2 nanotube arrays modified with molecularly imprint-
ed TiO2 thin film. J. Hazard. Mater., 2010, 182, 912–918

[81] Tran T.T., Li J.Z., Feng H., Cai J., Yuan L.J., Wang N.Y., and Cai Q.Y., Molecularly
imprinted polymer modified TiO2 nanotube arrays for photoelectrochemical determi-
nation of perfluorooctane sulfonate (PFOS). Sens. Actuat. B, 2014, 190, 745–751

Conducting Polymers48

Chapter 3

Conducting Polymer Aerogels

Weina He and Xuetong Zhang

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63397

Provisional chapter

Conducting Polymer Aerogels

Weina He and Xuetong Zhang

Additional information is available at the end of the chapter

Abstract

Conducting  polymers  are  an  important  class  of  organic  materials  with  electric
conductivity and have experienced a rapid development. Meanwhile, as a novel class
of  porous nanomaterials,  aerogels  attract  people’s  great  interest  for  their  ultra-low
densities, large specific areas, rich open pores, etc. Thus, conducting polymer aerogels,
combining the unique merits of aerogels with physicochemical properties relevant to
conducting polymers, become a newly developed area. In this chapter, we give a brief
introduction describing (1) synthesis strategies of conducting polymer (PEDOT, PPy,
and PANi) aerogels through rational design for oxidant, cross-linker, soft template, sol-
gel process, drying process; (2) advantages of these aerogels in physical and chemical
performance,  compared with the counterparts  in bulk or  membrane;  and (3)  their
applications in energy storage, adsorption to metal-ions/dye-molecules, stress sensing,
Joule heating. The chapter ends with a reflection on limitations of already proposed
materials and a prospection of how conducting polymer aerogels developing in the
future. As such, this chapter can act as a roadmap to guide researchers toward how
conducting polymer aerogels produced and how these materials can be utilized, while
also highlighting the current advancements in the field.

Keywords: conducting polymers, aerogel, sol-gel transition, energy storage, stress
sensors

1. Introduction

1.1. Aerogels

“Aerogel” does not refer to a specific material with a set chemical formula but encompasses
all  materials  with a  specific geometrical  structure,  which is  extremely porous with high
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connectivity between nanometers-sized branched structures. The aerogel contains little solid
and up to 99.8% volume of air; hence, it is often referred to as “frozen smoke.”

Aerogels, with merits of ultra-low densities, large specific areas, hierarchical open pores,
elaborate 3D networks, etc., are a novel class of highly porous nanomaterials. These unique
characteristics endow aerogels with interesting physical properties (low thermal conductivity,
low sound velocity, etc.) and with potential applications (Cerenkov detectors, electronic
devices, catalysis, etc.). The majority of aerogel is composed of silica, but carbon, metal, iron
oxide, organic polymers, and semiconductor nanostructures can also form aerogels.

1.2. Conducting polymers

Intrinsically conducting polymers, also known as “synthetic metals,” are polymers with a
highly conjugated polymeric chain. They have been studied extensively due to their intriguing
electronic and redox properties, along with the resulting numerous potential applications in
many fields since their discovery in 1970s. Typical conducting polymers include polyacetylene
(PA), polyaniline (PANi), polypyrrole (PPy), polythiophene (PTh), poly(para-phenylene)
(PPP), poly(phenylenevinylene) (PPV), polyfuran (PF), etc. The chemical structures of these
polymers are illustrated in Figure 1.

Figure 1. The chemical structures of typical conducting polymers.

These intrinsically conducting polymers exhibit adjustable electric conductivities, even across
several orders of magnitude sometimes, depending on the level of doping or chemical/
electrochemical treating. The reversibility of doping-dedoping endows these conducting
polymer potential applications in actuators, sensors, etc., while the highly doped conducting
polymers can be applied in nanoelectronic devices, corrosion protection coatings, microwave
absorbing, etc., because of the high conductivity.
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These intrinsically conducting polymers exhibit adjustable electric conductivities, even across
several orders of magnitude sometimes, depending on the level of doping or chemical/
electrochemical treating. The reversibility of doping-dedoping endows these conducting
polymer potential applications in actuators, sensors, etc., while the highly doped conducting
polymers can be applied in nanoelectronic devices, corrosion protection coatings, microwave
absorbing, etc., because of the high conductivity.
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1.3. Conducting polymer aerogels

Aerogels can be divided into two categories according to their electrical properties: electric
insulating aerogels and conducting ones. Conducting aerogels not only show ordinary
properties as electric insulating aerogels but also exhibit excellent magnetic and electric-
conducting performances. Therefore, conducting aerogels possess huge application potentials
in energy storage, catalysis, sensing, electromagnetic shielding, and other fields. Heretofore,
conductive aerogels are mainly obtained from (a) metal aerogel produced by sol-gel procedure,
(b) carbonized product of organic aerogel, and (c) nanomaterial self-assembled by CNTs or G/
GO sheets.

A new kind of conducting aerogels is produced by conducting polymers, named conducting
polymer aerogels (CPAs). Theoretically, the inherent rigidity of most conducting polymers
assist significantly in generating and maintaining permanent microporosity (pore diameter of
<2 nm). Through the nanostructural design, CPAs combine the individual superiorities of
conducting polymers and aerogels, providing high surface area for more efficient separation
and energy storage, more acting sites for fast functionalization with various guest objects, etc.

However, there are still lots of challenges remaining. At first, as a result of the fast oxidation
and the poor solvent solubility of intrinsically conducting polymers, there are great difficulties
in preparing CPAs in large scale by far. Secondly, because of the inherent rigidity of the
conjugated macromolecular chains resulted from the delocalized π-electron system along the
conducting polymer backbone, it needs to design particular structures and explores new
preparing methods to make CPAs either strong or elastic. Fortunately, improvements in the
fragility and brittleness of CPAs announced recently by Zhang’s research group means that a
whole new world of applications may be opened up in the future, from solid 3D conducting
network to flexible electronics. To date, conducting aerogels can be made from poly(3,4-
ethylenedioxythiophene) (PEDOT), polyaniline (PANi), polypyrrole (PPy) conducting
polymers. The progress in CPAs will be summarized in this chapter to inspirit many new
explorations surrounding conducting aerogels in the further.

2. Synthesis of conducting polymer aerogels

In general terms, aerogel is produced by the synthesis of gel precursors and drying process.
At first, the gel is created in a solution as a precursor via sol-gel transition, and then, the liquid
component is removed through drying process, which removes liquid skillfully in order to
maintain the nanostructures.

2.1. Synthesis of gel precursors

PEDOT, PPy, and PANi can be easily synthesized by chemical oxidation coupling with the
presence of a series of oxidants, such as (NH4)2S2O8 (APS), FeCl3, Fe(NO3)3, and so on. However,
because of the fast reaction rate of oxidation and the poor insolubility of the outcomes, the
products often precipitated as granules. So as to obtain the intact hydrogels as the precursors
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for aerogels, the oxidation rate should be controlled at first to let the reaction stop at the proper
extent that the building blocks is neither too large to aggregated and separated as precipitates,
nor too small to hardly support the framework or badly affect the electrical conductivity. The
reaction rates are dependent on the concentration of monomers and oxidant or the reacting
temperature. Thus, monomer suspension and oxidant solution with lower concentrations can
be adopted, as well as lower reaction temperature provided by ice bath.

2.1.1. PEDOT gel

As for nonporous conducting polymers, the PEDOT:PSS (PSS is the abbreviation for poly(styr-
enesulfonate)) complex possess the merits of high dispersibility in water, excellent film-
forming performance through conventional solution processing, and unique physical
properties for the resulting films (high transparency in the visible range, high mechanical
flexibility, and excellent thermal stability). So it becomes the most commonly used conducting
polymer in commercial applications. Since PEDOT:PSS complex is highly soluble, it is most
likely to realize the preparation of conducting aerogels.

As expected, it was reported by Zhang’s group [1] that PEDOT-PSS supermolecular hydrogel
could be obtained for first time by polymerizing 3,4-ethylenedioxythiophene (EDOT) with
excess ferric nitrate as oxidizing agent in the presence of PSS. The PSS plays two general roles:
(1) acting as the source for the charge-balancing counter-ion, and (2) keeping the EDOT
segments dispersed in the sol. Compared with the nonporous PEDOT-PSS synthesis, the
oxidant amount and reaction temperature have been controlled effectively during PEDOT-PSS
hydrogel preparation.

The supermolecular cross-linking mechanism of the hydrogel precursors has also been
discussed. If APS was used as oxidizing agent, there was no hydrogel formed. Additionally, it
was revealed by X-ray photoelectron spectroscopy (XPS) that excess iron existed in PEDOT-
PSS aerogel samples. Taken the two aspects into account, it could be deduced that the small
amount of iron ions cross-link PSS to form three-dimensional networks driven by the electro-
static interaction between the metal ions and the anions attached to PSS.

Although PEDOT:PSS hydrogel have been prepared, the presence of insulating PSS inevitably
inhibits the electrical properties of hydrogel. The synthesis of conducting polymer hydrogels
(CPHs) as precursors for CPAs is still a great challenge due to the poor solubility of conducting
polymers in aqueous solution, originating from the lack of hydrophilic groups and stiff chains.
Hence, Zhang’s group synthesize sodium 4-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)-
methoxybutane-1-sulfonate (EDOT-S), which is one of the thiophene derivatives used as an
amphiphilic monomer (Figure 2a) [2].

Thus, they prepared CPHs in one step through a combination of oxidative coupling polymer-
ization and non-covalent cross linking of the amphiphilic thiophene derivative (Figure 2b) [2].
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precipitate due to the stiffness of their backbones and strong π-π interactions among large
conjugated units in their backbones. Unsurprisingly, PEDOT-PSS gels cannot be obtained
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oxidized only by APS. However, the conducting polymer hydrogel was obtained for the first
time starting from the amphiphilic EDOT-S using only APS as the oxidant. This indicates that
the introduction of the hydrophilic ionic group to the hydrophobic monomer plays a key role
in the synthesis of CPHs, which provides electrostatic interactions of the ionized polymer
chains as extra cross-linking cites. By contrast, when FeCl3 was used as the oxidant, the PEDOT-
S hydrogels can be obtained under conditions of either a lower monomer concentration or a
higher reaction temperature. This is probably due to the multivalent metal ions (excessive Fe3+)
offering an additional cross-linking force to the sulfonate groups attached to PEDOT-S
backbones. Moreover, when the mixture of APS and FeCl3 was used as the oxidant, a strikingly
synergistic effect was achieved during synthesis.

Figure 2. (a) Polymerization of EDOT-S into conducting polymer, and (b) schematic model for the formation of con-
ducting polymer hydrogels through either ionic cross-linking or π-π stacking. The oxidant used herein could be APS,
MCl3, or the mixture of them, where M represents Fe, La, Ce, Cr, or Sb [2].

Besides of the merits in gel forming, PEDOT-S can undergo significant 0D-2D transition during
the polymerization and gelation process (Figure 3) [2]. The amphiphilic EDOT-S can self-
assemble into sphere micelles in aqueous solution. However, when APS, FeCl3, or APS-FeCl3

was used as oxidant, PEDOT-S hydrogel was formed with the quasi-2D sheets, possessing an
area-to-thickness ratio of much larger than 1000, serving as the building blocks.
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Figure 3. (a) A schematic diagram for synthesis of conducting polymer hydrogels. (b–e) SEM images of the resulting
PEDOT-S products (see inset) synthesized with different oxidants: (b, c) using APS as the oxidant; (d) using FeCl3 as
the oxidant; (e) using a mixture of APS and FeCl3 as the oxidant [2].

Considering the fact that the π-π interactions are negligible unless the number of aromatic
rings is three or more, the authors attributed the 0D-2D morphological transition to the
gradually increased π-π stacking effect. There is only one aromatic ring in each EDOT-S
molecule, so the π-π stacking can be neglected. Combined with the difficult-happened
overlapping of ring planes of the monomers due to the steric hindrance, EDOT-S easily forms
spherical micelles. However, with the process of polymerization, overlapping of the ring
planes of the macromolecules easily occurs because of the increasing π-π stacking among
growing PEDOT-S macromolecules. Thus, initial EDOT-S spherical micelles gradually gather
to form lamellar structure and ultimately convert into the PEDOT-S sheets.

Dimension evolution of the building blocks of the PEDOT-S hydrogel from 0D nanoparticles
to 2D nanosheets did not only occur during polymerization and gelation process but was also
observed by adjusting the reaction temperature or initial monomer concentration. It can be
also explained by the enhanced π-π interaction of the conjugated length of polymer, which
could surpass the hydrophobic interaction in original spherical micelles [3].

Except for the 0D-2D morphological transition of building blocks, the PEDOT-s hydrogel also
exhibits chemical potential-dependent gel-sol transitions [2]. Chemicals with standard
electrode potentials higher than 0.8 V [APS, H2O2, K2Cr2O7, HNO3, Ce(SO4)2, etc.] triggered
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disbanding of the resulting conducting polymer hydrogels (called over-oxidation mechanism
which has been confirmed via UV spectroscopy), promoting the occurrence of gel-sol transi-
tions. It was evidenced that the gel-sol transition was driven by the decrease of conjunction
length in the delocalized π bond along the PEDOT-S chains caused by the strong oxidants.

Since EDOT-S can act as a reactive surfactant, it can be used to disperse EDOT to prepare
PEDOT-S/PEDOT hydrogels through emulsion polymerization (Figure 4) [4]. The obtained
hydrogels could also be an ideal precursor candidate for all-conducting polymer aerogels,
which is the first all conducting polymer aerogel reported yet, with large BET surface areas,
hierarchical pores, and abundant functional groups. It has been found that molar ratios of
EDOT-S to EDOT have played a significant role in the stability of the EDOT-S stabilized EDOT
emulsion—the higher molar ratio has led to the more stable colloid.

Figure 4. Emulsion-template synthesis strategy of all conducting polymer aerogels: digital photos of (a) EDOT emul-
sion stabilized by EDOT-S, (b) PEDOT-S/PEDOT hydrogel, (c) PEDOT-S/PEDOT aerogel and the corresponding sche-
matic diagrams (d–f) [4].

2.1.2. PPy hydrogel

Hydrogel could not only be fabricated by PEDOT and their thiophene derivative, could also
be prepared by PPy, and, what is more important, PPy hydrogel can exhibit high elasticity
through two-step synthesis strategy.

On account of inherent rigidity of the conjugated macromolecular chains originated from the
delocalized π-electron system along the polymer backbone, it has been a huge challenge to
make conducting polymer hydrogels elastic. Hence, Zhang’s group turned to the two-step
synthesis method, which successively contains a fast and a slow reaction procedure, to prepare
elastic PPy hydrogels (Figure 5) [5]. The fast reaction procedure contributes to the formation
of incipient network with low joint density to show certain flexibility. The next slow reaction
process strengthens the incipient framework by forming conformal polymer coatings. The two-
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step synthesis method can be actualized by adopting deficient oxidant Fe(NO3)3 (Fe3+ and
NO3

− dominate the fast and slow oxidation procedures, respectively) as oxidant and aging for
30 days.

Figure 5. (A) The synthetic process of elastic polypyrrole hydrogel. Enlarged sketch maps indicated by squares in (A)
have shown aggregated structural change of the polypyrrole hydrogel building blocks during polymerization. (B) The
polymerization mechanism of the polypyrrole hydrogel [5].

To the best of our knowledge, it is the first report on the synthesis and properties of the elastic
conducting polymer hydrogels. The work might also offer much inspiration to make more
elastic conducting polymer hydrogels directly derived from PANi, PTh, etc., to prepare more
elastic conducting aerogels.

2.1.3. PANi hydrogel

PANi hydrogels have been synthesized by embedding PANi into continuous matrix or using
various non-conducting cross-linkers to cross-link PANi to form gels. However, both of the
two strategies inevitably introduce non-conducting components, which impairs the perform-
ances of the resulting PANi hydrogels. Is it possible to make PANi hydrogels with continuous
conjugated framework but without using any additional cross-linkers?

Herein self-cross-linked PANi hydrogels was synthesized for the first time via oxidative
coupling reaction with APS as the oxidant and aniline hydrochloric salt as the precursor
without any additional crosslinkers [6]. Aniline hydrochloric salt was chosen as the raw
material on account of its water solubility and that the dissociated HCl could also dope PAni
to ensure high conductivity. Aniline hydrochloric salt was oxidized by equimolar amount of
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APS. With the polymerization proceeded, the PAni hydrogel formed. Subsequently, the
hydrogel aged at ambient temperature to obtain an ideal precursor for PANi aerogels.

2.1.4. Composite conducting hydrogels

Conducting hydrogels could be fabricated by typical conducting polymers (PEDOT, PPy,
PANi) via well-designed synthesis strategies as maintained above. On this basis, conducting
hydrogels can also composite with other functional materials to obtain more integrate
performances for final aerogel products.

At first, by embedding carbon nanotubes into PEDOT-PSS supermolecular hydrogels in the
presence of polyvinyl alcohol (PVA) as stabilizer for carbon nanotubes, Zhang’s group [7] have
prepared PEDOT-PSS/MWCNTs and PEDOT-PSS/c-MWCNTs composite gels with low
densities of 0.04–0.07 g cm−3.

Figure 6. Schematic representation of incipient network conformal growth (INCG) technology [8].

On the basis of elastic PPy hydrogels, an incipient network conformal growth (INCG) tech-
nology was proposed to prepare hybrid and elastic porous materials (Figure 6) [8]. 0D, 1D, or
2D nanoparticles (NPs) are dispersed in solvent to form a uniform suspension at first. Once
the concentration of suspension is within a proper range, the incipient network will form
through NPs contacting with each other. The monomer of conducting polymer is then
introduced and supposed to coating the incipient network conformally through polymeriza-
tion. The conformal coatings not only endow NPs suspension with high dispersion but also
offer composite conducting polymer with additional structural elasticity, meeting require-
ments for future generations of portable, compressive, and flexible devices.

To put INCG technology into practice, the fabrication process for PPy-Ag NW hybrid gels is
demonstrated in Figure 6 [8]. Ag nanowires (Ag NWs) were selected to contribute the incipient
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3D networks considering easy synthesis and uniform diameters. Evaluated by Doi and
Edwards theory, Ag NWs suspension with the volume friction between φ1 = 8 × 10−7 and φ2 = 10−3

was appropriate to form an incipient 3D networks. Above φ1 = 8 × 10−7, the dispersed Ag NWs
in suspension began to contact with each other. Pyrrole (Py) was then added and preferentially
adsorbed to the surface of Ag NWs resulting from metal-π strong interactions, to form core-
shell structures. Once the oxidant was introduced in the next, Py was oxidized and polymer-
ized in situ. Thus, the 3D network and the core-shell morphology were fixed, obtaining PPy-
Ag NW coaxial nanowire aerogels.

Besides, a “wet” process to incorporate chiral polyaniline nanowires into the agarose was put
forward, and hence, the chiroptical properties could be attached to PANi hydrogels [9]. The
chiral polyaniline nanofibers were obtained by successively using potassium tetrachloroaurate
(PTC) and APS to oxidize aniline in the presence of (1S)-(+)-10-camphorsulfonic acid [(S)-(+)-
CSA] or (R)-(−)-CSA as a chiral-inducing agent. The optical activity of the chiral polyaniline is
dependent on the mass ratio of PTC to APS, reaching peak values in the ratio range of 1.0–2.5.
The chiroptical properties of the polyaniline nanofibers are retained within the composite
hydrogel, although the degree of chiral organization of the polyaniline appears to be somewhat
modified by the presence of the agarose matrix.

Figure 7. Phase diagram of pure materials and arrow illustrations of different drying process (supercritical drying—
red arrow, ordinary drying—green arrow, and freeze-drying—blue arrow).

2.2. Drying of gel precursors

After the conducting polymer hydrogels were produced, the hydrogels should be processed
into aerogels by replacing the liquid solvent with air. When a substance is dried via normal
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methods of applying heat and pressure at a finite rate, the substance passes through the liquid-
gas barrier (green arrow in Figure 7), where the amount of capillary stress changes, causing
the substance to deflate. To avoid this problem, there are supercritical drying (SCD), which
dries a substance via high heat and pressure and goes beyond the critical point (red arrow in
Figure 7), and freeze-drying, which goes through solid-gas barrier (blue arrow in Figure 7) to
avoid the direct liquid-gas transition.

2.2.1. Supercritical drying

Supercritical drying (SCD) is performed to replace the liquid in a material with a gas to isolate
the solid component without destroying the material’s delicate nanostructured porous
network. Carbon dioxide (CO2) is the most used as supercritical fluid, because it is supercrit-
ically extracted at a lower temperature (31.1°C) than an organic solvent without the risk of
combustion. Through low-temperature SCD, most of the obtained conducting polymer
hydrogels mentioned above, such as PEDOT-PSS, PEDOT-s/PEDOT, PEDOT-PSS/MWCNTs,
PPy, PPy/Ag NW, PANi hydrogels, can be converted into corresponding aerogels successfully.
Low-temperature supercritical drying for aerogel production conducts as follows:

A gel is prepared using sol-gel chemistry. The gel contains a mixture of organic solvent and
water in its pores.

1. The gel is soaked in a pure organic solvent (ethanol, methanol, acetone, amyl acetate, etc.)
and changes the solvent for several times over several days to remove the original solvent
from its pores.

2. Finally, the gel is supercritically dried in a pressure vessel. The gel is placed in a pressure
vessel, and the pressure vessel is then filled with liquid CO2. Adjusting temperature and
pressure to make the gel soaked in supercritical CO2 and flushing through new CO2 every
1–2 h. After the solvent in the pores of the gel has been completely replaced by supercrit-
ical CO2, the vessel is then isothermally depressurized to give aerogels.

It is notable that when the solvent of the gel is exchanged for supercritical CO2, the gel may
also shrink slightly. This stems from favorable interactions between the two liquids, to put it
simply, molecules take up smaller space in a mixture than molecules in either of the separate
liquids. Solvents with low volume changes of mixing with supercritical CO2 include acetone,
amyl acetate, ethanol, and methanol. In general, aerogels made using supercritical drying
from CO2 may shrink up to 5%. Even so, low temperature SCD is still the best drying method
to maintain deliberate nanostructures of aerogels so far.

2.2.2. Freeze-drying

Although SCD is a mostly used drying method to maintain deliberate nanostructures of
aerogels, it is not always successful for gel precursors, because (1) some conducting polymer
gels dissolve in alcohol or acetone, like aforementioned PEDOT-s hydrogels [2, 3], (2) gels are
prepared in solvent which cannot exchange with alcohol or acetone or supercritical CO2 and
(3) some metal-containing gels will react with the carbon dioxide to create metal carbonates.
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In these circumstances, the freeze-drying is a common alternative for gel precursors to proceed
into aerogels (also called cryogels sometimes).

In freeze-drying, the gel precursors were usually quickly frozen in liquid N2 at first. Then,
reduce the surrounding pressure to allow the frozen solvent in the gel pores to sublimate
directly from the solid phase to the gas phase, leaving aerogels.

To avoid the structural damages caused by ice crystals of solvent produced and grown during
the freezing process, the frozen process should finish within the shortest time, usually
quenching the gel precursors in liquid N2 with a very quick speed. Well, it is indeed a crazy
idea to carry out in a diametrically opposite way, called ice-segregation-induced self-assembly
(ISISA) [10]. The pore morphology of resulting cryogels can be well controlled via ISISA
process by unidirectional freezing at a definite immersion rate (Figure 8). During unidirec-
tional freezing, crystalline ices are produced, causing the original dispersed solute to be
expelled to the boundaries between adjacent ice crystals gradually. After experiencing freeze-
drying, the ordered-arranged solutes become “walls,” enclosing the empty spaces that
formerly occupied by ice crystals. Aligned or unaligned conducting polymer cryogels with 3D
macroporous architectures have been prepared using the ice-segregation-induced self-
assembly (ISISA) of different PEDOT-PSS freezing precursors as a dispersion or a formed
hydrogel.

Figure 8. (a) An example of the PEDOT-PSS freezing precursor held in a plastic centrifugal tube. (b) A schematic dia-
gram for unidirectional freezing of the PEDOT-PSS precursor by dipping vertically into liquid nitrogen at a rate of 3–
50 mm min−1. (c) Digital photos of the PEDOT-PSS cryogels starting from dispersion (left) and hydrogel (right) [10].

It is believed that ISISA is a facile method for producing hierarchically macroporous 3D
monoliths of conducting polymers with many advantages as follows. (1) It is a green and
inexpensive method for ice template was merely needed without any other organic solvents.
(2) It is facile, reproducible, and readily controllable by adjusting immersion rate, solute
concentration, etc. (3) It endows conducting polymers with unusual long-range ordered
macropores, which may introduce many unexpected properties and thus may exploit some
new applications in the fields of electronic components (including batteries and transistors,
solar cells), tissue engineering, and next-generation catalytic and separation supports.
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3. Properties of conducting polymer aerogels

3.1. PEDOT aerogels

The PEDOT-PSS aerogels dried through SCD show low density (0.138–0.232 g cm−3), large
surface area (170–370 m2 g−1), and hierarchical porous structures [1]. The resulting PEDOT-PSS
aerogel (with molar ratio of 1:1 for PEDOT: PSS) has a conductivity of 10−1 S cm−1, being
comparable with the value of PEDOT-PSS thin film.

Processing PEDOT-PSS via ISISA endows the conducting polymers with novel properties.
Well-ordered alignment of the macroporous structure could be observed along the longitudi-
nal direction (i.e., the ice growth direction) for the resulting aerogels from SEM, which resulted
from phase separation that occurs during the directional freezing process (Figure 9) [10]. Closer
observations in different areas showed that there were several domains with random orienta-
tions over the whole macroporous monolith and that the boundaries of these domains could
be easily recognized. More interestingly, unexpected fingerprint-like morphology can be
observed from the cross section of the cone-shaped bottom of the cryogel (Figure 9d). This may
be attributed to the super-cooling of the dispersion in the immersed portion, thus instead of
crystalline ice, the amorphous ice grow and act as a template. These observations may indicate
an efficient way to produce the man-made fingerprint for identifications and markings.

Figure 9. SEM images of PEDOT-PSS cryogel prepared via ISISA showing a well-ordered macropore structures from
(a) the whole domain, (b) face Zr1, (c) face r1r2, and (d) cross section of the cone-shaped bottom of the cryogel. (Arrow Z
and r denotes the longitudinal and radial directions, Z⊥r1⊥r2.) [10].

Besides, all conducting polymer PEDOT-S/PEDOT aerogels obtained by emulsion polymeri-
zation and dried through SCD have high conductivity with the level of 101 S m−1 [4]. In
comparison with any other conventional aerogels, the resulting PEDOT-S/PEDOT aerogels,
without the necessity of further functionalization, show superb adsorption ability to various
guest substances, such as dyestuffs and heavy metal ions, and enhanced electrochemical.
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Furthermore, the specific surface areas, thermal stability, and electrical conductivities can be
significantly enhanced by embedding MWCNTs into PEDOT-PSS aerogel matrix [7]. The
resulting composite aerogels show low density (0.044–0.062 g cm−3), large surface area (280–
400 m2 g−1), high electrical conductivity (1.2–6.9 × 10−2 S cm−1), and hierarchical porous struc-
tures.

3.2. PPy aerogels

The PPy hydrogel could be also readily converted into the lightweight, elastic, conductive, and
aerogel through SCD. Thus, pure organic, electrically conductive (ca. 0.5 S m−1), lightweight
(0.07 g cm−3) PPy aerogel was first obtained by Zhang’s group (Figure 10) [5]. The obtained
aerogels have still kept the excellent elasticity after drying of the PPy hydrogels, which could
be compressed by ≥70% and recovered to its original shape in 30 s.

Figure 10. Digital photos of the lightweight, elastic, conductive, and organic PPy aerogels made from the resulting PPy
hydrogels through supercritical fluid drying process located on a dandelion and connected to the LED bulb [5].

The authors attributed the elasticity of the PPy aerogels to the elaborate synthesis design and
the resulting micro-structural changes. (1) At first, the reaction rate is slowed down and the
reaction extent is limited by adopting the deficient oxidant, bringing an incipient network with
the reduced joint density. Thus, the obtained PPy aerogels exhibit less stiffness. (2) Then, the
initial network can be reinforced effectively by coarsening the framework conjunctions,
benefited from the secondary growth during the slow reaction process. Thus, the obtained PPy
aerogels can avoid the structural fracture when suffering compressions. (3) At last, the
asymmetrically epitaxial growth of the original polymer particles during the secondary growth
offers many new weak contacting joints. Single-point contacting for the building blocks of
traditional PPy aerogels suffering compression is replaced by multi-point contacting or even
face contacting. Thus, inside stress of the compressed PPy aerogels can be easily dissipated,
preventing damage caused by stress concentration. In summary, the PPy aerogels can restrict
the irreversible fracture of the hydrogel network when bearing compression.
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Besides PPy aerogels, PPy-Ag NW aerogels prepared through INCG [8] also exhibited superb
compressive elasticity, which could be compressed by large deformations (>90%) and return
to its original shape in seconds once withdrawing the compression (Figure 11a, b). From the
comparison stress-stain (σ-ε) curves for 50 compress-release circles along the loading direction
with under a fixed max strain of 20%, PPy-Ag NW aerogel recovered their deformations with
little mechanical failures (Figure 11c).

Figure 11. (a) Digital pictures showing a superb elasticity of PPy-Ag NW aerogel. (b) σ–ε curves for PPy-Ag NW aero-
gel along the loading direction during loading–unloading cycles (ε = 10–90%). (c) 50 consecutive compression tests for
PPy-Ag NW aerogel at ε = 20% [8].

Similarly to PPy aerogels, the superb elasticity of PPy-Ag NW aerogels also comes from the
rational-designed nanostructures. The resultant PPy-Ag NW aerogels possess: (1) strong and
flexible 3D network contributed by ultra-long coaxial nanowires, giving aerogels resistance
and elasticity to external compressions by bending their framework skeletons; (2) rich pores,
making aerogels possible to dissipate the external compressive energy by shutting off the
pores; (3) in situ welded junctions and strong metal-π interactions, avoiding the interfacial
slippage resulting from the poor load transfer between adjacent coaxial nanowires or Ag NW
and PPy coatings.

3.3. PANi aerogels

Self-cross-linked PANi hydrogels can be also converted to corresponding aerogels by SCD [6].
The obtained aerogels exhibit adjustable densities from 0.03–0.15 g cm−3, coral-like micro-
morphology, high BET surface area (39.54 m2 g−1), and comparative mechanical strength. The
resulting PANi aerogels showed a coral-like micro-morphology, formed by branched nano-
fibers with a diameter of 50–150 nm and a length up to tens of micrometers (Figure 12). This
unique morphology insures higher electrochemical performance, because the charges can
transport effectively in 3D porous network than the corresponding bulk materials.
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Figure 12. SEM images of PANi hydrogels with a density of (a) 0.05 g cm−3, (b) 0.08 g cm−3, (c) 0.11 g cm−3, and (D) the
magnified image of PANi hydrogel with 0.11 g cm−3 [6].

As the obtained PANi aerogels exhibit high porosity from SEM detections, it is necessary to
analysis their specific surface area and pore size distribution (PSD) by Brunauer-Emmett-Teller
(BET) tests. The adsorption-desorption isotherm curve (Figure 13) of PANi aerogels presents
the characteristic feature of the type-IV isotherm with a H3 hysteresis loop, indicating the
existence of a large number of mesoporous (with a diameter of 2–50 nm). A further analysis
shows that PANi aerogel possesses a BET specific surface area of 39.54 m2 g−1 and a unimodal
pore size distribution peak around 28 nm. The high surface area and mesoporous structure
are supposed to enlarge electrode-electrolyte contact surface and boost the electrolyte transfer
obviously.

Figure 13. (a) Nitrogen adsorption/desorption isotherms of PANi aerogels analyzed by BET detections and (b) the cor-
responding pore size distribution [6].

Besides, PANi aerogels exhibit increasing mechanical strength with the increase of the PANi
density. The comparative mechanical strength insures better integrity of the hydrogel network,
which also contributes to better transfer of ions, charges, and electrons in redox reaction
interface during electrochemical tests.
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Besides, PANi aerogels exhibit increasing mechanical strength with the increase of the PANi
density. The comparative mechanical strength insures better integrity of the hydrogel network,
which also contributes to better transfer of ions, charges, and electrons in redox reaction
interface during electrochemical tests.
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4. Application of conducting polymer aerogels

The large surface area and wide pore size distribution, together with their electro properties,
would allow these conducting polymer aerogels to be applied in many fields with unexpected
performance.

4.1. Electrochemical energy storage

The conducting polymer hydrogels and aerogels show superior electro-chemical properties
including a fast electrochemical response, a high specific capacitance, and a low electric
resistance, resulting from the combined merits of organic semiconductors and three-dimen-
sional porous gels.

At first, the electrochemical capacitive behavior of the supercritically dried PEDOT-S/
PEDOT aerogel has been investigated by cyclic voltammetry (CV) between 0.2 and 0.6 V in
1.0 mol L−1 KCl solution [4]. Fixing the scan rate at 50 mV s−1, the CV curves for both PE-
DOT-S/PEDOT and PSS/PEDOT aerogel electrodes show a rectangular-like shape with an
obvious wide peak at the potential interval of −0.2 to 0.0 V, indicating the presence of a
pseudo-capacitive effect caused by the redox of the conducting polymers. The electrochemi-
cal capacitance of the electrode materials can be calculated further from the integral CV
area. For the PEDOTS/PEDOT aerogel, the electrochemical capacitance is 68.5 F g−1, much
more than the value of the PSS/PEDOT aerogel electrode (19.2 F g−1). Furthermore, the good
rate capability (slight decay of the electrochemical capacitance along with the increase of the
scan rate) and high cycling stability (negligible changes of the electrochemical capacitance
after 100th charge-discharge cycle) of the resulting PEDOT-S/PEDOT aerogel electrode have
been further confirmed from CV detections. The excellent performance in electrochemical
energy storage of the resulting PEDOT-S/PEDOT aerogel electrode might be ascribed to low
ionic resistance and fast kinetics of the electrochemical process in an aqueous medium.

In the meanwhile, CV curves of the PEDOT-S gels were recorded in 1.0 mol L−1 Na2SO4

aqueous solution [3]. The specific capacitance of the PEDOT-S hydrogels is estimated to be
ca. 30–60 F g−1, which is much higher than PEDOT:PSS gels. This can be ascribed to the high-
er proportion of active ingredients in PEDOT-S than PEDOT:PSS gels for PSS does not con-
tribute electrochemical capacitance directly.

Besides PEDOT aerogels, PANi gels are proved to be a promising material for electrochemical
energy storage [6]. For the self-cross-linking PANi hydrogel, functionalized electrodes have
exhibited a new record of specific capacitance (750 F g−1). At first, CV curves of the PANi
hydrogel electrode were collected in 1.0 M H2SO4 electrolyte solution (Figure 14). The repre-
sentative redox peaks, which belong to the transformation between leucoemeraldine base (LB),
emeraldine salt (ES), and pernigraniline base (PB), persisted from 5 to 200 mV s−1, indicating
a high stability in redox electrochemical activity. Then, EIS analysis was performed to evaluate
the charge transfer property of PANi hydrogel. The solution resistance of the PANi gel
electrode is as low as 1.7 X. The charge-transfer resistance of electrode of the PANi hydrogel
electrode is <0.1 X, which is remarkably low due to well-matched resistance between the PANi
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hydrogel (electronic conductivity) and liquid electrolyte phase (ionic conductivity), insuring
good ion transport within 3D gel framework. At last, chronopotentiometry (CP) tests were
carried out to further evaluate the electrochemical energy storage performance of PANi
hydrogel electrode (Figure 14). 75.8% capacitance remained with the increasing current
density from 2 A g−1 (588 F g−1) to 20 A g−1 (446 F g−1), indicating an excellent rate capability for
high power performance. The specific capacitance of the PANi hydrogel electrodes is depend-
ent on hydrogel density, reaching the peak level (750 F g−1) at the density of 0.11 g cm−3.

Figure 14. Electrochemical performance of PANi hydrogel electrodes: (a) cyclic voltammogram curves, (b) Nyquist
plot, (c) galvanostatic charge/discharge curves, (d) specific capacitances of PANi hydrogel electrodes with various
PANi densities, and (d-inset) chronopotentiogram curves of PANi hydrogel electrodes at current density of 2 A g−1 [6].

4.2. Stress sensing

Piezoresistive sensors, transducing pressure message to resistance signal, have been rapidly
developed and widely used for their advantages in high sensitivity, fast response, feasible
fabrication, low cost, and easy signal collection. Conductive and elastic aerogels are an
emerging kind of candidates for fabrication of piezoresistive sensors because of their combi-
national electric conductivities and mechanical flexibilities.

As mentioned above, the PPy hydrogel can be readily converted into the lightweight, elastic,
conductive, and organic aerogels via SCD [5]. The obtained aerogels have still kept the excellent
elasticity after drying of the PPy hydrogels and been made into stress sensors successfully. The
decreases of the electrical resistance are directly proportional to the compression strain,
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reaching at 3% when the aerogel was compressed by 80%. It is not difficult to understand that
the external responses in electrical properties are brought by the different contacting situations
of the gel network upon compressive stresses. The resistance decreases of the compressed PPy
aerogels could complete within 1.5 s and so was the electrical resistance returns to the original
value once being released. It is because of the elasticity of PPy aerogels that their gel skeletons
can bend and recover in seconds without structural fractures. Besides of the short response
time, the electrical responses of PPy aerogels also exhibit high stability under compress and
release circles.

Although pure conducting polymer aerogels show great potentials in stress sensing, they have
not solved the “temperature drift,” a common problem that the piezoresistive materials always
meet caused by the temperature-dependent electrical resistances. Hence, self-temperature
compensated sensors are highly desirable in direct and precise measurement. The most feasible
solution is developing hybrid sensing materials with a low/nearly zero temperature coefficient
resistivity (TCR) by offsetting the positive and negative temperature dependence of electric
resistance. In this respect, the polypyrrole/silver (PPy/Ag) coaxial nanowire hybrid aerogel
prepared via INCG [8] is a wise choice for Ag NWs show positive temperature-coefficient,
while PPy show negative temperature-coefficient. Through the reasonable selection of the ratio
of Ag NWs at 83.3%, the electric resistance of the hybrid aerogels can be immune from
temperature influence, showing a nearly zero temperature coefficient (Figure 15a).

To process into a stress sensor, PPy-Ag NW aerogel was imbedded into two parallel copper
electrodes, as shown in Figure 15b. The electric resistance decreased directly with the com-
pression strain, changing by 83% at the strain of 80% (Figure 15d). The electric resistance
response of PPy-Ag NW aerogel caused by compression could be completed within 1 ms and
so was the electric resistance recovery after compression released. The detection minimum was
as low as 4.93 Pa when the aerogel was compressed by 0.5%. Furthermore, the electrical
response of PPy aerogel upon stress exhibited high stability, indicated by suffering hundreds
of compression-release circles for each compressive strain (Figure 15e). The sensitivity S (=
δ(ΔR/R0)/δσ) was as high as 0.33 kPa−1 for the nearly zero temperature coefficient sample, while
S = 0.06 kPa−1 for another sample with a Ag NW content of 2.7 wt% (Figure 15f). It implies that
a series of sensing samples with different sensitivities can be prepared by programmed
synthesis to meet the needs of applications. There was no deviation in sensing performance at
different temperatures (15, 25°C) (Figure 15f) or after 3 V electric heating for 160 s, affirming
the high sensing stability of the PPy-Ag NW aerogel sensor with nearly zero temperature
coefficient.

4.3. Joule heating

A stress-triggered Joule heater can be fabricated by aerogels used for stress sensing in principle.
Under compression, the electric resistance can be reduced and the Joule heating generated by
electric current running through aerogels can be raised. It is possible that the thermal gener-
ation may be inconspicuous for aerogels in original state upon inputting a proper voltage,
while for the compressed aerogels, the Joule heating can raise its temperature considerably,
named stress-triggered Joule heating.
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The stress-triggered Joule heater can be fabricated by PPy-Ag NW hybrid aerogel, which is
placed on thermal insulating blanket and covered by a reversible thermo-allochroic mem-
brane (Figure 16a) [8]. Inputting a persistent voltage of 3 V, the Joule heating generated by
electric current running through the original aerogel was mostly dissipated and will not
causing any visible differences for thermo-allochroic membrane (Figure 16b). However, if
imposing a persistent compressive pressure, the electric current was boosted by nearly four
times. As a consequence, Joule heating increased, warmed the aerogel, and induced the color

Figure 15. Performance of PPy-Ag NW hybrid aerogels in stress sensing. (a) Curves of how the electric resistance
changes with temperature relatively (ΔR/R ~ T) for Ag NWs, PPy-Ag NW membrane deposited by nanocable suspen-
sion, and PPy-Ag NW hybrid aerogel, respectively. (b) Schematic illustration of how to prepare a stress sensor with
PPy-Ag NW aerogel. (c) SEM images of PPy-Ag NW aerogel with compression. (d) Multiple-cycles electric resistance
tests under a series of repeated loading-unloading pressures with 1 V input. (e) Reliability test of PPy-Ag NW hybrid
aerogel under a series of repeated loading-unloading pressures with partial enlarged details in insets. (f) Comparison
of how electric resistance changes with compressive pressure relatively (ΔR/R ~ p) for the nearly zero temperature
coefficient PPy-Ag NW aerogel performed at 25 and 15°C. (g) Electric resistance response of the nearly zero tempera-
ture coefficient PPy-Ag NW aerogel at different strains by introducing a series of persistent compressive pressure [8].
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changes of the thermo-allochroic membrane (the temperature point of color transition for
thermo-allochroic membrane used in this work is about 43°C) (Figure 16c). Once the com-
pressive pressure was released, the membrane returned its original color gradually, indicating
the temperature recovery of the aerogel.

Figure 16. The performance of stress-triggered Joule heater. (a) Schematic illustration of how to construct a stress-trig-
gered Joule heater with PPy-Ag NW aerogel. (b) Real-time I–t curves of the stress-triggered Joule heater under both
free and compressive states with 3 V voltage input, and inset is the digital pictures of the Joule heater in free state. (c)
Digital pictures of the intelligent Joule heater at the corresponding time point marked in (b) [8].

4.4. Adsorbing and separation

Hierarchical pores, a large surface area, and abundant conjugated chain or functional groups
have endowed the conducting polymer aerogels with adsorption ability of some guest
substances, such as heavy metals, dye molecules, etc.

For PEDOT aerogels, let us have a look at molecular structure of PEDOT-S at first. The
conducting polymers possess linear π-conjugated system and lots of attached sulfonic acid
groups. The π-conjugated system makes both of PEDOT-S and PEDOT-S/PEDOT aerogels
show good affinity to the most of π-conjugated based dyestuffs via π-π stacking. But the
adsorptive capacities of these aerogels to cationic and anionic dyestuffs exhibit a significant
difference, contributed by the electrostatic interaction of the adsorbed dyestuffs and the
sulfonic acid groups attached on the PEDOT-S polymer chains. The adsorptive capacity of
PEDOT-s and PEDOT-S/PEDOT aerogels can reach around 164 and 170 mg g−1 for basic
fuchsine, while gels can only adsorb 39 and 160 mg g−1 acid fuchsine, respectively [3, 4].
Moreover, for both of the two kinds of aerogels, the adsorbed basic fuchsin can be released by
addition of a cationic surfactant cetyltrimethyl ammonium bromide (CTAB) and the more the
CTAB added, the more the basic fuchsin released, which provides an efficient way to control
the release of the adsorbed dye molecules.
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In addition, the PEDOT-S/PEDOT aerogel also show certain adsorptive capacity to heavy
metals ions caused by electrostatic interactions [4]. But the adsorptive capacity is not uniform
towards different kind of metals, 184.1 mg g−1 for Hg2+, 111.1 mg g−1 for Ag+, 79.6 mg g−1 for
Pb2+, and 28.3 mg g−1 for Cu2+. Author ascribed it to the different affinity of metal ions to alkoxy
sulfonate groups attached on the main chains of the conducting polymer. On all accounts, these
adsorption investigations have shown a very promising application of the PEDOT aerogels in
the removal of color and heavy metal ions from wastewater, etc.

Although there is no ionized functional group attached on PPy chains, the π-conjugated
structures can provide enough active cites for dyestuff adsorptions. The high specific surface
area (ca. 12 m2 g−1), excellent mechanical strength, and strong π-π interaction between dye
molecules and sorbent matrix allow PPy aerogels to extract dye molecules from the dye
solutions in a very fast and effective way (Figure 17) [5].

Figure 17. Digital photos showing fast removal of (a) methyl orange, (b) victoria blue, and (c) brilliant yellow from
waste water with the elastic PPy hydrogels in syringes [5].

The PPy gels were placed in the tube of a syringe, and the plunger was pulled or pushed
allowing take in or expel the dye solutions after permeating through the PPy hydrogels. For
all three kinds of dye molecules, the colorful dye solutions changed into colorless in several
seconds. PPy gel could absorb methyl orange (MO) with a capacity of 389.5 mg g−1 and an
efficiency of 99.99%. Besides, the used hydrogel can be refreshed by treating with NaOH
aqueous solution with a concentration of 2 mol L−1 at 80°C, and the refreshed gel could still
adsorb MO with a capacity of 196.4 mg g−1 and an efficiency of 99.89%.

5. Outlook: problems, prospects, and challenges

This chapter has focused on recent research progress in the development of conducting
polymer aerogels, with specific focus on PEDOT-containing, PPy, and PANi aerogels discus-
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all three kinds of dye molecules, the colorful dye solutions changed into colorless in several
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efficiency of 99.99%. Besides, the used hydrogel can be refreshed by treating with NaOH
aqueous solution with a concentration of 2 mol L−1 at 80°C, and the refreshed gel could still
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5. Outlook: problems, prospects, and challenges

This chapter has focused on recent research progress in the development of conducting
polymer aerogels, with specific focus on PEDOT-containing, PPy, and PANi aerogels discus-

Conducting Polymers70

sing from (1) synthesis strategy of conducting polymer (PEDOT, PPy, and PANi) aerogels
through rational design for oxidant, cross-linker, soft template, sol-gel process, drying process;
(2) advantages of these aerogels in physical and chemical performance, compared with the
counterparts in bulk or membrane; and (3) applications in energy storage, adsorption to metal-
ions/dye-molecules, stress sensing, Joule heating.

However, there are still lots of challenges remaining. At first, as a result of the fast oxidation
and the poor solvent solubility of intrinsically conducting polymers, there are great difficulties
in preparing conducting polymer aerogels in large-scale by far. Secondly, because of the
common existing differences in physicochemical properties, it lacks universal methods to make
widely used conducting polymer aerogels. Besides, lots of the exploited applications of
conducting polymer aerogels in the present go back to the liquid surroundings, such as
electrochemical energy storage, dyestuff absorption, liquid-phase catalysis, etc., making
drying process futile to some extent.

As such, the future development of conducting polymer aerogels will focus on (1) exploring
new universally applicable synthesis strategies on the base of INCG, emulsion polymerization,
two-step synthesis, ISISA described in this chapter; (2) expanding new application areas of
conducting polymer aerogels, especially applications in gas environment, such as gas phase
catalysis, air purification, solar cells, electrostatic shielding, heat insulation combining with
thermoelectric conversion functions, etc. Enlightened by the progress of typical PEDOT, PPy,
and PANi aerogels presented in this chapter, we expect to witness the widespread use of many
new conducting aerogels in the near future.
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Abstract12

The process of combining natural cellulosic fibers with conducting polymers (CPs) is13
being pursued by scientist and researchers for their achievable synergistic electrical and14
biofriendly properties. CPs can be deposited on to a wide variety of cellulosic substrate15
and  fibers,  thus  achieving  good  interactions  between  them.  Various  methods  of16
deposition include in situ polymerization, physical coating, multilayering, and printing.17
Such  materials  are  used  for  achieving  more  sustainable  and  low-cost  CP-based18
applications.19

Keywords: conducting polymers, cellulosic fibers, coating, paper, electrical conductiv-20
ity, polyaniline, polypyrrole21

1. Introduction22

Since the discovery of conducting polymers (CPs), extensive researches have been carried out23
to explore the interesting properties of this relatively new and exciting material. Their ease of24
preparation, low cost, and good electronic properties have lead to the discovery of many CP-25
related applications. Due to their uniqueness and versatility, CPs are being deposited onto26
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many type surfaces to induce their properties to the template or substrate material. Among
those substrates, plant-based cellulosic fibers have gained wide scientific interest. In compar-
ison with synthetic fibers, cellulosic fibers are eco-friendly and more abundant. Conductive
cellulosic fibers produced by coating with CPs are being explored for various applications
including supercapacitors and batteries, conductive paper and packaging, fillers in polymer
composites, transistors and conductive wires, adsorbents, and actuators. Here, we discuss
recent and past reports on the research activities regarding coating of CPs on cellulosic fibers
and their directed applications.

2. Cellulosic fibers

Cellulosic fibers derived from plant have drawn much attention due to their sustainability and
renewability. Plant fibers find applications in many fields. Conventional synthetic fibers like
glass, carbon, and aramid can be produced with a definite range of properties, whereas the
characteristic properties of natural fibers vary considerably. In general, cellulosic fibers may
be bast, leaf, or seed including wood or nonwood types. The major constituents of lignocellu-
losic fibers are cellulose, hemicelluloses, and lignin. Cellulose is the most abundant natural
polymer which contain D-anhydroglucose units (cellobiose) and are joined by β-1,4-glycosidic
linkages at C1 and C4 positions. The chemical structure is shown in Figure 1. The main
functional groups of cellulose are its hydroxyl groups (primary and secondary). These
hydroxyl groups are involved in a number of intra- and intermolecular hydrogen bonds which
result in various ordered crystalline arrangements. In fibers, cellulose chains are aligned along
the fiber length, which make them high in flexural and tensile strength [1]. Hemicelluloses can
consist of various monomeric units such as glucose, mannose, galactose, xylose, and arabinose.
Depending on the monomeric unit, they can vary in structure and are highly branched with
much lower degree of polymerization than that of cellulose giving them a non-crystalline
structure. Hemicelluloses act as supportive matrix for cellulose fibers. Lignin is an amorphous,
high molecular weight phenolic compound, which function as a structural supporting material
in plant. Their structure varies and do not have predictable, continuous, and uniform proper-
ties. Though the exact chemical structure of lignin still remains unestablished, the high carbon
and low hydrogen content suggested that the compound is highly unsaturated or aromatic [2].

Figure 1. In situ polymerization of CP on cellulosic fibers.
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3. Polyaniline, polyprrole, and PEDOT, PEDOT:PSS

Polyaniline (PANI), polypyrrole (PPY), poly (3,4-ethylenedioxythiophene) (PEDOT), and poly
(3,4-ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS) can be regarded as the
most explored CPs up to date. PANI has the longest history among the CPs. It is one of the
oldest artificial CPs and its high electrical conductivity among organic compounds has
attracted continuing attention. The green protonated emeraldine salt has conductivity many
orders of magnitude higher than that of common polymers, which ranges from 10−10 to 101

S/cm but lower than that of typical metals [3]. PPY is another interesting CP with conductivity
ranging from 10−4 to 10−2 S/cm. It has been studied in many electrochemical and sensor
applications [4]. Another extensively explored family of CPs is PEDOT. It has high conductivity
reaching 300 S/cm. Despite being described as more environmentally friendly compared to
other CPs, they have the disadvantage being insoluble water and infusible [5]. PEDOT can be
imbedded in poly(4-styrenesulfonic acid) (PSS) to form a more processable water-based
PEDOT:PSS complex. This CP forms a stable dispersion that allow for coating process, which
include spin coating. The conductivity can be from 10−5 to 1 S/cm depending on the PEDOT:PSS
ratio [6].

4. CPs on cellulosic fibers

In situ polymerization is regarded the most popular method of depositing CPs on cellulosic
fibers. The method varies widely depending on the types of oxidants, medium, dopants,
monomers, the ratio between them, and the processing steps and parameters. In most cases,
the in situ polymerization can be simplified as having the monomers of CPs being polymerized
in a reactor or medium in the presence of the cellulose fibers (Figure 1). CPs will be formed on
the bulk fibers or surface depending on the arrangement of the fibers.

Wood-based celluloses have been explored widely with the modification of CPs. PPYs
deposited on crosslink cellulose have conductivity reaching 1.1 S/cm with good mechanical
properties. The crosslink structure might keep the rigid PPY in a good conductive state due to
the weaker interaction between the crosslinked cellulose and the PPY [7]. Aniline monomer
has been described to penetrate all areas of wood veneer structures during in situ polymeri-
zation. In situ PANI formation was more prominent in cell walls and middle lamella. PANI
modification resulted in the reduction of mechanical properties due to the prohibition of
secondary interactions within the cell wall. The conductivity was anisotropic, mostly along the
direction of wood fibers. Furthermore, the lignin component of the wood and PANI formed
strong interaction as described by increase in glass transition temperature of lignin [8]. Lignin
is a major component of wood; it contains the structures of phenol, carboxyl, and aldehyde
groups, among others. Its hydrophobic character and presence of aromacity facilitates the
interaction with the hydrophobic PANI. Blends of emeraldine base of PANI (36%) and lignin
film have shown good homogeneous blend and good oxidation/reduction potential charac-
teristics. The interaction occurs mainly between amine of PANI and carbonyl of lignin; imine
of PANI and hydroxyl of lignin [9, 10].
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Due to the vast growing effort of reducing wood-based resource, bamboo has been explored
as the substitute to replace wood. Peeled bamboo veneers have shown increase in conductivity
from 10−4 to 10−3 S/cm when coated with PANI, tuned by the phosphate acid doping concen-
tration. Cellulose structure of bamboo was intact but with a slight reduction in the degree of
crystallinity [11]. Curauá fiber, natural vegetal fibers of amazonic origin have shown increase
in conductivity from 10−8 to 10−4 S/cm when in situ coated with PANI doped with sulfuric acid.
PANI-modified fibers achieved conductivity changes of approximately 20,000% when tested
for its compression sensitivities due to the high contacts. The modified fiber has potential
applications as a pressure-sensing material by the function of its conductivity to applied
pressure [12]. Similarly, mango fiber was reported to achieve conductivity by modification
with PANI. The coated fiber was reported to achieve magnetic properties, being attracted by
magnetic field [13]. It was shown that man-made cellulose-based fibers and textile, such as
cotton, viscose, cupro, and lyocell, were able to be modified with CPs. This type modification
is sought after in the applications of technical apparel, such as antistatic fabrics for work
clothing, sportswear, heating, and cooling equipment [14]. Another method of coating the
fabric with CPs besides the bulk in situ technique is the vapor phase polymerization. The
cellulose fabric is impregnated with aqueous solution of oxidant and dopant, and followed by
exposure to monomer in order to start the polymerization. The method revealed a partial
penetration of PPY into the amorphous zones of fiber bulk [15]. Coating of CPs on protein
fibers such as wool and silk has also been reported [16, 17]. Dip coating of PEDOT:PSS on
wood-based microcrystalline celluloses showed that PEDOT was preferentially adsorbed
rather than PSS. A strong interaction between the PEDOT:PSS and the cellulose was observed,
implying a broad molecular distribution of the CP. As the pH of the solution increased, the
amount of adsorbed PEDOT:PSS decreased due to the higher repulsive forces existing at higher
pH levels [18].

5. CPs on bacterial cellulose

Bacterial cellulose (BC) is a straight chain polysaccharide with an ultrafine nanosized 3D
fibrous network structure and is produced by certain microorganism (bacteria). The fibril
diameter ranges between 10 and 100 nm with crystallinity up to 90%. It is highly hydrophilic
due to neat hydroxyl groups of cellulose on the surface. These fibers are stronger than those
of conventional natural fibers [19].

In situ coating of PANI on BC template showed high conductivity (10−2 S/cm) when doped
with organic acids such as HCl. The PANI forms a continuous nanosheath surrounding the
BC due to the attraction force between the amine of aniline and abundant available hydroxyl
of BC during the polymerization. The twisting-induced conductivity of the BC/PANI was
reported to be activated at twisting angle of 200° [19]. Coating of BC with PANI doped with
dodecylbenzene sulfonic acid (DBSA) depends on the amount of DBSA used. The highest
conductivity (10−5 S/cm) was at DBSA to aniline molar ratio of 1.5. Excess of DBSA dopant for
the BC/PANI might avoid the penetration of PANI into the bulk BC with more preferable PANI
formation at the surface of the BC that lead to the lowering of the conductivity [20]. It was later
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on reported that FeCl3 oxidant can yield a better conductivity (10−1 S/cm) to the BC/PANI [21].
A higher doping level was achieved by using p-toluene sulfonic acid dopant with good
thermodynamic stability [22]. A further optimized reaction protocol was able to produce BC/
PANI with conductivity of 5.1 S/cm and specific capacitance of 273 F/g. This was achieved due
to the flake-shaped morphology of the BC/PANI facilitated by DMF (dimethylformamide)
during the in situ polymerization [23]. Good redox properties were also observed for BC coated
PPY [24].

6. CPs/cellulosic fiber as filler in polymer composites

These CP-coated cellulosic fibers have been explored as fillers in polymer composites.
Incorporating fibers modified with CPs into insulating polymer matrices could induce some
degree of electrical conductivity to the load-bearing host mainly for antistatic, electromagnetic,
and pressure-sensing applications.

Curauá fiber modified with PANI was reported to be blended with polyamide-6 thermoplastic
in a twin-screw extruder to form composites. The conductivity of composites was at 10−7 S/cm
with a good polymer-fiber interface. The fibers provide easy conductive path (avoiding
recombination of charge transport) for the PANI compared to PANI alone in the polymer
matrix [25]. It was reported that epoxy resin could be cured with a PANI-coated kenaf fiber to
form composites. The composite achieved conductivity in the range of antistatic applications.
Mechanical properties of the composite could be improved by using suitable doping agent [26].
Similar approach was demonstrated using PANI-coated coconut fiber blended in polyurethane
derived from castor oil. An increase in conductivity was observed when stress was applied to
the composite [27].

7. CPs on paper and pulp fibers

Paper is a porous sheet made up of cellulosic fibers. The sheet usually has many pores
generated by the fiber texture, depending on paper grades and manufacturing processes.
Cellulose-based paper is intrinsically hydrophilic and contains strong hydrogen bonds after
being dried. The main advantages of paper substrate are their lightweight, low cost, and
environmental friendly characteristics which have potential to be modified with CPs.

Most of the earlier reports focus on the in situ polymerization of the CPs during the pulping
stage or at the interface of the paper. The interest in conductive paper was initiated by a report
by [28]. It was shown that the individual cellulose fiber of a filter paper was coated with 50–
150 nm of PPY spheres. The spheres were fused together forming an integral layer of CPs with
approximate thickness of one sphere. The pores within the paper matrix were not filled with
PPY, indicating there is a significant bonding between the cellulose surface and the PPY.
Furthermore, these pores open up for further modifications for new grades of paper. The
sonication process for removal of impurities after the in situ polymerization did not remove
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any bounded PPY. The strong interaction was suggested to be an H bond between the free
available OH groups of the cellulose and the amide groups of the PPY. Similar structure was
observed by using PANI as the CP but with a slight reduction in the available pores. Low
temperatures (0−25°C) during the in situ polymerization of PANI coating on filter paper
yielded better electrical conductivity (10−5 S/cm) compared to that of high temperature
condition (50°C) (10−8 S/cm) [29].

In situ coating of PPY on bleached kraft soft wood pulp indicated there is a concentration
threshold of pyrrole monomer for the composite paper to achieve a certain degree of surface
conductivity. It was reported that the monomer concentration should be more than 1.8 g∙L−1 in
order to achieve a stable conductive paper [30]. PPYs have low oxidation potential; the redox
reaction of PPY is more sensitive to oxygen, thus making the resulting conductive paper
composites less stable in air or oxygen-rich environment. Conductive PPY paper composite is
electrically unstable when stored in air at an ambient temperature. The electrical conductivity
decays with an increase in storage temperature. On the contrary, the decay was inhibited when
stored in a nitrogen environment. This signified that the conductivity of the paper composite
was related to the oxidation of PPY which in turn relates to the temperature. PPY particles
were observed to become larger when aged at 100°C in air due to the thermal oxidation
accompanied by a huge increase in resistivity [31]. Doping of PPY with amphiphilic cationic
polyacrylates resulted in a more stable coating on the cellulose substrate. High-charge dopant
induces easier PPY entrance into the fiber lumen and easier formation of bipolaron charge
carriers. The mechanical strength of the paper was enhanced due to the good interfiber bonding
induced by the polymeric dopant that was able to build connections between the fibers. The
bonding between PPY-coated fibers (doping other than polyacrylate) is much weaker than H
bond between cellulose fibers [32].

PEDOT coating on bleached softwood kraft pulp showed that the polymerization temperature
and time is optimum at 60°C and 4 h, respectively, with good environmental stability due to
the higher oxidation potential of PEDOT compared to other CPs. The volume resistivity was
achieved at 5.9 Ω/cm with monomer concentration of 3 g⋅L−1 [33]. PEDOT in situ coating on a
filter paper revealed a significant increase in tensile strength due to the interlocking between
PEDOT and cellulose fibers. Furthermore, the PEDOT layer fixes and covers the fibrils tightly
[34].

It was describe by X-ray photoelectron spectroscopy that the bond between PANI and cellulose
in pulp paper existed in the form of H bonding and the lowering of mechanical properties is
due to the coverage of hydroxyl groups of the fibers by PANI. p-toluene sulfonic acid doping
of PANI achieved a conducting network and lowest resistivity at 30% of coated PANI [35].
PANI-coated commercial paper pulp has been described to be rigid and flexible enough to be
used as paper folding artwork or origami. The electrical conductivity increased with a bend
angle of 250°. The twisting process induced high contact between fibers in the sheet, resulting
in the increase of electrical conductivity [36]. Pulping conditions of the paper played a
significant role in PANI deposition and yield. It was shown that chemical pulping had higher
amount of coated PANI and higher conductivity than those prepared from high-yield pulp.
Furthermore, bleached chemical pulp had better paper properties. It was proposed that the
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increasing content of sulfonic group of the chemical pulp had a positive linear effect to the
amount of coated PANI. Sulfonic groups in the pulp fibers could be dissociate and promote
the adsorption of the positively charged PANI onto the fibers [37]. Interfacial polymerization
was suggested to be the better method in protecting the fiber strength to some degree. The
aniline polymerization reactions take place at the paper interface and not across the whole
sample. Thus, multiple steps of polymerization are required. Polyamideamine-epichlorohy-
drin (PAE), a commercial wet strength agent in papermaking showed to be beneficial in
improving the mechanical properties of multiple interfacials of cellulose paper in situ coated
with PANI [38].

Other types of cellulosic paper sources have shown potential to be deposited with CPs. Coating
of PANI on rice straw and bagasse pulp paper has shown potential for packaging applications.
The main drawback of such paper substrate is that their mechanical properties such as breaking
length, burst factor, and tear factor decreased with increasing PANI amount. A total of 10 wt
% of PANI is needed to impart electrical conductivity to the paper composite [39]. Pineapple
leaf fiber paper pulp was coated with PANI using the in situ polymerization method. The
addition of PANI showed a marginal drop in mechanical properties (burst strength and tear
index) and a reduction in moisture absorption with increasing PANI amount. The DC con-
ductivity was achieved around 10−5 S/cm at the concentration threshold of PANI [40]. It was
shown that the mechanical and electrical conductivity of PANI-coated kenaf paper could be
optimized by controlling the PANI amount and dopant concentration [41]. Further studies
have shown that PANI-coated kenaf fibers were able to blend with kenaf pulp during the
pulping stage. The composite paper revealed enhancement in the electrical conductivity with
improved mechanical properties [42]. Another effort is by coating pulp of wasted egg holder
tray by PPY. The raw pulp was bleached and in situ coated with PPY, giving conductivity value
of 10−4 S/cm in the frequency-independent region [43].

Paper is usually extremely rough, with peak-to-valley roughness values of up to hundreds of
micrometers. The packing density of fibers also limits its overall mechanical properties.
Nanosized fiber papers or nanopapers can provide excellent mechanical properties, provide
smooth surface, and be optically transparent. Modification of nanopapers with CPs will open
up many opportunities in electronic/optoelectronic devices [44]. It was displayed that at the
percolation threshold, nanofibrillated cellulose/PANI composite paper had mechanical
properties similar to its unmodified counterpart. The percolation was achieved at 4.57 vol% of
PANI with conductivity of 10−5 S/cm. The nanosize of the cellulose opened more available OH
for the in situ polymerization, thus increasing the PANI coating [45]. PEDOT:PSS can also be
spin coated on nanofibrillar cellulose film [46].

Figure 2. Mayer rod coating of CP on paper.
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Mayer rod coating (Figure 2) is one of the most popular coating methods on a paper substrate.
A Mayer rod is a stainless steel rod that is wound tightly with stainless wire of varying
diameter. The grooves between the wire coils determine the precise amount of coating
materials that will pass through as it moved along the web. Coating technology can avoid the
complication faced with in situ polymerization technique and is a very feasible process for
coating a layer of any material over paper substrate. Nevertheless, the viscosity of the CP
solution should be low enough to allow easy flow between the wire windings.

Physical coating of PEDOT:PSS using a Mayer rod was achieved by using organic solvents
such as dimethyl sulfoxide and N-methylpyrrolidone. The solvents induced plasticizing effect
and conformation changes to the PEDOT molecules that lead to higher conductivity compared
to PEDOT:PSS coating without any solvents. The paper conductivity level was at 10−3 S/cm
with a slight increase in tensile strength [47]. It was reported that multiwalled carbon nano-
tubes could be dispersed in PEDOT:PSS solution without the use of any added surfactant. This
mixtures were coated onto the paper substrate using a Mayer rod coater and heated using a
specially design unidirectional ceramic heating board. The heating method revealed better
conductivity compared to those dried using conventional drying. This was due to the good
bonding between the solution mixture and the paper fiber during the drying stage [48]. Clay
has been suggested to act as carrier for the CP for conductive paper. Though the reasons are
unclear, the nanosize of clay minerals can provide good dispersion of the CP for the physical
rod coating process [49].

8. Electroactive papers, supercapacitors, and adsorbents

Due to the interesting redox properties of CPs, they are being explored as electroactive
polymers and actuators. They can create a mechanical response from an electrical stimulation.
The response can be either a transverse bending or an axial expansion/contraction. Papers that
are modified with CPs for their actuation properties can be classified as an electroactive paper.
Electroactive paper has the advantages of low cost, lightweight, biodegradability, large
displacement output, and low actuation voltages. Drawbacks of this material are that it suffers
performance degradation over time and produces a low displacement output at a low
humidity.

It was shown that PANI-cellophane actuator had better performance than PPY-cellophane in
terms of bending displacement and ruggedness to humidity. This was described due to the
relatively high conductivity of PANI and the crystalline nature of PANI which changes to
amorphous structure after the actuation [50]. Electroactive paper of regenerated cellulose and
PPY with dispersed hydrophobic ionic liquid resulted in reduced resistance and better
durability under ambient humidity conditions. The movement of anions in the conducting
system resulted in bending displacement [51]. In situ coating of PANI on cellulose solution
using p-toluenesulfonic acid showed that the resulting paper had low Young’s modulus and
reduced thermal stability. The cellulose-PANI electroactive paper was fabricated by depositing
very thin gold electrodes on both surfaces of the paper. A large bending displacement and long
actuation stability was reported at ambient humidity and temperature [52].

Conducting Polymers80



Mayer rod coating (Figure 2) is one of the most popular coating methods on a paper substrate.
A Mayer rod is a stainless steel rod that is wound tightly with stainless wire of varying
diameter. The grooves between the wire coils determine the precise amount of coating
materials that will pass through as it moved along the web. Coating technology can avoid the
complication faced with in situ polymerization technique and is a very feasible process for
coating a layer of any material over paper substrate. Nevertheless, the viscosity of the CP
solution should be low enough to allow easy flow between the wire windings.

Physical coating of PEDOT:PSS using a Mayer rod was achieved by using organic solvents
such as dimethyl sulfoxide and N-methylpyrrolidone. The solvents induced plasticizing effect
and conformation changes to the PEDOT molecules that lead to higher conductivity compared
to PEDOT:PSS coating without any solvents. The paper conductivity level was at 10−3 S/cm
with a slight increase in tensile strength [47]. It was reported that multiwalled carbon nano-
tubes could be dispersed in PEDOT:PSS solution without the use of any added surfactant. This
mixtures were coated onto the paper substrate using a Mayer rod coater and heated using a
specially design unidirectional ceramic heating board. The heating method revealed better
conductivity compared to those dried using conventional drying. This was due to the good
bonding between the solution mixture and the paper fiber during the drying stage [48]. Clay
has been suggested to act as carrier for the CP for conductive paper. Though the reasons are
unclear, the nanosize of clay minerals can provide good dispersion of the CP for the physical
rod coating process [49].

8. Electroactive papers, supercapacitors, and adsorbents

Due to the interesting redox properties of CPs, they are being explored as electroactive
polymers and actuators. They can create a mechanical response from an electrical stimulation.
The response can be either a transverse bending or an axial expansion/contraction. Papers that
are modified with CPs for their actuation properties can be classified as an electroactive paper.
Electroactive paper has the advantages of low cost, lightweight, biodegradability, large
displacement output, and low actuation voltages. Drawbacks of this material are that it suffers
performance degradation over time and produces a low displacement output at a low
humidity.

It was shown that PANI-cellophane actuator had better performance than PPY-cellophane in
terms of bending displacement and ruggedness to humidity. This was described due to the
relatively high conductivity of PANI and the crystalline nature of PANI which changes to
amorphous structure after the actuation [50]. Electroactive paper of regenerated cellulose and
PPY with dispersed hydrophobic ionic liquid resulted in reduced resistance and better
durability under ambient humidity conditions. The movement of anions in the conducting
system resulted in bending displacement [51]. In situ coating of PANI on cellulose solution
using p-toluenesulfonic acid showed that the resulting paper had low Young’s modulus and
reduced thermal stability. The cellulose-PANI electroactive paper was fabricated by depositing
very thin gold electrodes on both surfaces of the paper. A large bending displacement and long
actuation stability was reported at ambient humidity and temperature [52].

Conducting Polymers80

The key technology that underlies the performance of supercapacitor materials has turned it
into a research hotspot is the electrode material. Electrode materials mainly include carbon
material, metal oxide, and CPs. Flexible electrode-based paper is very promising for low cost
and lightweight energy storage applications. The rough and porous paper surface is advan-
tageous when electrochemical active materials were coated onto cellulose fibers.

Cellulose extracted from green polluting Cladophora algae was in situ coated with PPY and
revealed excellent ion-exchange capacity and cycling stability when used as a working elec-
trode in a chloride-containing solution [53]. The group later on developed the Clado‐
phora/PPY as aqueous batteries that can exhibit charge capacities 25 and 33 mAh g−1. This
was suggested to be due to the thin 50 nm coating layer of PPY on the individual cellulose
fiber [54]. A sandwich of PPY/A4 paper and PVA/H3PO4 showed electrical conductivity of
15 S/cm and an energy density of 1.0 mWh cm−3 [55]. Similar energy storage potential was
shown by PEDOT:PSS dispersed with multiwalled carbon nanotubes coated on paper sub-
strate [56]. It was shown that a regenerated cellulose film coated with PPY achieved conduc-
tivity of 0.59 S/cm at nearly 30 wt% of PPY. The specific capacitance was reported at 392–308
F/g [57].

Anion-exchange properties of PPY on wood saw dust have shown potential use as adsorbent
for the uptake of Cr(VI) in wastewater solution [58]. Another study later on improved the
uptake findings using industrially favorable hydrogen peroxide as the oxidant to minimize
the cost of using ammonium peroxydisulfate oxidant [59]. Layers of copper metals were
reported to be deposited electrochemically onto the outer surface of lightweight balsa wood
coated with PPY and reduction of silver by suspending the coated samples in hydrazine
hydrate solution. The conductivity was comparable to that of the metal alone [60]. Similarly,
redox-active surface of CPs on kraft paper pulp was utilized for the reduction of silver metals
[61].

9. Inkjet printing of CPs on cellulose paper

Recent research interest has been directed toward inkjet printing of CPs. The precision and
flexibility of inkjet printer is ideal for printed electronics compared to the high cost and labor-
intensive method of photolithography and vapor deposition. The main challenges of inkjet
printing of CPs on paper substrate are their film homogeneity, wetting behavior, and nozzle
clogging during printing.

Suspension of DBSA-doped PANI has been successfully printed using a commercial piezo-
electric desktop inkjet printer. The surface tension was reported to be in a range suitable for
inkjet printing with bulk conductivity as same magnitude as those of drop-coated film [62].
PANI has also been identified for printing conductive wires on paper substrates for the
fabrication of transistors with a low operating voltage. It was shown that the resistance of the
printed paper has linear correlation with the short length scale roughness of the print sub-
strate [63]. PEDOT:PSS have been explored as inks for printing on paper substrates. Roughness
of the paper substrate, additives, and the ink formulation itself play a role in the conductivity.
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A more stable conductivity was reported to be achieved by adding single-walled carbon
nanotubes into the PEDOT:PSS ink. Retention aids and fixation agents of the paper seem to
interact with the PSS ions thus lowering the conductivity of the printed films [64]. Another
interesting method of patterning CPs on to paper is the “pen-writing” method. Patterns or
drawing of FeCl3 oxidant were drawn on the paper substrate using an iridium nib pen and
followed by exposure to pyrrole vapor that leads to quick interfacial polymerization. The paper
can be served as sensors for ammonia gas, thermal heat, and NIR (near-infrared) irradiation
[65].

10. Layer-by-layer assembly of CPs on paper

Cellulosic substrate or paper can be deposited by CPs using a layer-by-layer (LbL) multilayer-
ing technique. Surface properties of the paper substrate can be controlled according to
electrostatic or hydrophobic interaction. It was described earlier that LbL polyelectrolyte
coating can modify the surface charge to make the resulting paper stronger [66]. An LbL of
wood microfibers, PEDOT:PSS, and small amount of multiwalled carbon nanotubes (0.2%)
have shown conductivity up to 20 S/cm−1 and electrical capacitance of 10−11 F/in2 [67]. It was
reported that unbeaten eucalyptus-bleached kraft pulp were coated with cationic polyelectro-
lyte polyethyleneimine and PEDOT:PSS. The conductivity of the resultant paper was in the
range of 10−5–10−4 S/cm without loss of paper strength. Increased contact between PEDOT:PSS,
low salt concentration, and the calendering process contributed to the improved conductivity
[68]. Multilayering of conductive paper sheets made of carboxymethylated fibers displayed a
much higher conductivity than those made of non-carboxymethylated fibers when both pulps
were coated with PEDOT:PSS and poly(allyl amine) polyelectrolyte [69].

11. Flame retardancy

CPs are good flame retardant agents. Flame retardant agents are added in textile or plastics to
inhibit or delay the flaming process. Coating of CPs on to papers would open up many potential
applications in functional papers by enhancing the thermal stability. It was reported that both
forms of PANI, base and protonated (hydrochloride), give the flame-retardant performance to
cellulose filter paper. The PANI-coated cellulose retains the original fibrillar morphology after
burning. This was suggested due to the protection of the solid carbonaceous PANI that restricts
the access of oxygen to cellulose [70]. Similar heat protection was reported by coating of PANI
onto wood scantlings [71]. It has been investigated that the flame retardancy increased with
the amount of PANI deposited in the paper pulp and the doping agent played a major role in
the flame retardancy. It was suggested that organic sulfonic acids (p-toluenesulfonic acid and
sulfosalicylic acid) were more suitable than inorganic acids (sulfuric acid and hydrochloric
acid). This was due to the easy dedoping and low doping level of the latter dopants [72, 73].
A further study reported that phytic acid greatly enhanced the flame retardancy of the
composite paper but the conductivity level was lowered [74].
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12. Conclusion

Coating of CPs on cellulosic fibers show promise in wide variety of applications from con-
ductive papers to smart actuating materials. The utilization of natural-based and low-cost
resource for high-end applications is feasible by modifying the cellulosic fibers with CPs. CPs
have been shown to impart their unique features to many types of cellulosic fibers such as pure
cellulose, commercial grade papers, kenaf, bamboo, vegetal fibers, rice straw, and BC. In
general, further investigation should be focused on producing more mechanically reliable and
electrically stable CP-coated cellulosic fibers. Polyaniline, polypyrrole, poly (3,4-ethylenediox-
ythiophene):poly (styrenesulfonate), and their derivatives are currently being explored
extensively for their applications with cellulosic fibers. The coating method of CPs such as in
situ during pulping, physical deposition using a Mayer rod, spin coating, layer-by-layer
assembly, or inkjet printing plays a major role in determining the targeted properties. It
envisioned that the combination of CPs and cellulosic fibers could promote more sustainable
electrically functional materials for the future.
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Abstract7
Polymers have exceptional charge transport mechanism as a combination of delocali‐8
zation and localization of charge carriers with intramolecular and intermolecular charge9
interaction, respectively, and most of the time, it is interpreted with Mott‐Gurney space10
charge–limited current model. As polymers are full of traps, therefore, Mott‐Gurney11
space charge–limited model is modified with various trap distributions as trapped space12
charge–limited model. The most crucial parameter affected by the nature and distribu‐13
tion of traps is the carrier mobility, and it is argued that space charge–limited model is14
an acceptable choice for the mobility measurement for polymer. Similarly, in order to15
account the commonly observed lowering of trap barrier height at higher electric field,16
the Mott‐Gurney space charge–limited current is further modified with little variations,17
which are evaluated and discussed in detail.18

Keywords: polymer electronics, organic semiconductor/polymer, space charge–limit‐19
ed current, charge transport, child’s law20

1. Introduction21

From last few decades, polymer semiconductor‐based electronic devices have attracted an22
enormous deal of interest due to their great achievements both in laboratory and as well as23
in  commercial  products  [1–10].  Lightweight,  flexibility,  low‐cost,  wide‐area  application,24
deposition on various substrates, tunability, and many other advantages make these materials25
an excellent choice for many electronic applications such as light‐emitting diode, solar cell,26
thin‐film transistor, laser diode, etc. [11–20]. Another remarkable area of interest for conduct‐27
ing and semiconducting polymer is their application towards highly responsive and low‐cost28
temperature, pressure, humidity, chemical, biochemical, and other types of sensors [21–30].29
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Despite all of these successes, the complete picture of charge‐transport mechanism, which is
highly crucial  for further achievements,  is  still  not clear [31–40].  Due to such ambiguity,
different charge transport models are reported to validate the experimental results performed
on various polymer devices [41–54]. Among these charge transport models, space charge–
limited  current  model  is  counted  as  highly  recited  and  unanimously  accepted  charge
transport model for disorder organic/polymer semiconductor. In this chapter, we discuss the
brief overview of space charge–limited current model with recent development especially for
polymer semiconductors.

This chapter starts with the brief discussion of space charge–limited current model and its
applications to polymer, especially for conducting and semiconducting polymer. Firstly, the
concise overview of historical evaluation and charge transport mechanism of polymer will
be discussed. Later on the Child’s Law, Mott‐Gurney space charge–limited current model,
and trapped space charge–limited current model with single‐trap, exponential, and Gaussi‐
an distribution of traps and then effects of shallow and deep traps on space charge–limited
current are reviewed. Mobility measurement from space charge–limited current and its
comparison with other mobility measuring methods such as time‐of‐flight and different car‐
rier extraction by linearly increasing voltage characteristics are evaluated in the next section.
Finally, the application of Poole‐Frenkel on space charge–limited equation with other modi‐
fications is reviewed before conclusion.

2. Charge transport mechanism of conducting polymer

Before 1977, it was generally considered that polymers are electrically insulator. Most of these
insulating polymers such as polyethylene, polystyrene, and polypropylene have almost

Figure 1. (a) Chemical structure of polyacetylene. (b) Comparison of improved conductivity of doped polyacetylene
with other conventional materials.
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negligible free charge carriers for electrical conductivity. But at the same time, three well‐
known scientists Heeger, MacDiarmid, and Shirakawa reported a series of great works on the
doping of polymer and demonstrated that the proper doping of conjugate polymer improves
its conductivity just like as usual semiconductor or metal and they referred it as semiconduct‐
ing/conducting polymer [3]. They reported first time in the history that the conductivity (10−5

S/m) of insulating polyacetylene (molecular structure shown in Figure 1a) thin film can be
increased by doping it with iodine up to a metallic polyacetylene (105 S/m) just like as Cu metal
as shown in Figure 1b. No doubt, it was a great turning point in the discipline of polymer
engineering and caused to initiate a new field as “Organic Electronics” or “Polymer Electron‐
ics”. On the basis of their land‐mark achievements, Heeger, MacDiarmid, and Shirakawa were
awarded Nobel Prize for chemistry in 2000 [2–4].

Figure 2. (a) Sigma (Single bond) hybridization for ethylene, (b) pi (Single bond) hybridization for ethylene and (c)
both sigma and pi bond hybridization which give de‐localization of pi‐electron.

Broadly speaking, conjugate polymers cover the extensive portion of conducting polymers.
Conjugate polymers are defined as such polymer which has a combination of alternating
double bonds (π bonds) and single bonds (σ bonds) as their backbone structure. As compare
to the σ bond, the π bonds are usually unstable in nature and easily ionized or removed. This
special combination of single and double bond for conjugate polymer offers a unique arrange‐
ment for the de‐localization of charge carriers from one end to the other end of polymer chain
as extended p‐orbital system [19, 55]. This p‐orbital overlapping supported with contiguous
single bonds allows a de‐localization of π‐electrons (double‐bond electrons are called π‐
electron offers Px, Py, and Pz hybridization for carbon atoms) throughout the double and single‐
bond combination just as an ethylene as shown in Figure 2. Such de‐localization of free carriers
is the main reason for the charge transport within the molecular chain (intra‐molecule) of a
conducting polymer [56]. Just for the discussion of σ bond and π bond a simple ethylene
(IUPAC name ethene H2C = CH2) molecular structure is shown here in Figure 2. Each carbon
makes sp2‐sp2 hybridization for π bond and the σ bond is formed between carbon and
hydrogen atom. The overall hybridization of σ and π bond is shown in Figure 2c for ethylene.
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Conducting polymers offer a large number of topological defects as disorder. These defects,
such as breaking of bonds in molecular chain, torsion, addition of both internal and external
impurity, are produced during the synthesis of polymerization and cause to provide electrical
traps for conductivity between molecular chains. Such disorder in conducting polymer
presents localization of free carriers inside a molecular chain. Therefore, intermolecular chain
transport requires hopping of free carries from one molecular chain to the other molecular
chain. So overall, we can say that charge transport in polymer is the combination of both
intermolecular and intramolecular charge transport process. Due to the hopping conductivity
for intermolecular charge transport, the overall mobility of free carriers for most of polymer
is very small as compared to the conventional inorganic semiconductors at normal operating
conditions. From charge‐transport point of view, there is no fundamental inconsistency
between insulating, semiconducting, and conducting polymer except the difference between
energy bandgaps, which is larger for insulating polymer semiconductor as compared to
semiconducting polymer.

3. Metal-polymer interface

For electronic devices, metal‐polymer interface plays a vital role to define the electrical
response for conducing polymer. Figure 3 demonstrates the differences between typical metal‐
vacuum and metal‐polymer interface energy band diagrams for further discussion. Appa‐
rently both energy band diagrams look same, but actually different charge injection
mechanism is observed in both cases. The Fermi‐energy level (Ef) of metal is coincide with Ef

of vacuum and as well as with polymer. But the barrier height between Ef of metal and vacuum
energy level for metal‐vacuum interface is very high as compared to the barrier height
between Ef of metal and polymer interface. The barrier height difference between metal Ef and

Figure 3. (a) Metal work function and (b) metal‐polymer interface. Energy to inject electron from metal to vacuum is
much higher than the required energy to inject electron from metal to polymer/insulator.

Conducting Polymers94



Conducting polymers offer a large number of topological defects as disorder. These defects,
such as breaking of bonds in molecular chain, torsion, addition of both internal and external
impurity, are produced during the synthesis of polymerization and cause to provide electrical
traps for conductivity between molecular chains. Such disorder in conducting polymer
presents localization of free carriers inside a molecular chain. Therefore, intermolecular chain
transport requires hopping of free carries from one molecular chain to the other molecular
chain. So overall, we can say that charge transport in polymer is the combination of both
intermolecular and intramolecular charge transport process. Due to the hopping conductivity
for intermolecular charge transport, the overall mobility of free carriers for most of polymer
is very small as compared to the conventional inorganic semiconductors at normal operating
conditions. From charge‐transport point of view, there is no fundamental inconsistency
between insulating, semiconducting, and conducting polymer except the difference between
energy bandgaps, which is larger for insulating polymer semiconductor as compared to
semiconducting polymer.

3. Metal-polymer interface

For electronic devices, metal‐polymer interface plays a vital role to define the electrical
response for conducing polymer. Figure 3 demonstrates the differences between typical metal‐
vacuum and metal‐polymer interface energy band diagrams for further discussion. Appa‐
rently both energy band diagrams look same, but actually different charge injection
mechanism is observed in both cases. The Fermi‐energy level (Ef) of metal is coincide with Ef

of vacuum and as well as with polymer. But the barrier height between Ef of metal and vacuum
energy level for metal‐vacuum interface is very high as compared to the barrier height
between Ef of metal and polymer interface. The barrier height difference between metal Ef and

Figure 3. (a) Metal work function and (b) metal‐polymer interface. Energy to inject electron from metal to vacuum is
much higher than the required energy to inject electron from metal to polymer/insulator.
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vacuum level is defined as metal work function [56]. On the basis of these facts, Mott and
Gurneys proposed metal‐insulator barrier height reduction theory and justified the low metal‐
insulator barrier height as compared to the metal work function, which causes space charge–
limited current in insulating materials [57]. It is unanimously accepted that Mott and Gurney’s
proposed space charge–limited current is also valid for most of insulating, semiconducting,
and even conducting polymers [31].

4. Bulk-limited and injection-limited current flow

The limitation of current by a polymer can be classified as either (i) injection‐limited or (ii)
bulk‐limited current flow. For injection‐limited, the limitation of current through polymer is
imposed by non‐ohmic metal‐polymer interfaces, while for bulk‐limited, the limitation is
imposed by the bulk properties of polymer. If conducting polymer is sandwiched between two
electrodes and anyone electrode offers low barrier height (∼ohmic response) to the polymer‐
metal interface then the injected carriers from electrode forms a space charge region consisting
of a large number of injected carriers and equilibrium free carriers inside polymer. As the
mobility of carriers is very small, therefore, before traversing of injected carriers from one to
the other electrode, more and more charges are injected. When an external electric field is
applied, further charges are injected from low‐barrier electrode to the polymer, and an
equilibrium stage is reached when injected carriers are comparable or even higher than the
free carriers concentration; at this stage, the flow of current is referred as space charge–limited
current [57, 58].

5. Child-Langmuir space charge model

Space charge–limited current is a hot topic of research due to their great application for
conducting/semiconducting polymers. The origin of space charge theory was founded by C.D.
Child and I. Langmuir from 1911 to 1913, when they reported the derivation of space charge–
limited current in a parallel‐plane vacuum diode as [59, 60]

3
2

0
2

4 2
9 e

ε e VJ =
m d

(1)

where J is space charge–limited current for vacuum diode, ε0 is the dielectric constant for free
space, e is the coulomb charge of electron, me is the mass of electron, Va is the applied (anode)
voltage, and d is vacuum spacing between two electrodes. The above equation is reported in
the literature with different names such as three‐halves power law, Langmuir‐Child law. From
the equation, it is clear that the space charge current is directly proportional to the three‐halves
power of the applied voltage and inversely proportional to the square of the displacement
between electrodes.
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6. Mott-Gurney space charge model

Apparently, Child‐Langmuir space charge equation did not find any application for insulator
or semiconducting materials due to the presence of vacuum and hence no scattering between
electrodes. Therefore, Mott‐Gurney proposed another space charge–limited current equation
for polymer diode, which is similar to the Child‐Langmuir equation with the following
assumptions [57].

1. Active layer is trap‐free for charge injection

2. Diffusion of carrier is negligible in active layer

3. Electric field at the injecting electrode is zero.

Generally, the assumptions 2 and 3 are still valid for most of organic/polymer semiconducting
materials. But for assumption 1, space charge–limited current is further modified with new
version as trapped space charge–limited current model and will be discussed in the later
section.

When a voltage is applied to an active layer, sandwich between two electrodes as diode, then
an electric field (E) is established inside the active layer. Such electric field forces the charges
to move with velocity (v) toward another electrode, and therefore, the mobility (μ) of free
carrier is defined as

v Em= (2)

Similarly, the current density (J) passing through a semiconductor with conductivity (σ) under
the influence of applied electric field E can be defined as

J Es= (3)

where σ is direct function of both mobility and carrier density of electron n(x) and hole p(x)
and can be define as

( ) n pσ = e n x μ + e p (x) μ (4)

If we assume single‐carrier devices, then Eq. (4) is simplified as

( )σ = e n x μ (5)

By incorporating Eq. (5), Eq. (3) becomes as
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( )J en x Em= (6)

The injected carriers forms space charge with the distribution of electric field inside insulator
and can be defined mathematically by Poisson equation as

( )en xdE
dx e

= (7)

By solving all above equation for one‐dimension path with boundary conditions V (0) = V and
V (L) = 0, the pure space charge–limited current without any traps will be obtained as

2

3

9
8 o

VJ
L

e e m= (8)

It is important to note that logarithmic graph (log(J) – log (V)) of above Eq. (8) yield a straight
line with slope 2, which shows trap‐free space charge–limited current behavior of polymer
between electrodes as sown in Figure 4.

Figure 4. Space charge–limited current behavior for polymer semiconductor with only ohmic and trap‐free space
charge–limited current regions.

Figure 4 shows the ideal current‐voltage characteristics of conducting polymer diode, where
there are only two regions, one is ohmic region and other is space charge region and both
regions can be differentiated with the order of slope. The transition of both ohmic and space
charge regions is taken place at specific voltage termed as threshold voltage VT. At low voltage,
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polymer diode offers ohmic behavior (J α V) with slope at order 1, while at higher voltage,
polymer exhibits space charge–limited current (J α V2) with slope of an order 2. In other words,
there is direct transition is observed from ohmic to space charge–limited region, which is not
true in the presence of traps distribution inside polymer.

7. Trapped space charge–limited current model

Generally, an intermediate region is also observed between ohmic to space charge–limited
region and this region is termed as trapped space charge region as shown in Figure 5. The
charge transport inside polymer within this region is controlled by the trapping and de‐
trapping of carriers at both energetic and positional distribution. Traps are nothing just as
impurity and/or structural defects which provide localized states between HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) energy
bandgap of polymer. These localized states trap the free carriers and avoid them to take any
role for charge transport process and degraded the electrical properties of polymer and hence
device [61]. When applied voltage is higher than the average energy associated with traps
density, then polymer behaves trap‐free space charge–limited current as shown in Figure 5.

Figure 5. Typical space charge–limited current behavior for polymer semiconductor. Four charge‐transport regions are
clearly visible (i) ohmic region (J α μ V), (ii) trap‐SCLC region (J α μ Vn) region, (iii) VTFL region (J α μ Ntd2), and (iv)
SCLC region (J α μ V2) [31].

The trapped space charge–limited current depends on the distribution of traps state at the
energy bandgap of the given polymer. Generally three distributions of electronic traps are
reported for conducting polymers. These distributions are as follows:

1. Single energy level trap density.

2. Exponential distribution of trap density.

3. Gaussian distribution of trap density.
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7.1. Single energy level trap density

For single energy level trap density (ET, also called transport energy), the current for trapped
space charge–limited current can be little modified as [62]

2

3

9
8 o

VJ
L

e e mq= (9)

where θ is defined as trap factor and can be correlated with free and trapped carrier density
as [63–67]

f

f t

n
θ =

n + n (10)

where nf and nt are defined as free carrier and trapped carrier density, respectively. The trapped
carrier density nt can be defined with single energy level ET as

( )T F
T T

E E
n = N Exp

kT
æ - ö
-ç ÷
è ø

(11)

where NT, Ef, k, and T can be defined as trap density, Fermi energy level, Boltzmann constant,
and ambient temperature, respectively.

7.2. Exponential distribution of traps

Exponential distribution of traps (g(E)) with characteristics width of trap energy distribution
(Ec) between HOMO and LUMO energy bandgap of polymer can be identified as

( ) T

c c

N Eg E = Exp
E E

æ ö
-ç ÷
è ø

(12)

Ec is correlated with characteristic temperature (Tc) as Ec = k Tc. Now, the trapped space charge–
limited current for a polymer having exponential distribution of traps can be described as [68–
70]
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where l = Tc / T and T is the absolute temperature.
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7.3. Gaussian distribution of traps

Bassler proposed Gaussian density of states for polymer material, which are broadened by
both energetic and positional disorder [41]. Therefore, many researchers apply Gaussian
density of traps (DT (E)) for trapped space charge–limited current as [71].

( ) ( )( )2

exp
22

C TT
t

T

E E END E =
σσ π

æ ö- -ç ÷-
ç ÷
è ø

(14)

where σT is the width of Gaussian distribution traps and Ec – ET is the trap energy. Similarly
Steiger and his workers proved that the Gaussian trapped space charge–limited current follow
the same exponential distribution of traps Eq. (13), where l can be redefined as [72]
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(15)

If 2 𝀵𝀵𝀵𝀵2 >> 2 2, then Eq. (15) is further simplified as

2
16
π σl =

kT
(16)

8. Photocurrent space charge–limited current model

When light falls on conjugate polymer, huge number of electron and holes are uniformly
generated throughout the polymer as free carriers and these carriers move to their respective
electrodes as photocurrent under the influence of internal electric field generated by the
difference of electrode work‐function. If G is the generation rate, L is the length, and q is the
electric charge of free carriers, then the photocurrent (Jph) can be defined as [17, 34, 73]

phJ = q G L (17)

By incorporating the effective thickness of polymer (L) for photocurrent, Eq. (17) can be
modified as

( )
1 1
2 2

ph h hJ qG Vm t= (18)
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where μh and τh are the mobility and charge carrier life time. Blom et al. observed that the
photo‐generated current in this region (L) follows space charge–limited current and he derived
the fundamental space charge–limited photocurrent equation as [33]
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4 29
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ε ε μJ = q G V

q
æ ö
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è ø

(19)

Figure 6. Incident light power (ILP) dependence of the photocurrent (Jph) versus the effective voltage (V0 ‐ V) measured
at T = 210 K. The solid (thick) lines represent the Jph using μh = 1.2 × 10‐7 cm2/V s, ϵr 2.6, and G α ILP, where ILP was
varied from 80 to 6 mW/cm2. The arrow indicates the voltage (Vsat) at which Jph shows the transition to the saturation
regime [33].

where ϵo, ϵr are the dielectric constant for free air and polymer, respectively. From above
equation, Blom et al. experimentally observed that the space charge–limited photocurrent is
directly proportional to the three‐quarter power of photo‐generation rate and half power of
voltage as shown in Figure 6.

Figure 6 clearly shows that the space charge–limited photocurrent as calculated by Eq. (19) is
in contrast with the square‐root region for the given voltage range of the experimental results.

9. Shallow and deep traps for space charge–limited current model

Traps not only decrease the mobility for space charge–limited current but also initiate the
thermal and electrical degradation for polymer electronic devices. Traps are generally
classified as (i) shallow traps, and (ii) deep traps for both electron and hole. If traps are very
close to the conduction band (LUMO) within energy bandgap, then traps are classified as
shallow traps for electrons. Similarly if traps are in the vicinity of valence band (HOMO) within
energy bandgap, then traps are identified as shallow traps for holes as shown in Figure 8. On
the other hand, deep traps of electron and holes are exist far away (mid of the energy bandgap)
from conduction (LUMO) and valence (HOMO) band, respectively, as shown in Figure 7.
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Figure 7. Symbolic representation of shallow and deep traps for polymer semiconductor.

Figure 8. Model simulations of shallow (Ec – Et = 0.1 eV) and deep (Ec – Et = 0.5 eV) trap configurations represented by
blue solid lines and red dashed lines. (a) Current density voltage characteristics for a shallow trap and a deep trap are
plotted by blue dots and red triangles. Fittings provide the exponent of the voltage. (b) Fermi level representations at 6
V along the thickness, for a shallow trap (blue solid line) and a deep level (red dashed line) [74].
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Conventional space charge and trap space charge–limited current model cannot differentiate
between shallow and deep traps for both electron and hole. If space charge–limited current is
modeled in frequency domain with single traps, then the dynamic picture of the traps can be
obtained. By varying the single‐trap energy for frequency‐domain analysis of space charge–
limited current model, it is possible to differential between shallow and deep traps for both
electron and polymer with the condition that polymer is sandwiched between properly
selected electrodes [74].

10. Mobility measurement and space charge–limited current

The velocity per unit electric field is defined as the mobility for polymer. Mobility is one of the
most important parameter, which comprehensively defined the charge transport mechanism
of polymer. The efficiency of many polymer electronic devices depends on mobility; therefore,
it is very crucial to determine the exact value of mobility [43, 75]. For polymer, mobility can be
measured with different methods; some of them are listed as follows:

1. Time‐of‐flight method [44].

2. Carrier extraction by linearly increasing voltage (CELIV) method [44] and photo‐CELIV
method [76, 77].

3. Space charge–limited current method [65–67].

Each of this method has some advantages and disadvantages, but these methods are the most
commonly used method to determine the mobility of polymer.

10.1. TOF method

The TOF is the most widely used technique for the measurement of mobility. In these techni‐
ques, short pulse of light or laser is stroke over the end surface of polymer sample, which result
in the generation of photo carriers from the end surface of sample.

.
Lμ =

E T
(20)

These photo carriers are immediately swept away from the end surface toward the other end
surface through the influence of external DC volts applied at electrodes and give rise to the
transient photocurrent as shown in Figure 9. The time (T) taken by the photo carriers from one
end to the other end surface is calculated from oscilloscope. If E is the applied electric field, L
is the thickness of organic layer then the mobility can be calculated as [78].
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Figure 9. Schematic setup for typical TOF system for mobility measurements. Here the laser pulse can be illuminated
through ITO electrode as well as a semitransparent metal electrode of polymer sample [43].

Figure 10. The schematic Photo CELIV measurement setup is shown. The measuring process consists of two steps. In
first step a laser is shine at transparent electrode of sample which generates excess photo carriers. These carriers are
extracted by linearly increasing voltage. The peak‐extraction time helps to calculate the mobility.
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10.2. CELIEV/photo CELIEV method

The charge extraction by increasing the linear voltage is another technique commonly uses to
measure the mobility of polymer sandwiched between electrodes. The measuring process
consists of two steps. In first step, a laser is shine at transparent electrode of sample which
generates excess photo carriers. These carriers are extracted by linearly increasing voltage. The
peak‐extraction time helps to calculate the mobility of the polymer sample as shown in
Figure 10. The detail information about these methods can be found in Ref. [79–81].

10.3. Dark-injection space charge–limited mobility measurement

Dark‐injection space charge–limited current (DI‐SCL) is another commonly used technique for
the measurement of mobility for many amorphous, disorder organic/polymer materials [82–
85]. To determine the mobility of hole with DI‐SCL method, the polymer sample is sandwiched
between electrodes and electrodes are managed in such a way that the cathode behaves as
blocking electrode and a strong voltage pulse is derived at ohmic anode. The application of
voltage pulse will result a transient hole current observed at oscilloscope as shown in
Figure 11. Therefore, the hole density μh can be calculated as

20.787
h

d
V

m
t

= (21)

where τ is the arrival time for early sheet of holes carriers to reach the respective cathode. The
τ is correlated with space charge free carrier transit time (τSCL) as τ = 0.787 τSCL [86, 87].

Figure 11. (a) A sequence of DI signals of Au (treated with UVO)/2TNATA/Au under different applied voltages. The
applied voltage varied in steps of 2 V starting from 6 V. (b) An ideal DI‐SCLC transient [82].

For both CELIEV and photo‐CELIV mobility measurement method, it is not so simple to
differential between electron and hole mobility, specially for bipolar charge‐transport polymer.
Similarly, the TOF method has two series drawbacks (1) the density of photo‐generated carrier
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is not adequate (very low) to measure the mobility as compare to the usual carrier density at
normal operation of many electronic devices, and another drawback is that (ii) TOF method
should requires the thickness of polymer above the absorption length of polymer (>1 μm) [78].
In the same way, dark‐injection space charge–limited current is required the proper selection
of electrode for reliable measurements.

Recently, a comprehensive study was performed by Qiu group to compare and evaluate the
performance of different mobility measurement methods reported for polymeric materials.
They consider various factors such as applied electric field, injection barrier, and energetic
disorder, which are crucial for the performance of polymer electronic devices and finally they
concluded that the result of both space charge and TOF mobility measurement methods are
very close to each other [88]. Therefore, with proper selection of electrodes, space charge–
limited mobility measurement is acceptably reliable for most of the cases.

11. Modification of space charge–limited current model

As we discussed earlier, when the current density passing through the polymer with length
(L) under the influence of applied voltage (V) shows directly proportional response with the
square of voltage (J α V2) and inversely proportional to cube of L (J α L−3) then the polymer
sample is modeled with trap‐free space charge–limited current. In order to incorporate the
variety of the trap distribution, the space charge–limited current model is modified as trapped
space charge–limited current model. Traps are both energetically and positional distributed
throughout the energy bandgap and capture the free carriers and offer some energy barrier to
release them. Both space charge–limited current and trap space charge–limited currents model
assume that barrier height of traps are remain constant for entire operating electric field range
of the device, which is not true for some of the reported experimental results. In fact, higher
electric field lowers the barrier height of traps which cause to increase the emission rate from
traps and hence the current density as expected from trap space charge–limited current model
as shown in Figure 12a. The lowering of trap barrier height or emission rate from traps at high
electric field is identified as Poole‐Frenkel effect [89], as shown in schematic energy band
diagram (Figure 12b). There is some similarity between Poole‐Frenkel and Schottky models
[90, 91] for the lowering of traps barrier height. Schottky model represent barrier height
reduction at metal‐polymer interface, while Poole‐Frenkel model shows the lowering of trap
barrier height inside the polymer thin film. The overall current density (J) passing through the
polymer due to Poole‐Frenkel emission can be written as
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where q ϕT is trap energy barrier height, and other variables have already defined earlier. Poole‐
Frenkel behavior can be justified for any polymer device, if a linear relation is obtained betweenln  𝀵𝀵𝀵𝀵  data derived from their experimental result for such device.

Murgatroyd was the first who addressed the lowering of trap barrier height by incorporating
Poole‐Frenkel equation into space charge–limited current equation and drive an approximate
equation as [92].
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Figure 12. (a) Lowering of energy barrier height of traps at higher electric fields, (b) Pool‐Frenkel Effect

Murgatroyd equation is simple and very handy, but it is an approximate equation. Later on,
Barbe determined analytically, the effect of trap barrier height reduction on space charge–
limited current model and derived an equation as [93, 94]
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Barbs equation is used to determine the current density (J) as a function of electric field define
at position x. It is reported that both these Murgatroyd and Barbe modifications are also
applicable with electrical response for many polymers devices [95–99]. As both insulating and
semiconducting polymers share the same charge transport mechanism, therefore, above
equations are reasonably valid for both types of polymers.

The fundamental work of Frenkel, Murgatroyd, and Barbe is to modify the space charge–
limited current to accommodate the lowering of trap barrier height for only in one‐dimension
trap distribution. For the three‐dimension trap distribution, these models not work very well.
In this domain, Hartke modification is reasonably accepted for the accommodation of three‐
dimensional lowering of the trap barrier height for space charge–limited current model [100].

Similarly, Geurst modified the space charge–limited current model in such a way that the
thickness of the semiconductor thin film is insignificant with respect to the electrode separation
as 2D model [101–104]. While, Chandra derived Mott‐Gurney space charge–limited current
equation in two dimensions with exponentially distributed traps and other variety of polymer
Schottky diodes [105–107].

12. Summary

Despite great recent achievements for conjugate polymer‐based electronic devices, the clear
picture of charge transport mechanism is still not available. Polymers have unique charge
transport mechanism as a combination of delocalization and localization of charge carriers
with intramolecular and intermolecular charge interaction, respectively. But it is unanimously
believed that Mott‐Gurney space charge–limited model is appreciably accepted for most of the
polymers. As polymers are full of traps, therefore, Mott‐Gurney space charge–limited model
is also modified as trapped space charge–limited model according to the requirements of
polymers. The nature of traps distribution inside polymer is varied and depends on many
factors such as nature of materials itself, polymerization process, nature of dopants, and
solvent. Generally, three types of traps distributions are reported in the literature for polymers
named as single trap, exponential, and Gaussian distribution of traps. Therefore, trapped space
charge–limited current model is further modified to accommodate all these distribution of
traps. Just like as distribution of traps the nature of traps, such as shallow and deep traps, is
also important to define the electrical response of polymer. The most crucial parameter affected
by the distribution and as well as nature of traps is mobility, and space charge–limited current
model with little variation is also used to measure the charge mobility of polymer. Different
other methods such as time‐of‐flight method and charge extraction by linearly increasing
voltage (CELIV) with or without light (photo—CELIV) sources are available to measure the
charge mobility. By comparing these measuring methods for polymer, it is reported that the
simple space charge–limited model is an acceptable choice for mobility measurements.
Similarly, it is also observed the trap barrier height is significantly reduced at higher electric
field and temperature due to Poole‐Frenkel effect. Therefore, Murgatroyd and Barbe incorpo‐
rated Poole‐Frenkel effect and solved Mott‐Gurney space charge–limited equation numerically
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and analytically, respectively. It is reported that both these modifications are experimentally
verified with electrical response of many polymers devices.
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Abstract

Developing the stimuli-responsive biomaterials with tailor properties represents an
important goal  of  the tissue-engineering community.  Such biomaterial  promises to
become the conductive polymers (CPs), as a novel generation of organic materials that
have both electrical and optical properties similar to those of metals and inorganic
semiconductors  but  which  also  exhibit  the  attractive  properties  associated  with
conventional polymers, that is, easy synthesis and flexibility in processing. The fact that
several  tissues are responsive to  electrical  fields and stimuli  has made conductive
polymers attractive for various biological and medical applications. In this context, the
chapter provides information on the basic properties of the conductive polymers and
how these polymers can be optimized to generate specific properties for biomedical
applications. The synthesis routes of novel materials and specific design techniques, as
well  as  the  mechanisms  by  which  electrical  conduction  affects  cells/tissues,  are
examined, and the significant impact of the conductive polymers in the biomedical field,
that is, biosensors, tissue engineering, and neural probes, is demonstrated.

Keywords: conductive polymers, functionalization strategies, smart materials, bio-
compatibility, tissue engineering

1. Introduction

Electroactive biomaterials represent a part of a new generation of “smart biomaterials” that
allow the direct delivery of electrical, electrochemical, and electromechanical stimulation to
cells and/or tissues [1, 2]. The electroactive biomaterials’ class includes conductive polymers

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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and reproduction in any medium, provided the original work is properly cited.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



(CPs), electrets, and piezoelectric and photovoltaic materials [3]. Electrets and piezoelectric
materials make possible the delivery of an electrical stimulus without being necessary an
external power source, but the control over the stimulus is limited. On the other hand, the
conductive polymers (CPs), allow excellent control of the electrical stimulus and possess both
the electrical and optical properties, exhibiting a high conductivity/weight ratio, and also can
be made biocompatible, biodegradable, and porous [1].

Produced for the first time few decades ago, the polypyrrole, PPy, dates since 1960 and only
in 1977, the polyacetylene (PA) doped with iodine was recognized as the first inherent
conductive polymer [4], and today there are several tens of conductive polymer systems (e.g.,
polyacetylene (PA), polythiophene (PT), poly(3,4-ethylenedioxythiophene) (PEDOT), and
polyaniline (PANI)) [5]. Therefore, the conducting polymers, known as “synthetic metals,” are
polymers with a highly conjugated polymeric chain.

It can be presumed that typically organic polymers, considered to be insulators, become
conductors, when they adopt different electronic structures. In conducting polymers delocal-
ization of the electrons is generated by the carbon atoms engaged in π bonding, with sp2pz

configuration, and by overlapping the orbitals of successive atoms, providing the mobility of
polymer chains and implicitly the specific properties (e.g., the electrical conductivity, low
ionization potential and energy optical transitions, and also high electron affinity). Therefore,
the specific properties abovementioned make these polymers considerable for a wide range of
applications, from the electronic to medical field [6]. Additionally, the conducting polymers
can be designed for the transport of the small electronic signals in the body, acting as artificial
nerves) [5].

Consequently, the conductive polymers represent dynamic structures with complex properties
which have gained a great interest in various scientific fields because of their vast versatility.
On the other hand, they possess very good electrical and optical properties and allow an
excellent control of the electrical stimulus, and furthermore, a great advantage of conductive
polymers is that the physicochemical properties can be tailored to the specific needs required
by different applications, by incorporating antibodies, enzymes, and other biological moieties.
Additionally, their properties can be altered and controlled through stimulation (e.g., electric-
ity, light, pH) even after synthesis.

These complex properties can be controlled only if the nature of the processes that regulate
them during the synthesis of the conducting polymers and the extent to which these properties
are changed by the application of an electrical stimulus are known and understood.

Considering the vast possibilities to use the new electroactive materials in biomedicine, this
chapter gathers all of the available information concerning the most commonly conductive
polymers and their mechanism of conduction. The implications of the classical and modern
synthesis methods in designing the new electroactive systems are analyzed in accordance with
the phenomena underlying their conductivity and the ways to tailor their biocompatibility,
biomolecule doping, and drug release for tissue-engineering applications.
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2. Conductivity source and doping of the conductive polymers

Conductive polymers can conduct charges as a result of ease with which electrons jump
within and between the polymer chains [2]. These polymers are considered unique, because
they possess a conjugated backbone, meaning that it is formed by a series of alternating
double and single bonds with sp2-hybridized atoms [4]. Both types of linkages are chemical-
ly strong, single ones containing localized σ-bond, while those double a less strongly
localized π-bond [7] (see Scheme 1).

Scheme 1. Schematic representation of a conjugated chain, containing alternating single and double bonds.

Such an alternating double bond system exhibits a delocalization over the entire chain, as
result of the electronic wave functions, allowing charge mobility along the polymer back-
bone and between the adjacent chains, mobility which is limited by both disorder and Cou-
lombic interactions between the electrons and holes [8]. Consequently, the conductivity is a
measure of electrical conduction and thus represents the capacity of a material to conduct
current. Generally, the materials with conductivities less than 10−8 S/cm are considered insu-
lators, materials with conductivities between 10−8 and 103 S/cm are considered semiconduc-
tors, and materials with conductivities greater than 103 S/cm are considered conductors [8].
Therefore, dopants exhibit a main role in improving of the polymers’ conductivity [2, 7, 9].
Thus, the polymers in their pure (undoped) state are described as electronic insulators;
when these polymers are doped, the conductivity changes from insulators to metals.

Doping is the process of oxidation (p-doping) or reduction (n-doping) of a neutral polymer,
delivering a counter anion or cation (i.e., dopant), respectively. Thereby, the dopant introduces
a charge carrier into the system by removing or adding electrons from/to the polymer chain,
relocalizing them as polarons (i.e., radical ions) or bipolarons (i.e., dications or dianions) into
the polymer (Figure 1) [2, 7, 9, 10].

Perspectives of Conductive Polymers Toward Smart Biomaterials for Tissue Engineering
http://dx.doi.org/10.5772/63555

121



Figure 1. Illustration of the charge transport mechanism in conductive polymers: (a) the dopant removes or adds an
electron from/to the polymer chain, generating a charge delocalized; (b) the chain is energetically favorable to localize
this charge and surround it with a local distortion of the crystal lattice; (c) the charge surrounded by a distortion ap-
pears as a radical ion associated with a lattice distortion (known as a polaron); and (d) the polaron can move along the
polymer chain, allowing it to conduct electricity.

Therefore, by doping, new electronic states are introduced within the band gap of material,
which strongly interact between them at high concentrations. As a result of these interactions,
an overlapping of the electronic wave functions occurs and generates a band of electronic state
within the band gap, in the place of the discrete levels.

Upon doping, a conducting polymer system is produced as a result of close association of the
counterions with the charged CP backbone. The attraction of the electrons from one repeat unit
to the nuclei neighboring units determines charge mobility along the chains or between the
chains, process known as “electron hopping.” The ordered movement of these charge carriers
along the conjugated CP backbone produces electrical conductivity. A conducting polymer can
be considered more conductive, when the band gap energy is smaller (i.e., distance between
conducting band and valence band).

As abovementioned, the doping process produces a number of charged carriers in polymer,
and these carriers must be mobile in order to contribute to conductivity. This parameter, σ, is
proportional with the carrier concentration, n, and mobility, μ.

The transport mechanism of the carriers in a conducting polymer is manifested more likely as
a “hopping transport,” similarly with that of amorphous semiconductors and less similar with
that of crystalline semiconductors—band transport. Therefore, can be concluded that the
doping creates the active sites—polarons—which allow carriers (electronic and holes) to move
from one site to another, by hopping mechanism.

There are many factors that influence the charge transport mechanisms and implicitly
conductivity, namely, the dopant, oxidation level/doping percentage, synthesis method, and
temperature. These will affect not only electroactivity but also the surface and bulk structural
properties of the polymer, for example, the color, porosity, and volume [2, 8, 11]. Doping can
be performed chemically, electrochemically, or via photodoping [8, 11, 12]. Therefore, small
(e.g., Cl−) and large (e.g., sodium polystyrenesulfonate, PSS) dopants can modulate both the
electrical conductivities and surface structural properties. On the other hand, larger dopants,
such as hyaluronic acid (HA), can affect the material properties more dramatically (surface
topography and physical handling properties [13]) and can increase the polymer density. Large
dopants are better integrated into the polymer and will not be leached out with time or by the
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be performed chemically, electrochemically, or via photodoping [8, 11, 12]. Therefore, small
(e.g., Cl−) and large (e.g., sodium polystyrenesulfonate, PSS) dopants can modulate both the
electrical conductivities and surface structural properties. On the other hand, larger dopants,
such as hyaluronic acid (HA), can affect the material properties more dramatically (surface
topography and physical handling properties [13]) and can increase the polymer density. Large
dopants are better integrated into the polymer and will not be leached out with time or by the
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application of an electrical stimulus, thereby giving the polymer a greater electrochemical
stability [9, 14, 15].

Surface properties, as the roughness, morphology, wettability, and stiffness, are known to affect
the adhesion and proliferation of multiple cell types [16]. It is important to note that the nature
of the dopants has a strongly influence on the bulk and surface properties of conductive
polymers [17]. Indeed, by use of different dopants, different modifications of these properties
have been observed. For example, hyaluronic acid (HA)-doped PPy is rougher and more brittle
than PSS-doped PPy [16]. Chloride anions are frequently used to dope CPs, due to their
biological compatibility, for example, PPyCl.

To incorporate molecules that are not capable of redox chemistry, such as biological dopants,
it is necessary to synthesize/dope CPs electrochemically. In literature [18], the relevant
biological effects of dopants—dextran sulfate (DS), poly(2-methoxyaniline-5-sulfonic acid)
(PMAS), para-toluenesulfonic (pTS) acid, HA, and chitosan (CS)—were compared, and it was
found that the PMAS- and CS-doped films possessed a much lower surface roughness and
Young’s modulus than the films prepared with the other dopants. In the same study, it was
also evidenced that the PMAS- and CS-doped films have sustained the adhesion and differ-
entiation of skeletal myoblasts much better than their counterparts. These observations show
the importance of relationship between dopant—material property—cellular behavior and
highlight the preservation of this correlation when choosing the doping molecule.

It can be concluded that dopants with large molecule are physically trapped and implicitly
more stable in the CP, without being easily excluded and/or exchanged by the application of
an electrical potential. Instead, small dopants can be easily diffused from CP and/or exchanged
with other ions within the surrounding environment. Therefore, properties of conductive
polymers can be adjusted by the doping process.

3. Synthesis routes and processing

Currently, the conductive polymers can be synthesized by two main methods, chemically or
electrochemically, each having advantages and disadvantages [19]. The chemical synthesis
provides not only many routes to synthesize a wide variety of CPs but also permits to obtain
a scale-up of such materials, which, currently, by electrochemical synthesis is not possible.
Thus, the chemical synthesis methods include either condensation polymerization, that is,
step-growth polymerization, or addition polymerization, that is, chain-growth polymeriza-
tion.

During the chemical synthesis the monomer solution is mixed with an oxidizing agent (e.g.,
ferric chloride, ammonium persulfate), obtaining polymers in the various forms, which makes
the method to be selected for commercial applications [20]. The conductivity of the created
polymer is highly susceptible to the choice and purity of the solvent, oxidant, relative concen-
tration of the reagents, reaction time, temperature, stirring rate, etc. Unfortunately, the
conductivity of the polymers synthesized by the chemical method is always lower than that
of their electrochemically synthesized counterparts [20].
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The electrochemical synthesis is a common alternative method for CPs obtaining, because this
synthetic procedure is relatively straightforward [19]. This technique dates from 1968 when
“pyrrole black” was obtained as a precipitate, using a platinum electrode, by exposing an
aqueous solution of pyrrole and sulfuric acid to an oxidative potential [8, 21]. Nowadays, the
electrochemical polymerization is performed using a three-electrode system (working,
counter, and reference electrodes) placed into a solution containing the monomer of the
polymer, appropriate solvent, and electrolyte (dopant) (Figure 2) [8, 22].

Figure 2. Schematic representation of the equipment for electrochemical synthesis.

This method allows the deposition of a thin film of the polymer with a well-controlled thickness
and morphology. The electrical current is passed through the solution and the electrodeposi-
tion occurs at the positively charged working electrode or anode, forming insoluble polymer
chains on the electrode surface.

Generally, the electrochemical polymerization can be achieved using three techniques:
potentiostatic (to obtain thin films), galvanostatic (to obtain thick films), and potentiodynamic
[23, 24]. In the potentiostatic polymerization, the potential of the electrodes is controlled, while
the current varies [23]. This protects the integrity of the component to be coated, making this
method ideal for the manufacture of biosensors. The electrical current can vary depending on
a number of factors (e.g., the electrode material, the plating conditions), thus a coulometer
being necessary to control the amount of polymer that is deposited. Instead, in galvanostatic
polymerization, the electrical current is controlled; this means that the rate at which the
polymer is deposited remains constant and can be controlled accurately [23]. In the course of
the potentiodynamic deposition, the polymerizing potential is swept between a low and high
potential limit in cycles. This determines the deposition of polymer in layers, each layer
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becoming electrically active before the next to be synthesized [25]. Important variables,
including the deposition time and temperature, solvent system, electrolyte, electrode system,
and deposition charge, must be considered, because each of these parameters exhibits an effect
on film morphology (thickness and topography), conductivity, and mechanical properties,
these having a direct impact on the utility of the material for biomedical applications. Conse-
quently, the electrochemical polymerization represents a new way to achieve a range of
composite materials with the special properties. Therefore, the doping and processing take
place simultaneously in the electrochemical polymerization.

One way to compensate the shortcomings of a conductive polymer is to use it together with
another polymer, combining the positive qualities of both materials. For example, functional-
ized polysulfone with quaternary ammonium groups (PSFQ) was combined with polyvinyl
alcohol (PVA) and/or cellulose acetate phthalate (CAP) into its matrix, yielding flexible,
biocompatible, and biodegradable composites with improved conductivity compared to the
PSFQ [26]. Interactions between blood and a polymer surface depend on blood composition,
blood flow, and physicochemical properties of the polymer surface, such as hydrophobicity/
hydrophilicity, roughness, and flexibility, or on the toxicological and electrical properties [27,
28]. Consequently, it is assumed that the quaternization effect and choosing of an appropriate
additive (PVA and/or CAP) significantly improve the ionic conductivity and also could
optimize electric properties required by ionic exchange membrane [29]. Additionally,
PSFQ/CAP and PSFQ/PVA composites were able to maintain its electroactivity and established
compatibility with some blood compound (e.g., red blood cells (RBC) and platelets) and also
with plasma protein (e.g., albumin, immunoglobulin G (IgG), and fibrinogen) [26, 27, 30]. These
results seem to be applicable for evaluating bacterial cell adhesion on polymer surfaces and
could be employed for studying possible induced infections or for obtaining biomembranes.

Electrospinning is a versatile process that allows to process some conductive polymers into
nano- and microfibers [31]. In this context, solutions processable of cationic ionomers (PSFQ)
have received widespread attention for their promising roles as exchange membranes and
antibacterial coatings. Therefore, the solutions of the polysulfone ionomers were processed by
electrospinning to create new fibrous materials that can modulate biomembrane properties.
In particular, their biological activity (investigated against Gram-positive Staphylococcus aureus
and the Gram-negative Escherichia coli bacteria) depends on their structure and physicochem-
ical properties which affects the interaction with the cytoplasmic membrane of bacteria and
influences their cell metabolism [32]. Consequently, the electrospinning proved to extend the
possible applications of quaternized polysulfones by preparing continuous fine fibers with
characteristics which recommend them for applications as biomaterials and membranes in
various fields.

Additionally, the conductive polymers have also been successfully polymerized inside of the
hydrogel networks [33]. This allows the creation of electroactive hydrogels, which combine
the redox switching capabilities of conductive polymers with the fast ion mobility and
biocompatibility of the hydrogels. These electroactive hydrogels can be of various sizes,
binding the bioactive molecules and nanotemplated in order to mimic the extracellular matrix
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[34]. These properties make them ideal for implantable biosensors, drug release devices, and
deep-brain stimulators.

4. General functionalization strategies of conductive polymers for specific
applications

As already mentioned, CPs have electrical and optical properties similar to those of metals and
inorganic semiconductors and also are ease of synthesized and processed, which makes them
suitable for a wide range of applications in the microelectronics industry [35] and, more
recently, in the biological field. Good cellular response to the biomaterial is essential for many
biomedical applications [36]. Therefore, many types of conductive polymers (e.g., PPy, PANI,
and polyethyleneimine (PEI)) have been shown to support the growth of a large variety of cell
[1, 2]. Additionally, the improvement of the conductive polymer biocompatibility can be easily
accomplished by bonding the biocompatible molecules, segments, and side chains on the
polymer [37]. However, there are few studies of the reduced biocompatibility [5, 38]. It was
found that this variation in biocompatibility is due to the dopants and different preparation
protocols used in the experiments; for example, it was shown that rinsing, extraction, and aging
have a significant effect on the biocompatibility [39], generating changes of the polymer surface
topography, which can have as a result an altered cell behavior [5].

Studies of the conductive polymers for applications in biomedical field were expanded greatly;
since 1980s these materials were compatible with many biological molecules such as those used
in biosensors. Most of CPs present significant characteristics for biomedical applications,
namely, the biocompatibility, ability to entrap and/or release the biological molecules (i.e.,
reversible doping), or ability to transfer the charge by biochemical reaction. Additionally, they
have the capacity to easily modify the electrical, chemical, and physical properties for a better
match to specific applications [36, 40].

Although a wide range of CPs has been explored for a number of applications, as described in
more detail below, considerable research remains to be performed, contributing thus to
extending possible applications of these “smart” materials.

4.1. Overview on the conductive polymers functionalization

There is always the desire to optimize the material properties when it targeted a specific
application. Thus, the optimization of the roughness, porosity, hydrophobicity, conductivity,
degradability properties of the conductive polymers, and binding of the biological molecules
(capable to make them promising candidates for biomedical applications) can be achieved
through different techniques (see Figure 3) [8].

(1) Physical adsorption represents the simplest method. The resulted product is sensitive to
pH, and adsorbed molecule dissociates and thus compromises the conductivity of the
polymer, making the material to become “inactive.” In this method, a solution containing
functionalizing agent is placed in contact with the polymer, after it was synthesized. The
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biomolecules are physically absorbed due the static interactions between the polymer
matrix and charge of the molecule [8, 41, 42].

(2) Another non-covalent method is entrapment [43]. This occurs by mixing the desired
molecule with the monomer of the polymer, dopant, and solvent, prior to the synthesis.
After the electrochemical polymerization, the molecules of the functionalizing agent from
the proximity of the electrode are incorporated into the growing polymer. This technique
was firstly applied to link large molecules (e.g., enzymes, DNA), which once entrapped
are unable to leave the polymer due to their size [44].

(3) The process of doping CPs, necessary to induce conductivity, can also be exploited to
modify CPs non-covalently and to introduce new properties for a desired application. This
allows the bonding of a wide range of biomolecules (dopants), as long as they are charged
[45, 46]. For example, by doping the collagen, heparin, chitosan, and ATP have been
successfully bound in conductive polymers as growth factors [2, 12].

(4) Introducing of the bioactive molecules through doping exhibits a higher negative effect
on the polymer’s conductivity than the covalent bonding [2, 11, 45]. Thus, alternatively,
covalent methods can be used to permanently functionalize CPs. By this method, the
biological molecules will be strongly bound and will not be released, thereby enhancing
the long-term stability of the polymer [45].

Figure 3. Modification strategies applied to conductive polymers: (a) physical adsorption, (b) entrapping, (c) covalent
bonding, and (d) exploiting the doping.

It is important to note that the steric effects of any incorporated functional group may disrupt
the planarity of the conjugated system and implicitly decrease the conductivity. Functionali-
zation of CPs with different biomolecules has allowed medical engineers to modify CPs with
sensible biological elements. Thus, through different ways, CPs with enhanced adhesion and
proliferation of a cell variety with improved biocompatibility have been developed.

4.2. Specific applications: from concept to biomedical perspectives

Conducting polymers have attracted great interest as suitable matrices for biomolecules,
because they improve the stability, speed, and sensitivity [47, 48] and, therefore, can be widely
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used in medical diagnostics [49, 50]. The conductive and semiconductive properties of these
polymers make them an important materials’ class used in a wide range of applications, from
the electronic and biotechnological ones (such as rechargeable batteries, electronic displays,
solar cells, ion-exchange membrane in fuel cells, chemical sensors, and biosensors) to drug
release systems and tissue applications (used to transport small electronic signals in the body
acting as an artificial nerves or used as films in a neurotransmitter as a drug release system
into the brain).

4.2.1. Biosensor applications

Biosensors are of great interest, because these interesting bio-devices have been shown to have
applications in clinical diagnostics, environmental monitoring, food freshness, and bioprocess
monitoring [47, 51–53]. The first biosensor device was created by integrating an enzyme into
an electrode [54], but subsequently, for clinical purposes a great progress in monitoring and
diagnosing metabolites (e.g., glucose, hormones, antibodies, antigens) has been made. A
biosensor is a chemical sensing device in which a biologically entity is coupled to a transducer
to allow the quantitative development of some complex biochemical parameter [55]. The
interaction of the detection element with the interest analyte produces a chemical signal that
is transmitted to the transducer, which ultimately transforms the input into an electrical signal
(Figure 4). The major challenge when using CPs in the design of the biosensor with electro-
chemical transducer is to understand the mechanism of the electrons transfer. Depending on
the way in which the chemical signal is transmitted, the biosensors can be divided in several
categories: amperometric, potentiometric, conductometric, optical, calorimetric, and piezo-
electric [56].

Figure 4. Scheme of a conductive polymer-based biosensor.

There are three so-called generations of biosensors:

(1) First generation of biosensors where the normal product of the reaction diffuses to the
transducer and causes the electrical response.
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(2) Second generation of biosensors involves the specific “mediators” between the reaction
and the transducer, generating an improved response in two steps. Firstly, a redox reaction
between the enzyme and substrate, reoxidized by the mediator, occurs, and secondly, the
mediator is oxidized by the electrode.

(3) Third generation of biosensors is autonomous and arises from the nature of the sensor;
the reaction itself causes the response and no product or mediator is not directly involved.
The third generation of sensors is accompanied by co-immobilization of the enzyme and
mediator at the electrode surface, that is, the direct electrical contact of enzyme to electrode
occurs.

An important aspect in the biosensor applications is represented by the integration of con-
ductive polymer in biological recognition components (such as glucose, cholesterol, urea,
triglycerides, creatinines, and pesticides) [8]. Rahman et al. [41, 57], using the covalent
immobilization method of pyruvate oxidase on the nanoparticle-comprised poly-(terthio-
phene carboxylic acid), poly-TTCA, have obtained a biosensor for amperometric detection of
the phosphate ions. For example, literature reported that for the fabrication of the DNA
sensors, copolymers of PPy and oligonucleotides bearing a pyrrole group were used [8].
Additionally, literature has been shown as example the immunosensors for detecting Listeria
monocytogenes, created by covalent binding of the Listeria monoclonal antibody to a copolymer
of carboxylic acid-functionalized PPy and regular PPy [8]. Trojanowicz and Miernik [58] have
developed avidin–biotin (N-(biotinoyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanola-
mine, triethylammonium salt) interactions for the immobilization of the glucose oxidase on
bilayer lipid membrane formed on polypyrrole and poly-o-phenylylenediamine electrode-
posited onto platinum wire, respectively. These types of membrane-based glucose biosensors
cause a significant reduction from the electroactive species (e.g., ascorbic acid, cholesterol, and
uric acid), giving a stable response [59].

The recent progress in the molecular biology/recombinant DNA technologies has opened
enormous possibilities for the microorganisms’ adjustment to improve the activity of an
existing enzyme or to emit a foreign enzyme/protein in a host cell to be used for enhancing the
specific activity. There have been various strategies to modify the microbes for application to
microbial biosensors. For example, Lei et al. [59, 60] have reported a cell biosensor using PNP-
degrader Pseudomonas putida JS444 for the estimation of organophosphorus nerve agent with
p-nitrophenyl constituent. This biosensor was found to be stable for only 5 days.

Recent advances in carbon nanotubes (CNTs) include their incorporation in CP-based biosen-
sors. For example, preliminary studies have been performed on the exploration of the prop-
erties of both PPy/CNT and PANI/CNT devices as pH sensors [61]. Moreover, for label-free
detection of DNA, DNA-doped PPy in conjunction with CNTs was used. Similarly, DNA
sensors have been created from a composite of PPy and CNTs functionalized with carboxylic
groups by covalently immobilization of DNA on CNTs [62]. In general, the presence of CNTs
generates an increase of the biosensors overall sensitivity and selectivity.
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4.2.2. Tissue-engineering applications

The development of biosensors has created a basis for using the conductive polymers in many
biological environments; in fact it was the first step to explore CPs as biomaterials for different
cells. Literature has shown that the cells (e.g., fibroblasts, neurons, and osteoblasts) responded
to the electrical fields created by electrets [63] or between electrodes, in vitro and in vivo studies
[64, 65]. The general properties of CPs, desired for the tissue-engineering applications, include
the conductivity, reversible oxidation, redox stability, biocompatibility, hydrophobicity
(contact angle with water is 40–70°, promoting cell adhesion), three-dimensional geometry,
and surface topography.

Literature states that PPy was one of the first CPs studied for its effect on the mammalian cells
[66]. Moreover the adhesion and growth of various cells (endothelial cells [66, 67], rat pheo-
chromocytoma cells (PC12) [68], neurons, and support cells), associated with dorsal root
ganglia (DRG) [69], primary neurons [70], keratinocytes [71], and mesenchymal stem cells [72],
were reported. Because the advantage of using CPs in tissue-engineering applications consists
in ability to subject the cells to an electrical field, studies concerning the cell compatibility, when
a current or voltage is applied to PPy, have been made. In addition to the biocompatibility of
PPy, several studies have shown that the electrical stimulation using PPy doped with p-toluene
sulfonate (PPyTS) can modulate the cellular response. Most of these studies were based on the
passive adsorption of the biomolecules from serum or on the coating of purified protein
solutions at PPy surface. In one of the first studies [66] performed to assess the suitability of
CPs to support the cell growth and control the cell function, aortic endothelial cells were
cultured on fibronectin (FN)-coated PPy films and exposed to the oxidizing potentials (see
Figure 5). Oxidized PPy leads to the cell spreading, because the reduction of PPy to its neutral
state causes the cell rounding and a concomitant drop in DNA synthesis (≈98%). Despite the
changes in cellular morphology, the cell viability and adhesion were very good on both
oxidized and neutral PPy.

Figure 5. Photomicrograph of endothelial cells cultured on fibronectin-coated PPyTS: (a) PPy in native oxidized state
and (b) PPyTs reduced by the application of −0.5 V for 4 h.

Also, in literature many studies on the entrapped biomolecules, for example, adenosine 50-
triphosphate (ATP) [73] and nerve growth factor (NGF) [68] in PPy, as well as other CPs for
both drug delivery and tissue-engineering applications, exist. The dopant confers to the
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material new properties; thus, function of dopant nature, some specific properties of PPy,
needed in tissue applications (e.g., the growth of different cell or specific aspects of wound
healing), can be optimized. For example, PPy doped with HA has been synthesized and
investigated for tissue-engineering applications, because of HA’s inherent role in the wound
healing and angiogenesis [8, 13]. According to Figure 6, in vivo studies realized for PPyPSS
films and PPyHA bilayer films showed that the PPyHA bilayer films were biocompatible and
promoted vascularization as a result of the HA presence. Both films were implanted in
subcutaneous pouches at rats. Tissues surrounding the material were harvested after 2 weeks,
fixed, imbedded, and stained with hematoxylin and eosin.

Figure 6. In vivo tissue response to PPyPSS films (a) and PPyHA bilayer films (b). The black lines in the images repre-
sent the films and the blood vessels are denoted by arrows.

It is important to note that both the surface topography and conductivity are significantly
altered when the biomolecules are exclusively used as dopants (see examples in Figure 7) [13,
71].

Figure 7. Topography using scanning electron microscopy (SEM) (a–d) and corresponding cyclic voltammograms (CVs
indicating electrical activity of the materials) (a′–d′) for thick films of PPyCl (a,a′), PPy doped with poly(vinyl sulfate)
(b,b′), PPy doped with dermatan sulfate (c,c′), and PPy doped with collagen (d,d′) (inset is for thin film of collagen-
doped PPy). A narrow CV spectrum correlates to decreased electroactivity.

Researchers have shown that the exploration of PANI for tissue-engineering applications has
progressed more slowly than the development of PPy for similar applications. However,
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recently, there were more evidences concerning the ability and variants of PANI to support the
cell growth and PANI’s biocompatibility in vivo arousing interest to be used in tissue-engi-
neering applications. For this reason, other methods have been sought to modify PANI to
render it biocompatible while maintaining the desirable electrical properties of the material.
For example, wettability properties of PANI have been modified by the entrapment of a triblock
copolymer, [poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene oxide) (PEO–PPO–
PEO)] (see Figure 8) [8, 74].

Figure 8. SEM image of PANI films immersed in N-methylpyrrolidinone (NMP) for 300 s followed by dipping in water
(a) and immersed in 0.03 g/mL pluronic polymer/NMP solution followed by dipping in water (b) for 20 μm scan area
and magnification of 1000x.

Moreover, literature presents that the cross-linked composites of PANI–gelatin exhibit good
biocompatibility in vivo [8]. Due to the optimal mechanical properties, the gelatins allow it to
be electrically spun into fibers, generating three-dimensional scaffolds as a function of
PANI:gelatin ratio (Figure 9) [75].

Figure 9. SEM images of PANI–gelatin blend fibers at 45:55 (w/w) ratio (a) and of myoblast cells cultured on 45:55
PANI–gelatin blend fibers (b) and (c) morphology of myoblast cells at 20 h after post-seeding on 45:55 PANI–gelatin
blend fibers (staining is for nuclei-bisbenzimide and actin cytoskeleton phalloidin—fibers autofluoresce).

4.2.3. Neural probe applications

Many of the advances made in tissue-engineering applications, especially regarding the
neurons, are relevant for the optimized neural electrodes’ development. Significant in this
research area is the necessity of an interface between the electrodes and neural tissue and
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efficient transmission of the signal between the cells and electrode, thus integrating the device
seamlessly with the native neuronal signaling network [8]. Therefore, conductive polymers
(e.g., PPy commonly explored, PEDOT recently studied) can be considered as potential
candidates for neuronal probe applications, due to their special properties, namely, the high
surface area and ability to promote an effective ion exchange between the recording sites and
surrounding tissue. In this context, George et al. [76] have designed a neural probe, which
could also be used as a neural scaffold, starting from PPy doped with PSS or sodium dode-
cylbenzenesulfonate (NaDBS). The aim of this study was to investigate the effectiveness of an
implant specially manufactured by the electrochemical deposition (the dopant and tempera-
ture were varied) of PPy on a patterned gold template. It was found that PPy doped with
NaDBS is more conductive than PPyPSS, which could increase the signal transportation from
the cells to electrode. Moreover, PPy augmented with biological moieties may offer advantages
for the neural probe applications. The careful selection of the bioactive molecule is essential to
enhance the neuron adhesion, which will increase the signal received from neurons and in the
same time, to minimize the astrocyte adhesion, which would interfere with the neuronal signal.
For example, a silicon-based 4-pronged neural probe was micropatterned with a layer of gold.
Thus, PPy doped with either SLPF (the silk-like polymer having fibronectin fragments) or
laminin-derived nonapeptide p31 (CDPGYIGSR) was deposited on the gold sites [77]. The
entrapment of these peptide sequences has enhanced the cell attachment, growth, and
migration, but at a particular deposition time, the surface area and the conductivity of PPy
were maximized. The integration of the probe into the neural tissue and increasing the
conductivity lead to an increase in surface area (see Figure 10), improving the signal trans-
portation. Finally, it was demonstrated that glial cells preferentially attached to PPySLPF and
neuroblastoma cells adhered significantly better to PPyCDPGYIGSR compared to

Figure 10. SEM images (a–d) of PPySLPF-coated electrode sites function of the deposition time which increased, corre-
sponding to a total charge of 0 mC (a), 1 mC (b), 4 mC (c), and 10 mC (d). The area of the uncoated electrode is
1250 μm2 (scan area for all images is 10 μm).
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PPyCH3COO−, further suggesting the enhancement of electrode–neuron interactions in the
presence of PPy doped with bioactive peptides.

In addition to CP modification with peptides, the deposition of the CP within a hydrogel
network represents another attractive strategy to better integration of CP with target cells [78].
Hydrogels are attractive, because they are biocompatible and porous and can be tailored to
possess the mechanical properties of the surrounding tissue (e.g., brain tissue), thus creating
a better electrode–cell interface.

As previously mentioned, PEDOT has recently explored as an alternative to PPy, because it is
more stable to oxidation and more conductive. In literature comparative studies concerning
the electrochemical deposition of PEDOT and PEDOT–MeOH for the neural probes were
presented [79]. Both materials lead to an improvement of the electrochemical stability and
surface area increasing, compared to the controls’ sample, and implicitly to a decrease of the
impedance. The two forms of PEDOT were successfully doped with the laminin-derived
DCDPGYIGSR peptide and the rat glial cells preferentially grown on PEDOT–DCDPGYIGSR.
PEDOT–MeOH has not been tested in vivo, but the advantage of using this CP over PEDOT is
that its monomer is more soluble in water, which would permit the polymer synthesis in the
aqueous systems that are necessary for the incorporation of many biomolecules. Additionally,
future studies will be focused on the depositing agents in order to minimize the immune
response, to reduce the encapsulation, and to induce the nerve growth toward the electrode
[80].

4.2.4. Drug delivery

Besides biosensors, tissue engineering, and neural probes, there are other important investi-
gations of CPs for biological applications. These include the using of CPs as drug-delivery
mediators, actuators, and antioxidants. Many disciplines of science, including the medical,
pharmaceutical, and agricultural fields, require the controlled delivery of the chemical
compounds [33]. This has been a great challenge, but in present, the use of the conductive
polymers as a substrate material for controllable drug-delivery devices promises to overcome
this [33]. The molecules linked in such polymers through doping can be expelled through the
application of an electrical potential. The fact that they can be porous and show delocalized
charge carriers helps to the diffusion of the linked molecules [33]. This represents another
reason for conductive polymers to be considered suitable for drug release applications.

In experiments, concerning drug-delivery applications, many therapeutic drugs including 2-
ethylhexyl phosphate [81], dopamine [82], naproxen [83], heparin [84], and dexamethasone
have already been bound and successfully released from these polymers. By electrical
stimulation [84], the release of the heparin from PVA hydrogels covalently immobilized on
PPy films has been triggered. There are a few factors that limit the application of the conductive
polymers for drug release, namely, the molecules loaded in polymer tend to leach out through
diffusion being replaced by other molecules from the polymer’s environment [85]. This passive
loss of charge becomes worse when a relatively small amount of drug is bounded in polymer.
Additionally, both charge and molecular weight restrict the molecules which can be bound
and released. This can be easily overcome through the use of biotin–streptavidin coupling; the
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biotin acts as the dopant, while the bioactive molecule is covalently bound to the biotin and
then released by electrical stimulation. Another advantage is that the biotin provides more
uniform release kinetics. A problem that persists is the tiredness of the conductive polymer
with repeated cycles of electrical stimulation: repeated cycles can cause irreversible oxidation
in the polymer, which coincide with the dedoping and the reduced conductivity, which
ultimately limits its useful lifetime [33].

5. Conclusions

Unlike many other materials, CPs have uses in a diverse array of applications ranging from
photovoltaic devices to nerve regeneration. The unique property that ties all these applications
is their conductivity and, in addition, ease of preparation and functionalization. This fact is
especially true in biomedicine, whether for biosensors or for control over cell proliferation and
differentiation. Tissue engineering is a new concept in which cells are seeded on material
scaffolds and then implanted in defected part of body. The ability of conductive scaffolds to
accept and modulate the growth of a few different cells, including endothelial, nerve, and
chromaffin cells, has shown a bright future of this “smart” material in the field of tissue
engineering and regenerative medicine.
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Abstract

In  this  chapter,  we  present  a  brief  introduction  to  semiconducting  properties  of
conjugated polymers and the motivation to apply this class of materials in electronic/
optoelectronic devices such as polymer light-emitting diodes (PLEDs). We describe, in
detail, the operating mechanisms of PLEDs, with particular focus on the effects of charge
injection  and  transport  and  their  dependence  on  the  external  electric  field  and
temperature. The mechanisms of current injection from the electrodes into the organic
semiconductor are initially treated using traditional models for thermionic emission
and  tunnelling  injection.  More  recent  models  considering  the  influence  of  metal/
semiconductor interface recombination and of energetic and spatial disorder in the
injection currents are also introduced and discussed. In addition, models considering
space-charge-limited currents and trap-filling-limited currents are employed to describe
the  charge  transport  characteristics  in  the  bulk.  Furthermore,  we  present  a  brief
discussion on ideas concerning the effects of the disorder on the charge-carrier transport
behaviour.

Keywords: polymer light-emitting diodes, conjugated polymers, electrical properties,
space-charge-limited currents, organic semiconductors

1. Introduction

In the past three decades, we have witnessed an impressive fast-growing number of scientific
publications  concerning  the  electronic  and  optoelectronic  properties  of  semiconducting
polymers, from fundamental theoretical studies to reports of cutting-edge applications. In the
same period, the device performance, quantified by device parameters such as charge-carrier
mobility,  electroluminescence efficiency or  photovoltaic  energy conversion efficiency,  has
presented a remarkable improvement permitting the achievement of devices with performance
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compactible to commercial needs. The great advantage of semiconducting polymers compared
to other electronic materials is that they are low-cost, lightweight, flexible and can be solution-
processed, allowing the deposition over large areas and facilitating upscaling production.

A common characteristic of all semiconducting polymers is the chain conjugation, i.e., the
alternation of single and double bonds of the carbon atoms in the backbone chain. When two
carbon atoms form a double bond, three equivalent orbitals are formed due to the sp2

hybridization and are responsible for three coplanar σ-bonds. The remaining orbital, pz, is
perpendicular to sp2 orbitals plane and the interatomic spacing is such that an overlapping of
the wave function of neighbouring electrons occurs, giving rise to a π-bond. In a conjugated
structure, however, the π-electrons are delocalized over all carbon atoms along the conjugation
extension, forming a set of bonding molecular orbitals (MO). The π-electrons in the highest
energy occupied molecular orbital (HOMO) are more susceptible to be excited and to suffer a
transition to the lowest energy unoccupied molecular orbital (LUMO) in a process commonly
referred as a π-π* transition. The minimum energy necessary for the electron to undergo this
transition is the energetic bandgap of the semiconducting polymer. For a more detailed study
concerning the formation of molecular orbitals and electronic transitions, we recommend the
studies of Kao and Hwang [1] and Pope and Swenberg [2].

An electronic π-π* transition introduces an electron in the LUMO, leaving a vacant state (hole)
in the HOMO. Such transition can be thermally or optically induced, due to the absorption of
a sufficiently energetic photon, in the latter case. When such transition originates an excited
state characterized by an electrostatically bound electron-hole pair, it is designated as an
exciton. Excitons can migrate, diffuse, dissociate or simply decay (which can be radiative or
non-radiative), playing an important role in the physics of optoelectronic devices such as
polymer light-emitting diodes (PLEDs) and organic photovoltaic solar cells (OPVs). Moreover,
charge transport in conjugated polymers takes places via charged excited states (electrons in
the LUMO or holes in the HOMO) which may be originated from exciton dissociation, charge
injection from electrodes, thermal generation (intrinsic carriers), electrochemical doping, etc.
In conjugated polymers with degenerate ground state, charged excited states are associated
with conformational defects named solitons, whereas for polymers with non-degenerate
ground state such defects are called polarons [3–5]. Polarons are half-spin semi-particles which
can be negatively or positively charged, playing a similar role in conjugated polymers as
electrons and holes in inorganic semiconductors or in organic molecular crystals. In the context
of this chapter, we will interchange the terms for negatively (positively) charged polarons and
electrons (holes) with no loss of rigor.

The schemes of the chemical structures of some conjugated polymers, frequently used as
conducting/semiconducting layer of polymeric electronic/optoelectronic devices, are present-
ed in Table 1.

From the previous exposition, we can assume that all characteristics of electronic processes of
semiconducting materials such as charge injection, transport, photo-generation and recombi-
nation are originated in the conjugation of the polymer backbone chain. In the following
sections, we will show how these properties can be applied in electronic and optoelectronic
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ed in Table 1.

From the previous exposition, we can assume that all characteristics of electronic processes of
semiconducting materials such as charge injection, transport, photo-generation and recombi-
nation are originated in the conjugation of the polymer backbone chain. In the following
sections, we will show how these properties can be applied in electronic and optoelectronic
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devices, with special focus on polymer light-emitting diodes, and discuss their basic operating
mechanisms.

Polymer Acronym   Scheme

trans-polyacetylene t-PA

  

Polyaniline (emeraldine base) PANI

   

Poly(3,4-ethylenedioxythiophene) PEDOT

  

Poly(p-phenylene vinylene) PPV

  

Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-

phenylenevinylene]

MEH-PPV

  

Poly(9,9-di-n-octylfluorenyl-2,7-diyl) PFO

  

Poly(3-hexylthiophene) P3HT

  

Table 1. Scheme of chemical structures of some conjugated polymers used is polymer electronic devices.

2. Polymer light-emitting diodes (PLEDs)

The first electroluminescent device with active layer based on a conjugated polymer was
reported in 1990 by researchers from Cambridge University [6]. Although organic light-
emitting diodes (OLEDs) with a high efficiency light output were reported 3 years before by
researchers from Eastman Kodak [7], the great novelty of this work was the remarkably easy
manufacturing process, based on the deposition of a thin-film, by spin-coating from a solution

Electrical Properties of Polymer Light-Emitting Devices
http://dx.doi.org/10.5772/64358

147



of a polymer precursor onto indium-tin oxide (ITO)/glass substrates. After thermal conversion
of the polymer precursor into poly(p-phenylene vinylene) (PPV), metallic electrodes (Al) were
thermally evaporated on top of the polymeric film, forming a diode that, when forward
polarized (ITO electrode biased positively), emitted a yellowish-green light (thanks to a
bandgap energy of about 2.7 eV). Polymer light-emitting diodes (PLEDs) are, in fact, OLEDs;
however, a different acronym is frequently employed to emphasize the difference whether the
active layer comprises a conjugated polymer (solution processed) or a molecular solid
(processed via thermal evaporation). OLEDs based on molecular solids present higher
crystallinity, better thickness control, can be manufactured in multiple layers configuration
and, in most of the cases, achieve higher performance than PLEDs. Nevertheless, polymers can
be solution processed, allowing low-cost deposition techniques, compatibility to flexible
substrates and easy expansion to large-area mass production (by means of spray or roll-to-roll
deposition).

Figure 1a schematically represents the cross section of a simple, single-layer PLED structure.
The ‘straight-band’ diagrams of Figure 1b–e are just a simplified vision of the formation of the
metal/semiconductor junctions (which are, actually, Schottky type) at the interfaces. To obtain
a PLED, it is necessary to use a high work-function (ΦA) electrode (close to the HOMO level)
as an anode and a low work-function (ΦC) metal (close to the LUMO level) as a cathode. Figure
1b shows the energy diagrams for the isolated semiconductor and metallic electrodes before
the contacts are made. When the device is reverse biased (ITO electrode biased negatively) or
at a positive voltage lower than the difference between the electrodes’ work functions divided
by the elementary charge ([ΦA − ΦC]/q), commonly known as built-in voltage, Vbi, the barriers
for the injection of electrons into the LUMO and holes into the HOMO of the conjugated
polymer are very high (Figure 1d) and the charge-carrier transport is dominated by the
thermally generated intrinsic carriers whose density is usually low, resulting in a relatively
low-current device. At an external bias equal to Vbi, the band diagram becomes ‘flat’ (Figure
1c) and the situation is equivalent to the isolated energy levels before the formation of the
junctions (Figure 1b). For voltages higher than Vbi, the band diagrams are reversed compared
to the equilibrium configuration (Figure 1d) and the energy barriers for injection of electrons
into the LUMO and holes into the HOMO are much lower, resulting in a considerably higher
current device. In this situation (forward bias), electrons in the LUMO flow towards the anode
and holes in the HOMO flow towards the cathode. A fraction of these injected charge carriers
recombines inside the device active layer, giving origin to excitons that can undergo radiative
decay, resulting in electroluminescence (EL).

A high-performance PLED is characterized by a high EL efficiency, which is mainly limited by
the exciton recombination efficiency, the optical coupling device geometry and the balance in
the electrode injection and bulk transport of both types (electrons and holes) of charge carriers.
Each of these limiting factors in the device EL efficiency depends on several parameters
demanding a thorough study. For brevity, we will focus, in the present chapter, only on the
charge injection and transport processes, leaving the former two cases for further reading [8, 9].
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Figure 1. (a) Basic structure of a PLED; (b) energy band diagram before the contact formation; (c) ‘flat-band’ condition;
(d) band diagram for the device in equilibrium and (e) band diagram for the device in forward bias. In these figures,
ΦA and ΦC represents, respectively, the anode and the cathode work functions, χ, the electronic affinity, φ, the ioniza-
tion potential of the conjugated polymer, ϕ and Δ, the energy barrier for injection of, respectively, electrons and holes
at forward bias and V, the voltage between the device electrodes.

In an ideal PLED, electrons and holes would not have any restriction for injection from the
electrodes and the density of injected charge carriers would be balanced, as well as the charge
transport across the polymer layer would have equal constraints for both types of charge
carriers. This picture is, though, far from being realistic. Energetic barriers need to be surpassed
for the injection of electrons and holes from the electrodes into the polymeric layer, and it is
virtually impossible to have equivalent injection for both electrons and holes. Although the
charge injection represents a bottleneck in the current flow process, after the charge carriers
are injected into the semiconducting polymer, the charge-carrier mobility becomes the decisive
factor for the charge balance inside the device active layer. The charge-carrier mobility of
electrons in conjugated polymers is frequently found to be several times smaller than the hole
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mobility [10], which results in an asymmetric charge density distribution, strongly affecting
the EL efficiency.

In a general way, the total current in a PLED can be described by

inj bulkJ P Mµ ´ (1)

where Pinj is a function dependent on the device injection current and Mbulk is a function
dependent on the transport current in the bulk is the transport current in the bulk. Eq. (1) means
that, if the charge injection is restricted, the total device current will be limited, no matter how
efficient is the charge-carrier transport in the bulk. Equivalently, if constraints in the charge-
carrier transport exist, they will limit the total current in spite of how good are the electrodes
for charge injection. In the following two subsections, we will present and discuss the main
mechanisms that rule charge injection and transport in semiconducting polymers.

2.1. Charge-injection mechanisms in PLEDs

The ideal condition for charge injection from an electrode into a semiconducting polymer is
when the work function of the cathode (ΦC) and of the anode (ΦA) matches, respectively, the
LUMO and HOMO levels of the organic semiconductor. In such situation, when the difference
between the electron affinity (χ) and the cathode work function and the ionization potential
(φ) and the anode work function is in the order of magnitude or smaller than the thermal
fluctuation energy, kBT, we say that the device has ohmic contacts and that, consequently, the
device current will be mainly limited by the transport in the bulk. A device with ohmic contacts
does not necessarily present an ohmic behaviour, i.e., a linear dependence between current
and voltage. Ohmic contacts simply mean that the barriers for charge injection from the
electrodes are small enough to be neglected in the description of the total net current flowing
across the device. The general case, however, is when these energy barriers for injection cannot
be neglected and barriers ϕ = ΦC − χ for electron injection and Δ = φ − ΦA for hole injection
exist.

Figure 2. (a) Current-voltage (I-V) and luminance-voltage (L-V) characteristics of a typical PLED in structure ITO/
PEDOT/PDHF-PPV/Ca/Al. (b) Absorption and emission (EL) spectra for the conjugated polymer used as active layer
(PDHF-PPV).
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Figure 2a presents the current-voltage (I-V) and luminance-voltage (L-V) characteristics of a
typical PLED fabricated using a structure ITO/PEDOT/PDHF-PPV/Ca/Al. The poly(3,4-
ethylenedioxythiophene), PEDOT, layer serves as a hole injection layer between the active
emissive layer (made of poly (9,9–dihexyl fluorene diyl phenylene-alt-1,4-phenylene vinylene),
PDHF-PPV) and the ITO electrode, providing almost ohmic contacts for hole injection into the
polymer HOMO. On the other hand, the Ca electrode offers an almost ohmic contact for
electron injection into the organic semiconductor LUMO. As a consequence, the onset for the
forward current and for the EL device (Figure 2a) occurs almost simultaneously (due to
balanced injection of both charge carriers) at a voltage that is nearly equal to ΦA − ΦC/q, and
slightly above 2.0 V. The absorption and emission spectra of PDHF-PPV are shown in Figure
2b.

In a real PLED, the height of these barriers may be very different, leading to a highly unbal-
anced injection of electrons and holes. In such a case, the total current density will be dominated
by the majority carriers, which are the most injected charge carrier type. On the other hand,
the light emission will be limited by the density of injected minority charge carriers, since, for
electroluminescence, both types of charge carriers are needed.

Table 2 presents some values for the ionization potential, electron affinity and energy bandgap
of some conjugated polymers used in PLEDs, as well as the work function of conductive
materials that can be used as electrodes. Although PEDOT is a conjugated polymer, it is highly
conductive and only the value of the work function is computed Table 2. These data allow one
to evaluate the barrier height for carrier injection in the correspondent molecular orbital
(HOMO or LUMO), being essential for the design of the PLED with the desired characteristics.

Bandgap Eg
(eV)

Electron affinity χ
(eV)

Ionization potential φ
(eV)

Work function Φ
(eV)

PPV 2.7 2.8 5.5 –

MEH-PPV 2.2 3.0 5.2 –

PFO 3.0 2.9 5.9 –

PEDOT – – – 5.0–5.2

ITO – – – 4.7–4.8

Al – – – 4.06–4.41

Au – – – 5.1–5.47

Ag – – – 4.26–4.74

Mg – – – 3.6–3.7

Ca – – – 2.87–3.00

Table 2. Some values for the ionization potential, electron affinity and energy bandgap of some conjugated polymers
used as active layer of PLEDs and the work function of materials commonly used as electrodes.

The device total injection current behaviour can be appropriately described by the injection
properties of the lowest height energy barrier contact, in the case of highly unbalanced electron
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and hole injection or, when the barrier heights at both metal/semiconductor interface are
comparable to each other, by a function proportional to the sum of each separate injection
current contribution.

The charge injection from an electrode into an organic semiconductor can be treated by a
variety of different approaches. The first models used to explain the charge injection charac-
teristics in PLEDs were imported and adapted from the traditional models used in inorganic
semiconductor devices and insulators. However, the experimental data obtained from PLEDs
can hardly be totally described by a simple model and, frequently, a combination of different
processes, occurring concomitantly, is used. Another methodology, specifically developed for
organic/amorphous semiconductors, includes the effects of energetic and positional disorder
in the injection mechanisms. Next, we will present and discuss the most commonly used
models to describe charge injection in PLEDs.

2.1.1. Injection by tunnelling

When a PLED is at forward bias (Figure 1e) and the energy barrier height ϕ (or Δ) at the metal/
polymer interface cannot be neglected, one possibility for the injection of an electron (hole)
into the LUMO (HOMO) is the tunnelling across this barrier. Due to the band bending caused
by the external applied field, such barrier can be approximated to a triangular barrier whose
width depends on the electric field. The tunnelling current density can be evaluated by
considering the Wentzek-Kramers-Brillouin (WKB) approximation [1] for tunnelling through
a potential given by the image force model. The analytic dependence of the current density
dominated by tunnelling injection is then given by
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where F is the electric field strength, ϕ is the energy barrier height at the contact, J0 is a free

fitting parameter for the current density, q is the elementary charge and  = 4(2*)1/2ℎ , where

m* is the effective mass of the charge carrier and h is the Planck constant. For a quick test if the
experimental data can be fitted by Eq. (2) (and, consequently, that the major contribution to
the device current is injection by tunnelling) is to make a plot of ln(J/F2) vs. 1/F and expect for
a linear behaviour.

An important feature of the tunnelling injection model is that it does not consider the temper-
ature dependence on the device current, which is frequently present in PLEDs. Despite this
aspect, the tunnelling injection model was successfully used to demonstrate the dependence
on the barrier height and on the electric field for a complete set of experimental data obtained
from devices that the metals used as electrodes, and the active layer thicknesses were system-
atically varied [11].
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2.1.2. Current injection via thermionic emission

Another possible contribution to the injection current across an energy barrier at the semicon-
ductor/metal interface comes from the thermionic emission of charge carriers from the
electrodes. In this model, the charge carriers from the electrodes, which have enough thermal
energy to overcome the energy barrier at the contact, can be injected into the LUMO/HOMO
of the semiconducting polymer. The density of charge carriers which satisfies this condition
follows a Boltzmann distribution  = 0exp( − /B), where n0 is the charge-carrier density

in the electrode, ϕ, is the energy barrier height and T, is the absolute temperature. A simple
expression for the current density controlled by thermionic emission is given by

( ) ( )2 /f= -th BJ T AT exp k T (3)

where A is the Richardson constant. Obviously, the effective barrier height is not constant and
it depends on the electric field. Such dependence appears with the inclusion of the image force
barrier lowering term, which can be considered only when the device is forward biased. The
inclusion of this term results in the following effective potential in the vicinity of the inject-
ing contact:

( )
2 1,

4
qU x F qFx

x
f

pe
= - - (4)

where x represents the position from the metal/semiconductor interface and ε, is the electrical
permittivity of the semiconductor. Figure 3 shows a schematic representation of effective
potential due to barrier lowering in a semiconductor/metal interface. Such potential results in
an effective energy barrier height
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which can replace the fixed barrier height in Eq. (3) to yield the thermionic emission injection
current as a function dependent on temperature and electric field (or external applied voltage).

Such a barrier lowering term can also be achieved by considering a Poole-Frenkel-type effect
represented by an effective barrier height

1
* 2( )F aFf f= - (6)
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which gives the same functional dependence of Eq. (3) by considering a barrier height given
by Eq. (5). Experimental data from PLED current-voltage curves (I-V) [12] were quite well fitted
by considering such effective barrier height, but considering that the pre-factor a in Eq. (6) has
a thermal activation energy, which is not initially predicted by Eq. (5).

Figure 3. Schematic representation of the effective potential at a metal/semiconductor interface considering barrier
lowering term due to image force effect.

2.1.3. Interface recombination effects

The charge injection problem can also be approached by using a more complete model which
includes both contributions from tunnelling injection and thermionic emission, with the
additional inclusion of a back flowing current contribution due to interface recombination. If
one contact has a considerably higher effective energy barrier than the other, the injection
current from that contact can be neglected and practically only one type of charge carrier is
injected from the contacts (single-carrier device). In this situation, the charge transport in the
device can be described as a combination of the continuity equation

(7)

and a drift-diffusion form for the current density for injected holes
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where p(x) is the carrier density of holes, F(x), the electric field, Υ and Ω are, respectively, the
carrier generation and recombination rates and μp, the effective hole mobility in the organic
semiconductor. The carrier mobility can also implicitly depend on temperature and electric
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field. For a single-carrier device, the recombination rate term as well as the generation rate
term can be evidently neglected, since we are considering organic semiconductors in the dark
and with high enough bandgap energies. In Eqs. (7) and (8), the total charge inside the active
layer is given by the injected charges from the electrodes and its distribution permits the
evaluation of the electric field from the Poisson equation. To solve this set of equations, it is
necessary to establish the boundary conditions, which are determined by the carrier currents
at the interfaces. As stated in the two previous subsections, charge carriers (holes) can be
injected by thermionic emission and tunnelling. Once injected in the polymer, however, holes
can flow back into the metal, in a process known as interface recombination. Considering these
three contributions to the current, the injection current density for holes at the contact (x = 0)
can be represented in the form

(0)p th tu IRJ J J J= + - (9)

where JIR is the interface recombination current density contribution, which is proportional to
the hole density at the interface,  = 𝀵𝀵𝀵𝀵(0). The kinetic recombination coefficient ν can be

determined by the detailed balance between thermionic emission and interface recombina-
tion [13–15], resulting in

( ) ( ) ( ){ }0 0 0p qe tuJ p F p Jn é ù= - +ë û (10)

where νp(0) is the interface recombination current and 𝀵𝀵𝀵𝀵𝀵𝀵 (0)  is the quasi-equilibrium carrier

density at the contact, considering the electric field influence (F(0)) on the barrier energy
lowering. Therefore, 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 (0)  is equal to the thermionic emission current density. This

equation can be solved for p(0)

( ) ( ) ( )0 ( 0 ) tu d
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J Jp p F
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= + (11)

where Jd is the device’s net current density.

The device current is commonly very small compared to the sum of the tunnelling and the
thermionic emission current densities and cannot change significantly the carrier density at
the semiconductor/metal interface. As a consequence, the interface recombination current
density can be considered as a competition process between the tunnelling injection current
density and the thermionic emission injection current density. An important feature of this
model is that the magnitude of the device current density can be considerably smaller than
that obtained by the direct application of thermionic emission and tunnelling injection
expressions, resulting in a more realistic description of the device behaviour. A detailed
discussion of this model can be found in Refs. [13–15].
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Another model which considers carrier recombination in the injection current was proposed
by Scott and Malliaras [16, 17], where the current injection is dependent explicitly on the
charge-carrier mobility in the organic semiconductor. This model also considers that the net
injection current is the result of the balance between the inflowing charge carriers and the
surface recombination rate at the contact interface. Assuming that the surface recombination
in a contact depends on the drift/diffusion rate of charge carriers away from the region where
the image charge potential has a strong influence on the injected carriers, it is reasonable to
consider that the carrier mobility plays an important role in the recombination process. The
resulting injection current is

12 2
04 exp( ) ( )/ expinj BJ N q F k T fy m f= - (12)

where ψ is a function which depends smoothly on the electric field [17], N0 is the density of
states in the organic semiconductor, μ is the carrier mobility of the injected carrier at the contact,
F, is the electric field strength, q, is the elementary charge and ϕ is the height of the Schottky
barrier at the interface. The Schottky barrier lowering effect is included by the second expo-

nential term,  = 3/ 4()2 .

The advantage of this model is that it includes thermionic emission injection, image force
lowering and surface recombination in a single analytic function instead of a set of differential
equations coupled to balanced equilibrium equations, which is considerably convenient for
fitting experimental data. This model, however, assumes that the considered carrier mobility
is independent on the electric field, or that this dependence is implicit in ψ, which also has a
weak dependence on F.

2.1.4. Effects of disorder in the current injection

The models for current injection presented so far were adapted from traditional models of
charge injection into inorganic semiconductors. The energy barrier concepts used were,
therefore, formulated by assuming the injection from the Fermi level of a metal to a continuum
of delocalized states represented by the energy bands of the semiconductor (valence band for
holes and conduction band for electrons). In amorphous inorganic semiconductors and organic
semiconductors, due to the disorder characteristic of these materials, the electronic states
available to be occupied by a charge carrier injected from the contact are better described as a
distribution of localized states with a dispersion in energy. Moreover, in organic semiconduc-
tors (conjugated polymers or molecular solids), the localization of these states and their energy
dispersion can be even more pronounced than in amorphous inorganic semiconductors,
highlighting the influence of disorder in the charge injection and transport processes [18]. In
this sense, it is reasonable to consider the use of models which include the effects of disorder
to have a more realistic picture of the mechanism of charge injection into organic semicon-
ductors.
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Models considering thermally assisted tunnelling injection into localized states in a semicon-
ducting polymer [19] and thermally limited injection current into a disordered molecular
insulator via Monte Carlo simulations [20] were successfully developed to introduce the effects
of disorder in the charge injection problem in organic semiconductors. A particularly inter-
esting model, based on an analytic approach, was formulated by considering that the charge
carriers are injected from the electrode into a distribution of localized hopping states in the
organic semiconductor, followed by either electrode recapture or diffusion away from the
attractive image potential [21].

Figure 4. Representation of a metal/polymer contact in a model considering charge-carrier injection into a DOS. Dash-
ed line Gaussian curves represent the distribution of available energy states in the semiconductor. The solid line Gaus-
sian curve represents the first DOS after populated by an injected charge carrier, given by the convolution of the first
unoccupied DOS and the edge of the Fermi distribution in the metal. The figure is adapted from Refs. [20, 21].

In this model, the initial step of the carrier injection process is the hoping from the Fermi level
of an electrode, which is below the centre of the density of states (DOS) of the conjugated
polymer by an energy Δ, to a localized state at a distance 0 ≥  from the interface, where a is

the minimum distance between two neighbour hopping states. The potential, relative to the
Fermi level of a metal, in a state of energy E, situated at a distance x from the contact, is given
by

( )
2

,
16

qU E x qFx E
xpe

= D - - + (13)

Once injected into a state of energy Ei, the subsequent jump of the charge carrier is towards
the easiest neighbour target state of energy Ef. If  > , the probability for the jump follows

a Boltzmann distribution and is independent on the energy of the previous state. Such process
is also valid for the first jump from the electrode to the semiconductor. For sufficiently high
energy barriers, the first step is the most difficult and, therefore, limits the injection rate. The
subsequent drift-diffusion process inside the polymer is considered an equilibrium process,
which determines the probability of the carriers to migrate into the bulk. Figure 4 shows a
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schematic representation of the injection process from the Fermi level of a metal to an ener-
getically and spatially disordered semiconductor.

The analytic dependence of this injection current is given by
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J q dx x w x dE Bol E g U x En g

¥ +¥
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where 𝀵𝀵𝀵𝀵(0) is the probability of the carrier to avoid recombination at the interface, a, is the

distance from the electrode to the first localized state, ν0, is the hopping frequency, γ, is the
inverse of the carrier localization radius and the 𝀵𝀵𝀵𝀵𝀵𝀵() function is defined as
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which means that the probability of the charge carrier to jump to a higher energy state has an
Arrhenius-type dependence and to jump to a lower energy state is equal to 1.

The electrostatic potential energy at a distance x from the electrode is

( )
2

0 16
qU x qFx

xpe
= D - - (16)

The escape probability 𝀵𝀵𝀵𝀵(0) at the interface can be evaluated by solving the unidimensional

Fokker-Planck equation for the energy distribution given by Eq. (16). The result is
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The advantage of this method as compared to the other models of charge injection into a
disordered system is that it gives an analytic expression for the injection current, without the
need of solving numerically a set of differential equations or performing complicated numer-
ical simulations. Figure 5 shows some results for the current density injected into a disordered
organic semiconductor by considering Eqs. (14)–(17).
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The advantage of this method as compared to the other models of charge injection into a
disordered system is that it gives an analytic expression for the injection current, without the
need of solving numerically a set of differential equations or performing complicated numer-
ical simulations. Figure 5 shows some results for the current density injected into a disordered
organic semiconductor by considering Eqs. (14)–(17).
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The current-density injection curves (arbitrary units) presented in Figure 5a were calculated
at 300 K with a localization radius of 10–10 m, a first step distance of 0.6 nm, a dispersion of the
Gaussian DOS of 80 meV and the energy barrier height Δ varying from 0.2 to 0.7 eV. In Figure
5b, Δ is fixed at 0.3 eV and the temperature is varied from 150 to 300 K, with all other parameters
kept constant. An important feature from these results is that the current density does not have
an Arrhenius dependence on the temperature, as expected from thermionic emission injection.
A more detailed discussion of the results produced from this model is found in Ref. [21].

Figure 5. (a) Injection current density (arbitrary units) versus electric field simulated for different values of the zero-
field energy height barrier (Δ) at 300 K. (b) Temperature dependence of the injection current density for a zero-field
energy height barrier of 0.3 eV.

The model described above presents a very interesting view of the inclusion of disorder effects
in the current injection from a metal into a semiconducting polymer, with evident influence
on the temperature, especially in the low electric field regime. At high electric fields, the current
density becomes almost independent on the temperature (Figure 5b), resembling a tunnelling
injection dependency with, however, a very distinct functional dependence. To circumvent this
problem, it is possible to conceive a model based on an electronic hopping-type injection into
a DOS with the inclusion of the tunnelling probability across a triangular barrier represented
by the potential at the contact interface [22]. This model considers that the carrier injection
from the electrode is determined by the sum of the probabilities of each separate process to
occur (hopping-type injection or tunnelling), resulting in better fitting to experimental results
in a broader range of electric field and temperature. Ref. [22] is recommended for a more
detailed view of this model.

2.2. Influence of the bulk transport on the current

In the previous section, we presented the most common models used to explain the current
injection mechanisms in PLEDs and made a brief introduction to models which include the
effects of disorder in the charge injection process. The total device current, however, depends
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on Eq. (1), which means that each contribution (injection or transport in the bulk) is individ-
ually a limiting process. If the amount of charges injected from the contacts does not change
significantly the density of intrinsic charge carriers, the polymer film can easily transport these
charges and the injection current determines the net device current. On the other hand, if the
contacts are ohmic, the polymer bulk properties will dominate the electrical behaviour of the
device. Therefore, in a real device, both contributions exist and the electrical characteristics of
the device are determined by which process is dominant in each regime or, if they are com-
parable, to a combination of both. In this section, we will focus on the main characteristics of
charge transport in the bulk and on the theoretical approaches used to fit experimental data.

2.2.1. Space-charge-limited currents (SCLC)

In PLEDs, the conjugated polymer which comprises the device active emissive layer is usually
in its intrinsic, non-doped form. This means that the amount of intrinsic charge carriers is
considerably low (due to the relatively high bandgap) and the organic semiconductor is poorly
conductive or almost an insulator. In order to achieve enough current density to promote a
sufficiently visible electroluminescence, a high external electric field must be provided
(above 106 V/m) to induce the injection of excess charge carriers into the organic semiconductor.
Therefore, the operating characteristics of a PLED depend on the injection and transport of
this excess charge injected in the polymer bulk. In the present subsection, we will focus on the
transport characteristics of excess charge in PLEDs considering that the contacts are ohmic,
i.e., they can provide as much charge as the dielectric volume can support.

For a semiconductor (or insulator) with ohmic contacts, the current due to the intrinsic charge
carriers is determined by Ohm’s law  = 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵, where F is the electric field, n is the charge-
carrier density in the correspondent band/molecular orbital and μ is the carrier mobility. This
equation stands for single-carrier devices. For double-carrier devices, the carrier density is the
sum of the densities of both charge carriers (electrons and holes), 𝀵𝀵 = 𝀵𝀵 + 𝀵𝀵ℎ, as well as the

mobility is the sum of both mobilities, 𝀵𝀵 = 𝀵𝀵 + 𝀵𝀵ℎ. Additionally, since intrinsic charge carriers

are thermally generated (geminate generation) and considering that the charge distribution is
nearly uniform all over the polymer bulk, as a result from Poisson’s equation, the local electric
field is approximately constant, 𝀵𝀵 = /, where V is the external applied voltage and L is the
film thickness. Same situation occurs when the excess injected charge-carrier density is small
as compared to the intrinsic charge-carrier density, resulting in a linear dependence of the
device current on the applied voltage (and inverse dependence on the film thickness).

When the excess injected charge-carrier density exceeds considerably the intrinsic charge-
carrier density, the local electric field is distorted and the dependence of the current on the
applied voltage becomes non-linear. For a device that has an ohmic electrode for one type of
charge carrier and a blocking electrode for the other, it is a good approximation to consider it
a single-carrier device. If there are no charge-carrier traps in the semiconductor/insulator, the
device net current is assumed to follow Mott-Gurney law [1, 23, 24]:
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where ε is the electric permittivity of the semiconductor. Eq. (18) is frequently known as trap-
free (SCLC) [1, 24, 25]. In this simple picture, the device current is expected to be initially linear
(when the charge injection is low and the current is dominated by the intrinsic charge carriers)
and becomes quadratic as space-charge effects from excess injected charge carriers surpass the
amount of intrinsic charge carriers. Typical analysis uses a log-log plot of the device current
(or current density) versus voltage, where the current is expected to be represented by a straight
line with slope equal to 1 (linear behaviour), changing to a straight line with slope equal to 2
(quadratic dependence) when excess injected charges become dominant. Additional confir-
mation of the dependence denoted by Eq. (18) is the analysis of the device current against the
device thickness (where an inverse cubic dependence is expected).

The quadratic dependence from Eq. (18) happens only by considering that the carrier mobility
is field independent. The charge-carrier mobility in polymers, however, due to the intrinsic
disorder, is generally field dependent. A commonly found field dependence [26] is

( ) 0 exp( )F Fm m g= (19)

where 0 is the zero-field carrier mobility and γ is a parameter which provides the temperature

dependence. The device current can then be evaluated by solving the following set of equa-
tions [27]:

( ) ( )( ) ( )J n x q F x F xm= (20)

( ) ( )dF x n x
q dx
e

= (21)

where n(x)is defined as the carrier density at position x. Assuming ohmic contacts, n(0) can be
estimated from the effective carrier density of states in the HOMO (for holes) or LUMO (for
electrons) of the polymer and can be used as boundary condition for Eqs. (20) and (21).

Empirically, it is also observed that the zero-field carrier mobility is thermally activated [27, 28]:
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Fitting the experimental results for each temperature by using Eqs. (20) and (21), it is also
possible to find the temperature dependence of the γ parameter in Eq. (19), which is usually
of the type [27, 28]:
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where β and T0 are empirical parameters evaluated from the fittings.

Eqs. (19)–(23) describe the electric field and temperature dependence on the charge-carrier
transport in a single-carrier, trap-free semiconductor with field-dependent carrier mobility.
Such model can be quite successfully used to describe the current due to holes in PLEDs, by
considering that the barrier for hole injection from ITO or ITO/PEDOT electrodes to the HOMO
of the polymer is usually small (almost ohmic) and that, in conjugated polymers, holes are not
strongly trapped in the bulk. In a system where the charge-carrier trap distribution is in
equilibrium with the correspondent band/molecular orbital, the traps are known as shallow
traps. Shallow traps do not change significantly the electric field distribution and the net effect
in the charge transport can be approximated by considering an effective mobility proportional
to the trap-free mobility eff = 𝀵𝀵, where θ is independent or weakly dependent on the electric

field, but dependent on the energy trap distribution [1, 24, 30–32].

Electrons, in contrast, are usually trapped in significantly deeper energy states within the
energy bandgap, resulting in a much lower effective carrier mobility due to dispersive
transport [29], and in a significantly non-uniform charge-carrier distribution, strongly
influencing the local electric field distribution. The resulting transport current in an ‘electron-
only’ single-carrier device can be evaluated from theories of space-charge-limited currents in
an insulator with a distribution of trap states [1, 24, 30–32]. For low applied voltages, where
the electron injection current is low, the intrinsic electrons dominate the charge transport, and
the device current follows Ohm’s law. When the excess-charge-injected carriers dominate the
charge transport, the free-carrier density depends on the trap density of states that can be
considered to depend exponentially on the energy:
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where nt(E) is the trap density of states at energy E, ELUMO is the energy of the LUMO of the
polymer, Nt, is the total density of traps and kBTt is a temperature characteristic of the trap
distribution. The trap distribution of Eq. (24) results in a trap-filling-limited (TFL) current
dependence that can be expressed in the form [24, 33]:
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where NLUMO is the effective density of states in the LUMO, r is a fitting parameter defined by = / and   =  2 + 1  + 1( + 1)−( + 2). Whilst Eq. (18) gives a quadratic depend-

ence of the current on the applied voltage and the Eqs. (19)–(23), a slight deviation from
quadratic behaviour, Eq. (25) can give much steeper current dependences on the electric field.
For system with deep distributions of carrier traps, the log-log plots of the J versus V curves
can result in straight lines with slopes much higher than 2. Experimental results from devices,
which could be approximately considered as hole-only (ITO/PPV/Au) and electron-only (Ca/
PPV derivative/Ca) devices (see Table 2 for values of work function and HOMO and LUMO
energies), were fitted by these equations to corroborate the validity in the study of separate
electrical transport of electrons and holes in conjugated polymers [28, 33].

For an operating PLED, however, both charge carriers (electrons and holes) must be present
in the polymer bulk. Such a double-carrier device can be manufactured by using good hole-
and good electron-injecting electrodes sandwiching the organic semiconductor, like a
ITO/PPV/Ca structure. To model the whole device current, we cannot simply consider the
independent contributions for hole (expected to be SCLC) and for electron (considered to be
TFL) transport because of two additional processes which have extreme importance in double-
carrier devices: charge-carrier recombination and charge neutralization. The recombination
term can be considered as Langevin type, or bimolecular, where the recombination rate is
proportional to the product of both electron and hole densities. The charge neutralization effect
results in a net charge within the polymer bulk much lower than the actual amount of charge
injected from the electrodes, permitting higher charge injection currents than in a single-carrier
device. Considering field-independent mobility for electrons and holes in a trap-free semi-
conductor/insulator, the SCLC in the ‘plasma limit’ [24] is expressed by:
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where B is the bimolecular recombination constant. One important feature of Eq. (26) is that
the higher the recombination, the lower the device current. Such behaviour occurs because, by
increasing recombination, the amount of charge neutralization decreases. The expected
dependence on the applied voltage and film thickness is, though, exactly the same for single-
carrier devices in the trap-free SCLC regime. As described above, hole transport in a conjugated
polymer can be considered not highly dependent on traps, but a field dependence on the carrier
mobility is at least expected. Moreover, electrons are usually strongly trapped in such a way
that Eq. (26) may hardly be directly applied in experimental results for PLEDs.
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The inclusion of a field-dependent carrier mobility and of trapping effects in the transport
mechanism of a double-carrier device complicates significantly the charge transport problem,
making it impossible to find a simple analytic solution as in Eq. (26). The problem is then solved
by considering that the contributions of the free charge-carrier distributions (nh (x) for holes
and ne(x) for electrons) to the total device current result in [34, 35]:

( )( ) ( ) ( )( ) ( ) ( ).h h e eJ q F x n x F x n x F xm mé ù= +ë û (27)

These free-carrier distributions are related by Poisson equation:
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where , () is the density of trapped electrons. The continuity equation (considering steady-

state regime) is determined by the bimolecular recombination
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In this model, holes are not considered to be significantly trapped. Moreover, Eq. (29) says that
only mobile electrons contribute to charge-carrier recombination. If the contacts are ohmic, the
carrier density at the interfaces can be considered as the density of states in the correspondent
molecular orbitals, ℎ  = 0 = HOMO and   =  = LUMO (the hole-injecting electrode is

at x = 0). These conditions are used as boundary conditions to find the solution of Eqs. (27)–(29).
The field and temperature dependence of the carrier mobility is provided by Eqs. (19), (22) and
(23). By considering the exponential distribution of traps for electrons from Eq. (24), it is
possible to obtain the density of trapped electrons

( ),
LUMO

/
( ) tT

e
t e

T

t
n xn x N
N

é ù
= ê ú

ë û
(30)

To properly determine the current characteristics of a double-carrier device using the above
equations, one must first produce and characterize hole-only [27] and electron-only [33]
devices, varying the temperature and device thickness in order to obtain the needed parame-
ters from Eqs. (22) and (23) (for holes) and (24) and (25) (for electrons). Therefore, Eqs. (27)–(29)
can be solved numerically by considering Eq. (30), with the bimolecular constant B as the
unknown parameter to be determined. This procedure was applied in the fitting of experi-
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where , () is the density of trapped electrons. The continuity equation (considering steady-

state regime) is determined by the bimolecular recombination

( )1 1 ( )e h
h e

dJ dJ Bn x n x
q dx q dx

= - = (29)

In this model, holes are not considered to be significantly trapped. Moreover, Eq. (29) says that
only mobile electrons contribute to charge-carrier recombination. If the contacts are ohmic, the
carrier density at the interfaces can be considered as the density of states in the correspondent
molecular orbitals, ℎ  = 0 = HOMO and   =  = LUMO (the hole-injecting electrode is

at x = 0). These conditions are used as boundary conditions to find the solution of Eqs. (27)–(29).
The field and temperature dependence of the carrier mobility is provided by Eqs. (19), (22) and
(23). By considering the exponential distribution of traps for electrons from Eq. (24), it is
possible to obtain the density of trapped electrons

( ),
LUMO

/
( ) tT

e
t e

T

t
n xn x N
N

é ù
= ê ú

ë û
(30)

To properly determine the current characteristics of a double-carrier device using the above
equations, one must first produce and characterize hole-only [27] and electron-only [33]
devices, varying the temperature and device thickness in order to obtain the needed parame-
ters from Eqs. (22) and (23) (for holes) and (24) and (25) (for electrons). Therefore, Eqs. (27)–(29)
can be solved numerically by considering Eq. (30), with the bimolecular constant B as the
unknown parameter to be determined. This procedure was applied in the fitting of experi-

Conducting Polymers164

mental data of double-carrier devices, in order to find optimum mobility values for PLED
performance [35, 36].

2.2.2. Effects of disorder in the charge-carrier transport

The previous subsection presented a discussion on how the effects of space-charges in the bulk
affect the charge-carrier transport and, consequently, the device current in dc current-voltage
measurements. The models considered, though, a field-independent mobility (which is hardly
found in organic semiconductors) or an empirical temperature and local electric field depend-
ence resembling a Poole-Frenkel behaviour, represented by the combination of Eqs. (19), (22)
and (23),
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Despite the relatively good consistency with experimental results, the arguments used to
justify such dependence are still controversial. The Poole-Frenkel behaviour is considered as
a consequence of the electric field lowering of the potential barrier that a carrier needs to
overcome to leave a charged centre. An argument against the attribution of the mobility
dependence to Poole-Frenkel effect is that such behaviour is observed in a large variety of
materials which, in most of the cases, the amount of charged traps in the bulk can be considered
negligible.

A more reasonable consideration is that such dependence comes from the disorder inherent
of organic semiconductors. The charge transport mechanism in these materials is then
associated with the hopping of carriers within a randomly positioned and energetically
disordered system of localized states [2, 37]. Most of the models which consider hopping
between localized states are based on Miller-Abrahams expression [38] for the probability of
a tunnelling carrier jump over a distance r separating an initial state at energy Ei and a final
state at energy Ef, written as
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where γ is the inverse of the localization radius of the electronic wavefunction and ν0, is the
attempt-to-jump frequency. The spatial dependence from Eq. (32) says that the carrier jump
rate decreases exponentially with increasing distance between hopping sites. Moreover, the
symmetry on position means that forward or backward jumps are equally probable and,
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therefore, within a hypothetic system where all hopping sites have the same energy, the
trapping and releasing rates would be equal. On the other hand, the energetic dependence is
not symmetrical. Upward jumps are thermally activated, whereas downward jumps dissipate
the excess energy in the form of phonon emission. The consequence is that the upward jumps
are much slower than downward jumps, resulting in totally different trapping and releasing
rates for forward and backward jumps between two fixed states at different energy levels. The
introduction of energetic disorder in a localized states hopping system, therefore, influences
strongly the carrier transport behaviour.

The analytic treatment of carrier hopping in such a system described above can be quite
complicated, since it is virtually impossible to consider the evaluation of all possible spatial
and energetic configurations. However, approximate methods for a simplified picture of the
problem are frequently applied. A particularly efficient method is based on the effective
transport level [39], which effectively reduces the problem of hopping within a spatially and
energetically disordered system into a trap-controlled transport mechanism.

Analytic models considering the random hopping of the carrier within an energetically and
positionally disordered system were formulated to study the concentration and temperature
dependence of the carrier mobility considering an arbitrary DOS distribution and in the high
density of carriers regime [40, 41]. However, the direct application of the results to the set of
equations of SCLC in Section 2.2.1 is still quite limited. Models based on Monte Carlo simu-
lations were used to introduce the concept of spatially correlated energetic disorder in a system,
assuming a Gaussian DOS distribution [42–44]. The results show that the obtained dependence
of the carrier mobility on the electric field resembles the Poole-Frenkel-type behaviour in a
quite wide electric field range.

3. Conclusion

The basic models of the operating mechanisms of PLEDs presented in this chapter can be
employed in the interpretation of experimental results from dc electrical characterization of
PLEDs, allowing the extraction of intrinsic polymer parameters like charge carrier mobility or
structure-dependent parameters like the energy barrier height at a contact. To properly
investigate the results from the electrical characterization of a PLED, however, a critical
analysis procedure must be considered. First of all, knowledge of the undistorted energy bands
of the polymer and the work function of the contacts is needed. From these information, it is
possible to know if the assumption of ohmic contacts considered for a SCLC analysis is valid
or not. If the contacts are not ohmic, a combined contribution from thermally activated injection
and tunnelling must be considered and used to give the actual boundary conditions for the
carrier density at the contacts. If thermionic emission and tunnelling cannot provide the
necessary functional injection current, it can be estimated from the presented models consid-
ering interface recombination or spatial and energetic disorder in the first carrier jump in the
semiconductor. For modelling a double-carrier device, where bimolecular recombination
effects take place, the ideal approach is to first analyse, separately, the electrical transport in
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both single-carrier devices (electron-only and hole-only), with metallic electrodes as close as
possible to the ohmic contact condition. Models considering spatial and energetic disorder in
the polymer bulk, though are more accurate and complete from the theoretical viewpoint, are
still difficult to be directly applied to the fitting of experimental dc current-voltage curves,
being not applicable to all operating regimes.
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Abstract

The  objective  of  this  work  was  to  describe  the  properties  of  metal  oxide–based
pigments  whose  surface  has  been  coated  with  a  conductive  polymer,  if  used  as
pigments in organic coating materials. The perovskite‐type pigments were synthesized
by  high‐temperature  solid‐phase  reaction,  and  their  surface  was  modified  with  a
conductive polymer, specifically polyaniline phosphate or polypyrrole phosphate, by
chemical  oxidative  polymerization.  The  pigments’  structure  and  physicochemical
properties were examined by XRD, XRF, and SEM. The composite pigments (pigment/
conductive  polymer)  were  dispersed in  a  solvent‐type epoxy‐ester  resin  binder  to
obtain a series of paints whose anticorrosion properties were assessed by means of
corrosion  tests  in  simulated corrosion  atmospheres  and by  the  linear  polarization
method. The anticorrosion and mechanical properties of the paints were compared
with those of a paint containing the routinely used zinc phosphate hydrate pigment
as a  reference material.  The pigments  were found to possess  a  high anticorrosion
efficiency,  comparable  to  or  higher  than  that  of  the  commercially  available  zinc
phosphate–based  anticorrosion  pigment.  The  highest  anticorrosion  efficiency  was
observed with the paints containing the Ca–Ti, Sr–Ti, and Sr–Mn perovskite pigments
modified with polypyrrole phosphate.

Keywords: organic coating, anticorrosion pigment, polyaniline phosphate (PANI),
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1. Introduction

The most widespread method to protect the surfaces of metallic materials consists in coating
them with paints possessing anticorrosion properties [1, 2]. The mechanism consists in an
electrochemical reaction of the anticorrosion pigment with the metal itself or with the corrosive
substances penetrating through the paint film from the outer atmospheric environment [3].
Corrosion‐inhibiting pigments include materials that are actively engaged in the paint film
lifetime extension [4]. Anticorrosion pigments acting on the chemical principle are soluble to
some extent, contain water‐soluble components that may maintain a constant pH in the paint
layer, such as is more favorable for reducing the corrosion rate [5]. Electrochemically acting
anticorrosion pigments passivate the substrate metal protected by the layer of the organic
coating, acting either in the anodic region or in the cathodic region.

Many of the compounds are toxic or not entirely harmless/environment‐friendly. So, new
anticorrosion pigments are sought, equally efficient as the existing ones, but free from the
harmful heavy metals (Pb, Cr (VI), Cd, Ni …) [6–8]. Nontoxic pigment types started to be
sought in the 1960s, but no equivalent substitutes for lead or chromium (VI)‐based pigments
have been found so far [9].

Among substances showing promise from the anticorrosion protection aspect are conductive
polymers [10]. Added to paints on their own, conductive polymers cause certain troubles
which must be addressed, for example, their effect on the liquid paint stability, paint adhesion
if exposed to a high humidity/moisture, good dispersion in the binder and in the film, and the
conductive polymer's efficient concentration in the organic binder to hinder corrosion of the
substrate metal. So, it is frequently more convenient, rather than use the conductive polymer
alone, to use composite pigment particles where a layer of the conductive polymer is deposited
on an inorganic carrier particle. Metal oxides can be used as inorganic carrier particles.

Metal oxides of predominantly ionic nature of the MO (or M2O) type include, for example,
MgO, SrO, or NiO, which are not routinely used as ingredients in organic coating materials
and paints. The M3O4 type is an exception, reminding of double oxides, such as the oldest
anticorrosion pigment minium, Pb3O4, in which lead exists in two oxidation states. The other
type includes oxides whose lattice, in contrast to the former type, is dissimilar to the structure
of simple compounds. Most important in this group are three oxide types: ilmenite, FeTiO3;
spinel, FeAl2O4; and perovskite CaTiO3 [11]. The basic formula of perovskites is ABO3, where
cation A is relatively bulky and its valency is low (e.g., Sr2+, Ca2+, La3+), whereas cation B is
relatively small (e.g., Ti4+, Zr4+, W6+, Fe3+, Mn3+, Zn2+). The perovskite‐type oxides, whose
properties can be modified through the selection of the structural lattice‐forming elements,
were selected owing to the stability of their physical and chemical properties [12, 13], insolu‐
bility, and thermal stability. It is also an asset of perovskites that they can be synthesized from
a wide range of starting materials that are nontoxic and are reasonably environment‐friendly.
The Ca2+and Sr2+ cations were selected owing to their properties, which may be beneficial in
suppressing corrosion of the metal surface beneath the paint film. The choice of those cations
(Ca or Sr) in the perovskite structure can also be made use of to improve the inhibiting behavior
of the pigments, viz., through their rate or ease with which the cation can be released from the

Conducting Polymers172



1. Introduction

The most widespread method to protect the surfaces of metallic materials consists in coating
them with paints possessing anticorrosion properties [1, 2]. The mechanism consists in an
electrochemical reaction of the anticorrosion pigment with the metal itself or with the corrosive
substances penetrating through the paint film from the outer atmospheric environment [3].
Corrosion‐inhibiting pigments include materials that are actively engaged in the paint film
lifetime extension [4]. Anticorrosion pigments acting on the chemical principle are soluble to
some extent, contain water‐soluble components that may maintain a constant pH in the paint
layer, such as is more favorable for reducing the corrosion rate [5]. Electrochemically acting
anticorrosion pigments passivate the substrate metal protected by the layer of the organic
coating, acting either in the anodic region or in the cathodic region.

Many of the compounds are toxic or not entirely harmless/environment‐friendly. So, new
anticorrosion pigments are sought, equally efficient as the existing ones, but free from the
harmful heavy metals (Pb, Cr (VI), Cd, Ni …) [6–8]. Nontoxic pigment types started to be
sought in the 1960s, but no equivalent substitutes for lead or chromium (VI)‐based pigments
have been found so far [9].

Among substances showing promise from the anticorrosion protection aspect are conductive
polymers [10]. Added to paints on their own, conductive polymers cause certain troubles
which must be addressed, for example, their effect on the liquid paint stability, paint adhesion
if exposed to a high humidity/moisture, good dispersion in the binder and in the film, and the
conductive polymer's efficient concentration in the organic binder to hinder corrosion of the
substrate metal. So, it is frequently more convenient, rather than use the conductive polymer
alone, to use composite pigment particles where a layer of the conductive polymer is deposited
on an inorganic carrier particle. Metal oxides can be used as inorganic carrier particles.

Metal oxides of predominantly ionic nature of the MO (or M2O) type include, for example,
MgO, SrO, or NiO, which are not routinely used as ingredients in organic coating materials
and paints. The M3O4 type is an exception, reminding of double oxides, such as the oldest
anticorrosion pigment minium, Pb3O4, in which lead exists in two oxidation states. The other
type includes oxides whose lattice, in contrast to the former type, is dissimilar to the structure
of simple compounds. Most important in this group are three oxide types: ilmenite, FeTiO3;
spinel, FeAl2O4; and perovskite CaTiO3 [11]. The basic formula of perovskites is ABO3, where
cation A is relatively bulky and its valency is low (e.g., Sr2+, Ca2+, La3+), whereas cation B is
relatively small (e.g., Ti4+, Zr4+, W6+, Fe3+, Mn3+, Zn2+). The perovskite‐type oxides, whose
properties can be modified through the selection of the structural lattice‐forming elements,
were selected owing to the stability of their physical and chemical properties [12, 13], insolu‐
bility, and thermal stability. It is also an asset of perovskites that they can be synthesized from
a wide range of starting materials that are nontoxic and are reasonably environment‐friendly.
The Ca2+and Sr2+ cations were selected owing to their properties, which may be beneficial in
suppressing corrosion of the metal surface beneath the paint film. The choice of those cations
(Ca or Sr) in the perovskite structure can also be made use of to improve the inhibiting behavior
of the pigments, viz., through their rate or ease with which the cation can be released from the

Conducting Polymers172

elementary lattice to act in the paint film. The perovskite carrier as well as the conductive
polymer should modify the electric conductivity of the composite pigment particles and affect
favorably the properties of the paint film when hindering electrochemical corrosion in
environments with enhanced humidity/moisture, acid‐nature corrosive substances, and
corrosion initiators. If the perovskites prove to be good carriers for the conductive polymer
layers (pigment/conductive polymer system), they may open up the door to additional
interesting applications of the pigments as well as of the conductive polymers [10, 14].

2. Formulation of the anticorrosion organic coatings with polyaniline
(PANI) phosphate

Thanks to its high electrical conductivity, PANI phosphate (hereinafter referred to as “polya‐
niline” or “PANI”), a conducting polymer, appears to be a possible inhibitor of corrosion
reactions. Because all redox processes involving polyaniline are based on a transfer of electrons,
the concentration of PANI is likely to be also important. If its inhibition properties and
efficiency were proven in a paint film, it would suggest its prospective applications in organic
binders where it would function as an organic corrosion inhibitor or in the form of an anti‐
corrosion pigment.

Analyses of results of the laboratory tests of corrosion resistance concluded that the best
anticorrosion efficiency was displayed by an epoxy‐ester coating pigmented with polyaniline
to pigment volume concentration, PVCPANI = 15 vol.%. This concentration facilitates the best
anticorrosion effects of PANI in all the applied corrosion environments and approximately
corresponds to the percolation threshold of conducting polyaniline dispersed in the noncon‐
ducting matrix (Figure 1) [15–17].

Figure 1. The possible role of polyaniline, at concentrations above the percolation threshold in the corrosion.

The pigments affect not only the anticorrosion properties of the coating materials but also the
physicomechanical properties of the coating films. The role of percolation threshold of
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polymer‐conductive materials can be connected with the role of the CPVC value of the
powdery pigment and with the optimum performance properties of the pigmented paint film
(Figure 2). When present in a volume concentration much less than the critical level, the
pigment particles are isolated, mutually separated by the binder. Such a coating material is
glossy and nearly impermeable by water vapor. As the PVC is increased, the pigment particles
become closer to one another, although still separated by the binder. The film acquires hardness
and tensile strength, while its elongability and gloss decrease. The properties of the film change
depending on the type of pigment, till the PVC reaches its critical value (PVC = CPVC). At this
point, the amount of binder is just sufficient to fill the space between the pigment particles.
When the pigment concentration is further increased, the amount of binder is insufficient to
fill the space between the pigment particles. The film contains air, and its properties change
dramatically. Mechanical properties fail, and substrate metal corrosion and film blistering are
appreciable in cases where the coating contains inorganic pigments. The optimum perform‐
ance of pigmented coating is usually achieved below the CPVC value [18].

Figure 2. Coating properties depending on the degree of pigmentation (PVC). Notes: (a) The dependence of the prop‐
erties of a pigmented film on PVC.

The goal of this study was to prepare a series of perovskites, coat their surfaces with layers of
a conductive polymer–polyaniline phosphate (PANI) or polypyrrole phosphate (PPY) to
obtain composite pigments (pigment/conductive polymer) with anticorrosion properties, and
use them in paints for metallic substrate corrosion protection. The pigments with particles
coated with a layer of a conductive polymer should exhibit properties of the conductive
polymer, in particular, a higher conductivity for active protection of the metal against electro‐
chemical corrosion, anticorrosion efficiency when exposing the system to corrosive substances
with pH in the acid region, and passivation of the metal surface during corrosive damage of
the organic coating.
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2.1. Experimental

2.1.1. Laboratory preparation of the perovskite‐type pigments

Perovskites with a generally isometric particle [13, 19] shape were synthesized to serve as the
pigment cores for coating with conductive polymers and to be added to a binder to form
anticorrosion paints. Pigments possessing the simple perovskite structure, MeTiO3, MeMnO3

(Me = Ca, Sr), were synthesized by calcination (Eqs. (1)–(2)).

MeCO3 + TiO2  MeTiO3 + CO2 T = 1000 °C, 1180 °C ® (1)

2 MeCO3 + Mn2O3  2 0,MeMnO3 + CO2 T = 1000 °C, 2x 1180 °C® (2)

The materials for the preparation of the pigments were as follows: titanium oxide (Precheza
a.s. Prerov, CZ, composition: TiO2 anatase); calcium carbonate (Omya a.s. Austria, composi‐
tion: CaCO3,natural calcite); strontium carbonate (Sigma‐Aldrich Chemie, Germany, compo‐
sition: SrCO3); manganese (III) oxide (Sigma‐Aldrich Chemie, Germany, composition: Mn2O3).

The pigments were synthesized by solid‐phase reaction, viz., by high‐temperature calcination
of the homogenized mixtures of the starting materials [20] by following the general principles
of preparation of high‐temperature inorganic pigments [21]. The process of preparing the
pigments consists of four operational steps: homogenization of starting compound mixtures,
calcination procedure, leaching the calcination products by washing with water, and adapting
the product to obtain the size of particles as necessary by a wet grinding process. The process
was conducted as a two‐stage procedure: the pigments were first calcined at 1000°C for 2 h
and then at 1180°C. Since a suitable size of the pigment particles is a very important factor, the
calcination step was followed by wet milling, performed in a planetary ball mill Pulverisette
6 (Netzsch, Germany). The pigment powder was placed in a milling container made from
zircon‐silicate ceramics and milled with rollers made from the corundum ceramics. The
rotation speed was 400 rpm, and the process was conducted for 4–5 h. The milled pigments
were followed rinsed with a multiply larger volume of distilled water followed by drying at
105°C in a hot‐air dryer for 10 hours.

2.1.2. Perovskite structure examination

The structure of the perovskites was examined by X‐ray diffraction (XRD) analysis. The results
gave evidence that the required structure had been attained. ABO3 was found to be the majority
phase in most of the pigments. Some of the pigments contained traces of the starting TiO2or
of reaction by‐products. The pigment CaTiO3 contained the main crystalline phase of CaTiO3

and a small amount of rutile (TiO2), Ca(OH)2, andCaCO3; SrTiO3 contained the SrTiO3

crystalline phase by TiO2 (rutile) and Sr3Ti2O7; CaMnO3 contained the CaMnO3 crystalline
phase; and SrMnO3 contained the SrMnO3 crystalline phase and a small amount of CaMn2O4.
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The results gave evidence that the pigments intended for surface modification with the
conductive polymers had been obtained as intended, and are in agreement with previous
studies [22].

2.1.3. Laboratory preparation of pigments with conductive polymer surface layers

Four perovskite‐type pigments, CaTiO3, SrTiO3, CaMnO3,and SrMnO3, were subjected to
surface treatment with the conductive polymers with a view to optimizing (enhancing) their
anticorrosion properties.

2.1.3.1. Preparation of the perovskites modified with a surface layer of polyaniline phosphate

The pigment was suspended in 250 ml of 0.2 M aniline solution in 0.8 M ortho‐phosphoric acid,
and 250 ml of 0.25 M ammonium peroxodisulfate, also in 0.8 M ortho‐phosphoric acid, was
added to initiate the aniline polymerization process. The suspension was stirred for 1 h during
which aniline polymerized on the surface of the pigment particles. Next day, the solids were
filtered out and rinsed with 0.4 M phosphoric acid followed by acetone. The pigment particles
coated with the polyaniline phosphate (PANI) overlayer were dried in air and then at 60°C in
a laboratory drier [23].

2.1.3.2. Preparation of the perovskites modified with a surface layer of polypyrrole phosphate

The pigment was suspended in 250 ml of distilled water with 0.8 M ortho‐phosphoric acid, and
0.2 M pyrrole was added. The system was stirred vigorously by using a glass stirrer, and an
oxidant solution consisting of 0.25 M ammonium peroxodisulfate in 250 ml of distilled water
was added. The whole solution was stirred for approximately 1 h. Next day, the solids were
filtered out and rinsed with 0.4 M phosphoric acid followed by acetone. The pigment particles
coated with the polypyrrole phosphate (PPY) overlayer were dried in air and then at 60°C in
a laboratory drier [23].

2.1.4. Characterization of the composite pigments containing a layer of a conductive polymer––PANI
or PPY

A total of eight perovskite‐type pigments with their surfaces modified with PANI or PPY were
prepared and subjected to X‐ray fluorescence (XRF) analysis on a Philips PW 1404 X‐ray
spectrometer equipped with a Rh cathode, in conjunction with UniQuant software enabling
74 elements (from fluorine to uranium) semiquantitatively determined (10% relative error).
XRD spectra of the synthesized perovskites were measured on an X'Pert PRO MPD 1880 X‐ray
diffractometer (PANanalytical, the Netherlands). The diffraction data were evaluated by
means of the X’Pert programs (X’Pert HighScore Plus Software version 2.1b and X’Pert
Industry Software version 1.1g); the phases were identified using data from the ICCD PDF2
diffraction database. The pigment surface and particle shape were examined on a JEOL‐JSM
5600 LV scanning electron microscope (JEOL, Japan) in the secondary electron mode [24].
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2.1.5. Determination of the physicochemical properties of the pigments with conductive polymer
surface layers

Determination of particle size and the distribution of pigment particle size were identified by
means of Mastersizer 2000 (Malvern, Instruments Ltd., UK), which is able to measure the
distribution of particle sizes from 0.01 to 2000 μm. Particle size is represented by the diameter
of the equivalent sphere, that is, sphere whose laser radiation dispersion patterns are identical
with those of the particle in question. The pigments’ specific weights were determined by using
a AccuPyc II 1340 gas pycnometer (Micromeritics, USA). Linseed oil absorption was measured
by the pestle‐mortar method. The outcome, called the oil number (in g/100 g), is a prerequisite
for calculation of the CPVC and for the formulation of the paints [25, 26]. The determination
of the pH level of aqueous extracts of the pigments was based on the ISO 789‐9 standard. 10%
pigment suspensions in redistilled water (pH = 7) were prepared and measured periodically
during 28 days, after which they were filtered, and the ultimate (constant) pH value of the
filtrate (pHp), was recorded. Specific electrical conductivity of the 10% pigment suspensions
(χp) was based on the ISO 787‐14 standard. The pH values of aqueous extracts (pHf) prepared
from 10% suspensions of loose paint films and the specific electric conductivity values of
aqueous extracts (χf) prepared from suspensions of loose paint films at PVC=1, 5, 10, and 15%
were determined by the same method. The water‐soluble fraction was measured gravimetri‐
cally by extraction of the powdered pigment, weighed with a precision of ± 0.01 g in distilled
water at 20°C (W20). This procedure was derived from the ČSN EN ISO 787‐3 standard.

2.1.6. Assessment of the anticorrosion efficiency of the pigments with conductive polymer surface layers

Model solvent‐based epoxy‐ester resin‐based paints were formulated for investigation of the
pigments’ anticorrosion properties. Description of binder is as follows: a 60% solution of a
medium high‐molecular weight epoxy resin esterified with a mixture of fatty acids of dehy‐
drated ricin oil and soy oil, trade name WorléeDur D 46, acid number 4, viscosity 2.5–5.0 Paċs,
flow time (DIN 53211‐4200) 250 s. The PVCs in the paints were invariably 1, 5, 10, and 15%.
The PVC/CPVC ratio was adjusted in all the model paints to 0.50 by means of the anticorrosion‐
neutral filler calcite CaCO3. The total pigment plus filler concentration in the paint film was
50%, whereby a constant total concentration of the powder fractions in the dry paint film was
assured, while varying only the proportion of the composite pigment. The paints were
prepared by dispersing the powders in the liquid binder in a pearl mill Dispermat CV (VMA
Getzmann GmbH Verfahrenstechnik, Germany). Co‐octoate in a fraction of 0.3 wt.% was used
as the siccative.

Test samples were prepared by applying the paint to steel panels (deep‐drawn cold‐rolled
steel, manufactured by Q‐panel, UK) 150 mm × 100 mm × 0.9 mm size, by using a box‐type
application ruler with a 250 μm slot, modified as per ISO 1514. The dry film thickness (DFT)
was measured with a MiniTest 110 magnetic thickness gauge fitted with a F16‐type probe
(ElektroPhysik, Germany) in accordance with ISO 2808 [27]. A total of 10 test panels was
prepared for each paint. A thin cut (groove) 7 cm long, which penetrated through the paint
film and reached the substrate metal, was made by means of a sharp blade. The samples on
the test panels were allowed to dry in standard conditions (temperature, 20°C; relative
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humidity, 50%) in a conditioned laboratory for 6 weeks. Paint films on polyethylene sheets
were also prepared, peeled off when dry, and cut to pieces approximately 1 mm × 1 mm size.
The unsupported films were used to prepare aqueous paint film suspensions in distilled water.

2.1.7. Laboratory corrosion tests

2.1.7.1. Cyclic corrosion test in an atmosphere with NaCl mist and condensing moisture

In this cyclic corrosion test, the test panels were exposed to the mist of a 5% NaCl solution at
35 ± 2°C for 10 h (first cycle stage) and to condensing distilled water at 40 ± 2°C for 1 h (second
cycle stage), followed by drying at 23 ± 2°C (third cycle stage). The test encompassed 59 cycles,
that is, its total time was 1416 h. The tests were conducted in a Liebisch S 400 salt chamber
(Liebisch Labortechnik, Germany). The procedure was based on the ISO 7253 standard.

2.1.7.2. Cyclic corrosion test in an atmosphere of condensed moisture and SO2

This test consisted of 24‐hour cycles comprising condensation of water with SO2 at 36 ± 2°C
for 8 h (first cycle stage), followed by drying at 23 ± 2°C for 16 h (second cycle stage). The test
was conducted in a Liebisch V 400 corrosion chamber (Liebisch Labortechnik, Germany), and
the samples were evaluated after completing 67 test cycles, that is, in 1608 h. The test procedure
was based on the ISO 3231 standard.

2.1.8. Corrosion test evaluation methods

After completing the corrosion tests, the paints were evaluated by methods derived from the
ASTM D 714‐87, ASTM D 610, and ASTM D 1654‐92 standards. The corrosion phenomena
evaluated included formation (size and frequency of occurrence) of blisters in the paint film
surface and near a cut made in the film, percent fraction of substrate metal surface area affected
by corrosion, and distance of propagation of substrate metal corrosion near the cut (in mm,
both evaluated after removing the paint film).

By connecting all the three (four) methods for the evaluation of various manifestations of the
corrosion substrate attacks and of protective film alone, we can obtain a single value of the
protective efficiency. The results were converted to scores on a 100–0 scale, and a parameter
called the overall anticorrosion efficiency of the paints was calculated by a mathematical
relation [28]. The total anticorrosion efficiency from the cyclic corrosion tests (ENaCl, ESO2) was
calculated as the arithmetic mean of the scores [29].

2.1.9. Linear polarization

The linear polarization method is applied to corrosion monitoring. It is designed specifically
for the determination of the polarization resistance Rp and current density Icorr. Linear polari‐
zation was measured in a cell accommodating the reference electrode (saturated calomel
electrode––SCE), counter‐electrode (platinum electrode), and working electrode constituted
by the sample. The method is based on the fact that a linear segment near the corrosion potential
occurs on the polarization curve in linear coordinates.
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2.1.7.2. Cyclic corrosion test in an atmosphere of condensed moisture and SO2

This test consisted of 24‐hour cycles comprising condensation of water with SO2 at 36 ± 2°C
for 8 h (first cycle stage), followed by drying at 23 ± 2°C for 16 h (second cycle stage). The test
was conducted in a Liebisch V 400 corrosion chamber (Liebisch Labortechnik, Germany), and
the samples were evaluated after completing 67 test cycles, that is, in 1608 h. The test procedure
was based on the ISO 3231 standard.

2.1.8. Corrosion test evaluation methods

After completing the corrosion tests, the paints were evaluated by methods derived from the
ASTM D 714‐87, ASTM D 610, and ASTM D 1654‐92 standards. The corrosion phenomena
evaluated included formation (size and frequency of occurrence) of blisters in the paint film
surface and near a cut made in the film, percent fraction of substrate metal surface area affected
by corrosion, and distance of propagation of substrate metal corrosion near the cut (in mm,
both evaluated after removing the paint film).

By connecting all the three (four) methods for the evaluation of various manifestations of the
corrosion substrate attacks and of protective film alone, we can obtain a single value of the
protective efficiency. The results were converted to scores on a 100–0 scale, and a parameter
called the overall anticorrosion efficiency of the paints was calculated by a mathematical
relation [28]. The total anticorrosion efficiency from the cyclic corrosion tests (ENaCl, ESO2) was
calculated as the arithmetic mean of the scores [29].

2.1.9. Linear polarization

The linear polarization method is applied to corrosion monitoring. It is designed specifically
for the determination of the polarization resistance Rp and current density Icorr. Linear polari‐
zation was measured in a cell accommodating the reference electrode (saturated calomel
electrode––SCE), counter‐electrode (platinum electrode), and working electrode constituted
by the sample. The method is based on the fact that a linear segment near the corrosion potential
occurs on the polarization curve in linear coordinates.
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A 1 cm2 area of the working electrode in the measuring cell was exposed to a 3.5 wt.% NaCl
solution. The cell was connected to a potentiostat/galvanostat (VSP‐300/France). The paint
films were exposed to the NaCl solution for 24 h, after which they were measured by the linear
polarization method. The polarization region was from ‐10 mV/EOC to +10 mV/EOC at a rate of
0.166 mV/s. The following parameters were evaluated for each paint: spontaneous corrosion
potential (Ecorr), tafel region slopes (βa and βc), current density (Icorr), polarization resistance
(Rp), and corrosion rate (vcorr). Polarization resistance Rp is defined as the inverse values of the
current density I against the curve of the spontaneous corrosion potential E (at which dE → 0)
[29, 30].

2.1.10. Comparison experiments

The anticorrosion pigment based on the zinc phosphate hydrate Zn3(PO4)2xH2O (PVC = 15%)
was also tested as a reference material, allowing us to compare the results obtained with the
pigments synthesized by us with those obtained with a commercially available product. Films
of the coating materials free from any pigment were also used in some tests, in the linear
polarization measurements.

2.2. Results evaluation

2.2.1. Structure and morphology of the composite pigment particles

Four perovskite‐type pigments were subjected to surface treatment with the conductive
polymers PANI and PPY. Like the bare perovskite pigments, the pigments coated with the
conductive polymers were subjected to XRD and XRF analyses to elucidate their structure and
composition. The results of the XRF data of the initial untreated pigments are listed in Table 1.

Parameter [wt.%] CaMnO3 SrMnO3 CaTiO3 SrTiO3

Al2O3 3.00 0.70 3.20 3.40

SiO2 0.25 0.16 0.41 0.11

CaO 43.61 – 39.44 –

MnO 53.14 57.72 – –

SrO – 41.42 – 52.98

TiO2 – – 56.95 43.51

Table 1. Results of XRF analysis of the untreated pigments (the data are in wt.%; elements present at concentrations
lower than 0.01% are omitted).

The pigments contained Al2O3 in the order of tenths to units percent (0.7–3.4%) due to wear of
the corundum milling bodies in the milling equipment. For the same reason, the samples also
contained trace amounts (0.11–0.41%) of SiO2. The two substances are neutral with respect to
the chemical properties of the anticorrosion pigments. Analysis results (XRF) of surface‐treated
pigments are given in Tables 2 and 3. The surface‐modified (composite) pigments contained
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the respective oxides (TiO2, Mn2O3, SrO, CaO), and also some amounts of compounds from
the surface treatment procedure: P2O5and SO3(associated with the polypyrrole phosphate/
polyaniline phosphate layer). The surface treatment procedure was associated with weight loss
of the oxides (of Ti, Mn, Ca, Sr) due to the nature of the medium (strongly acidic, with acids).
What is important, however, is the fact that the pigment matrices for the conductive polymers
and the mixed oxide contents were ensured (Tables 2 and 3). Once enveloped in a PANI or
PPY layer, the oxides were protected from additional dissolution in an aqueous solution of
phosphoric acid.

Parameter [wt.%] CaTiO3/PANI SrTiO3/PANI CaMnO3/PANI SrMnO3/PANI

Al2O3 2.40 2.40 2.21 1.10

SiO2 0.25 – 0.11 0.13

P2O5 9.50 10.70 8.20 17.80

SO3 10.10 17.50 41.80 39.10

CaO 27.70 0.10 33.80 0.07

TiO2 48.60 35.00 – –

MnO – – 13.20 7.53

SrO – 30.00 – 33.40

Table 2. Results of XRF analysis of the treated pigments/PANI (the data are in wt.%; elements present at concentrations
lower than 0.01 % are omitted).

Parameter [wt.%] CaMnO3/PPY SrMnO3/PPY CaTiO3/PPY SrTiO3/PPY

Al2O3 2.20 1.30 2.35 2.10

SiO2 0.12 0.18 0.13 –

P2O5 4.90 5.40 2.65 5.50

SO3 37.20 42.70 16.90 11.50

CaO 34.10 0.08 29.70 0.12

TiO2 – – 46.80 42.80

ZnO – – – –

SrO – 42.00 – 36.30

MnO 20.80 7.32 – –

Table 3. Results of XRF analysis of the treated pigments/PPY (the data are in wt.%; elements present at concentrations
lower than 0.01% are omitted).

The composite pigments contained amorphous fractions of the conductive polymer and
crystalline fractions of the carrier pigment. In addition to the amorphous fractions, which were
invariably present, the composite pigments contained the following phases: CaTiO3/PANI: a
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crystalline phase of CaTiO3, a small amount of a by‐phase of rutile (TiO2), and a small amount
of corundum (Al2O3); CaTiO3/PPY: a crystalline phase of CaTiO3, minor phases of rutile (TiO2)
and CaSO4.2H2O, and a small amount of anatase (TiO2); SrTiO3/PANI: a crystalline phase of
SrTiO3 and small amounts of corundum (Al2O3) and rutile (TiO2); SrTiO3/PPY: a crystalline
phase of SrTiO3 and a small amount of SrSO4; CaMnO3/PANI: crystalline phases of CaMnO3

and CaSO4.2H2O; CaMnO3/PPY: a crystalline phase of CaMnO3 and a smaller fraction of
CaSO4.2H2O and CaSO4; SrMnO3/PANI: a crystalline phase of SrMnO3andSrSO4; and SrMnO3/
PPY: a crystalline phase of SrMnO3 and a minor phase of SrSO4.

Figure 3. Morphology of perovskite particles with PANI and PPY as observed by SEM (magnification 10,000×). Notes:
(a) CaTiO3/PANI; (b) SrTiO3/PANI; (c) SrMnO3/PANI; (d) CaMnO3/PANI.

Figure 4. Morphology of perovskite particles with PANI and PPY as observed by SEM (magnification 10,000×). Notes:
(a) CaTiO3/PPY; (b) SrTiO3/PPY; (c) SrMnO3/PPY; (d) CaMnO3/PPY.
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The pigment particle morphology is illustrated by scanning electron micrographs for the
perovskites and for the surface‐modified perovskites in Figures 3 and 4. The micrographs were
taken in the secondary electron imaging (SEI) mode. The composite pigments had a tendency
to form clusters [30]. The particles of the initial perovskite pigments had a regular nodular
shape, which remained unaffected by surface treatment with conducting polymers.

2.2.2. Physicochemical properties of the powdered pigments

The physicochemical properties of the powdery pigments are given in Tables 4 and 5,
including density, linseed oil consumption, CPVC, pH, specific electric conductivity, particle
size distribution, and water‐soluble fractions W20. Table 5 lists the specific electric conductiv‐
ities of the pigments in dependence on their concentrations in the paint films. The particle size
distribution values D (0.5), D (0.9), and D (0.1) show that the size of 50, 90, or 10% particles,
respectively, in the volume is smaller than the specified value. D (4.3) is the mean particle size.

Pigment aDensity

(g/cm3)

aOil

consumption

(g/100 g

pigment)

CPVC

(%)

Particle size Percent fraction below the specified size

D (0.1)

(μm)

D (0.5)

(μm)

D (0.9)

(μm)

D (4.3)

(μm)

CaTiO3/PANI 2.97 37 46 1.11 17.29 23.63 19.37

SrTiO3/PANI 2.76 49 41 4.52 12.23 24.89 20.43

CaMnO3/PANI 2.17 57 43 2.45 8.70 16.06 13.87

SrMnO3/PANI 1.42 55 80 2.65 13.61 39.16 38.86

CaTiO3/PPY 2.83 22 60 1.93 21.79 40.29 34.44

SrTiO3/PPY 1.44 49 57 1.86 15.93 17.67 20.45

CaMnO3/PPY 2.54 31 54 1.28 9.17 28.25 13.24

SrMnO3/PPY 2.87 33 50 2.21 15.56 33.22 29.34

Zn3(PO4)3xH2O 3.28 34 45 0.13 4.78 9.96 5.34

CaCO3 2.72 14 71 0.20 5.60 9.99 6.14

aParameters are given as arithmetic averages within 10 measured values.

Table 4. Physicochemical properties of the powdered pigments.

The mean particle size (D4.3) of the perovskites coated with layers of PANI and of PPY lay
within the similar ranges of 13.87–38.86 μm and 13.24–34.44 μm, respectively (Table 4). The
densities of the perovskites coated with layers of PANI and of PPY lay within the ranges of
1.42–2.97 gċcm‐3 and 1.44–2.87 gċcm‐3, respectively (Table 4), that is, less than the densities of
the initial inorganic perovskites. The densities of the PANI and PPY powders themselves are
1.58 gċcm‐3 and 1.76 gċcm‐3, respectively [18].
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Pigment/coating Aqueous extracts of the pigments Aqueous extracts

of the paint films

W20

(%)

apHp
bSpecific electric

conductivity (μS/cm)

apHf

CaTiO3/PANI 9.46 4.34 2220 6.54

SrTiO3/PANI 5.09 3.00 1450 6.16

CaMnO3/PANI 12.78 5.62 2260 7.44

SrMnO3/PANI 9.78 5.03 994 7.27

CaTiO3/PPY 10.69 5.29 2390 7.28

SrTiO3/PPY 10.07 6.02 1008 7.65

CaMnO3/PPY 18.47 6.26 2100 7.73

SrMnO3/PPY 3.36 6.17 949 7.46

Zn3(PO4)3xH2O 0.26 6.65 50 7.28

CaCO3 0.51 8.47 10 8.47

Nonpigmented film – – – 3.71

apH was measured with an accuracy ±0.01.

bConductivity was measured with an accuracy ±0.5%.

Table 5. Physicochemical properties of the pigments.

Oil consumption of the composite pigments with PANI and with PPY lies within the ranges
of 37–57 g and 22–49 g per 100 g of the pigment, respectively (Table 4). The values were higher
than those measured for the initial perovskite pigments due to the presence of the porous layers
of the conductive polymers. The oil consumption data for the composite pigments depended
on the pigment particle heterodispersity; in fact, the oil consumption is generally dependent
on the particle size and particle shape (i.e., on the specific surface area of the particle) [31].

Knowledge of the critical pigment volume concentration (CPVC) value was a prerequisite for
a correct formulation of the pigmented organic coating material [26]. The CPVC value depends
on the density and on the pigment's oil number. The CPVC levels were calculated to be about
from 41 to 80% for the surface‐modified perovskites with PANI and from 50 to 60% for the
perovskite pigments surface modified with PPY. From the above data, it follows that the CPVCs
of the composite pigments are lower for PANI than for PPY as the surface‐modifying conduc‐
tive polymer (Table 4).

2.2.3. Water‐soluble contents

The water‐soluble contents (W20) of the pigments are listed in Table 5. The water‐soluble
content was higher in the pigments modified with the conductive polymers than in the initial
inorganic perovskites due to the presence of minor by‐phases, such as CaSO4 or SrSO4. The
lowest content of substances soluble in cold water, W20=3.36%, was found in the SrMnO3/PPY
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system, and the highest content, W20= 18.47%, in the CaMnO3/PPY system due to the presence
of the by‐phase of CaSO4. The differences in the water‐soluble contents between the pigments
coated with PPY and the pigments coated with PANI were units percent only: for example,
the maximum value observed with PPY was W20= 18.47%, and the maximum value observed
with PANI was W20= 12.78%. The increased water‐soluble content of the modified pigments
compared to the nonmodified pigments also supports the concept of deprotonation of the
conductive polymer layers in the former [32]. A high water‐soluble content is indicative of a
potentially increased occurrence of osmotic blisters on the surfaces of the paint films [18]. It is
concluded that the pigments are not “hazardous” because of this parameter [23].

2.2.4. pH values of aqueous extracts of the pigments and of loose paint films

The observed pH values of the pigment powders (pHp) and of loose paint films containing the
pigments (pHf) are listed in Table 5. The values of extracts of the nonmodified perovskite
pigments (pHp) lay within the region of Ph range of 9–12, and the values of extracts of the
pigments coated with the conductive polymer layers (pHp) lay within the range of 3.0–6.3.
Hence, the pigment surface treatment brought about a pH shift toward more acid values:
modification with PPY shifted the pH to a slightly acidic region, and modification with PANI,
to the acid region. This shift can be explained in terms of deprotonation of the phosphate salts
of PANI/PPY in aqueous solutions. The presence of the PANI or PPY salt in the composite
pigment reduced the individual differences in the pH values between the initial perovskites.
The pH values of extracts of the loose pigmented paint films lay within the region of pHf (6.2–
7.7); within this region, the paint films containing PPY occupied the basic side pHf (73–7.7);
within this region, the paint films containing PANI occupied the basic side pHf (6.2–7.4). The
pH of the extract of the nonpigmented film lay in the acid region, at pHf = 3.7. The pH values
for the paints containing the composite pigments were also affected by the presence of
CaCO3 in the paint, or by release of the basically reacting calcium and strontium cations (Ca2+,
Sr2+). The pH of the extract of the paint film containing calcite at PVC = 50% lay in the slightly
basic region, at pH = 8.47. This is beneficial with respect to suppression of corrosion on the
metal surface beneath the paint film.

2.2.5. Specific conductivities of aqueous extracts of the pigments and of the loose paint films

Some electric conductivity is necessary for the anticorrosion pigments to passivate the metal
surface beneath the paint film. The specific conductivities of extracts of the pigment powders
modified with the conductive polymers lay within the regions of 949–2390 μSċcm‐1 for PPY
and 994–2260 μSċcm‐1 for PANI and increased in time due to the release of the soluble
components into the aqueous environment. The specific electric conductivities did not differ
appreciably between the individual surface‐modified pigments: the differences lay within one
order of magnitude––from 2390 to 949μSċcm‐1. Hence, the specific conductivity was one to two
orders of magnitude higher for the composite pigments than for the initial perovskites.

The specific conductivity of the aqueous extracts of the loose films (χf) increased with increas‐
ing conductive polymer content of the paint (Table 6).
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Pigment modified
with PANI

PVC
(%)

aSpecific electric
conductivity
(μS/cm‐1)

Pigment modified
with PPY

PVC
(%)

aSpecific electric
conductivity
(μS/cm‐1)

CaTiO3/PANI 1 313 CaTiO3/PPY 1 542

5 318 5 584

10 348 10 626

15 465 15 992

SrTiO3/PANI 1 332 SrTiO3/PPY 1 446

5 431 5 454

10 589 10 461

15 778 15 521

CaMnO3/PANI 1 381 CaMnO3/PPY 1 530

5 443 5 645

10 1353 10 887

15 1894 15 1204

SrMnO3/PANI 1 364 SrMnO3/PPY 1 398

5 421 5 503

10 513 10 558

15 851 15 639

Zn3(PO4)3xH2O 15 176 Nonpigmented film ‐ 50

aSpecific electric conductivity was measured with an accuracy ±0.5%.

Table 6. Specific electric conductivity of aqueous extracts of loose paint films containing the composite pigments.

The specific conductivities were lowest for the paints with PVC = 1%, from 313 to 381
μSċcm‐1 for the pigments modified with PANI and from 398 to 542 μSċcm‐1 for the pigments
modified with PPY. The specific conductivities were higher at PVC = 5% and lay within the
ranges of 318 to 443 μSċcm‐1 for PANI and from 503 to 645 μSċcm‐1 for PPY. When the pig‐
ment concentrations were further increased to PVC = 10% and to PVC = 15%, the specific
conductivities also increased, viz. to 348–1353 and 465–1894 μSċcm‐1, respectively, for PANI,
and to 461–887 and 521–1204 μSċcm‐1, respectively, for PPY. The higher specific conductivi‐
ties of the aqueous extracts of the paint films with the pigments modified with the conduc‐
tive polymers as compared to the untreated pigments were due to the presence of free
charge carriers on the polymeric chain, providing charge transfer across the chain. The posi‐
tive charge at the chain is counterbalanced by the anion of the acid used for the protonation,
that is, phosphoric acid (and the phosphate anion derived from it) in this case. The layers of
the conductive polymers undergo partial deprotonation in aqueous solutions [31]. The ex‐
tent of release and deprotonation of increased amounts of the conductive polymers in the
paint films in aqueous systems was higher for paints with higher pigment concentrations
(PVC).
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Pigment PVC
(%)

Paint
assessment

Substrate metal
assessment

Calculated
anticorrosion
efficiency
ENaCl

Degree of
blistering
ASTM D
714‐87

Corrosion in
a cut
ASTM D
1654‐92

Surface
corrosion
ASTM D
610‐85

In
a cut

Metal
base

(mm) (%)

CaTiO3/PANI 1 2F 4F 0.5–1.0 0.3 79

5 – – 0.0–0.5 0.03 98

10 – 1.5–2.0 1 90

15 – 2F 0.5–1.0 0.5 85

SrTiO3/PANI 1 2M – 1.5–2.0 0.1 79

5 2M – 0.5–1.0 0.03 82

10 4M 4F 0.5–1.0 0.3 74

15 4F 2MD 1.5–2.0 >50 44

CaMnO3/PANI 1 2F 4F 1.5–2.0 0.3 75

5 – 6F 0.5–1.0 3 84

10 – 4F 2.0–2.5 10 76

15 – 4F 1.5–2.0 50 65

SrMnO3/ PANI 1 – 2M 1.0–1.5 1 77

5 – 4F 2.0–2.5 3 79

10 2F 2F 2.5–3.0 10 65

15 – 2D 3.0–4.0 50 42

CaTiO3/PPY 1 – – 0 0.3 98

5 – – 0 0.1 99

10 – 4F 0.0–0.5 0.3 90

15 – – 1.5–2.0 33 75

SrTiO3/PPY 1 4F – 0 0.01 93

5 – 6F 0–0.5 0.01 92

10 2F 4F 1.0–1.5 0.03 79

15 – 2F 1.0–1.5 0.1 86

CaMnO3/PPY 1 – – 0 0.01 100

5 – – 0–0.5 0.01 99

10 – 8F 0–0.5 1 90

15 4F 6F 1.0–1.5 33 63

SrMnO3/PPY 1 – 6F 0 0.1 93

5 – 8M 0‐0.5 0.3 85

10 2F 8F 0–0.5 3 79

15 2F 8F 0–0.5 3 77

Zn3(PO4)3xH2O 15 2M – 3.0–4.0 3 68

Nonpigmented
film

– 6M – 1.5–2.0 50 60

Table 7. Results of accelerated corrosion tests of the paints containing the composite pigments in the NaCl mist
atmosphere (exposure 1416 h, DFT = 95 ± 10 μm).
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Pigment PVC
(%)

Paint
assessment

Substrate metal
assessment

Calculated
anticorrosion
efficiency
ENaCl

Degree of
blistering
ASTM D
714‐87

Corrosion in
a cut
ASTM D
1654‐92

Surface
corrosion
ASTM D
610‐85

In
a cut

Metal
base

(mm) (%)
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15 4F 2MD 1.5–2.0 >50 44

CaMnO3/PANI 1 2F 4F 1.5–2.0 0.3 75

5 – 6F 0.5–1.0 3 84

10 – 4F 2.0–2.5 10 76

15 – 4F 1.5–2.0 50 65

SrMnO3/ PANI 1 – 2M 1.0–1.5 1 77

5 – 4F 2.0–2.5 3 79

10 2F 2F 2.5–3.0 10 65

15 – 2D 3.0–4.0 50 42

CaTiO3/PPY 1 – – 0 0.3 98

5 – – 0 0.1 99

10 – 4F 0.0–0.5 0.3 90

15 – – 1.5–2.0 33 75

SrTiO3/PPY 1 4F – 0 0.01 93

5 – 6F 0–0.5 0.01 92

10 2F 4F 1.0–1.5 0.03 79

15 – 2F 1.0–1.5 0.1 86

CaMnO3/PPY 1 – – 0 0.01 100

5 – – 0–0.5 0.01 99

10 – 8F 0–0.5 1 90

15 4F 6F 1.0–1.5 33 63

SrMnO3/PPY 1 – 6F 0 0.1 93

5 – 8M 0‐0.5 0.3 85

10 2F 8F 0–0.5 3 79

15 2F 8F 0–0.5 3 77

Zn3(PO4)3xH2O 15 2M – 3.0–4.0 3 68

Nonpigmented
film

– 6M – 1.5–2.0 50 60

Table 7. Results of accelerated corrosion tests of the paints containing the composite pigments in the NaCl mist
atmosphere (exposure 1416 h, DFT = 95 ± 10 μm).
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2.3. Exposure of the paint films in the atmosphere with the mist of a neutral NaCl solution

The results of the accelerated corrosion test in which the steel panels coated with the paints
were exposed to a salt mist atmosphere for 1416 h are included in Table 7.

Osmotic blisters were observed on the surface of the paint films containing the composite
pigments CaMnO3/PANI and SrMnO3/PANI at higher pigment concentrations, due to the
presence of water‐soluble substances (e.g., 12.78% in CaMnO3) and higher concentration of the
composite pigments playing a role in the film exposed to the mist of the neutral aqueous
solution of chloride ions and to increased humidity/moisture. Therefore, the protective effect
of the paint films was lower for the two pigment systems at PVC 15%, also due to the higher
degree of corrosion (affected fraction > 50%) of the metal surface beneath the paint film. So, a
compromise pigment concentration must be sought for the above paints in order to achieve
the optimum anticorrosive effect [31].

PPY was found superior to PANI at PVC = 1%. The highest possible efficiency ENaCl= 100% at
PVC = 1 (and also at PVC = 5%) was achieved by the paints containing the CaTiO3/PPY and
CaMnO3/PPYsystems, followed by the SrMnO3/PPY and SrTiO3/PPY systems (ENaCl= 93 in both
cases). In the paints with PVC = 5%, PPY was again superior to PANI in this respect. The overall
anticorrosion efficiency values (ENaCl) were only slightly poorer at PVC = 5% than at PVC = 1%.
The highest corrosion‐inhibiting efficiency at PVC = 5% was observed with the paints contain‐
ing the CaTiO3/PPY system and the CaMnO3/ PPY system (ENaCl = 99 in both cases). Slightly
lower corrosion resistance was observed with the paint with SrTiO3/PPY (ENaCl= 92). The above
paints exhibited a high ability to protect the substrate metal against surface corrosion and
against corrosion near the cut, and virtually no blisters were observed on the paint films.

2.3.1. Findings from the corrosion‐inhibiting efficiency of pigmented paint films in NaCl atmosphere

1. Paints providing high substrate metal surface protection against corrosion (affected area
fraction ≤ 0.0–0.03%) contained the following composite pigments at the following
concentrations: CaTiO3/PANI at PVC = 5% (corroded surface fraction, 0.03%); SrTiO3/
PANI at PVC = 5% (corroded surface fraction, 0.03%); SrTiO3/PPY at PVC = 1 and 5%
(corroded surface fraction, 0.01%), and at PVC = 10% (corroded surface fraction, 0.03%);
CaMnO3/PPY at PVC = 1 and 5% (corroded surface fraction, 0.01%).

2. Paints providing high substrate metal protection against corrosion in the cut (i.e., corro‐
sion propagation within 0.5 mm from the cut) contained the following composite pig‐
ments at the following concentrations: CaTiO3/PPY at PVC = 1 and 5% (corrosion
propagation 0 mm), and at PVC = 10% (corrosion propagation ≤ 0.5 mm); SrTiO3/PPY at
PVC = 1 and 5% (corrosion propagation ≤ 0.5 mm, respectively); CaMnO3/PPY at PVC =
1, 5, and 10% (corrosion propagation ≤ 0.5 mm, respectively); SrMnO3/PPY at PVC = 1, 5,
10, and 15% (corrosion propagation ≤ 0.5 mm, respectively).

3. Paint films exhibiting high resistance to surface blistering (score 0–8 F) contained the
following composite pigments at the following concentrations: CaTiO3/PPY at PVC = 1, 5,
and 15% (no blisters); SrTiO3/PPY at PVC = 1% (no blisters); CaMnO3/PPY at PVC = 1–10%
(no blisters, no blisters, 8 F); and SrMnO3/PPY at PVC = 10 and 15% (8 F and 8 F).
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4. Paint films exhibiting an anticorrosion effect at a pigment concentration as low as PVC =
1% included the following composite pigments: CaTiO3/PPY (ENaCl = 98); SrTiO3/PPY (ENaCl

= 93); CaMnO3/PPY (ENaCl = 100); and SrMnO3/PPY (ENaCl = 93). The pigments with PANI
exhibited lower efficiencies: CaTiO3/PANI (ENaCl = 79); SrTiO3/PANI (ENaCl = 79); CaMnO3/
PANI (ENaCl = 75); and SrMnO3/PANI (ENaCl = 77).

5. Paint films that attained overall anticorrosion efficiency levels higher than the reference
paint, that is, ENaCl> 68, contained the following composite pigments at the following
concentrations: CaTiO3/PANI at PVC = 1, 5, 10, and 15%; SrTiO3/PANI at PVC = 1, 5, and
10%; CaMnO3/PANI at PVC = 1, 5, and 10%; SrMnO3/PANI at PVC = 1, 5%; CaTiO3/PPY
at PVC = 1, 5, 10, and 15%; SrTiO3/PPY at PVC = 1, 5, 10, and 15%; CaMnO3/PPY at PVC =
1, 5, and 10%; and SrMnO3/PPY at PVC = 1, 5, 10, and 15%.

6. The following paints containing pigments at PVC = 15% provided anticorrosion efficiency
better than or roughly identical with that provided by the reference paint (zinc phosphate
at PVC = 15%, ENaCl = 68): CaTiO3/PANI (ENaCl = 85); CaTiO3/PPY (ENaCl = 75); SrTiO3/PPY
(ENaCl = 86); and SrMnO3/PPY (ENaCl = 77).

2.4. Corrosion‐inhibiting efficiency of pigmented paint films with SO2 and water
condensation

The results of the accelerated corrosion test of the paint films in a condensation chamber with
an SO2 mist are listed in Table 8. The following PVCs were found optimal with respect to the
anticorrosion efficiency (ESO2) of the paints containing the pigments modified with PANI:
CaTiO3/PANI: PVC = 10% (ESO2 = 99); SrTiO3/PANI: PVC = 5 and 10% (ESO2= 100); CaMnO3/
PANI: PVC = 1% (ESO2= 95); and SrMnO3/PANI: PVC = 1% (ESO2= 92). The analogous values for
the pigments modified with PPY were as follows: CaTiO3/PPY: PVC = 1% (ESO2 = 100); SrTiO3/
PPY: PVC = 10 and 15% (ESO2 = 97); SrMnO3/PPY: PVC = 1% (ESO2 = 99); and CaMnO3/PPY: PVC
= 5% (ESO2 = 88).

Pigment PVC
(%)

Paint
assessment

Substrate metal
assessment

Calculated
anticorrosion
efficiency
ESO2

Degree of
blistering
ASTM D
714‐87

Corrosion
in a cut
ASTM D
1654‐92

Surface
corrosion
ASTM D
610‐85

In
a cut

Metal
base

(mm) (%)

CaTiO3/PANI 1 – – 3.0–4.0 0.1 89

5 – – 1.0–1.5 0.1 94

10 – – 0–0.5 0.03 99

15 – – 0.5–1.0 0.1 96

SrTiO3/PANI 1 – – 1.5–2.0 0.03 94

5 – – 0 0.03 100
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The results of the accelerated corrosion test of the paint films in a condensation chamber with
an SO2 mist are listed in Table 8. The following PVCs were found optimal with respect to the
anticorrosion efficiency (ESO2) of the paints containing the pigments modified with PANI:
CaTiO3/PANI: PVC = 10% (ESO2 = 99); SrTiO3/PANI: PVC = 5 and 10% (ESO2= 100); CaMnO3/
PANI: PVC = 1% (ESO2= 95); and SrMnO3/PANI: PVC = 1% (ESO2= 92). The analogous values for
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PPY: PVC = 10 and 15% (ESO2 = 97); SrMnO3/PPY: PVC = 1% (ESO2 = 99); and CaMnO3/PPY: PVC
= 5% (ESO2 = 88).

Pigment PVC
(%)

Paint
assessment

Substrate metal
assessment

Calculated
anticorrosion
efficiency
ESO2

Degree of
blistering
ASTM D
714‐87

Corrosion
in a cut
ASTM D
1654‐92

Surface
corrosion
ASTM D
610‐85

In
a cut

Metal
base

(mm) (%)

CaTiO3/PANI 1 – – 3.0–4.0 0.1 89

5 – – 1.0–1.5 0.1 94

10 – – 0–0.5 0.03 99

15 – – 0.5–1.0 0.1 96

SrTiO3/PANI 1 – – 1.5–2.0 0.03 94
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Pigment PVC
(%)

Paint
assessment

Substrate metal
assessment

Calculated
anticorrosion
efficiency
ESO2

Degree of
blistering
ASTM D
714‐87

Corrosion
in a cut
ASTM D
1654‐92

Surface
corrosion
ASTM D
610‐85

In
a cut

Metal
base

(mm) (%)

10 – – 0 0.03 100

15 – – 0–0.5 3 90

CaMnO3/PANI 1 – – 1.0–1.5 0.01 95

5 6F – 2.0–2.5 0.03 86

10 6F – 1.5–2.0 0.3 86

15 4F – 3.0–4.0 0.3 81

SrMnO3/PANI 1 – – 2.0–2.5 0.03 92

5 – – 1.5–2.0 1 90

10 – – 1.5–2.0 3 88

15 – – 1.0–1.5 10 86

CaTiO3/PPY 1 – – 0 0.03 100

5 – – 0–0.5 0.03 99

10 – – 0.5–1.0 0.03 96

15 – – 1.0–1.5 0.03 95

SrTiO3/PPY 1 – – 2.0–2.5 0.01 93

5 – – 1.5–2.0 0.1 94

10 – – 0.5–1.0 0.03 97

15 – – 0.5–1.0 0.03 97

CaMnO3/PPY 1 4F – 2.0–2.5 0.03 85

5 4F – 1.0–1.5 0.03 88

10 4F – 2.0–2.5 0.1 85

15 2F – 3.0–4.0 0.1 81

SrMnO3/PPY 1 – – 0–0.5 0.03 99

5 – – 0–0.5 0.3 98

10 4F – 1.0–1.5 0.3 86

15 4F – 2.5–3.0 3 77

Zn3(PO4)3.xH2O 15 8MD 0 1.5–2.0 0.03 79

Nonpigmented
film

– 6MD – 2.5–3.0 0.01 75

Table 8. Results of accelerated corrosion tests of the paints containing composite pigments in the SO2 atmosphere
(exposure 1608 h, DFT = 95 ± 10 μm).
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Figure 5. Results of exposure of a steel panel coated with the paint containing CaTiO3/PANI and CaTiO3/PPY in the
SO2atmosphere.

2.4.1. Findings from the corrosion‐inhibiting efficiency of pigmented paint films in SO2atmosphere

1. Paint films providing high protection against substrate metal surface corrosion (corroded
area fraction ≤ 0.03%) contained the following composite pigments at the following
concentrations: CaTiO3/PANI at PVC = 10% (corroded surface fraction, 0.03%); SrTiO3/
PANI at PVC = 1–10% (corroded surface fraction, 0.03%); CaMnO3/PANI at PVC = 1%
(corroded surface fraction, 0.01%), PVC = 5% (corroded surface fraction, 0.03%); SrMnO3/
PANI at PVC = 1% (corroded surface fraction, 0.03%); CaTiO3/PPY at PVC = 1–15%
(corroded surface fraction, 0.03%); SrTiO3/PPY at PVC = 1% (corroded surface fraction,
0.01%), PVC = 10 and 15% (corroded surface fraction, 0.03%); CaMnO3/PPY at PVC = 1–
5% (corroded surface fraction, 0.03%); and SrMnO3/PPY at PVC = 1% (corroded surface
fraction, 0.03%).

2. Paints providing high protection against corrosion propagation from the cut (corrosion
propagation to ≤ 0.5 mm) contained the following composite pigments at the following
concentrations: CaTiO3/PANI at PVC = 10% (corrosion propagation to 0.5 mm); SrTiO3/
PANI at PVC = 5 and 10% (corrosion propagation 0 mm), PVC = 15% (corrosion propa‐
gation to 0.5 mm); CaTiO3/PPY at PVC = 1% (corrosion propagation 0 mm), PVC = 5%
(corrosion propagation to 0.5 mm), SrMnO3/PPY at PVC = 1–5% (corrosion propagation
to 0.5 mm). No blisters on the paint surface or near the cut were observed with the
following composite pigments at any of the pigment concentrations applied: CaTiO3/
PANI, SrTiO3/PANI, SrMnO3/PANI, CaTiO3/PPY, SrTiO3/PPY.
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propagation to ≤ 0.5 mm) contained the following composite pigments at the following
concentrations: CaTiO3/PANI at PVC = 10% (corrosion propagation to 0.5 mm); SrTiO3/
PANI at PVC = 5 and 10% (corrosion propagation 0 mm), PVC = 15% (corrosion propa‐
gation to 0.5 mm); CaTiO3/PPY at PVC = 1% (corrosion propagation 0 mm), PVC = 5%
(corrosion propagation to 0.5 mm), SrMnO3/PPY at PVC = 1–5% (corrosion propagation
to 0.5 mm). No blisters on the paint surface or near the cut were observed with the
following composite pigments at any of the pigment concentrations applied: CaTiO3/
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3. The following pigments were efficient at a concentration as low as PVC = 1%: CaTiO3/
PANI (ESO2= 89), SrTiO3/PANI (ESO2= 94), CaMnO3/PANI (ESO2= 95), SrMnO3/PANI (ESO2=
92), CaTiO3/PPY (ESO2= 100), SrTiO3/PPY (ESO2= 93), CaMnO3/PPY (ESO2= 85), and SrMnO3/
PPY (ESO2= 99). All of the above overall anticorrosion efficiency levels are higher than that
of the reference paint (i.e., ESO2> 79). Paints with PVC = 15% that were more efficient than
the reference paint (zinc phosphate as the pigment at PVC = 15%, ESO2 = 79) contained the
following composite pigments: CaTiO3/PANI (ESO2 = 96); SrTiO3/PANI (ESO2 = 90); CaM‐
nO3/PANI (ESO2 = 81); SrMnO3/PANI (ESO2 = 86); CaTiO3/PPY (ESO2 = 95); SrTiO3/PPY (ESO2

= 97); CaMnO3/PPY (ESO2 = 81).The majority of the paint films containing the composite
pigments at any of the PVC levels applied attained an overall anticorrosion efficiency
better than or comparable to that of the reference paint. The anticorrosion efficiencies of
the paints containing CaTiO3/PANI and CaTiO3/PPY are graphically documented in
Figure 5.

2.5. Assessment of the corrosion protection of coatings with perovskites surface‐modified
with PANI and PPY

Pigment surface modification with PPY was beneficial in the inhibition of blistering both on
the paint film surface and in the area of the cut in atmosphere with NaCl, observed also at
higher pigment concentrations. Paint resistance to blistering was highest at PVC = 5% or up to
10%. Also beneficial was the pigment surface treatment with PPY in metal surface protection
against corrosion, observed also at PVC > 10%.

The ability of the paint films containing pigments modified with PPY to inhibit corrosion of
the substrate metal near the cut, also at higher PVC levels, can be explained in terms of a higher
specific electric conductivity of the paint films containing PPY as compared to the paint films
containing PANI, where this ability is lower. At the same time, this higher specific conductivity
was not associated with a local loss of adhesion or with blistering. PPY was superior to PANI,
also at PVC = 10%, and largely also at PVC = 15%. The highest anticorrosion efficiency at PVC
= 10% was observed with the paints with the CaTiO3/PPY and CaMnO3/PPY systems (ENaCl=
90 in either case).

Perovskites providing the best results in atmosphere with NaClif used as the cores for coating
with the conductive polymers, particularly with PPY, were those with the Ca–Ti, Sr–Ti, and
Ca–Mn combinations. This can be explained by the optimum combination of the specific
electric conductivity of the pigments, their solubility in the wet aqueous environment, and the
potential of the pigmented paint film adequate to hinder corrosion of the substrate metal. The
results of the accelerated corrosion test in the atmosphere of the NaCl mist were supported by
the linear polarization measurements.

The occurrence of blister was very low in the atmosphere with SO2and water condensation (in
comparison with the atmosphere with the NaCl mist) when using the paints containing the
composite pigments even at the higher pigment concentration levels. Conductive layer of PPY
was superior to the layer of PANI also in this test; in fact, the PPY layer–perovskite carrier
system was ideal as a corrosion inhibitor. The pigment particle treatment with PPY was
beneficial particularly to corrosion inhibition on the substrate metal surface, up to the highest
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PVC levels applied (PVC = 10–15%). Also beneficial was this treatment with respect to
suppression of paint film blistering, and also across a wide range of PVC levels.

Corrosion of the substrate metal surface was also low across the whole PVC series in the
atmosphere with SO2. This effect can be explained in terms of active electrochemical protection
of the steel panel by the paint film containing the active form of the conductive polymer
(Figure 6). The reason why the anticorrosion effect was higher in the atmosphere with SO2 than
in the atmosphere with NaCl lies in the fact that the former atmosphere is appreciably acid
and the conductive polymers are more efficient in it, or the nonconductive forms of the
composite pigments are maintained in/converted to the conductive forms. So, the electro‐
chemical and chemical mechanisms of action of the pigments and conductive polymers can
play their role [32, 33]. Therefore, the pigment surface modification with either of the conduc‐
tive polymers resulted in more pronounced anticorrosion effects compared to the NaCl mist;
also, the differences in the efficiencies of the paints between the different PVC levels of the
composite pigments were less marked. The surface modification of the pigments with either
of the two conductive polymers (PANI and PPY) was beneficial with respect to resistance
against paint surface blistering (at any PVC) and also with respect to anticorrosion protection
of the substrate metal.

Figure 6. Mechanism of corrosion protection by polyaniline coating (PANI‐LE = leucoemeraldine, PANI‐ES = emeral‐
dine salt).

2.6. Linear polarization

The parameters measured, that is, the spontaneous corrosion potential, polarization resistance,
and corrosion rate, provide information about the paint films’ corrosion resistance (Table 9).
A paint containing zinc phosphate at PVC = 15% served as the reference material in the linear
polarization measurements.
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and corrosion rate, provide information about the paint films’ corrosion resistance (Table 9).
A paint containing zinc phosphate at PVC = 15% served as the reference material in the linear
polarization measurements.
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Pigment in the paint PVC
(%)

Ecorr (mV) Icorr

(μA)
βc

(mV)
βa (mV) Rp

(Ω)
vcorr

(mm/year)

CaTiO3/PANI 1 ‐431 7.10‐4 43.6 40.1 1.107 8.10‐7

5 ‐382 2.10‐4 18.8 19.1 2.107 1.10‐5

10 ‐463 4.10‐3 27.4 28.3 2.106 5.10‐4

15 ‐468 8.10‐3 25.9 27.2 7.105 8.10‐4

SrTiO3/PANI 1 ‐286 7.10‐4 16.4 19.1 5.107 8.10‐7

5 ‐593 1.10‐3 22.6 19.3 4.106 1.10‐5

10 ‐587 5.10‐2 31.6 31.7 1.105 5.10‐4

15 ‐635 7.10‐2 32.7 29.8 1.105 8.10‐4

CaMnO3/PANI 1 ‐687 9.10‐5 23.3 37.7 7.107 1.10‐6

5 ‐558 7.10‐3 33.2 35.0 1.106 8.10‐5

10 554 1.10‐3 12.4 11.6 2.106 1.10‐5

15 ‐563 3.10‐2 36.5 35.0 2.105 4.10‐4

SrMnO3/PANI 1 ‐585 3.10‐3 18.1 21.2 2.106 3.10‐5

5 ‐551 4.10‐3 36.0 37.6 2.106 5.10‐5

10 ‐590 2.10‐2 24.8 21.6 3.105 2.10‐4

15 ‐651 6.10‐3 21.1 14.8 6.105 7.10‐5

CaTiO3/PPY 1 ‐175 1.10‐7 27.2 26.6 5.1010 1.10‐11

5 ‐192 4.10‐7 7.8 6.2 3.109 5.10‐9

10 ‐354 2.10‐6 35.9 34.9 4.109 2.10‐8

15 ‐600 8.10‐4 35.3 38.6 1.107 9.10‐6

SrTiO3/PPY 1 ‐556 7.10‐8 23.9 22.2 7.1010 8.10‐10

5 ‐553 5.10‐8 9.0 8.8 4.1010 6.10‐10

10 ‐544 4.10‐4 34.5 35.0 2.107 4.10‐6

15 ‐521 3.10‐4 32.1 33.1 2.107 5.10‐6

CaMnO3/PPY 1 ‐120 6.10‐8 17.8 15.3 4.1010 7.10‐10

5 ‐372 1.10‐3 36.4 24.3 6.106 1.10‐5

10 ‐483 8.10‐3 33.0 31.0 7.105 9.10‐5

15 ‐576 3.10‐2 28.7 29.8 2.105 4.10‐4

SrMnO3/PPY 1 ‐574 6.10‐6 25.8 13.6 7.108 7.10‐7

5 ‐500 2.10‐6 22.0 27.3 3.109 2.10‐8

10 ‐492 2.10‐3 23.7 21.4 2.106 2.10‐5

15 ‐509 4.10‐4 16.6 16.9 8.106 5.10‐6

Zn3(PO4)3xH2O 15 ‐473 1.10‐4 17.0 16.1 3.107 1.10‐6

Nonpigmented film 0 42 2.10‐3 21.6 18.9 3.106 1.10‐5

Table 9. Results of linear polarization measurements of the paints containing composite pigments, DFT = 60 ± 10 μm.
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The nonpigmented coating, with a spontaneous corrosion potential of 42 mV, exhibited
polarization resistance of 3 × 106 Ω and corrosion rate 1 × 10‐5mm/year. The reference paint with
zinc phosphate at PVC = 15% exhibited a lower spontaneous corrosion potential, ‐473 mV,
higher polarization resistance, 3 × 107 Ω, and corrosion rate one order of magnitude lower, 1 ×
10‐6mm/year. The two materials served as reference materials for the paint films containing the
pigments that modified the conductive polymers: CaTiO3, SrTiO3, CaMnO3, SrMnO3,
Ca2ZnWO6, and Ca2ZnMoO6 at PVC = 1, 5, 10, and 15%.

The paint films with the CaTiO3/PANI system exhibited spontaneous corrosion potential
increase (‐382 to ‐468 mV) against the reference paint with zinc phosphate. In comparison with
the nonpigmented coating, the corrosion rate of this paint was lower only at PVC = 1 5 %, viz.,
vcorr = 8 × 10‐7 and 1 × 10‐5mm/year, respectively. The paint films with the CaTiO3/PPY system
at PVC = 1, 5, and 10% exhibited spontaneous corrosion potentials higher than the reference
paint film with zinc phosphate, viz., ‐175 to ‐354 mV. The spontaneous corrosion potential was
lower, ‐600 mV, only at PVC = 15%. The corrosion rate of the paint film at PVC = 1% was nearly
one‐half that of the above reference paint, viz., 1 × 10‐11 mm/year. The paint films containing
this pigment at PVC = 5 and 10% also exhibited appreciably lower corrosion rates, 5 × 10‐9 and
2 × 10‐8 mm/year, than the reference materials (nonpigmented coating and paint with zinc
phosphate).

The paint films with SrTiO3/PANI exhibited increase in the spontaneous corrosion potential
against that of the reference zinc phosphate paint at PVC = 1%, viz., ‐286 mV, whereas the
reverse was true at PVC = 5, 10, and 15% (‐635 to ‐587 mV). Also, the paint film with the pigment
at PVC = 1% was the only one in the increasing PVC series to exhibit a corrosion rate lower (8
× 10‐7 mm/year) than the corrosion rate of the two reference materials. The paint films with
SrTiO3/PPY exhibited spontaneous corrosion potential decrease (‐556 to ‐521 mV) compared
to the reference paint film with zinc phosphate at any of the pigment concentrations used, and
the corrosion rates at PVC = 1 and 5%, viz., 8 × 10‐10 and 6 × 10‐10 mm/year, respectively, were
lower than the corrosion rate of the reference paint.

All of the paint films with the CaMnO3/PANIand SrMnO3/PANI systems exhibited spontane‐
ous corrosion potential decrease against the reference paint with zinc phosphate; only the paint
film with CaMnO3/PANI at PVC = 1% exhibited a corrosion rate at the same level as the
reference paint film, viz., 1 × 10‐6 mm/year. All of the paint films with the CaMnO3/PPY and
SrMnO3/PPY systems also exhibited spontaneous corrosion potential decrease against the
reference paint with zinc phosphate (‐576 to ‐483 mV), except for the paint films with CaM‐
nO3/PPY at PVC = 1 and 5%, where the spontaneous corrosion potential values were higher
(‐120 and ‐372 mV, respectively). The paint films with CaMnO3/PPY at PVC = 1% exhibited a
lower corrosion rate than the reference paint with zinc phosphate, viz., 7 × 10‐10 mm/year, and
the same was true of the paints with SrMnO3/PPY at PVC = 1 and 5% (7 × 10‐7 and 2 × 10‐8mm/
year, respectively).

2.6.1. Conclusion from measurements of linear polarization

Perovskites with PPY layer appeared to be superior to perovskites with PANI layer, also in the
linear polarization measurements, and lower concentrations of the pigments coated with PPY
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were more efficient than high concentrations. Paint films with the following composite
pigments exhibited better resistance and lower corrosion rates than the reference paint with
the zinc phosphate pigment: CaTiO3/PPY at PVC = 1 and 5% (1 × 10‐11 and 5 × 109 mm/year,
respectively); SrTiO3/PPY at PVC = 1 and 5% (8 × 10‐10 and 6 × 10‐10 mm/year, respectively);
CaMnO3/PPY at PVC = 1% (7 × 10‐10 mm/year); SrMnO3/PPY at PVC = 1 and 5% (7 × 10‐7 and 2
× 10‐8 mm/year, respectively); CaTiO3/PANI at PVC = 1 (8 × 10‐7 mm/year); and SrTiO3/PANI at
PVC = 1% (8 × 10‐7 mm/year).

3. Conclusion

This study was devoted to the anticorrosion and adhesive‐barrier properties of paint films
containing perovskite pigments whose surface had been modified with polyaniline phosphate
or polypyrrole phosphate. The findings from the tests can be summarized as follows:

1. PPY as the conductive polymer for pigment particle surface modification was found
superior to PANI with respect to the corrosion‐inhibiting efficiency of the composite
pigments. It is an advantage that a low PVC in the epoxy‐ester resin based paint is
adequate to attain a high anticorrosion efficiency. The pigments with PPY exhibited more
favorable physicochemical properties (water‐soluble content, pH of the extracts, etc.),
which did not detract from the binder's barrier efficiency. For some of the pigments, their
optimum concentration in the paints was as low as PVC = 1%, which is beneficial also from
the financial aspect.

2. The highest anticorrosion efficiency in the environment with a neutral NaCl mist was
exhibited by paint films containing the Ca–Ti or Ca–Mn perovskites, specifically CaTiO3/
PPY and CaMnO3/PPY, both at PVC = 1 and 5%. The same pigments, plus the Sr–Ti and
Ca–Mn perovskites, were also most efficient in the environment with SO2. All of the paint
films attained high anticorrosion efficiencies in the SO2 environment. Outstanding results
were obtained with the paint films containing pigments coated with a layer of PANI, in
particular, SrTiO3/PANI at PVC = 5 and 10%. PPY was found superior to PANI in the
environment with the NaCl mist, while the differences between the two conductive
polymers were not that marked in the environment with SO2, and both polymers can be
used with advantage. A 1% PVC will be sufficient to attain a high anticorrosion efficiency
with the pigments described above.

3. Corrosion in the cut diminished with increasing pigment concentration in the paint
(particularly in the atmosphere with SO2), irrespective of the conductive polymer coating
the perovskite core. This result is in line with the catalytic passivation mechanism in the
paint film damage area. Steel surface corrosion beneath the paint film was low up to high
pigment concentrations, which was facilitated by the anodic protection mechanism [31,
32], in which the composite pigments containing metal oxides are assumed to be able to
form a protective layer on the metal surface, thereby protecting the metal against corro‐
sion.
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4. The most efficient paints, based on the linear polarization measurements and the accel‐
erated corrosion test in the neutral salt mist atmosphere, were those containing the
CaTiO3/PPY composite pigment and the SrTiO3/PPY composite pigment.

5. All of the paints with the pigments modified with the conductive polymers exhibited good
physicomechanical resistance levels––to the extent that the paints are applicable to
surfaces exposed to mechanical stresses.

6. The surface‐modified pigments are promising from several aspects, particularly owing to
their high anticorrosion efficiency compared to that of the reference paint, low pigment
concentration in the paints adequate to attain a high anticorrosion effect, and their
environmental harmlessness. The results obtained suggest that the pigments deserve
further research.
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Abstract

Nanocomposite materials consisting of polyaniline (PANI) and exfoliated WS2 were
synthesized. The WS2 was prepared by reacting tungstic acid with thiourea at 500°C
under nitrogen flow. Samples were prepared with a WS2 content of 1, 5, 7.5, 10, 12.5, 15,
20, 37, and 64% by mass. An improvement in the electronic conductivity value of the
PANI  was  observed  through  the  incorporation  of  exfoliated  WS2.  The  electronic
conductivity of PANI-15%WS2 was 24.5 S/cm, an eightfold increase when compared to
pure PANI. Powder X-ray diffraction (XRD), transmission electron microscopy (TEM)
and electron paramagnetic resonance (EPR) provided evidence that the nanocomposites
are  in  an  exfoliated  state.  XRD  and  TEM  showed  that  the  nanocomposites  were
completely amorphous, suggesting lack of structural order in these materials, while
their EPR signals were considerably narrower compared to pure PANI, indicating the
formation of genuine exfoliated systems. Furthermore, our research showed that WS2

can be used as a filler to improve activation energy of decomposition of the polymer.
By using the Ozawa method, we studied the decomposition kinetics for the nanocom-
posites, as well as for the pure polymer. The activation energy for the decomposition of
pure PANI was found to be 131.2 kJ/mol. Increasing the amount of WS2 to 12.5% in the
PANI increases the activation energy of decomposition to 165.4 kJ/mol, an enhancement
of 34.2 kJ/mol over the pure polymer.

Keywords: nanocomposite, polyaniline, transition metal dichalcogenide, exfoliated
systems, graphene analogous material
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1. Introduction

There has recently been a significant amount of interest concerning the development of a wide
variety  of  inorganic-polymer-based  nanocomposite  materials.  The  preparation  of  these
nanocomposites involves the incorporation of various inorganic nanoparticles into the matrix
of a certain polymer using methods such as sol-gel processing, blending or mixing the polymer
and filler material, as well as in situ polymerization [1]. A variety of different nanoparticles
including clays, metal oxides, transition metal dichalcogenides (TMDs) and semiconductor
metallic crystals have been incorporated into polymeric materials. The resulting nanocompo-
sites typically exhibit improved properties derived from the presence of both the polymer and
filler material. Depending on the polymer and the filler material, the improved properties
synergistically  derived  from the  two  components  may  include  enhancement  in  thermal
stability, electrical conductivity and mechanical strength.

Graphene is a material that has attracted a tremendous amount of interest in the scientific
community. It is an allotrope of carbon prepared by exfoliation of graphite into individual two-
dimensional layers. Interest in graphene arises from the fact that it possesses a number of
unique electrical, thermal, and mechanical properties due to its two-dimensional hexagonal
structure [2]. Since the discovery of graphene, much effort has been placed into other layered
materials that can be exfoliated into individual sheets in a similar fashion to graphite. One of
the most widely studied class of graphite analogues are the transition metal dichalcogenides
(TMDs) such as MoS2, WS2, MoSe2 and WSe2. These layered materials possess hexagonal lattice
structures that can be exfoliated into single layers, similar to graphite. Due to its ease of
exfoliation, MoS2 has become the most researched TMD for its use in a variety of devices.
However, it is interesting to note that WS2 is much harder to exfoliate, although it is structurally
similar to MoS2. The challenge with the exfoliation of WS2 has inspired many researchers to
examine other methods of exfoliation. Recently, Matte et al. prepared WS2 nanosheets in an
exfoliated state by grinding tungstic acid with an excess of thiourea and heating the reaction
mixture to 500°C in an inert atmosphere.

Since the discovery of its conductive nature, polyaniline (PANI) has been one of the most
extensively studied electronically conductive polymers for a number of reasons, such as its
relative ease of synthesis, low cost of production, high conductivity and impressive environ-
mental stability [3, 4]. Due to these reasons, PANI is considered to be the most promising
conductive polymer when compared to others such as polypyrrole, polythiophene and
polyacetylene [4]. Over the past 30 years, PANI has become a material of great importance due
to its many applications such as in rechargeable batteries, microwave and radar devices,
nonlinear optical and light-emitting devices, sensors, catalysts and solar cells [5–12]. In this
chapter, we discuss the synthesis of exfoliated WS2 and the preparation of inorganic-polymer
nanocomposites through the incorporation of WS2 into the polymer matrix of PANI via an in
situ polymerization technique. Characterization of the exfoliated WS2 and PANI-WS2 nano-
composites is also discussed.
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1.1. Polyaniline

Polyaniline (PANI) is among the most widely studied polymeric materials due to its electron-
ically conductive nature. The discovery of PANI can be traced back almost 200 years to the
experiments of Runge, who reported a colour change from dark green to black upon heating
a mixture of copper(II) chloride and aniline nitrate [13]. Although the existence of this polymer
has been known for quite some time, it was not until over 100 years after its discovery that
PANI was shown to demonstrate significant electrical conductivity [14].

Generally speaking, the synthesis of PANI can be achieved using two different methods:
chemical polymerization and electrochemical polymerization. The chemical synthesis of PANI
involves the polymerization of aniline using strong oxidizing agents in acidic media. The
electrochemical polymerization of PANI can be carried out in a one compartment cell or a two
compartment cell in an aqueous medium or a suitable solvent [15]. It has been reported that
PANI synthesized using the electropolymerization method results in a sample with lower
conductivity, lower crystallinity, higher solubility, and higher bandgap energy when compared
to the chemically synthesized polymer [4]. Although it is apparent that there are some
advantages associated with the electrochemical synthesis of PANI, the chemical polymeriza-
tion method is favoured for the large scale production of the polymer [15].

Most frequently, the oxidants used in the chemical synthesis of PANI include ammonium
peroxydisulfate (APS) and Fe(III) compounds; however, a wide variety of oxidizing agents
have recently been employed. These oxidizing agents include a number of different transition
metal compounds such as Mn(III), Mn(IV), Cr(VI), V(V) and Cu(II). Other reported oxidants
include KIO3, H2O2 and benzoyl peroxide [16]. There have been many reports on the chemical
synthesis of PANI; however, the use of APS in its preparation typically results in the highest
electrical conductivity [17].

Depending on the type of oxidizing agent and the reaction conditions, there are two funda-
mentally different ways that aniline can be oxidized. If the oxidizing agent has a high oxidation
potential and does not possess a reactive oxygen atom, it is able to remove electrons or
hydrogen from the aniline monomer which results in the formation of dianilines in reduced
and/or oxidized form, oxidatively cyclized dianiline products, as well as linear/branched
aniline oligomers and PANI. Oxidizing agents with a reactive oxygen atom are able to either
donate the oxygen to the aniline monomer resulting in the formation of oxygen-containing
products, and/or remove electrons/hydrogen from the aniline monomer [16]. There are a
number of oxidants which can act as either oxygen donors or electron acceptors depending on
the reaction conditions. In the case of oxygen donor species, high temperatures and alkaline
conditions result in the formation of favourable products. However, the opposite is true for
the electron acceptor mechanism, where low temperatures and acidic conditions produce
favourable results. Peroxydisulfate salts such as APS are able to either donate oxygen or accept
electrons; however, the latter is the preferred mechanism for the production of PANI. The
reaction of APS with aniline in alkaline conditions at an elevated temperature prompts the
donation of oxygen by the APS which results in the production of insoluble oxygen-/sulphur-
containing oligoanilines, whereas the same reaction in acidic conditions at a low temperature

Exfoliated Nanocomposites Based on Polyaniline and Tungsten Disulfide
http://dx.doi.org/10.5772/63457

203



leads to the production of PANI as the major product through acceptance of electrons by APS
[14].

PANI exists in four different forms depending on the level of oxidation of the polymer. The
fully reduced form of the polymer is known as leucoemeraldine, the half oxidized form is
referred to as the emeraldine base, and the fully oxidized form is pernigraniline. Although
PANI is known to be a conductive polymer, all of these three forms are insulating. The
conductive nature of PANI arises only when it is in the emeraldine salt form, where repeating
units of the completely oxidized form are followed by units of the completely reduced form
[14]. When doped with HCl, PANI demonstrates a significant increase in conductivity by
approximately 10 orders of magnitude. Although this mechanism is not entirely understood,
it has been proposed that protonation of the emeraldine base of the polymer leads to a spinless
bipolaron structure, which rearranges and splits into two polaron units resulting in the
emeraldine salt form [18].

1.2. Transition metal dichalcogenides

Graphene has gained significant attention over the past number of years due to its incredible
properties. Research into 2D graphene has led to the award of the Nobel Prize in Physics in
2010. Graphene possesses unique electrical, thermal, and mechanical properties and is widely
researched for its potential applications in different devices [2]. The unique properties of
graphene are due to its two-dimensional hexagonal structure. The discovery of graphene has
triggered a considerable amount of interest in other materials that possess layered structures
that can be exfoliated into single layers.

Figure 1. Structure of graphene analogue WS2.

Layered materials that have recently been studied include TMDs, BC3, silicene, transition metal
carbides and nitrides, and a number of coordination polymers, each of which exists in a
structure composed of stacked layers analogous to graphite [19]. These graphite analogues can
be cleaved into single layers that are more or less structurally similar to that of graphene.
Among these graphene analogous materials, the TMDs are among the most widely studied.
Similar to graphene, they possess a two-dimensional hexagonal ‘honey-comb’ like lattice
structure as shown in Figure 1. These materials are composed of a transition metal that is
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covalently sandwiched between two chalcogen atoms which make up the two-dimensional
layer. Weak van der Waals forces exist between the two-dimensional sheets of the TMDs and
are responsible for the layered structure of the materials.

There are approximately 60 different TMDs, 40 of which exist in the layered form [20].
Variations in the compositions of TMDs result in a variety of different properties possessed by
the compound. TMDs can exist in three different forms which are a result of altering the
transition metal or the chalcogen (S, Se, Te) causing changes in the coordination or oxidation
state of the material. These forms include metallic, semimetallic and semiconductor. For
example, NbSe2 is a metallic material, whereas WS2 is semiconducting [21].

Out of the many TMDs, those containing a group six transition metal are among the most
highly researched. Recently, MoS2 as well as the chemically similar WS2 have been materials
of interest due to the fact that they are layered semiconductors with tunable bandgaps
depending on size [22, 23]. Much like graphene, these materials possess unique properties
when in an exfoliated state. Due to its ease of exfoliation, MoS2 has been the more highly
researched TMD for its use in a variety of devices.

There are a number of methods for preparing exfoliated MoS2, the most common being
exfoliation by the n-butyllithium technique [24]. First, the bulk MoS2 is mixed with an n-
butyllithium/hexane solution in order to achieve lithium-intercalation. The LixMoS2 is then
submerged in water, resulting in the production of LiOH and the evolution of H2 gas causes
separation of the MoS2 layers.

Although WS2 is similar in chemical structure to MoS2, exfoliation of WS2 using the n-butyl-
lithium technique is much more difficult [25, 26]. This difficulty arises from the fact that
when WS2 is mixed with the n-butyllithium hexane solution, very little lithium intercalation
occurs. When performing lithiation of MoS2, the resulting LixMoS2 typically has a lithium
content of x ≈ 1. WS2 under identical conditions yields LixWS2, with an x value of under 0.4. As
a result, there is negligible H2 formation when LixWS2 is submerged in water causing the degree
of WS2 exfoliation to be very low [26]. Consequently, this has inspired researchers to examine
other methods of WS2 exfoliation. A solvothermal method has been used to increase the
amount of lithium intercalation in WS2 [27]. Other reported methods include using a strong
acid treatment to separate the WS2 layers, as well as using different synthetic techniques to
prepare the WS2 in an already exfoliated state [28–30].

Recently, Wu et al. reported a method of preparing WS2 nanosheets in an exfoliated state. This
method involved ball-milling WO3 in the presence of sulphur and heating to 500–800°C under
argon atmosphere [29]. Shortly after, Matte et al. reported a method for the preparation of
exfoliated WS2 which involved the use of thiourea as the source of sulphur and tungstic acid
as the source of tungsten. This process simply involves grinding of tungstic acid with an excess
of thiourea (tungstic acid–thiourea 1:48 mole ratio), and heating the mixture to 500°C under
nitrogen atmosphere [30].

Once in an exfoliated state, WS2 has a wide variety of potential applications including photo-
conductors, catalysts, lubricants and lithium batteries [29]. Although there are many potential
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applications for this material, the amount of work done on WS2 has been quite limited
compared to other TMDs.

1.3. Inorganic-polymer nanocomposites

There has been significant research into the development of a wide variety of inorganic-
polymer-based nanocomposites. Inorganic-polymer nanocomposites are materials that consist
of inorganic nanoparticles mixed with a polymer where the size of the inorganic nanoparticle
is less than 100 nm, for example layered materials, incorporated into a polymer host [31].
Research into these types of materials is primarily concerned with the enhancement of the
polymer properties through the incorporation of different particles with varying characteris-
tics. Examples of polymer properties that are considered include thermal stability, electrical
conductivity and mechanical strength. A variety of different nanoparticles such as clays, metal
oxides, transition metal dichalcogenides and semiconductor metallic crystals have been
previously incorporated into polymeric matrices. There are a number of different methods
used to prepare inorganic-polymer nanocomposites such as blending or mixing the polymer
and filler material, sol–gel processing, and in situ polymerization [1].

Figure 2. Intercalated and exfoliated nanocomposites.

Polymer-based nanocomposites containing layered materials can exist in two major forms:
exfoliated nanocomposites and intercalated nanocomposites (Figure 2). Exfoliated nanocom-
posites consist of single or few layered nanosheets incorporated within a polymer matrix.
Conversely, intercalated nanocomposites are materials formed when the layered species are
stacked with polymer chains, resulting in alternating inorganic and polymeric layers.
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XRD characterization of the nanocomposite is very useful for determining its structural
characteristics. In particular, XRD can be used to detect three types of nanocomposites. For an
immiscible nanocomposite, the powder pattern is similar to that of the starting layered
structure, demonstrating no change in d-spacing, and therefore suggesting that no separation
of the layers took place. For an intercalated nanocomposite, its XRD pattern will be different
from that of the pristine lamellar structure. Typically, an increase in d-spacing is observed due
to the incorporation of the polymer in the gallery spaces of the inorganic host. Finally, in the
case of an exfoliated nanocomposite, no peaks are expected in the XRD scan. This is due to the
fact that there is no regular spacing between the layers of the material, indicating that the layers
are exfoliated and distributed throughout the polymer matrix [31]. It is also worth noting that
the XRD scan of the exfoliated nanocomposite assumes that the incorporated polymer is
completely amorphous. However, a polymer possessing a crystalline structure could show
diffraction peaks in the XRD pattern of its corresponding exfoliated nanocomposite.

2. Synthetic methodology

2.1. Synthesis of exfoliated WS2

Tungstic acid was purchased from Sigma-Aldrich and used as received. Typical synthesis of
exfoliated WS2 involved grinding and mixing tungstic acid in excess of thiourea with the use
of a mortar and pestle. The mole ratio of the tungstic acid to thiourea was 1:48. This mixture
was placed in a ceramic reaction vessel and inserted into a ceramic tube installed in a split
furnace. The mixture was then heated to approximately 500°C for 3.5 h under nitrogen
atmosphere and then allowed to cool overnight under nitrogen purge. This yielded a black
solid product which was ground to a fine powder for use in future reactions.

2.2. Synthesis of polyaniline-WS2 nanocomposites

A sample of distilled aniline along with 1 M HCl was placed in a large Erlenmeyer flask. The
solution was placed in an ice bath and cooled to approximately 0°C with mechanical stirring.
A sample of the previously synthesized WS2 was suspended in 10–20 mL of deionized water
and probe-sonicated for approximately 20 min at 30% amplitude. The WS2 suspension was
then added to the aniline solution and stirred mechanically while keeping the temperature
between 0°C and 5°C.

A solution of ammonium peroxydisulfate (APS) was prepared by dissolving a sample of APS
in 1 M HCl. This solution was cooled in an ice bath and then slowly added to the aniline-WS2

mixture. The mole ratio of aniline to APS was 1:1. The reaction mixture was left to stir for 1.5 h
before the product was collected by vacuum filtration, washed thoroughly with 1 M HCl, and
left to dry overnight under suction.

For the synthesis of bulk polyaniline, the same procedure as outlined above was used, but
without addition of any WS2.
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3. Instrumentation

Powder X-ray diffraction (XRD) was performed using a Bruker AXS D8 Advance instrument
equipped with a graphite monochromator, variable divergence slit, variable antiscatter slit and
scintillation detector. Cu (Kα) radiation (λ = 1.524 Å) was used for sample measurements
carried out at room temperature. Samples were run in air from 2 to 60° (2θ).

Thermogravimetric analysis (TGA) was performed on a TA Instruments TGA Q500 in dry air
or nitrogen purge. For measurements performed under nitrogen, the furnace was allowed to
purge for 15 min using a 60.00 mL/min purge flow rate before the measurement was started.
The heating rates used were varied between 5 and 40°C/min. The range of heating used was
from 20 to 800°C.

Scanning electron micrographs were obtained on an LVEM5 benchtop instrument, operating
at 5 kV. Powdered samples were placed on carbon-taped stubs prior to analysis.

High-resolution transmission electron microscopy (HRTEM) was performed on a Hitachi 7500
Bio-TEM, using an accelerating voltage of 80 kV. The powdered samples were dispersed in
deionized water with the help of ultrasonication, and the dispersed samples were cast on
carbon-coated copper grids.

Electrical conductivity measurements were performed using the four-probe van der Pauw
technique on a home built system. Samples were prepared as thin circular pressed pellets,
12.7 mm in diameter, with a thickness between 0.5 and 1.0 mm. Pellets were attached to a
sample holder with either vacuum grease or double-sided tape, and wires were secured to the
pellets using silver or carbon paste. Room-temperature conductivity measurements were
performed in air. For some samples, variable-temperature conductivity measurements were
also made, with the pellets in vacuum.

EPR spectra were recorded using a Bruker Elexsys E580 pulse spectrometer operating in CW
mode. The solid samples were placed in Suprasil EPR sample tubes (4 mm o.d.) and were
sealed.

4. Results and discussion

4.1. Characterization of exfoliated WS2 nanoparticles

In order to determine whether or not the synthesized product was in fact WS2 in an exfoliated
state, powder XRD diffraction data were collected. The diffractogram is shown below in Figure
3(b).

XRD data show that the synthesized WS2 is highly amorphous in nature, with a low crystal-
linity percentage of 17.2%, as determined by the XRD software. The diffractogram shows the
presence diffraction peaks at approximately 33° (2θ) and 58° (2θ) corresponding to the (100)
and the (110) planes, respectively. In contrast, the XRD diffractogram of pristine layered WS2
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(Figure 3a), shows the characteristic (002) line just above 14° (2θ). The lack of the (002) line and
the presence of the (100) and (110) lines in the diffractogram of the synthesized WS2 indicate
that it is, in fact, in an exfoliated state. The XRD data correlate well with the literature for
exfoliated WS2 synthesized via the n-butyllithium method [25].

Figure 3. (a) XRD diffractogram of (a) pristine layered WS2 (Aldrich), (b) synthesized WS2.

Figure 4. XRD of products obtained after TGA in air: (a) product from synthesized exfoliated sample, (b) product from
pristine layered sample.
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TGA was performed in air on the synthesized exfoliated WS2 and on pristine layered WS2

(Aldrich). Both TGA runs resulted in the formation of a light green powder, demonstrating
oxidation of both samples. It was assumed that in both cases, WO3 was formed as a result of
oxidation of the initial materials. To confirm this, XRD data were collected on both light green
samples and the results were compared to the literature data for pure WO3. It was noted that
the diffraction peaks shown in both diffractograms (Figure 4) correlated well with one another,
and closely resembled the literature powder pattern of WO3 [32]. It was also found that the
light green products from exfoliated WS2 and pristine layered WS2 demonstrated a similar high
percentage in crystallinity of 79.4% and 76.6%, respectively. This confirms that both WS2

samples were oxidized to WO3, and thus possess a similar chemical composition.

Electrical conductivity measurements were performed on pressed pellets of the synthesized
exfoliated WS2 using the van der Pauw technique. The synthesized exfoliated WS2 was
found to be non-conductive, while pristine layered WS2 exhibits a conductivity value of
3.6 × 10–3 S/cm.

Figure 5. SEM micrograph of exfoliated WS2.

SEM was performed on the exfoliated WS2 in order to gain insight into its surface morphology.
As shown in the SEM micrograph (Figure 5), the material appears to be amorphous, which is
consistent with the XRD data.

TEM was used to further characterize the material in order to gain a more in-depth under-
standing of the structure of the material. As viewed under TEM, exfoliated WS2 appears to be
very thin and membrane like. The membranes do not stack, clearly indicating the disordered
state of the material. There is also a certain degree of folding/wrinkling of the membranes. It
could also be observed that the exfoliated WS2 is quite porous, and might potentially have a
very large surface area (Figure 6).
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Figure 6. TEM of exfoliated WS2.

4.2. Characterization of polyaniline

XRD was used to characterize the synthesized PANI. The diffractogram features a very broad
peak, indicating a low degree of crystallinity of the material. The XRD analysis software
calculated a low percent crystallinity of 11.6%, clearly indicating a highly disordered structure
(Figure 7). This is consistent with the fact that PANI is an amorphous polymer, and is in
agreement with the literature [33].

Figure 7. XRD diffractogram of pure PANI.
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FTIR was also used to characterize the PANI. The FTIR spectrum correlates well with the
literature, demonstrating wavenumbers within the same range [33].

Figure 8. TEM micrograph of bulk PANI.

Electron microscopy was also used to further characterize the bulk PANI. Bulk PANI as
observed under SEM and TEM shows that it is completely featureless, and highly disordered.
The TEM micrograph of bulk PANI is shown in Figure 8.

4.3. XRD characterization of PANI-WS2 nanocomposites

Powder X-ray diffraction data were collected on the prepared PANI-WS2 nanocomposites
(Figure 9).

Figure 9. Diffractograms of nanocomposites (a) PANI-10%WS2, (b) PANI-20%WS2, (c) PANI-37%WS2.
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XRD data provided evidence for the formation of exfoliated nanocomposites. The XRD scans
for all prepared compositions appeared to be highly amorphous and lacked any sharp
crystalline peaks, indicating that the materials possessed a low degree of structural order. It
was also observed that as the WS2 content is increased, the appearance of the characteristic
exfoliated WS2 diffraction peaks just above 33° and 58° became more apparent. These peaks
were not detected in the XRD scans of samples with lower WS2 content, which closely resemble
the scan of the bulk polymer.

4.4. Transmission electron microscopy on PANI-WS2 nanocomposites

Transmission electron microscopy was further used to characterize the nanocomposites. All
nanocomposites as viewed under TEM showed that they are in a completely amorphous,
disordered state, and these findings are in very good agreement with the powder X-ray
diffraction data. Thus, TEM further confirms the formation of exfoliated systems. As an
illustration, the TEM micrographs of PANI-10%WS2 and PANI-64%WS2 are shown in Figure
10(a) and (b).

Figure 10. TEM micrographs of (a) PANI-10%WS2, (b) PANI-64%WS2.

4.5. EPR analysis of PANI-WS2 nanocomposites

Electron paramagnetic resonance spectroscopy was used to characterize the PANI-WS2

nanocomposites, as well as the pure PANI and exfoliated WS2. As an illustration, the overlaid
EPR spectra of pure PANI, exfoliated WS2 and PANI-20%WS2 nanocomposite are shown in
Figure 11. Exfoliated WS2 was found to be EPR silent, and pure PANI showed an EPR signal
with a g-value of 2.0023. However, the PANI-20%WS2 nanocomposite demonstrated an intense
peak that was significantly narrower than that of the pure PANI. The dramatic difference in
EPR signal between the pure PANI and that of the PANI-20%WS2 material implies that the
WS2 and PANI in the nanocomposite are not simply a physical mixture, but are actually mixed
at the molecular level. Other compositions showed similar behaviour.
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Figure 11. EPR spectra of (a) pure PANI, (b) exfoliated WS2, and (c) PANI-20%WS2.

4.6. Decomposition kinetics of PANI-WS2 nanocomposites

The decomposition kinetics of the PANI-WS2 nanocomposites (1, 5, 7.5, 10, 12.5, 15, 20, 37 and
64%) and pure PANI were determined using the Ozawa method [34, 35]. The Ozawa method
involved performing a series of TGAs at different heating rates (5, 10, 20 and 40°C/min),
obtaining the conversion curves from the thermograms, and then a series of Ozawa plots at
different conversion values. The activation energy of decompositions (Ea) were then deter-
mined from the Ozawa plots. The results are summarized in Table 1 and displayed in Figure
12. The data demonstrate that the presence of WS2 in PANI enhances its activation energy of
decomposition. The maximum enhancement (about 34 kJ/mol) was observed at 12.5% by mass
of WS2.

% by mass of WS2 Ea (kJ/mol) Standard deviations (kJ/mol)
0 131.2 ±7.7

1 146.6 ±5.1

5 133.1 ±9.3

7.5 133.2 ±15.9

10 152.3 ±4.8

12.5 165.4 ±5.5

15 151.2 ±5.2

20 129.5 ±8.4

37 144.8 ±12.7

64 152.5 ±11.5

Table 1. Activation energies of PANI-WS2 nanocomposite samples.

Conducting Polymers214



Figure 11. EPR spectra of (a) pure PANI, (b) exfoliated WS2, and (c) PANI-20%WS2.

4.6. Decomposition kinetics of PANI-WS2 nanocomposites

The decomposition kinetics of the PANI-WS2 nanocomposites (1, 5, 7.5, 10, 12.5, 15, 20, 37 and
64%) and pure PANI were determined using the Ozawa method [34, 35]. The Ozawa method
involved performing a series of TGAs at different heating rates (5, 10, 20 and 40°C/min),
obtaining the conversion curves from the thermograms, and then a series of Ozawa plots at
different conversion values. The activation energy of decompositions (Ea) were then deter-
mined from the Ozawa plots. The results are summarized in Table 1 and displayed in Figure
12. The data demonstrate that the presence of WS2 in PANI enhances its activation energy of
decomposition. The maximum enhancement (about 34 kJ/mol) was observed at 12.5% by mass
of WS2.

% by mass of WS2 Ea (kJ/mol) Standard deviations (kJ/mol)
0 131.2 ±7.7

1 146.6 ±5.1

5 133.1 ±9.3

7.5 133.2 ±15.9

10 152.3 ±4.8

12.5 165.4 ±5.5

15 151.2 ±5.2

20 129.5 ±8.4

37 144.8 ±12.7

64 152.5 ±11.5

Table 1. Activation energies of PANI-WS2 nanocomposite samples.

Conducting Polymers214

Figure 12. Plot of activation energy values versus mass% of WS2.

4.7. Electrical conductivity of PANI-WS2 nanocomposites

Room temperature conductivity values for the nanocomposite samples are summarized
below in Table 2, and plotted in Figure 13. The accuracy of the conductivity of a given sample
is about ±10%. For some of the nanocomposite compositions, several pellets were measured
and each conductivity value is listed. Considerable variation is observed in some cases, but
this is not surprising considering that the samples were pellets made from pressed powders.
Conductivity can be affected many factors such as the pressure used in forming the pellets,
the quality of inter-grain contact, sample aging, and the humidity of the air. In addition,
different batches of PANI may have slightly different oxidation or doping levels.

WS2 content in nanocomposite Room-temperature conductivity (S/cm)

0% (Pure PANI) 3.1, 3.7, 5.0, 5.3

1% 0.60, 0.68

5% 0.022, 0.024, 0.051

7.5% 0.30

10% 13

12.5% 8.8, 16

15% 24, 25

20% 9.1

37% 8.5, 10

64% 8.0

Table 2. Nanocomposite conductivity at room temperature. Multiple values indicate readings on different samples of
the same nominal composition.
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Figure 13. Nanocomposite conductivity at room temperature.

Two pellets of exfoliated WS2 were tested but showed no detectable conductivity. WS2 is known
to be a semiconductor, and when a pellet pressed from bulk WS2 powder (Aldrich) was
measured a conductivity of 3.6 × 10−3 S/cm was found. We conclude that either our exfoliated
WS2 is much less conducting than bulk WS2, or that the inter-grain contact in our pellets of
exfoliated WS2 is so poor as effectively prevent conduction through the pellet.

As seen in Table 2 and Figure 13, as the percentage of WS2 in the nanocomposites is increased,
the conductivity drops initially, reaching a minimum at about 5% by mass. This drop is not
surprising, since we are adding poorly-conducting WS2 to conducting PANI. However, as the
percentage of WS2 is increased further, the conductivity rises again, and samples containing
at least 10% WS2 demonstrate a significant enhancement in electronic conductivity over the
pure polymer. The 15% samples exhibited the highest electronic conductivity at about
24 S/cm. When a two-component composite material is more conducting than either of its
components, this suggests that interaction between the components has altered the electrical
properties of one or both of the components. For example, a layered nanocomposite consisting
of polypropylaniline intercalated between layers of FeOCl was a much better conductor than
either FeOCl or polypropylaniline alone [36]. This is believed to be due to electron transfer
from the polymer to the FeOCl layers. The nature of the interaction causing conductivity
enhancement in the PANI/WS2 system above 10% WS2 is not yet understood, and will be a
topic for future research.

Variable-temperature conductivity measurements were attempted on a number of the samples.
In the experimental system used, the sample is in vacuum and can be cooled to 50 K or below.
The pressed pellet nanocomposite samples were quite fragile and often cracked on exposure
to vacuum or due to thermal stresses on cooling. For this reason, it was only possible to obtain
variable-temperature data on the pure PANI, as well as 12.5% and 20% WS2–PANI nanocom-
posite samples. The results are shown in Figure 14.
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Figure 14. Variable temperature conductivity of PANI, PANI-12.5%WS2 nanocomposite, and PANI-20%WS2 nanocom-
posite.

It was also observed that conductivity dropped when the pellets were placed in vacuum,
possibly due to the loss of small amounts of residual water. For example, the PANI sample
shown in Figure 14 had a conductivity of 3.1 S/cm in air. This dropped to 2.0 S/cm after 4 h in
vacuum at room temperature, and to 1.5 S/cm after 24 h. After this, the variable-temperature
measurements were made, and then the sample was returned to air for four days, after which
the conductivity was 2.9 S/cm, close to the original value. Similar conductivity decreases in
vacuum were observed in the nanocomposite samples, especially the 12.5% sample, which was
in vacuum for a longer time than the others.

The variable-temperature data are consistent with the variable-range hopping (VRH or Mott
law) model for conduction in disordered materials. In the VRH model, the resistivity ρ is given
as a function of absolute temperature T by

( )
1

0 1
0 ( )dTT exp

T
r r +

é ù
= ê ú

ë û
(1)

where d is the dimensionality of the material, and T0 and ρ0 are parameters that are nearly
independent of temperature. Both three-dimensional and two-dimensional Mott law behav-
iours have been reported in a number of studies of conducting polymer and nanocomposite
systems [36–38]. If Eq. (1) with d = 3 is valid, a plot of ln ρ as a function of T-1/4will be linear.
Our data are plotted in this format in Figure 15. The straight-line behaviour seen in the figure
shows that the three-dimensional VRH model is a reasonable description of electrical conduc-
tion in these materials.
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Figure 15. Three-dimensional VRH model of PANI, PANI-12.5%WS2 nanocomposite, and PANI-20%WS2 nanocompo-
site.

If d = 2 in Eq. (1) a plot of ln ρ as a function of T-1/3will be linear. Our data also appears nearly
linear in such a plot, and the 12.5% data with its more limited temperature range even appears
nearly linear in a plot of ln ρ as a function of T-1/2(d = 1). We conclude that our variable-
temperature conductivity data are consistent with VRH conduction, although the dimension-
ality d cannot be determined precisely.

5. Conclusion

A significant amount of information was generated on the synthesized PANI-WS2 nanocom-
posite materials. Evidence has been provided to show that the WS2 synthesized from thiourea
and tungstic acid is in an exfoliated state. XRD, TEM and EPR provide evidence that genuine
exfoliated nanocomposites have been prepared through the incorporation of the exfoliated
WS2 into PANI. Furthermore, the incorporation of exfoliated WS2 into PANI resulted in
significant changes in the thermal and electrical properties of the polymer.
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Abstract

Among  conducting  polymers,  poly-p-phenylenevinylenes  (PPVs)  have  attained  a
special place in polymer electronics. The optoelectronic properties initially exposed
by PPVs in  organic  light-emitting diodes  (OLEDs)  turned these  organic  electronic
conjugated  systems  from  the  solo  academic  interest  into  a  technologically  very
promising area. The easiness of the tuning of their optoelectronic properties through
synthetic  modifications  make  PPVs  an  outstanding  and  suitable  compound  for
technological applications and fundamental science development. Unfortunately, the
synthesis and structural optoelectronic characterization of novel PPVs is a long and
difficult  task  that  sometimes  yields  unclear  results.  However,  phenylenevinylene
oligomers  (oPV)  can  be  synthesized  and  characterized  in  a  very  straightforward
manner, and their performance in novel applications can be directly related to their
structural  analogue  polymer,  methodology  designated  as  the  oligomer  approach.
Herein,  we describe the oligomer approach using the Mizoroki-Heck reaction as a
synthetic route for oPVs and PPVs, and the importance of an extensive characteriza-
tion for novel applications, such as photocatalysis and matrix-assisted laser desorp-
tion/ionization (MALDI)  matrices,  where these electronic  conjugated systems have
very promising applications.

Keywords: phenylenevinylene, oligomer approach, optoelectronic polymers, Mizoro-
ki-Heck reaction, conjugated systems applications

1. Summary

This chapter describes the physicochemical characteristics of conjugated polymers and the
growing importance of the polymer electronics in our actual and future day life, followed by
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advantages and disadvantages of the most common synthetic routes reported to get any
imaginable electronic conjugated chemical structure.

As a result of the explanation and development of the oligomer approach in this chapter,
applied to the synthesis of phenylenevinylene oligomers (oPV) and polymers by the Mizoroki-
Heck reaction and the usefulness of this methodology to define precise chemical structure as
target compound in a specific application, the reader will have a perspective of the convenience
of working with oligomers instead of polymers as a previous and relevant condition, in terms
of time, economy and simplicity, before a target poly-p-phenylenevinylene (PPV) system is
designed for a specific application. Furthermore, since the most important methods of oPV
synthesis are described and discussed, the reader can also select the methodology of his or her
convenience according to the oPV structure and application of interest. Finally, taking into
account that the optoelectronic properties of several oPVs will be exposed, the reader may
develop a preview of the influence of some substituent groups over the main chain of the oPV.

2. Introduction to optoelectronic active polymers

Polymers are organic or inorganic macromolecules of natural, industrial and technological
importance because of the wide range of physicochemical and mechanical attributes that they
possess. Since the early twentieth century, due to their insulating properties, polymers were
widely used as packaging and protecting materials, but the discovery in recent decades of their
electrical conduction capability led them to become "active" materials within highly attractive
applications such as light-emitting diodes, photovoltaic cells, chemical sensors, among others,
to which it is known as polymer electronics. Alan J. Heeger, Alan G. MacDiarmid and Hideki
Shirakawa were awarded with the Nobel Prize in chemistry in 2000 for the discovery and
development of polymer electronics [1]. There are many advantages in using these materials
over conventional electronic devices that are based on inorganic semiconductors. These
polymer devices can be designed with large areas, they are mechanically flexible and very
light, their operation requires less energy and their production is economically profitable.

Active polymers have a common structural feature—presence of an extensive electronic
conjugation. In this conjugation, the alternation of single and double bonds creates the
overlapping of electrons in p orbitals (unhybridized) over the entire polymer backbone,
generating an electronic delocalization along the polymer structure. This delocalization
provides the route to the mobility of charges along the polymer (Figure 1).

For interpreting the physical chemistry of conducting polymers, the use of the band theory is
widespread. In this, induced or not induced "defects" lead to the formation of an energy
difference between the HOMO (valence band) and the LUMO (conduction band) orbitals of
the polymer, what is referred to as "band gap". Because of this, conducting polymers are
considered as semiconductors and since the band gap depends on the molecular structure of
the electronically conjugated repeating unit, there is a great challenge, and also a possibility,
of controlling this energy difference by designing at the molecular level through the imple-
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mentation of various synthetic methodologies. Therefore, optoelectronic properties of the
polymer can be finely adjusted according to the needs of any technological application.

Figure 1. Chemical structures of some conducting polymers.

Among conducting polymers, PPVs (Figure 1) have a distinctive place in polymer electronics,
which is confirmed by the large amount of scientific literature dedicated to this polymer over
the last years. The impressive electroluminescence exhibited by this polymer in a diode with
a very simple architecture [Al/PPV/ITO, where aluminium (Al) and indium tin oxide (ITO) act
as electrodes] turned polymer electronics from an area of pure academic interest to a very
promising technological area [2]. A few years later, the first solar cell based on MEH-PPV and
C61-phenyl butyric acid methyl ester (PCBM) was reported [3–5]. Also in the 1990s, the first
conjugated polyelectrolyte based on a sulfonated PPV was developed and it proved to be a
highly sensitive fluorescent sensor [6].

Chemically, PPVs can be considered as a copolymer that combines the repeating units of
polyacetylene (PA) and poly p-phenylene (PPP). In this way, their properties are located in the
middle of these two polymers; thus, they are more chemically stable than the PA, while are
not as robust as the PPP. Furthermore, while the PA is black and has a smaller band gap (Eg =
1.4 eV), PPV films without substituents are yellow due to absorption around 420 nm and with
a band gap significantly higher (Eg ≥ 1.9 eV) [3–5]. Additionally, the optical properties of PPVs
can be influenced by conformational factors. This can be observed by the solvatochromism,
wherein the length of the effective electronic conjugation can be modified according to the
chemical nature of the solvent. This situation is exploited in the process of spin-casting, leading
to the modulation of the device properties [7]. Another way of modulating the optoelectronic
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properties in conducting polymers is by the chemical nature of the substituents present on the
electronically conjugated structure, which will be explained in detail in the following sections.

All these physicochemical attributes belonging to the polymer electronics have been success-
fully exploited by the industry through the generation of novel technological applications that
generally seek to make concrete contributions in order to improve the living standards of
humanity without forgetting the growing global preoccupation for the conservation and
improvement of our environment. Just to mention a couple of examples, recently LG chem,
the electronic giant company, developed a house lamp based on organic light-emitting diodes
(OLEDs) with a brightness comparable to conventional LED lights and with a lifetime of 40,000
hours [8]; also, the Swager group at MIT developed a chemical sensor based on conjugated
polymers that efficiently determines the ripeness of fruits at very low cost, which can be used
as regular plastic bags in supermarkets [9].

3. Synthetic routes for obtaining PPVs

Although there have been several synthetic methods reported for the preparation of PPVs, we
discuss only those that are notable for their easy implementation and good results in terms of
molecular weight and stereochemistry control of the products, since these features will govern
the solubility, crystallinity, processability and optoelectronic properties of the PPVs obtained.
It is noteworthy that when designing a PPV for a given application, the need to add substituents
to the PPV backbone should be taken into account, since this is necessary to produce a soluble
and processable material.

3.1. Gilch polymerization

The Gilch reaction (Scheme 1) is an economic synthetic methodology that facilitates obtaining
PPVs with very high molecular weight. This method, first developed in 1965, employs an
α,α'-dichloro-p-xylene 1 as precursor. This, by treatment with a strong base such as potassium
tert-butoxide, undergoes elimination of HCl to form α-chloro-p-quinodimethane 2, which
polymerizes via radicals to produce the intermediate 3. This poly (α-chloro-p-xylene), in the
presence of excess base, yields a high molecular weight PPV through E2 elimination [10–13].

Scheme 1. Gilch synthetic route.
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The polymerization process occurs rapidly with few defects and low dispersity, but it must be
carried out at temperatures as low as -78°C, which is considered an experimental and eco-
nomical difficulty. The rapid polymerization also leads to a cis/trans ratio large enough to
produce a loss in the photoluminescent properties of the PPV yielding blue-shifted spectra,
simultaneously making the obtained polymer not attractive for some technological applica-
tions [14].

3.2. Wessling polymerization

This method, implemented in 1966, utilizes a pre-monomer in which the two chlorine atoms
over the α,α'-dichloro-p-xylene 1 are replaced by sulfonium groups to get compound 4. Base-
catalyzed polymerization of compound 4 (Scheme 2) leads to a poly-p-xylene precursor
functionalized with sulfonium groups 5, which is soluble in water and alcohols. Heating of
compound 5 leads to the elimination of HCl to yield the target PPV [15].

Scheme 2. Wessling polymerization route.

However, it is important to highlight that despite the good yields of this reaction, the produc-
tion of HCl in the process might damage the substrates [(e.g., (ITO)] during the in situ
polymerization for the construction of a device like OLEDs, thus demanding a more complex
design for device production.

3.3. Wittig polycondensation

Perhaps the most simple, direct and widespread methodology to produce completely conju-
gated PPVs and derivatives is the Wittig polycondensation reaction (Scheme 3). However,
although this represents a very favorable approach to get PPVs with or without substituents,
the Wittig reaction generally produces only low molecular weight materials, with a mixture
of cis and trans vinyl bonds. This mixture of cis and trans segments is very inconvenient to
achieve homogeneous optoelectronic properties that are required in some polymer electronic
applications [16, 17].

Consequently, the use of phosphorous ylides (7, Scheme 4) instead of phosphonium ylides (6,
Scheme 3), modification of the Witting polycondensation mechanism and known as the Wittig-
Horner reaction (Scheme 4), not only increased the amount of trans bonds in PPVs, but also
increased the molecular weights to exceed 10 KDa. These features as well as the versatility in
the selection of monomer have led to the wide use of Wittig-Horner reaction for the preparation
of PPVs. However, despite the higher molecular weights obtained with this modification, the
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stereoselectivity of the reaction remains insufficient to obtain configurationally pure trans PPV
systems [18].

Scheme 3. Classical Wittig polymerization.

Scheme 4. Wittig–Horner polymerization.

3.4. Knoevenagel polycondensation

This reaction is especially useful for producing electronically deficient PPVs by exploiting the
characteristic acidity of the benzylic hydrogens derived from p-xylene with strong electron-
withdrawing groups in the α position. The formation of the respective carbanion over
compound 8 in the presence of a strong base allows the condensation with terephthaldehyde
derivatives 9 to produce PPVs of low to high molecular weights depending on the easiness of
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the activation of the carbonyl group due to the substituents on the aromatic ring 9 (Scheme
5). To perform this reaction in a straightforward manner, it is important to handle the synthesis
conditions carefully, avoiding the competitive Michael addition of the propagator nucleophile
to a cyanovinyl unit of another polymeric chain [19–21].

Scheme 5. Knoevenagel polymerization.

3.5. The Mizoroki-Heck reaction

This cross-coupling reaction, catalyzed by palladium, uses olefin derivatives 10 and unsatu-
rated halides 11 (Scheme 6) as precursors for the formation of C-C bonds. Unlike the methods
described earlier, the Mizoroki-Heck reaction employs mild bases, and although the traditional
reaction conditions use refluxing dimethylformamide (DMF), novel catalytic systems allow
the reaction to take place at room temperature in a variety of solvents [22]. Unfortunately,
though the reaction conditions are usually simple and there are no specific structural limita-
tions for the precursors, most of the literature reported for the synthesis of PPVs with this
methodology produced polymers with very low molecular weights [23, 24]. However, many
advances in the development of catalytic systems have been employed to improve the degree
of polymerization under this protocol [25–28]. Notably, the most important feature of this
reaction is that it allows obtaining configurationally pure trans PPVs.

Scheme 6. The Mizoroki–Heck cross-coupling reaction polymerization.

Among the improvements to the reaction conditions, the use of palladium (0) sources as well
as the utilization of phosphite ligands instead of phosphines, are the most important changes
for the reaction optimization. Additionally, solvothermal conditions have been explored with
excellent increase in the product yield and enhancing the easiness through the purification
process.
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However, it can be inferred that the synthesis and characterization of small molecules is much
simpler than that for polymers; therefore, to make significant and rapid progresses for
obtaining high molecular weight PPVs, it will be easier if this is done initially with oligomers,
and subsequently with these optimized synthetic conditions, which will lead to the formation
of structurally analogous polymer. In a similar way, to explore the optoelectronic properties
in PPVs for a targeted application, it is easier to start with the study of the properties of
oligomers, and then synthesize only one or few polymers with the chemical structure that
resembles the structure for the oligomers with the best performance for the application in
question. These and other favorable aspects of the oligomer approach will be discussed in
detail in the next section using only the Heck methodology as synthetic route for PPVs or oPVs,
since this methodology has proven to be the right choice to get conjugated electronic systems
with high stereochemical control.

4. The oligomer approach

Whichever is the chosen methodology for the synthesis of conjugated polymers, synthetic and
characterization processes are challenging and this sometimes causes the scaling of production
not to occur at the speed demanded by industry or at the pace required for impacting basic
research on time. Therefore, different strategies have been designed to solve these issues, the
most reported being “the oligomer approach".

Figure 2. Segmented PPV and analogue oPV structures (taken from reference 29).

Of course, the synthesis and characterization of oligomers is usually much easier and more
efficient than the synthesis of their respective analogue polymers, which leads to faster and
cheaper results in terms of the design of a polymer with particular applications. Analysis of
the optoelectronic properties of synthesized oligomers helps us determine which electronically
conjugated structure is the most appropriate for the intended application, and thus, only few
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polymers structurally analogous to the oligomer will be synthetized. These analogous
polymers, according to several reports, demonstrated to maintain the same optoelectronic
properties of the oligomer previously synthetized. This homogeneity of the properties between
oligomer and its polymer analogue is more evident when the target polymer is a segmented
structure (Figure 2) instead of a fully conjugated polymer (e.g., MEH-PPV in Figure 1) [4, 15,
29], since the optoelectronically active segment in the segmented polymer can be truly
reproduced in the oligomer (Figure 2). In segmented conjugated polymers, the chain tensions
that cause torsions on the polymer backbone are suffered and assumed by the flexible aliphatic
segments. Therefore, the conjugated segment responsible for the optoelectronic properties in
the polymer conserves an unaltered chemical structure, closely similar or equal to the oligomer
analogue.

Another advantage of working with segmented polymers is that it is possible to make
theoretical studies regarding the relationship between the structure and the optoelectronic
properties. The computational cost of working with oligomers is much more reachable than
that for working with polymers. Furthermore, in the electronically conjugated polymers, the
segmented part and its properties can be easily modelled in computer and these data can be
validated by the experimental results obtained with the previously synthesized structurally
analogous oligomers, which can often include even the crystal structure (Figure 3) [30]. In
applications like OLEDs, the optical and electrical behavior comes from the polymer in solid
state; unfortunately, getting the solid-state structure of a polymer is not an easy task. Then, it
is more accurate to get the conformation and packing properties from the crystal structure of
oligomers, as can be seen in Figure 3 for an oPV, and use this information to make more precise
assumptions, observations, conclusions and structure-property relationships to the structur-
ally analogous polymer.

Figure 3. Crystal (top) and supramolecular structures (bottom) of compound 22 in Table 1.

As an example of the development of the oligomer approach, in order to solve the problem of
low molecular weights obtained in the polymerization of PPVs through the Heck reaction
reported by many research groups around the world [22], recent investigations showed that
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the use of a catalytic system composed of triphenylphosphite and Pd(dba)2 in the presence of
ionic liquids, significantly increases the reaction yields during the synthesis of oPVs and shows
the catalyst reusability throughout several cycles [25]. Thus, these reaction conditions were
applied to synthesize several oPVs [26–28] and according to the results obtained regarding the
reaction yields as well as the optoelectronic properties, a segmented PPV with a degree of
polymerization close to 20 (twice superior the size obtained previously with conventional Heck
conditions) was obtained [27]. The molecular weight obtained for this PPV following the
oligomer approach methodology yielded polymer films of sufficient quality to fabricate
OLEDs. This improved synthetic route has also been used for the synthesis of several series of
oPVs with a clear enhancement on the reaction yields and incorporating substituents that are
very difficult to use as part of the precursors by other synthetic methodologies [31].

Structure UV and FL spectra
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Table 1. Ultraviolet and fluorescence emission spectra of some oPVs synthesized under solvothermal conditions.

Beyond this, novel protocols for the implementation of the Heck reaction have been developed,
reaching the standardization of a very efficient green and economic solvothermal methodol-
ogy that can be used in Heck polymerizations. In this protocol, minimal amounts of solvents
are used, which helps to get very simple purification procedures that as a result gives reaction
yields close to 100%, in over 40 oPVs systems synthesized. Thus, it is possible to explore the
influence of any substituent over the physical and chemical properties in oPVs in order to
obtain, for instance, a more precise description of the relationship between the structure and
optoelectronic properties in this class of compounds, simplifying the chemical design of a
target PPV with defined properties.

Some oPVs synthesized and their absorption and emission spectra are presented in Table 1,
where it is seen how the optoelectronic properties of the oligomers change according to their
structure and functional groups.

It is very important to highlight that the oligomer approach applied for the oPVs shown
in Table 1 allowed to predict that some of these systems can be used as MALDI matrices,
[32–34], UV and visible photocatalyst and organic chromophores for chemosensors [35,
36]. Just as example, compound 27 in Table 1 due to a very high molar absorptivity at 355
nm (wavelength for Nd:YAG laser in MALDI), low fluorescence quantum yield and crys-
tallographic properties has been studied as matrix for MALDI, showing a very high effi-
ciency at very low laser power, identifying more analytes than other conventional and
commercially available matrices. As many authors have established, it is expected that the
polymer analogue to compound 27 (currently under analysis) presents a much better be-
havior as matrix due to the amplification effect related to a greater population of conju-
gated structures in a close proximity [37], and additionally, a polymer matrix in MALDI
might improve the analysis of small analytes, since the polymer matrix will have a very
low volatility and fragmentation, leading to a few unwanted overlapping and ghost sig-
nals.

Here, employing only one single route, it has been shown that the oligomer approach has
a vast scope for various areas like, for instance, chemical synthesis and materials science.
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By the optimization of the synthetic conditions to yield small conjugated systems (oligom-
ers) in which it is possible to track in a very easy way changes and effect of the catalyst
source, solvent and ligand nature, among other synthetic factors, it is possible to get very
efficient catalytic systems that can be used to improve the molecular weight of the ana-
logue polymers. Also, the oligomer approach has shown to be very efficient in predicting
exact polymer structures of conjugated systems to applications like matrices in MALDI
and chemosensors. All these examples supported by a complete structural and optical
characterization make over the oligomers that can be extrapolated to the analogue poly-
mer.
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Abstract

Poly(bis-(methoxyethoxyethoxy)phosphazene)  (MEEP)  intercalated  into  lithium
hectorite was investigated for its potential application as a solid polymer electrolyte
in lithium-ion polymer batteries.  Varying amounts of MEEP were intercalated into
lithium hectorite, and the physical properties of the nanocomposites were monitored
using  powder  X-ray  diffraction,  thermogravimetric  analysis,  differential  scanning
calorimetry, and attenuated total reflectance spectroscopy. Alternating current (AC)
impedance  spectroscopy  was  used  to  determine  the  ionic  conductivity  of  the
nanocomposites when complexed with lithium triflate salt.

Keywords: lithium hectorite, poly(bis-(methoxyethoxyethoxy)phosphazene), nano-
composites, solid polymer electrolytes

1. Introduction

The electrolyte in a  lithium-ion battery is  the medium through which lithium ions flow
between anode and cathode. It is electrically insulating, and thus prohibits the passage of
electrons. Much work has been done to develop solid-state electrolyte materials such as solid
polymer  electrolytes  (SPEs)  which  have  the  advantage  of  enhanced  safety  compared  to
conventional  liquid organic electrolytes.  Some of  the most  recent research on electrolyte
materials  has focused on utilizing polymers such as  poly(ethylene oxide)  (PEO) [1]  and
polyphosphazenes [2, 3]. Current research on polyphosphazenes focuses on exploiting their
fire-resistant properties [4], ionic conductivity [5], and as phosphazene-based dye-sensitized

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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and reproduction in any medium, provided the original work is properly cited.
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solar cells [6]. Polyphosphazenes are amorphous polymers with low glass transition temper-
atures (Tg), which dictates their polymer-chain flexibility and aids in lithium-ion mobility [7].

Since the first report on poly(bis-(methoxyethoxyethoxy)phosphazene) (MEEP), Figure 1, an
array of phosphazene-based polymers have been synthesized with diverse alkyl ether and
alkoxy side groups, ultimately yielding ionically conductive polymers that are flexible. When
polyphosphazenes such as MEEP are complexed with lithium salts (e.g., lithium triflate), they
have been shown to possess enhanced ionic conductivity compared to PEO-based SPEs [8, 9].
Previous studies have reported that (MEEP)4LiCF3SO3 yields ionic conductivity in the range
of 2 × 10−5 to 1 × 10−4 S/cm at ambient temperatures [10, 11]. However, the dimensional stability
of MEEP is low, so it leaks out of cells at ambient temperatures. Researchers have attempted
to enhance the dimensional stability of polyphosphazenes by investigating polymer blends
with PEO [12], inducing cross-linking via 60Co-gamma irradiation [8] and preparing of
polyphosphazene-silicate networks [13]. One other promising approach is the intercalation of
polyphosphazenes into layered structures, which act as hosts for the polymers. Due to the
weak electrostatic interactions holding the layers of two-dimensional structures, the layers may
be exfoliated allowing for the intercalation of ionically conductive polymers. This yields
nanocomposite materials with ionically conductive properties, along with enhanced mechan-
ical and thermal durability provided by the layered structure. Intercalation of MEEP into two-
dimensional layered structures has been investigated using layered structures such as graphite
oxide [10], molybdenum disulfide [14], sodium montmorillonite [15], and sodium hectorite
[16], and has typically yielded ionically conductive nanocomposite materials with enhanced
physical properties. In this chapter, we report on the intercalation of various amounts of MEEP
into lithium hectorite.

Figure 1. Structure of MEEP.

Hectorite belongs to the family of smectite clays, and has a 2:1 structural arrangement
composed of two tetrahedral silicate layers (Td) encompassing an octahedral layer (Oh), as
shown in Figure 2 [17]. Their industrial applications range from pharmaceutical drug addi-
tives [18] to automobile parts [19], and potentially as SPEs in batteries [20, 21]. Hectorite has
negatively charged layers, which are compensated with cations such as Na+ and Li+ to balance
the overall charge. Hectorite is an appealing layered structure for the intercalation of MEEP
due to its high thermal stability, high surface area, exfoliating/restacking capability, and high
cation exchange capacity [22]. In this chapter, we exploit the cation exchange capability of
hectorite by driving out the naturally lying sodium ions with lithium ions, and working with
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[16], and has typically yielded ionically conductive nanocomposite materials with enhanced
physical properties. In this chapter, we report on the intercalation of various amounts of MEEP
into lithium hectorite.

Figure 1. Structure of MEEP.

Hectorite belongs to the family of smectite clays, and has a 2:1 structural arrangement
composed of two tetrahedral silicate layers (Td) encompassing an octahedral layer (Oh), as
shown in Figure 2 [17]. Their industrial applications range from pharmaceutical drug addi-
tives [18] to automobile parts [19], and potentially as SPEs in batteries [20, 21]. Hectorite has
negatively charged layers, which are compensated with cations such as Na+ and Li+ to balance
the overall charge. Hectorite is an appealing layered structure for the intercalation of MEEP
due to its high thermal stability, high surface area, exfoliating/restacking capability, and high
cation exchange capacity [22]. In this chapter, we exploit the cation exchange capability of
hectorite by driving out the naturally lying sodium ions with lithium ions, and working with

Conducting Polymers242

the lithiated form of hectorite [23]. The intercalation of varying stoichiometric molar ratios of
MEEP was conducted with the lithiated form of hectorite.

Figure 2. Structure of hectorite.

The aim of this chapter is to present the effects that varying polymeric molar ratios to Li-
hectorite have on the physical properties of the synthesized nanocomposites, and to investigate
the ionic conductivity of the salt-complexed nanocomposites. The synthesized nanocompo-
sites were characterized using thermogravimetric analysis (TGA), differential scanning
calorimetry (DSC), powder X-ray diffraction (XRD), and attenuated total reflectance (ATR).
The ionic resistance of the materials was determined using AC impedance spectroscopy.

2. Experimental

2.1. Purification and lithiation of hectorite

Sodium hectorite (SHCa-1) was purchased from Source Clays Repository. Since the fine
powder has calcium carbonate and other impurities, a purification process was performed as
outlined in the literature [16]. When the purification process was complete, a cation exchange
was done in order to replace the sodium ions with lithium ions [23]. This process was carried
out twice to ensure maximum substitution of lithium ions. Elemental analysis was used to
monitor the sodium- and lithium-ion content at Guelph Chemical Laboratories Ltd. Ontario,
Canada. The data indicated an increase in lithium-ion proportion from Li0.5 Na0.8 Si1 (sodium
hectorite) to Li3 Na0.4 Si1 (lithium hectorite).
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2.2. Synthesis of MEEP and MEEP-salt complex

The synthesis of MEEP was performed as described in the literature [24]. (MEEP)4 LiCF3SO3

has been found to exhibit high ionic conductivity compared to other polymer:salt ratios [13,
25], so this polymer:salt ratio was used in this work. The synthesized polymer was stored in a
vacuum desiccator, and salt-polymer complexes were used as soon as they were prepared in
order to minimize exposure to humidity. Hereafter, the pure (uncomplexed) polymer will be
referred to as MEEP, while the salt-complexed polymer will be referred to as Li-MEEP.

2.3. Preparation of nanocomposites

A general procedure was employed for the intercalation of MEEP into Li-hectorite. Li-hectorite
(0.10 g, 2.6 × 10-4 mol) was suspended in deionized water and left to stir until fully suspended
in water (typically 30 min). The polymer with molar ratio of 0.5, 1, 2, or 4 to Li-hectorite was
dissolved in 5 mL of deionized water. A pipette was used to transfer the polymer solution to
the Li-hectorite suspension at a rate of one drop per second. The progress of the reactions was
monitored via XRD. The products were then isolated via freeze drying, and stored in a vacuum
desiccator.

2.4. Materials characterization

Powder X-ray diffraction was conducted on a Bruker AXS D8 Advance diffractometer. The
instrument is equipped with a graphite monochromator, variable divergence slit, variable
antiscatter slit, and a scintillation detector. Cu (kα) radiation (λ = 1.542 Å) was utilized and the
data were collected at room temperature on glass substrates.

Thermogravimetric analysis (TGA) was performed on a TA Q500 using a heating rate of 10°C/
min, with the use of platinum pans under dry-compressed air. Samples were freeze dried prior
to TGA analysis in order to minimize their moisture content.

Differential scanning calorimetry (DSC) was performed on a TA Q100 using heat/cool/heat
cycles. Samples were crimped in aluminum pans, and ran under nitrogen flow at a rate of 50
mL/min.

Attenuated total reflectance spectroscopy (ATR) data were collected using a Bruker Alpha A-
T (resolution 0.9, 128 scans).

AC impedance spectroscopy (IS) was conducted to determine the ionic conductivity of the salt-
complexed materials [26]. The samples were tested using rectangular glass substrates with two
rectangular stainless steel electrodes on the opposite ends of the substrates. For the intercalated
nanocomposites, samples were cast onto the substrates, between the electrodes, after 3 days
of reaction time in order to ensure complete intercalation. Typical samples had a width of about
9 mm, were 20–90-μm thick, and had a length between the electrodes in the direction of current
of about 6 mm. In most cases, the films were not uniform in thickness, and this was the main
source of uncertainty in the ionic conductivity values that were obtained. The frequency range
used was 10 kHz to 0.01 Hz. In order to remove moisture, the samples were placed under
vacuum for at least 24 h at room temperature prior to the data collection. The temperature of
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the samples was controlled using a Cryodyne 350CP refrigerator and a Lakeshore 321 tem-
perature controller. The data collection was performed using a Solartron 1250 frequency
response analyzer and a home-built accessory circuit for high-impedance samples. The
conductivity was then determined by fitting the IS data to an equivalent circuit model using
LEVMW [27].

3. Results and discussion

3.1. MEEP/Lithium hectorite

3.1.1. Powder X-ray diffraction

Powder X-ray diffraction was used to monitor the intercalation process and the effect of the
molar ratio of MEEP to Li-hectorite on the polymer loading in the layered structure.

Figure 3. XRD data for (a) MEEP:Li-hectorite (0.5:1), (b) MEEP:Li-hectorite (2:1), and (c) MEEP:Li-hectorite (4:1).

The diffractograms for MEEP:Li-hectorite (0.5:1), MEEP:Li-hectorite (2:1), and MEEP:Li-
hectorite (4:1) nanocomposites are displayed in Figure 3 to illustrate the enhancement in basal
spacing (d-spacing) of the layered host upon the intercalation of MEEP. The net interlayer
expansion is obtained by subtracting the basal spacing of dry Li-hectorite heated to 650°C (d-
spacing = 9.5 Å) from the basal spacing of the synthesized nanocomposite. For example,
MEEP:Li-hectorite (0.5:1) nanocomposite has a basal spacing of 18.9 Å, which corresponds to
an interlayer expansion of 9.40 Å. The XRD data for all the nanocomposites are summarized
in Table 1.

Intercalation of Poly(bis-(methoxyethoxyethoxy)phosphazene) into Lithium Hectorite
http://dx.doi.org/10.5772/64580

245



Material Basal spacing (Å) Net expansion (Å) Average crystallite size (Å)

MEEP:Li-hectorite (0.5:1) 18.9 9.40 73

MEEP:Li-hectorite (1:1) 21.7 12.2 74

MEEP:Li-hectorite (2:1) 36.4 26.9 126

MEEP:Li-hectorite (4:1) 41.5 32.0 135

Na-hectorite 10.0 – 140

Dry Li- hectorite 9.50 – 182

Table 1. Summary XRD data of hectorites and MEEP:Li-hectorite nanocomposites.

The synthesized nanocomposites are crystalline as indicated by XRD, and a significant increase
in basal spacing is observed as the ratio of MEEP to Li-hectorite is increased. From the XRD
diffractograms of the nanocomposites, the average crystallite size was determined using the
Scherrer formula [28]. The crystallite size appeared to increase upon increasing the MEEP
molar ratio to Li-hectorite, which is possibly due to the significant enhancement in basal
spacing upon loading of the polymer into the layered structure.

Figure 4. Schematic arrangement of MEEP in lithium hectorite (0.5:1).

The dimensions of MEEP were estimated using Spartan ’08. The average dimension was
determined for the largest possible distance between the ether oxygens on the R-groups in
MEEP, and was found to be approximately 7.9 Å for one unit of MEEP [29]. This indicates that
a single layer of MEEP is inserted between the Li-hectorite sheets for the MEEP:Li-hectorite
(0.5:1) nanocomposite, which had a net layer expansion of 9.40 Å. The difference of 1.5 Å
between the observed basal spacing of the 0.5:1 nanocomposite and the calculated dimensions
of MEEP could be due to the manner in which MEEP is oriented within the layers. MEEP is a
highly flexible polymer and may not necessarily be oriented within the layers as depicted in
Figure 4. For example, a helical conformation may also be possible.
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MEEP, and was found to be approximately 7.9 Å for one unit of MEEP [29]. This indicates that
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(0.5:1) nanocomposite, which had a net layer expansion of 9.40 Å. The difference of 1.5 Å
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Figure 4. For example, a helical conformation may also be possible.
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3.1.2. Thermogravimetric analysis

Thermogravimetric analysis was used to compare the thermal stability of MEEP, MEEP:Li-
hectorite, Li-MEEP, and Li-MEEP:Li-hectorite. This was completed in order to monitor the
thermal stability of nanocomposites with different polymer concentrations and to compare the
stability of salt-complexed materials with their uncomplexed counterparts. The MEEP:Li-
hectorite thermograms were also used to calculate the stoichiometry of the synthesized
nanocomposites.

The thermogram of pristine MEEP (Figure 5(c)) shows that it undergoes a major decomposition
between 230 and 350°C, followed by an onward gradual weight loss. Once MEEP is complexed
with lithium triflate (LiCF3SO3), its decomposition is slightly compromised due to the presence
of the inorganic salt, which appeared to decrease the polymer onset decomposition tempera-
ture by approximately 30°C; thereafter, complete decomposition of the triflate salt is observed
at 420°C (Figure 5(d)).

Figure 5. TGA data for (a) Li-MEEP:Li-hectorite (1:1), (b) MEEP:Li-hectorite(1:1), (c) MEEP, and (d) Li-MEEP.

Upon polymer intercalation, the nanocomposite thermograms appeared to have three weight
loss steps, where the thermogram of, for example, MEEP:Li-hectorite (1:1) (Figure 5(b))
illustrates a small loss of water near 100°C, followed by the decomposition at 178°C corre-
sponding to the presence of externally lying MEEP. The final decomposition is the gradual
decomposition of the intercalated MEEP occurring at 305°C. This is quite similar to the thermal
behavior of Li-MEEP:Li-hectorite (1:1) (Figure 5(a)), except for the decomposition of the salt
which occurs at around 420°C. The TGA data are summarized in Table 2.
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Material Ta (°C) Tb (°C) ΔTc (°C)

MEEP 240 N/A N/A

Li-MEEP 204 N/A N/A

MEEP:Li-hectorite (0.5:1) 205 312 72

MEEP:Li-hectorite (1:1) 178 305 65

MEEP:Li-hectorite (2:1) 176 315 75

MEEP:Li-hectorite (4:1) 170 324 84

Ta, onset decomposition temperature of pure MEEP or externally lying MEEP in nanocomposite; Tb, onset
decomposition temperature of intercalated MEEP in nanocomposite; and ΔTc, difference in decomposition temperature
of the intercalated MEEP and pristine MEEP.

Table 2. Thermogravimetric data.

As shown in Table 2, the onset decomposition temperatures of the externally lying MEEP (Ta)
in the nanocomposites were lower than that of the bulk polymer, which occurs at 240°C.
However, the onset decomposition temperatures of the intercalated MEEP (Tb) in the nano-
composites are significantly higher than that of the pure polymer, indicating enhancement in
the thermal stability of polymer when sandwiched between the layers of hectorite.

MEEP:Li-hectorite (mol ratio) Stoichiometry

0.5:1 (H2O)0.61 (MEEPExt)0.17 (MEEPIn)0.023(Li-hectorite)

1:1 (H2O)0.42 (MEEPExt)0.44 (MEEPIn)0.073(Li-hectorite)

2:1 (H2O)0.48 (MEEPExt)0.71(MEEPIn)0.12(Li-hectorite)

4:1 (H2O)0.34 (MEEPExt)0.84 (MEEPIn)0.14(Li-hectorite)

Table 3. Stoichiometry of MEEP:Li-hectorite nanocomposites.

Since the nanocomposites displayed three decomposition steps, the stoichiometry was
calculated in order to compare the spread between externally lying and intercalated polymer.
It is important to note that the stoichiometry was calculated only for the MEEP:Li-hectorite
nanocomposites, and not for the Li-MEEP:Li-hectorite nanocomposites due to the presence of
lithium salt. The stoichiometry data of the nanocomposites are displayed in Table 3.

As shown in Table 3, when the molar ratio of MEEP is increased with respect to Li-hectorite,
there is an increase in the amount of the externally lying polymer and intercalated polymer.
These observations are in agreement with the XRD data (Table 1), which indicate that the basal
spacing of the intercalated nanocomposite increases when the amount of MEEP is increased.
In fact, MEEP:Li-hectorite (4:1) has almost twice as much of the intercalated polymer compared
to MEEP:Li-hectorite (1:1).
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3.1.3. Differential scanning calorimetry

Differential scanning calorimetry was used to monitor the glass transition temperature (Tg) of
pristine MEEP, Li-MEEP, and their corresponding synthesized nanocomposites (Figure 6).

Figure 6. DSC data for (a) MEEP:Li-hectorite (1:1), (b) Li-MEEP:Li-hectorite (1:1), (c) MEEP, and (d) Li-MEEP.

Material (Tg, oC)

MEEP −71

Li-MEEP −28

MEEP:Li-hectorite (0.5:1) –

MEEP:Li-hectorite (1:1) –

MEEP:Li-hectorite (2:1) –

MEEP:Li-hectorite (4:1) –

Table 4. Summary of DSC data.

The DSC of pure MEEP indicates a Tg of −71°C, which is in fairly good agreement with the
previously reported literature value of −83°C [30]. Upon complexing MEEP with lithium
triflate (LiCF3SO3), the glass transition temperature (Tg) significantly increases to −28°C due to
the crystalline nature of lithium triflate. However, upon intercalation of pristine MEEP or Li-
MEEP into Li-hectorite, a Tg is not observed for the ratios used. Due to the lack of glass
transition temperatures in both Li-MEEP:Li-hectorite and MEEP:Li-hectorite nanocomposites,
it is believed that (1) the oxygen atoms of the polymer are potentially interacting with the
tetrahedrally coordinated silicon atoms in the hectorite sheets and restricting chain mobility
or (2) the polymer is no longer flexible when it is intercalated in the layers of hectorite. The
glass transition temperatures are displayed in Table 4.
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3.1.4. Attenuated total reflectance

ATR spectroscopy was used to monitor the bond vibrations in MEEP, MEEP:Li-hectorite, Li-
MEEP, and Li-MEEP:Li-hectorite. More specifically, it was important to determine whether
intercalating MEEP or Li-MEEP into Li-hectorite hinders the flexibility of the polymer, and
ultimately its ionic conductivity (Figure 7).

Figure 7. ATR results for (a) MEEP, (b) MEEP:Li-hectorite (1:1), (c) Li-MEEP, and (d) Li-MEEP:Li-hectorite(1:1).

Major vibrations (cm−1) MEEP MEEP:Li-hectorite(1:1) Li-MEEP Li-MEEP:Li-hectorite(1:1)

HOH stretch N/A 3686 N/A 3624

Sp3 C-H stretch/bend 2877/1457 2883/1457 2896/1457 2887/1457

P=N 1243 1242 1251 1257

P-O-C 959 967 980 972

C-O-C ether 1199–1043 1201 1170–1036 1189

PNP skeletal 849/803/753 848/801/757 855/766 798/768

CF3 N/A N/A 1249 1253

C-F deformation N/A N/A 638 638

SO3 asymmetric bend N/A N/A 573 573

SO3 symmetric bend N/A N/A 518 518

Table 5. Summary of IR data.
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From the IR data, it is observed that the P = N vibration in the pure polymer occurs at 1243
cm-1. Upon complexation with lithium triflate, the P = N vibration of the polymer shifts to 1251
cm-1, and to 1257 cm-1 in the synthesized nanocomposites. This increase in vibrational energy
of the P = N bond is indicative of the increased rigidity of the polymer backbone. The P-O-C
vibration in MEEP shifts from 959 to 967 cm-1 upon intercalation into Li-hectorite, indicating
increased rigidity of the polymer side chains. Thus, the IR data support lack of polymer
flexibility upon intercalation, and are in very good agreement with the DSC results. The IR
data are summarized in Table 5 [8].

3.1.5. AC impedance spectroscopy

Impedance measurements were conducted on Li-MEEP and the Li-MEEP:Li-hectorite nano-
composites. Since the DSC and IR data indicated that the polymer-chain flexibility was
restricted in the nanocomposites, it was necessary to investigate the ionic conductivity
properties of Li-MEEP prior to intercalation, and post-intercalation. A complex plane plot of
the impedance of an Li-MEEP sample is given in Figure 8. High-frequency data (10 kHz) is
near the origin, and low-frequency (0.01 Hz) at the upper right.

Figure 8. Complex-plane plot of Li-MEEP impedance at 300 K.

As shown in Figure 8, Li-MEEP demonstrates a curve typical for an ionic conductor. The value
of Re(Z) at which Im(Z) goes through a minimum (about 7 × 107 Ω in Figure 8) corresponds
approximately to the resistance (R) of the sample. The value of R and the dimensions of the
polymeric film were used to calculate the ionic conductivity of the sample. In order to obtain
more accurate values of R from the impedance data, a complex nonlinear least-squares fit was
done with an equivalent circuit model using the program LEVMW [27]. A three-component
equivalent circuit consisting of a resistor (R), a constant-phase element (CPE) that models the
effects of the blocking electrodes, and a parallel capacitor (C) was used and is shown in the
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inset of Figure 8. Using the resistance value R and the dimensions of the polymeric film, the
ionic conductivity of Li-MEEP was calculated.

Ionic conductivity measurements were performed within the temperature range of 220–310 K,
and the results for a typical Li-MEEP sample are displayed in Figure 9. As is typical for ionically
conducting polymers, the conductivity drops rapidly as the temperature is reduced, and for
this sample it was too small to be measured with our system below 260 K.

Figure 9. Variable-temperature ionic conductivity of Li-MEEP.

The room temperature ionic conductivity of Li-MEEP samples ranged from about 4 × 10-6 to
1.3 × 10-5 S/cm, which is in agreement with the literature [11, 12]. However, upon intercalation
of Li-MEEP into Li-hectorite, the conductivity of the resulting nanocomposite material was
below our detection limit, which in the case of these cast film samples is about 10-7 S/cm. These
observations further indicate that there is an interaction occurring between the polymer and
the layered structure that is ultimately inhibiting the nanocomposites from conducting lithium
ions.

4. Conclusions

MEEP has been intercalated into Li-hectorite. A series of nanocomposites have been created
by varying the mole ratio of the polymer with respect to the clay. The nanocomposites were
characterized by TGA, DSC, FTIR, XRD, and AC impedance spectroscopy. XRD data confirm
the successful and complete intercalation of MEEP into the layered silicate. TGA data confirm
that increasing the molar ratio of MEEP with respect to the Li-hectorite results in a larger
amount of the polymer within the layers. In fact, MEEP:Li-hectorite (4:1) has approximately
twice the amount of intercalated polymer versus MEEP:Li-hectorite (1:1). TGA also indicates
an enhancement in thermal stability of the intercalated polymer versus the pristine polymer
for all nanocomposites. For instance, the intercalated polymer in MEEP:Li-hectorite (1:1) is
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inset of Figure 8. Using the resistance value R and the dimensions of the polymeric film, the
ionic conductivity of Li-MEEP was calculated.

Ionic conductivity measurements were performed within the temperature range of 220–310 K,
and the results for a typical Li-MEEP sample are displayed in Figure 9. As is typical for ionically
conducting polymers, the conductivity drops rapidly as the temperature is reduced, and for
this sample it was too small to be measured with our system below 260 K.

Figure 9. Variable-temperature ionic conductivity of Li-MEEP.

The room temperature ionic conductivity of Li-MEEP samples ranged from about 4 × 10-6 to
1.3 × 10-5 S/cm, which is in agreement with the literature [11, 12]. However, upon intercalation
of Li-MEEP into Li-hectorite, the conductivity of the resulting nanocomposite material was
below our detection limit, which in the case of these cast film samples is about 10-7 S/cm. These
observations further indicate that there is an interaction occurring between the polymer and
the layered structure that is ultimately inhibiting the nanocomposites from conducting lithium
ions.

4. Conclusions

MEEP has been intercalated into Li-hectorite. A series of nanocomposites have been created
by varying the mole ratio of the polymer with respect to the clay. The nanocomposites were
characterized by TGA, DSC, FTIR, XRD, and AC impedance spectroscopy. XRD data confirm
the successful and complete intercalation of MEEP into the layered silicate. TGA data confirm
that increasing the molar ratio of MEEP with respect to the Li-hectorite results in a larger
amount of the polymer within the layers. In fact, MEEP:Li-hectorite (4:1) has approximately
twice the amount of intercalated polymer versus MEEP:Li-hectorite (1:1). TGA also indicates
an enhancement in thermal stability of the intercalated polymer versus the pristine polymer
for all nanocomposites. For instance, the intercalated polymer in MEEP:Li-hectorite (1:1) is
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thermally stable up to 305°C, while the pure polymer decomposes at 240°C. The room
temperature ionic conductivity of Li-MEEP was determined to be about 1 × 10-5 S/cm; however,
the polymer-salt complex displayed high ionic resistance when intercalated into Li-hectorite,
and hence the ionic conductivity of the nanocomposites was too small to be determined (below
about 10-7 S/cm). The impedance data are in good agreement with the DSC results, where no
glass transition temperature has been detected for all the synthesized nanocomposites. ATR
spectroscopy also confirms that the rigidity of the polymer backbone increases upon com-
plexation with lithium triflate, and when the lithium complexed MEEP is intercalated into Li-
hectorite.
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