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ABSTRACT: Conducting polymers (CPs), thanks to their unique properties, structures m
made on-demand, new composite mixtures, and possibility of deposit on a surface by 1 ;[l
chemical, physical, or electrochemical methodologies, have shown in the last years a |[SSSESES o
renaissance and have been widely used in important fields of chemistry and materials |FEREEIER @ O
science. Due to the extent of the literature on CPs, this review, after a concise =]
introduction about the interrelationship between electrochemistry and conducting CPs e
polymers, is focused exclusively on the following applications: energy (energy storage
devices and solar cells), use in environmental remediation (anion and cation trapping,
electrocatalytic reduction/oxidation of pollutants on CP based electrodes, and
adsorption of pollutants) and finally electroanalysis as chemical sensors in solution, gas phase, and chiral molecules. This

review is expected to be comprehensive, authoritative, and useful to the chemical community interested in CPs and their
applications.

rs Chiral electrodes

CONTENTS 3. Part 1. Applications That Take Advantage of the
1 ducti 4732 Tridimensional Structure of the Conducting
2' Intro lect.|on hio b £l hemi d Polymer. 4744
- Interre agons Ip between Electrochemistry an 3.1. Applications of Conducting Polymers in
Conducting Polymers 4732 Energy 4744
2.1. EIecfcroc.helelcthSyptheses and Electropoly- 4732 3.1.1. Introduction to Energy Storage Devices 4744
merization lechanisms . 3.1.2. CPs in Energy Storage Devices 4746
2.2. Electrochemical Control of Polymeric Redox 3.13. Applications of CPs in Solar Cells 4748
Reactions (Doping/Dedoping or Undoping) 4734 3.1.4. The Future of CPs in Energy Storage and
2.3. Rationalizing CP Properties. Proposed Mod- Photovoltaic Conversion 4753
els 4736 R .
3.2. Applications of Conducting Polymers to
2.4. Other Technological Applications 4739 ErE)\I/:;ronmental Remediationg y 4754
2.4.1. Applications in the Medical and Bio- 3.2.1. Introduction 4754
logical Fields 4739 3.2.2. Incorporation and Release of Pollutants
2.4.2. Actuators 4739 in CPs 4754
2.4.3. Antistatic Foils 4740
2.4.4. Corrosion Protection 4741
2.4.5. Elec”OChmm{C Devices 4741 Special Issue: Electrochemistry: Technology, Synthesis, Energy, and
2.4.6. Electrocatalysis 4741 Materials
2.4.7. Organic Electronics 4743
2.4.8. Future Applications 4743 Received:  August 18, 2017
Published: April 9, 2018
ACS Publications  © 2018 American Chemical Society 4731 DOI: 10.1021/acs.chemrev.7b00482
W Chem. Rev. 2018, 118, 4731-4816


pubs.acs.org/CR
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemrev.7b00482
http://dx.doi.org/10.1021/acs.chemrev.7b00482
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.7b00482&iName=master.img-000.jpg&w=142&h=84

Chemical Reviews

3.2.3. Electrocatalytic Reduction/Oxidation 4756

3.2.4. Other Various Applications in Environ-
mental Remediation 4757

3.2.5. The Future of CPs in Environmental
Sciences 4762

4. Part 2. Applications That Take Advantage of

Modifications at the Polymer—Electrolyte Inter-
face 4762

4.1. Application of Conducting Polymers in
Electroanalysis 4762

4.1.1. Introduction to Application of Conduct-
ing Polymers in Electroanalysis 4762

4.1.2. CP Based Chemical Sensors for Analytes
in Solution 4763

4.1.3. CP Based Chemical Sensors for Analyses
in Gas Phase 4774

4.1.4. Chiral Conducting Polymer in Sensor
and Chiral Applications 4780
4.1.5. The Future of CPs in Electroanalysis 4791

5. Final Remarks about Conducting Polymers in the
Reviewed Applications 4792
Author Information 4793
Corresponding Author 4793
ORCID 4793
Notes 4793
Biographies 4793
Acknowledgments 4793
References 4793

1. INTRODUCTION

Conducting polymers (CPs) have become a fascinating area of
research due to their very unique characteristic of being organic
materials with electrical conductivity. Since their discovery, they
have attracted the attention of a large group of researchers
working in edge technological applications. The historical
development of these materials”” started with poly(sulfur
nitride) or (SN),, followed by polyacetylene and N- or S-
polyheterocycles and polyaniline (PANi).> CP progress
continues nowadays, and classification of CPs in nine families
was recently proposed by Otero:* (a) salts of pure conducting
polymer (e.g, polythiophene/ClO, doped), (b) substituted
conducting polymers (e.g., poly(3,4-ethylene dioxythiophene),
PEDOT), (c) self-ionized conjugated polymers (e.g., PEDOT—
3-butanesulfonic acid, sodium salt, PEDOT-S), (d) copolymers
(e.g, poly(EDOT—pyrrole—EDOT), (e) CP—organic com-
pound blends (e.g, PEDOT:PSS), (f) CP—inorganic com-
pound blends (e.g., polypyrrole (PPy)—polyoxometalates), (g)
organic and carbon based electroactive composites (e.g.,
fullerene charged poly(3-hexylthiophene)), and (h) other
composites using conducting polymers (e.g., Au nanoparticles
charged poly(3- hexylthlophene)) The donor—acceptor con-
ducting polymers,”® which are in fact copolymers in the
previous classification, the magneto-optical 7z-conjugated
polymers,””~” which are organic or inorganic blends, and the
composite materials have partlcularly enriched the field. Thus,
classical CPs'>"" are copolymerized,® mixed with graphene,"”

or charged with nanotubes,">'* clays, 15 zeolites,"® montmor-
illonites,"” and other constituents yielding materials that
combine the advantages of each component and exhibit special
properties. In these composites, interfacial interactions and
synergistic or complementary effects are present, and therefore
special models have been developed to explain their
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conductivity.® Self-ionized conjugated polymers'® (also called
self-doped or self-compensated CPs) combine electronic charge
transport through the conjugated polymer backbones with
polyelectrolyte properties arising from structurally incorporated
ionic moieties.””~>* Even though this class of CPs has been
known for a long time,””**** recent work has demonstrated the
great potential of self-compensated polymers in technological
challenges like tuning of electrode work functions to produce
ohmic contacts,” preparation of air-stable, water-soluble
conductive materials for organic electronics,*® increasing
stability or efficiency in organic”’ >’ and perovskite® solar
cells, and enhancing the performance of supercapacitors,31 and
other organic electronic devices.*”

Synthesis of these polymers can be achieved by electro-
chemical (see section 2.1) or chemlcal methods like cross-
coupling or metathesis reactions,”* oxidative polymeriza-
tion,”*® and vapor phase polymerization.””** These methods
also allow one to obtain fine control of polymeric structures
and are suitable for other specific applications.””~*' Chemical
preparation of CPs will not be further discussed in this review
since excellent reviews'” and books**** are available.

In view of the copious information existing in the CP field,
after a concise description of the interrelationship between
electrochemistry and CPs, this review will mainly focus on
electrochemical applications of CPs dealing with areas of great
potential for technological applications such as energy,
environmental remediation, and chemical sensors in analytical
chemistry (including chiral recognition). The applications are
grouped according to the manner in which conducting
polymers are used. Therefore, those applications where the
entire three-dimensional structure of the CP is used are
discussed first (i.e, energy and environmental remediation),
and we end with the chemical sensors section, where the
important recognition phenomena essentially occur at the CP—
solution interface.

2. INTERRELATIONSHIP BETWEEN
ELECTROCHEMISTRY AND CONDUCTING
POLYMERS

For electrochemists interested in CPs, the first choice for their
preparation involves electrooxidation'”**~>" of suitable mono-
meric species, such as the classical examples of five-membered
aromatic heterocycles (e.g, thiophene or pyrrole) or aromatic
amines. This approach allows one to make CP deposits on
electrode surfaces with specific and controlled properties that
depend on the electropolymerization conditions, making it
possible to fine-tune the performance and quality of a wide
variety of materials. This section intends to give enough and
concise information about the most important aspects in the
electrochemical preparation of CPs and their electrochemical
behavior. This will facilitate understanding of the applications
that represent the core of this contribution.

2.1. Electrochemical Syntheses and Electropolymerization
Mechanisms

Anodic electrochemical polymerization follows a series of steps,
namely, radical-cation production, oligomer formation, nucle-
ation, and polymer growth. Once formed, the conducting
polymer can undergo solid-state redox reactions (i.e., doping),
which will be discussed in section 2.2. The complete reaction
equation for the polymerization of a suitable monomeric
species HMH is eq 1:
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Scheme 1. Accepted Mechanism for the Anodic Electropolymerization of a Monomeric Heterocycle
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Reproduced from ref 19. Copyright 2010 American Chemical Society.

(n + 2)HMH —» HM(M),MH™" + (2n + 2)H"

+ (2n + 2 + nx)e” (1)

The anodic process requires (21 + 2 + nx) Frmol™" to form
the conducting polymer film. Once formed, the highly
conjugated chain immediately undergoes oxidation and gives
rise to the charge of the polymer matrix with an additional
charge consumption. (Here, nx indicates the polymer’s doping
level, see section 2.2).>” In general, the total electropolymeriza-
tion process has a final electrochemical stoichiometry between
2.1 and 2.5 Frmol ™.

The most widely accepted electropolymerization mechanism
is a modification of that initially postulated by Diaz"> in 1983
(Scheme 1), where a kind of chain propagation reaction
involves a cascade of E(CCE), steps. In these reactions, the
monomers dimerize at the a-position of the radical-cation
species generated after oxidation at the electrode,””""
producing the doubly charged o-dimer from which proton
elimination occurs and yields a neutral dimer. Because of the
greater conjugation in this dimeric species, its redox potential is
lower than that of the monomer and it is therefore more easily
oxidized. This process immediately produces the corresponding
radical cation, which undergoes an equivalent series of coupling
steps. In this way, a high order oligomeric species is generated
at the electrode interface.

The more realistic nucleation process model assumes that the
soluble oligomers present in the diffusion layer in front of the
electrode saturate this interface and the CP nucleation and
growth starts; this proposal is based on rotating ring-disk
electrode (RRDE) and spectroscopic observations.”> ™’ By
means of chronoamperometric experiments58 instantaneous
(2D or 3D) nucleation and 3D growth mechanisms have been
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elucidated for S membered heterocyclic rings,sﬂ)_62 whereas a
progressive nucleation and 3D growth with layer by layer
deposition mechanisms were observed during aniline electro-
polymerization (Figure 1).°*°* All of these terms refer to the
classical metal electrodeposition models developed by electro-
chemists long ago.”®

Because of the limited reactivity of the radical cations, high-
order oligomers stabilize charges better as the conjugation
increases (see the constant values in Scheme 1),"”°%%” the size
of the resulting conjugated chain will depend on the
electropolymerization potential. Therefore, the higher the
charge in the oligomer (ie., a high doping level), the more
reactive it will be toward dimerization. A classical example
involves pyrrole polymerization, where a conducting polymer
mainly formed by 8—16 oligomeric units was obtained using a
low electropolymerization potential.”® When this potential was
increased, the polymer’s composition changed to 32—64
pyrrole units, whereas a cross-linked network was formed at
higher potentials, yielding a highly conjugated polymer.”’
Therefore, the final conductive polymeric structure will consist
of a mixture of units with different conjugation degrees (i.e., a
polydisperse polymer) that may be cross-linked (i.e., reticulated),
forming an intricate porous matrix with redox responses in a
broad potential range.”” Consequently, the classical capacitive
plateau observed in cyclic voltammetry is in fact a superposition
of the accessible redox states of polymeric units with different
sizes,’”’* and different faradaic processes occur in those
potential values (Figure 2, see section 2.2).

The electropolymerization process can therefore be
summarized in three main steps: (a) formation of a high
oligomer concentration region in the electrode diffusion layer,
via the anodic oxidation of the monomer through a consecutive
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Figure 1. Cartoon representation of the electropolymerization mechanism of conducting polymers. (a) Uncharged interface with monomer, (b)
positively charged interface generates radical-anion species, (c) radical-cation coupling to generate o-dimers, (d) oligomer formation after proton
release, (e, f) 2D nucleation—growth pathway, (g, h) 3D nucleation—growth pathway.

sequence of oxidation, dimerization, and proton release
reactions, (b) nucleation and growth of short-chain polymeric
structures, and (c) solid-state redox reactions that generate
longer chains, expanded conjugation, and a reticulated porous
matrix.

This expeditious overview has not discussed in detail
particular aspects of the electropolymerization process like
the dimerization constants (which decrease with oligomer size),
the propensity to o-dimer formation and proton elimination
(favored in certain solvents or additives in the electro-
polymerization solution), nor experimental parameters (e.g,
potentiostatic or galvanostatic modes) that are critical for the
production of good quality and self-standing CPs. This review
is not focused on detailed discussions of electrochemical
aspects of CPs but on the review of selected key applications.
For more specific information about the electropolymerization
process, the reader is encouraged to consult the references cited
at the beginning of this section. Particularly useful are the
excellent publications by Heinze,'” Otero,™”* Audebert,”* and

.49
Cosnier.
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2.2. Electrochemical Control of Polymeric Redox Reactions
(Doping/Dedoping or Undoping)

The main peculiarity of a CP is its capacity to change redox
state from neutral to a charged or doped state. The most
common case is the p-doping, equivalent to a polymer
oxidation (eq 2, Figure 3). Here, the conjugated system
stabilizes the positive charge carriers by delocalization. The n-
doping case, corresponding to the polymer’s reduction, is rare
and requires ultradry solvents or specially desi%ned monomers
to stabilize the injected negative charges.”””>’® Many of the
interesting properties of these materials are direct consequences
of this simple redox reaction.

Suitable oxidizing reagents like Fe**, Cu®", S,04*~ salts,”” and
iodine can induce polymerization and redox changes. In the
case of electrochemistry, an external potential applied in an
electrochemical cell promotes such redox reactions. To
maintain electroneutrality, counterions (ie, A” in eq 2, also
named dopants) are simultaneously incorporated into the
polymeric matrix, provoking an enormous structural change
due to the solvation molecules that surround the charged
species.””® During the reduction process, counteranions and
solvent molecules diffuse out in response to the external
electrical perturbation, that injects electrons to the positively

DOI: 10.1021/acs.chemrev.7b00482
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Figure 2. Cyclic voltammograms of the reduction of oligo(p-
phenylene vinylenes) (left) in solution (T = —65 °C, v = 100 mV
s™') in THF/TBAPF,, and (right) under solid state conditions (T =
—65 °C, v =10 mV s™') in DMA/TBABr. Reprinted with permission
from ref 71. Copyright 1998, John Wiley and Sons.

charged matrix; this process generates a compact structure
(Figure 3). Such a doping is not equivalent to that described by
the terminology utilized for classical semiconductors, where the
doping species are always located in the matrix.

As previously mentioned, the anodic charging process is a
sequence of discrete overlappings of the polymer’s redox states
that generate the capacity-like plateau observed in cyclic
voltammetry. This is also observed during the reduction

process, albeit with an inverse current sign (see the inset in
Figure 4). Monolayers of redox deposits should ideally show
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Figure 4. Peak current vs scan rate of poly(o-xylene dioxythiophene)
(PXDOT). Inset: Cyclic voltammetry of PXDOT in ACN/0.1 M
TBAP at different scan rates (50—500 mV s™*).

here the specular image of the oxidation wave, and the peak
current (i) should be proportional to the scan rate, v (Figure
4).”° As the film thickness increases, counterion diffusion into
the polymer matrix becomes more difficult and the mirror
image signals change to the generally observed asymmetrical
shape. Also, i now is proportional to v, as in the case of redox
species in solution, where the faradaic reaction is diffusion
controlled.

During the oxidation or doping process, a fraction of the
polymer will stabilize a certain number of positive charges
depending on the polymeric structure and charge potential; the
mole fraction of the corresponding charged monomers is the
doping level. Typical values of doping levels are between 0.1
(i.e, one charge per every ten monomeric units, which
represents a low doping level) and 0.5 (i.e, one charge per
every two monomeric units, which represents a high doping
level). Most of the properties summarized in Table 1 depend
directly on this value, and therefore several methods for doping
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Figure 3. Structural change during the doping/dedoping process of a conducting polymer. Adapted with permission from ref 4. Copyright 2016

Royal Society of Chemistry.
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Table 1. CP Applications and Related Properties

Application
batteries or capacitor materials
electrochromic displays
organic light emitting diodes
antistatic foils
electronic devices
actuators
sensors
coatings
materials for drug release
membranes
tissue engineering applications
corrosion protection
compound release

components of organic solar
cells

electrocatalysis

Property modified by the doping process
charge

optical absorption

reactivity of the e”/h" pairs
conductivity

conductivity

structural change and volume
chemical or physical properties
surface tension

charge and structural change
ionic conductivity
biocompatibility, hydrophobicity
equilibrium potential

diffusion and adsorption

work function, conductivity, tunable band
gap

electrochemical properties

level determination have been developed.*”™* Beyond these
values, the Coulombic repulsion dramatically increases and
chemical changes (generically known as overoxidation) occur,
thus altering the CP’s normal behavior.***’

In situ electron spin resonance (ESR) studies of charge and
discharge processes have demonstrated that radical cations are
indeed responsible for the charges in the polymer in the case of
p-doping, whereas radical anion species cause n-doping. Both
radical ions develop ESR signals due to their S = 1/2 value
(Figure 5).5%% In the classical CP literature (and adhering to
the terminology previously developed for conductive species in
crystalline semiconductors),” these reactive species are known
as polarons and have been proposed as intermediates for the
generation of the more stable bipolaron species (i.e., diionic
species with S = 0, see section 2.3). This nomenclature is still
currently used despite the development of new models that
explain the discrepancies of the initial band model.

2.3. Rationalizing CP Properties. Proposed Models

The conductivity in a CP is a consequence of its doped state,
where positive or negative charges can move along the
polymeric chain in the presence of an external potential via
electron delocalization of the 7-conjugated network. Different
theories and their validation by experimental results have led to
various models to explain the conductivity of these organic
materials. Band theory is based on Hiickel’s molecular orbital
theory (HMO) and was used at the end of the 1970s by Brédas

to understand the CP properties known until then.”"”” It has
been continuously invoked to explain several CP proper-
ties.”””* Theoretical calculations suggest three absorption
bands for the polaron and two for the bipolaron states,”>"
and they have been experimentally observed in numerous CP
absorption spectra (Figure 6).77%

Despite its success for predicting optical behavior, several
experiments have demonstrated that this model it is not
universally valid. The model was conceived for an ideal
conjugated linear polymer (ie., an infinite number of units
without defects), and therefore, as far as electronic properties
are concerned, a highest occupied electron band (valence band,
VB) and a lowest unoccupied band (conduction band, CB) can
be proposed as a consequence. Nevertheless, recent experi-
ments have demonstrated that electropolymerization produces
materials with a finite (and low) number of monomers (i.e., less
than 100 units) and that cross-linked porous materials are
manly obtained (see the section 2.2). Thus, electrical
conduction in these materials not only should be linear (as
initially considered by the bipolaron model), but also must
involve an interchain component. This can be better explained
by a hopping process.'”~'%* A second point in debate is the
explanation of the maximum conductivity of a CP that is
experimentally obtained when the charge carriers are spinless
(i.e,, no ESR signals); at first sight, this is in agreement with the
bipolaron model. However, at high charging levels, a
questionable argument arises since this model predicts a
metallic behavior (i.e., higher conductivity values) due to the
enlargement of the bipolaronic VB and CB. Ideally, they should
merge at very high charge levels (Figure 6). This behavior has
not been experimentally observed, and CPs charged at very
high doping levels show a dramatic conductivity decrease
(Figure 7),"">'*" which is contrary to the predictions of the
bipolaron model. This conductivity drop has sometimes been
associated with an overoxidation of the polymeric chain.
Nevertheless, the cyclic voltammetric signals remain essentially
intact.'*>'%

New models try to overcome the failures of the classical
bipolaron model. The o-dimer model has been proposed by
Heinze®®'"'% to explain the lack of ESR signal in the high-
doped state, as well as the conductivity drop mentioned above.
This model also explains the obvious hysteresis between the
anodic doping wave and that resulting from the cathodic
discharging process, which was initially attributed to changes in
electron-transfer kinetics.'””''” The hypothesis here is that the
charged interchain structure is engendered during electro-
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Figure 5. In situ ESR spectra of poly(2-methoxynaphthalene) during (left) p-doping and (right) n-doping. Adapted with permission from ref 89.

Copyright 2014 Elsevier.
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mV s7}, T = 273 K. Black line, cyclic voltammogram; red line,
conductance as a function of the potential measured during
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polymerization, and charge—discharge cycles stabilize charged
interchain o-dimers (Scheme 2). These species can be formed
at the higher charge level (i.e., very positive potentials) where
the reactivity of the system is sufficiently high,""" affecting the
conductivity of the system and rendering the discharge of the
conducting polymer difficult.'”""*

Janssen and Brédas''>''* made an interesting new proposal
several years ago, which includes the presence of two polarons
(ie., diradicals)'" in a singlet ground state at the oligomeric
chain. Under this scheme, DFT molecular system calculations
of oligomers''® can be used instead of the solid crystalline
approach (i.e., the bipolaron model) to predict spectroscopic
and electronic properties. The diradical character of polyenes
has been reported very recently, which is predicted by valence
bond self-consistent field (VBSCF) calculations."'” This novel
approach admits that CPs should be theoretically treated as
whole molecular systems using quantum chemistry,''®""” and
its expansion to the charge-transfer process has been recently
developed by incorporating the structural/solvent reorganiza-
tion. The predictions thus generated are equivalent to those
obtained with the Marcus—Hush theory during the analysis of
7-conjugated poly(p-phenylene) cation radicals.'*” The use of

Scheme 2. Charging—Discharging of Conducting Polymers with Formation of Interchain 6-Couplings®
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Reproduced from ref 19. Copyright 2010 American Chemical Society. “The exact position where the o-coupling occurs has not been determined.
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the multiconfiguration pair-density functional theory (MC-
PDFT) allows performing calculations in conjugated oligomers
with orbital-optimized active spaces up to SO electrons and 50
orbitals, with a dynamic correlation resulting from an on-top
density functional.'”' Recently, Kang and Snyder'** analyzed
together the electrical conductivity and Seebeck’s coeflicient of
several CPs, and determined that most polymers (except
possibly PEDOT:tosylate) show thermally activated and
itinerant conductivities typically found in crystalline semi-
conductors. As a result, a new model for charge transport in
CPs was developed, where the different electrical transport
properties in polymers may be a consequence of the
percolation of charge carriers through the polymeric materials.
These recent findings confirm that the molecular treatment of
the conducting polymers using powerful and modern quantum
chemistry tools for the prediction of properties is a hot topic in
the field of theoretical chemistry.

The conductivity and band gap in CPs have been associated
with the possibility of change between the quinoid/aromatic
structures along the main chain during the doping—dedoping
process (see Figure 3);'**'*® both properties offer unique
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phenomena and functions that are exploitable in organic
electronics (see sections 2.4 and 3.1.3). Associated with this
structural change, a conjugated backbone planarity is an
essential requisite to have low band gap polymers with high
mobility charge carriers.'*’ Efforts to understand the complex
interplay of atomistic changes and a backbone structure toward
modeling the charge transport properties have been recently
made using density functional theory in z-conjugated
regioregular polymers.'**'*®

In order to rationalize the structural changes of the polymeric
matrix and current decay during a CP charging—discharging
process, Aoki'*®'*” proposed the percolation theory, while
Otero developed the electrochemically stimulated conforma-
tional relaxation model (ESCR), which is widely used to
understand the mechanical properties of CPs.””*'*” Both
models predict a slow current logarithmic decay in
chronoamperometric experiments, as is indeed experimentally
observed. The slow relaxation in the percolation theory is either
provoked by a slow reorganization of the polymeric matrix after
the redox reaction, or by a sluggish electron transfer in the
conducting polymer due to anion percolation through the
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polymer (which is required to stabilize the created charges).'*’

On the other hand, the ESCR model considers that the
processes that determine the redox switching kinetics in
conducting polymers are (a) electronic and ionic charge
transport and (b) conformational changes and swelling of the
polymer induced by electrostatic repulsions among the chains,
as well as the presence of counterions that stabilize the charges
thus generated (Figure 8). In this model, the last process is
known as relaxation and affects the rate of the electrochemical
transformation. For this reason, relaxation may last much
longer than the faradaic processes.>' Thus, the first
phenomenon proposed after the anodic perturbation into a
neutral polymer is the expansion of the closed polymeric
structure. Partial oxidation takes place at the very end of the
polymeric electrolyte structure, where counterions can access
rapidly (influenced by the electrical field and the positive
charges generated in the polymer’s backbone). Next, full
oxidation continues toward the inner part of the open
polymeric matrix, reaching the electrode—polymer interface
under diffusion control. During reduction, the inverse processes
take place until a full compact polymeric structure is formed.
Thermodynamic and kinetic information about the charging/
discharging processes is obtained using the mathematical
expressions derived from the theoretical treatment of the
processes involved. Thus, the ESCR model has been applied to
important CP fields like organic actuators'*” and organic
semiconductors.'>® Recent reviews on this subject are

available.'**!3%
2.4. Other Technological Applications

Many of the interesting properties of CPs like
response, *°""** jonic and electronic conductivity,
surface tension, volume change, and tunable band-gaps
are direct consequences of the solid state redox reactions
known as polymer charging/discharging (see section 2.1, Figure
3), and have been exploited for technological applications
(Table 1). These properties can be controlled with the doping
level of the material, and new possibilities for a wide range of
industrial applicationsms’146 are being developed. Moreover,
because of their capability to be solution-processed with a large
area uniformity and improved mechanical and electronic
properties, their use has been extensively explored in recent
years."’~"°" 1t is important to note that the basic charge/
discharge redox reaction is possible in the different families of
CPs mentioned in the introduction, but depending on the
application or technological device where the CP is used, a
particular oxidation state or switching between both may be
required.”145/146

Because of the vast quantity of information available, next we
will concisely discuss the various applications, whereas those on
which this review is focused (ie, energy, environmental
remediation, and sensors) are more deeply discussed in the
following sections.

2.4.1. Applications in the Medical and Biological
Fields. The facile modification of CPs’ chemical, electrical,
structural, and physical properties is a major advantage for the
development of new applications. Moreover, some CPs and
their composite derivatives have shown biocompatibility.'>' ">
Since the seminal work of Wong et al. in 1994,>* who
demonstrated the cell growth dependence on the oxidation
state of PPy, the possibility of using CPs as supports for
growing cells has been explored.l‘ﬂ’lss_159 In this direction, for
example, human glioblastoma multiform cells (T98G), primary

optical
1%—142

143,144
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human dermal fibroblasts (hDF),"®” and Madin—Darby canine
kidney (MDCK 1II) epithelial cells'®" were recently cultured on
PEDOT:PSS films. These biointerfaces have attracted attention
in the neurosciences because CPs may serve as nerve conduits,
drug carriers, and neurite guidance platforms in neuro-
regeneration, where neuronal cells have been grown for their
study on these polymers.'>'*> PPy-coated electrodes were
implanted in brain tissue of mice for 3 weeks.'®* Despite the
relevance of these reports, more in vivo studies about possible
inconveniences like inflammation, cytotoxicity, and biodegrad-
ability are required before their application in humans. CPs’
rigidity and fragility as well as poor solubility also limit their
use, and therefore composites and blends are promising
materials to overcome these problems.">' CPs possess
properties that are exploitable in biomedicine such as in
biosensors (i.e, chemical and physicochemical properties),
biocompatible coatings,ms_167 and tissue-engineering (i.e.,
fonic transport, biocompatibility, and hydrophilicity),">”"*
selective membranes (i.e., ionic and electronic conductivity) o8
neural interfaces and neural probes (i.e., ionic and electronic
conductivity),'® ™" drug-delivery devices (i.e., reversible
doping, see below), and bioactuators (i.e., structural changes,
see below), which have been reviewed, and they highlight the
potential of polythiophenes'”” and polyanilines'”* in this field.
In relation to delivery and actuator applications,”>~""” the
are based on the CPs’ structural changes occurring during the
charging/discharging processes'*'?" (see Figure 8), which
trigger the reversible movement of ions in the polymeric
structure. In this way, charged drugs can be incorporated into a
CP and, with electrical stimulation, a controlled dosing is
achieved."”'”” For example, risperidone,'® nerve growth
factor,'®! neurotrophin-3,182 safranin,"®® and dexamethasone'®*
have been demonstrated controlled release from PPy using this
concept. Recently, CP nanostructures have also been proposed
as sponge-like materials for this application,'*™"** whereby a
higher electroactive surface increases the loading of bioactive
molecules (Figure 9).

7
Y

A ERRER
—iiiy

Figure 9. Schematic process of the synthesis and drug release of a
nanostructured PPy film. (A) Immersion of the template-modified
electrode into the pyrrole solution containing drugs and electro-
polymerization. (B) Dissolution of the polystyrene nanobeads. (C)
Addition of an extra drug. (D) Electrodeposition of a thin PPy layer.
(E) Application of a potential to release the loaded drugs. Reproduced
with permission from ref 185. Copyright 2009 Elsevier.

2.4.2. Actuators. Actuators are defined as “macroscopic or
microscopic devices, or polymer chains transducing energy
from different sources (electric fields, electrical currents, light,
temperature, pressure, and so on) into macroscopic mechanical
energy by interaction with polymer films”.'”> Polymeric
actuators are also known in the literature as artificial muscles.

They are divided into two families:'® (a) electromechanical
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actuators and (b) electrochemomechanical actuators, where
their main difference is the presence of reactive or nonreactive
electrodes. As far as the electrochemical applications, the
electrochemomechanical actuators are of our interest since their
responses are based on the faradaic reactions and on the
changes in the polymeric structures described above in the CP
charging/discharging description.*>"*”'*" These electrochem-
ical actuators are typically laminated electrodes containing a
simple bilayer (CP/plastic),'”> an asymmetrical bilayer (CP1/
CP2),""*'** or a triple layer (CP/plastic/CP),'?*'*® where the
electrical stimulus generates their bending due to the doping/
dedoping process (see Figure 10A,B). CPs are used as pure or
composite materials. Examples of the latter case include the
silk—PPy,'”” and the silk—PANi'’® actuators, which are
reported as biocompatible. Recent
HASIILIISNTSI90,199200 ver the abundant literature in

re-
views
this field.

2.4.3. Antistatic Foils. Antistatic materials inhibit tribo-
electric charging that consists of the buildup of electric charge
(i, static electricity) by friction or contact between different
materials. Static charges represent an important issue in some
industries because of the possibility of flammable vapor
ignition, dust attraction, or damage to electronic devices,
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whereby charge dissipation with suitable conducting materials
may be crucial. The possibility of preparing water dispersions of
conducting polymers using polyanions to balance the positive
charges present in the charged structure has prompted the
development of antistatic foils, widely used for packing and
protection.””’ CPs are used in their doped state to take
advantage of their conductivities and the relative flexibility of
films obtained from water-soluble dispersions. The transparent
conducting 3,4-ethylenedioxithiophene polymer with poly-
(styrene sulfonate) polyanions (PEDOT:PSS) is the most
commonly used water-soluble polymer for this application. The
Bayer and AFGA companies patented it in the 1980s as an
antistatic protection for photographic films,””” still used in our
days.”> PEDOT:PSS has a high conductivity (i.e., 300—500 S
cm™), is stable under ambient conditions, and can resist up to
1000 h at 100 °C without loss of conductivity.”***** This
principle has evolved, and now it is the basis of the buffer layer
in organic and perovskite solar cells (see Organic Electronics,
section 2.4.7, and also section 3.1.3). Other CP families have
been studied for this application (e.g, polyanilines (PANi),
polypyrroles (PPy), and polythiophenes (PTh)).”* In addition
to films, other packing materials and textiles have been
proposed to fulfill market requirements.”*”
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2.4.4. Corrosion Protection. PAN;***** PPy,*'? and
polycarbazole" are the most studied CPs for the protection of
ferrous materials, where diverse mechanisms like galvanic
protection, ennobling, passivation, and inhibition have been
enabled.”'* The most studied mechanism, galvanic protection,
is based on the positive equilibrium of the p-doped CP (PPy,
0.1 to +0.3 V; PANi, +0.4 to +1.0 V; PTh, +0.8 to +1.2 V vs
SHE) with respect to those corresponding to iron or aluminum
(ie., Fe’/Fe®*, —0.44; Al°/Al,O,, —1.96 V vs SHE).”'* Under
such conditions, a CP film should provide anodic protection
similar to that obtained with Cr deposits, generally obtained
from toxic Cr(VI) salts,”*® but using a nontoxic material. Non-
ferrous materials like zinc™'* and its alloys can also be protected
against corrosion using these polymeric coatings. The most
popular electrochemical techniques for the study of this
protection effect include Tafel plots (i.e., potential versus log
of current) obtained from linear scan voltammetry experiments
(Figure 11), electrochemical impedance spectroscopy (EIS),
and polarization resistance measurements.”
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Figure 11. Tafel plots of (a) the bare SS, (b) PNMPy coating, (c)
PNMPy—dodecylsulfonate (DS) coating, (d) PNMPy-DS/MWCNTs-
1, and (e) PNMPy-DS/MWCNTs-2 coated SS electrodes in 0.5 M
H,SO,. Displacements toward more anodic potentials and lower
corrosion currents are evident in the CP-covered SS samples.
Reproduced with permission from ref 217. Copyright 2015, Elsevier.

Not only CPs but also their com6posites with other
conducting materials like graphite,zoé’21 nanotubes,”"” and
other polymeric materials are also useful to prevent metallic
corrosion. Recent publications extensively describe different
materials used as well as proposed mechanisms and techniques
for the analysis of corrosion protection phenomena in
metals 211-213,218-222

2.4.5. Electrochromic Devices. The delocalized 7-electron
band of a CP structure gives rise to its VB and CB (Figure 6).
These bands define the intrinsic optical properties of such
materials.””> The bipolaron model predicts an important
change in optical properties (i.e, band gap)*** when the CP
is electrochemically switched from its neutral to a charged state.
This is provoked by the presence of absorption bands in
different regions for each redox state and the shift between the
benzenoid and quinoid structures (Figure 12). Those materials
that behave in this manner are called electrochromic.”*>**° The
basic principles of electrochromism in CPs were enunciated
several years ago,””’ >*° and recent revisions on the field
confirm the high level of color control that some devices have
reached by using mixtures of donor—acceptor (D-A)
heterocyclic units in the polymer skeleton and fast switch
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response times (ie, lower than ~1 s).*'7>*% Absorption

wavelengths typically shift toward higher values upon doping.
For example, PPy shifts from 4 = 420 nm to 4 = 670 nm; PANj,
from 4 < 330 to ~440 nm; PTh, from 1 = 470 nm to 4 = 730
nm; MEH-PPPV, from 510 to ~750 nm; and PEDOT, from
590 to 900 nm (Figure 12).129%3! Fine tuning of these changes
can be obtained when using the D—A approach.””” With these
intense changes in both redox states of CPs, electrochromic
windows (also called smart windows),”****" displays,”*"*** and
other electrochromic devices”***** have been fabricated.

Their construction involves a sandwiched structure with the
CP located between two sheets of conducting glass or plastic
covered with a transparent inorganic conducting layer (e.g,
fluorine-doped tin oxide, FTO, or indium tin oxide,
ITO).”*"*** Practical applications require low cost, all-polymer
electrochromic devices, and therefore plastic/PE-
DOT:PSS,**»***~2* highly stable plastic/Ag-nanowires/
PEDOT,*” transparent conducting electrodes, and flexible
carbon nanotube transparent conductive films**® have been
recently developed. Not only the selected polymer determines
the performance of a device, but also the electrode material
plays a key role.”>" Electrochromic textiles are currently under
intense study, and promising results have been obtained with
viscose, polyester, and Spandex fibers charged with CPs.***

2.4.6. Electrocatalysis. Electrocatalysis facilitates electro-
chemical reactions that occur at electrode surfaces by increasing
electron transfer rates and enables the development of
technological applications because the overall reactions require
less energy (Figure 13).”>> An electrocatalyst can also be
regenerated on the electrode surface and used for homoge-
neous electron transfer (Figure 14). These species are known as
redox mediators*>* and are very useful, for example, in sensor
design, CO, reduction,” and electrosynthesis. Electrocatalysis
in organic synthesis allows a reduction in energy cost, avoids
the use of stoichiometric quantities of redox reagents, and
increases safety. Both concepts agree well with the green
chemistry focus of modern synthetic organic electrochemis-
try, 256257

Most electrocatalytic materials are based on noble or
precious metals or transition metal elements, either as pure
electronic conducting metals or as alloys, as well as electronic
semiconductors.”*” Therefore, interest in substituting expensive
precious metals with cheaper organic compounds has been the
subject of very active research. For example, well-defined 2D
covalent organic polymers”>>**” and carbon organic frame-
works”**°! act like CPs, since they also involve 7-conjugated
polymeric layers containing heterocycles and aromatic moieties
with precisely controlled molecular structures and empty
spaces.

CPs by themselves can have intrinsic electrocatalytic
properties toward certain redox reactions. It is also possible
to use the interchain cavities in these materials to incorporate
metals so that electrocatalysts can be generated.”*> CPs have
also been used to immobilize redox mediators, thus boostin
the homogeneous electron transfer in the catalytic cycle.”**>%
This approach is based on the efficient immobilization of
biomolecules like proteins, enzymes, or oligonucleotide5266
through the very stron§ interaction with avidin via an affinity
coupling with biotin.”®” For this purpose, pyrrole,****®
terthiophene,”’” and EDOT””" derivatives have been ex7plore .
Heterogeneous catalysts such as metal oxides”’”””” and
catalytic metal nanoparticles’”* have been incorporated to a
conducting polymer matrix in order to generate a catalytic
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Society.

electrode. This is a very convenient way to decrease the particle
size and maximize the surface (and therefore the noble metal
loading), resulting in an enhancement of the electrocatalytic
activity.””> CPs also have potential usefulness in electrocatalytic
reactions like the oxygen evolution reaction (OER 70778 0,

4742

. 279,280
reduction,””””

and hydrogen evolution reaction
(HER),”’***' 7% the I,/I” system in dye sensitized organic
solar cells (see section 3.1.3), chemosensors®** ™% (see section
4.1), and biosensors.””’~>*° These reactions are typically
catalyzed by precious metals,””' ™" and the use of CPs can
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trigger future industrial applications. Therefore, their high
conductivity and other properties discussed earlier make them
suitable as catalysts for diverse redox reactions.”’”*** Modern
density functional theory methods have been employed to
understand electrocatalytic reactions like OER on PEDOT.*”

2.4.7. Organic Electronics. Organic light-emitting diodes
(OLEDs), organic thin-film transistors (OTFTs), organic field-
effect transistors (OFETs), and organic photovoltaic cells
(OPVCs, discussed in section 3.1.3) belong to the group of
devices generally named organic electronics.”’°”>°° Other
interesting organic electronics like organic photodetectors,299
flexible electronic papers,”’” and OTFT sensors’** > are
under development for chemical and biological applications.
The basic configuration of an OLED-organic solar cell (OSC)
is depicted in Figure 15. Conducting polymers can behave as

(a) (b) (c)

Cathode Cathode Source | | Drain
Light-emutting layer Electron acceptor Semiconductor
Hole-transport layer Polymer donor Dielectric
Anode Anode Gate
Substrate Substrate Substrate
GHEEELLEEE trrtrtrteett
Light Light

Figure 1S. Schematic cross section of simple organic-based devices.
(a) Organic light-emitting diode, (b) organic photovoltaic cell, and (c)
organic thin-film transistor. Reproduced with permission from ref 297.
Copyright 2015, Springer Nature.

semiconductors that are exploitable in these devices. Inorganic
thin film devices often require high processing temperatures
and energy demanding deposition methods;*** therefore their
cost is higher than that of organic materials. The opportunity to
fabricate cost-effective disposable devices is now available with
the organic electronics. With some soluble polymers, it is
possible to use massive production processes’ ' such as
flexography or gravure printing;*"”*° other polymers can be
electrogolymerized on suitable electrode surfaces to fabricate a
device.”””™*'” For example, an OPVC can be 2D-printed or
roll-to-roll processed, thus making its mass production rather
attractive.” !> 3D-printing techniques have also been ex-
plored to design new architectures for these electronic
components.”"? CVD also yields excellent polymeric deposits
with fine-tuned morphology.”**
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Most of the CPs can be used in their undoped states as
organic semiconductors because they intrinsically possess this
property.®'¥*'® Their characteristics and performance are
obviously related to the structure and the nature of the
molecules used in their fabrication.”’”*'* PEDOT:PSS has also
been used as a flexible electrode in these devi-

s 61 a5 an anode buffer in OPVCs®*” and
perovskite cells.**"**!

OLEDs were initially proposed in 1987 by Tang and Van
Slyke.””> Their basic structure includes two organic semi-
conductor thin films (i.e., hole-transporting and light-emitting
layers) sandwiched between the transparent electrodes (Figure
15a). The two organic layers create a pn-junction, while an
external voltage generates holes and electrons in the structure;
the recombination of these species emits light.”*> Modern
preparation methods include solution-processable organic
materials, among which ionic organic semiconductors (based
on conjugated polymers) have proven to be very efficient.”**
On the other hand, an organic thin film transistor (OTFT) is a
transistor that uses an organic compound in the semi-
conducting channel. Tsumura was the first to show the
potential use of organic semiconductors (i.e., polythiophene)
for this application.”*> The basic structure of an OTFT (Figure
15c) consists of a three-terminal device (gate, source, and
drain) of four thin-film layers deposited on an insulating
substrate;*****” its behavior is also described by the equations
deduced for the metal oxide field effect transistor.**® Since the
first report in 1986, diverse organic materials have been
explored as semiconductors for their fabrication and have been
extensively reviewed in the literature.*”” These electronics work
as voltage controlled-current sources whereby, upon application
of a bias voltage between the gate and source, mobile charge
carriers accumulate near the semiconductor/insulator interface.
This phenomenon provokes a current flow through the layers
when a suitable drain-to-source potential is applied.’>”**
OTFTs have been used in radio frequency identification tags
(RFID), printed memories, backplanes for mechanically flexible
displays, thin flexible tactile sensors, and organic inverter
circuits.”””**

2.4.8. Future Applications. Conductivity or any of the
other key properties of CPs are not enough to place organic
electronics or their technological devices in the real market.
Other important aspects such as the quality of the electrical
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contact between the conducting polymer and the electronic
conductor,*****" controlled and optimized morphology,***~**
and enhanced stability’>”**® will surely open the door to
commercial organic electronic devices containing conducting
polymers and organic semiconductors. Excellent reviews have
been published recently for each of the applications described
above. New uses for CPs like synthetic mimics for cosmic dust
and micrometeorites in space science, >’ organic heaters, and
resistances,”*** as well as new studies directed to find better
performance of known properties are new and rich fields of
research in this area. For example, CP conductivity has been
manipulated with cosolvents, where the most prominent
example studied until now has been the technolo§icall
relevant poly(3,4-ethylene dioxythiophene) (PEDOT).”***!
This CP has an intrinsic conductivity around 300 S cm™", which
can be significantly enhanced to more than 2000 S cm™" by the
addition of ionic liquids and surfactants, salts, zwitterions, or
acids.”**" A surprising increase in conductivity of PE-
DOT:PSS films to more than 4000 S cm™' (which is
comparable to that of ITO electrodes) was reported after
post-treatment with H,SO,.*** One can therefore predict that
the coming years will see a promising future for conductive
polymers with new and interesting results in basic and applied
science.

3. PART 1. APPLICATIONS THAT TAKE ADVANTAGE
OF THE TRIDIMENSIONAL STRUCTURE OF THE
CONDUCTING POLYMER.

3.1. Applications of Conducting Polymers in Energy

This section will provide the basic definitions and fundamentals
to understand state of the art of conducting polymers (CPs) in
energy-related applications, particularly those related to electro-
chemical energy storage and photovoltaic conversion.

3.1.1. Introduction to Energy Storage Devices. Energy
storage devices can be classified in terms of specific energy
(Wh/kg) and specific power (W/kg) using the Ragone
plot.**** In this plot (Figure 16), conventional capacitors
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Figure 16. Ragone plot for typical energy storage devices.

have the highest specific power and the lowest specific energy,
due to the fast electrostatic charging and discharging of the
electrodes; charge is stored physically through the reversible
adsorption/desorption of ions from the electrolyte onto the
electrode surface. Batteries and fuel cells, on the other hand,
have the highest specific energy and lowest specific power due
to the reaction kinetics and mass transfer issues brought out by
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the faradaic oxidation/reduction reactions occurring during
storage.

Supercapacitors have charge storage mechanisms that give
orders of magnitude improvement in capacitance (and energy
density) when compared to conventional capacitors. In double-
layer supercapacitors, the sources of improvement are large
surface areas and minimal magnitude of charge separation. For
supercapacitors showing faradic capacitance (i.e., 7pseudocapa-
citance), two processes have been proposed:**’ (a) redox
reactions where the potential depends on the initial and final
redox species and (b) two-dimensional underpotential
deposition. The former is the source of enhancement in CPs
showing high gravimetric and volumetric pseudocapacitance
that usually refer to reversible redox reactions at the electrode/
electrolyte interface (i.e., no diffusion-control). It is worth
mentioning the similarity to ion diffusion in battery materials,
where the injection of electrons in a bulk electroactive phase is
balanced by the diffusion of naked ions in vacant lattice sites,
including the capacity contribution of unsolvated ions in
ultramicropores (pore size <1 nm). The latter has been a major
contribution to the field of double-layer supercapacitors and has
been discussed thoroughly by Dubal et al.***

Hybridization of supercapacitors and batteries has been a
subject of increasing importance in the past decade, and the
definition and classification of the various combinations of
materials, electrodes, devices, and metrics can be found in the
published literature.”*”*>**** The subject is too broad for this
contribution, although hybrid materials will be discussed in the
context of device performance.

3.1.1.1. Metrics. The metrics used to evaluate electro-
chemical energy storage devices are usually specific capacitance
and energy and power densities. For ideal electrochemical
double layer capacitors (EDLC), the specific capacitance (F/g)
is calculated from the slope of the galvanostatic charge/
discharge curves (see Figure 17a). The energy stored in these

1500
t/s

t/s

Figure 17. Schematic representation of galvanostatic charge—discharge
characteristics in electrochemical double layer (a) capacitors and (b)
supercapacitors.

devices can be expressed as E = 1/2(CV?), and the maximum
power delivered is P, = V?/(4R), where C is the overall cell
capacitance, V is the cell voltage, and R is the equivalent series
resistance. For pseudocapacitors, nonlinearity appears in the
galvanostatic charge/discharge curves as shown in Figure 17b,
and different calculations (i.e., integration) must be adapted to
obtain adequate information.>>'™>>° For EDLC, C = It/AE,
where I is the applied constant current in amperes and ¢ is the
discharge time in seconds, which corresponds to the interval
between the initial state of discharge (%,) and the total discharge
state (t;).

Lithium-ion batteries (LIBs) use different metrics to evaluate
performance, namely, the lithium storage or discharge capacity,

measured in mAh/g, the discharge rate capability of the cells
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Figure 18. (a) Idealized voltage and differential capacity (dC/dV) profiles for three basic charge-storage mechanisms and (b) charge—discharge
curves at different rates for MWCNT@TiO, core@shell composites. Reproduced with permission from ref 357. Copyright 2014 Elsevier.
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Figure 19. Charge/discharge process in p-doped and n-doped polymeric electrodes, showing the swelling effect. Adapted with permission from ref

386. Copyright 1999, Springer Nature.

measured by the capacity retention at high C-rate discharge, the
Coulombic efficiency, and the long-term stability. For electro-
des having battery-like behavior, the proper term is capacity,
since the redox electrolyte interface displays capacity instead of
capacitance.”>® Figure 18 depicts the idealized voltage and
differential capacity profiles for three basic charge storage
mechanisms, as well as the low rate capability of MWCNT@
TiO, LIBs anodes.®”’ C-rate refers to the full charge or
discharge of a cell in a particular period of time: 1C = 1 h, 10C
=0.1h,01C =10 h.

3.1.1.2. Nanocomposites and Hybrid Materials Based on
CPs. Energy storage devices require electrode materials with
good electronic conductivity to deliver maximum power. As a
result, CPs are very attractive due to their broad range of
conductivities, from that of semiconductors (107! to 1073 §
ecm™) to that of metals (107! to 10° S cm™).? Charge storage
can be enhanced by controlling the synthetic parameters (i.e.,
doping agent, temperature, pH) or by designing different
morphologies,”® with the aim of improving electronic
conductivity, surface area, and redox activity.

Recent reviews™>’ emphasize the development of CP-based
materials for energy storage applications. The work of various
authors®*7*** demonstrating the relationship between CP
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morphology and capacitance have led to the conclusion that the
higher the aspect ratio of the CP nanostructure (they studied
PANi nanospheres, nanorods, and nanofibers), the higher the
specific capacitance. One example involves the hierarchically
nanostructured conductive polymer gels, which have attracted
attention in this field**> The enhancement is due to the
increase in the level of oxidation/protonation of PANi, faster
electrode kinetics, and higher surface area as the aspect ratio
increases. PANI nanotubes showed a specific capacitance of 896
F/g at 10 A/g*" and cycling stability over 5000 cycles.’**~*%*
The dependence of CP pseudocapacitance on the size and
packing of the CP nanoparticles has also been reviewed,*
leading to the conclusion that controlling the size and
morphology of the CP does not improve its performance
beyond an intrinsic limit. In general, conductive polymers are
attractive in energy storage devices due to their high charge/
discharge cycling rate, high conductivity, large surface area, high
specific capacitance, and good redox reversibility.
Conventional methods for preparing CP materials for
electrode fabrication can be electrochemical or chemical in
nature. Conducting polymers electrochemically synthesized
directly on the current collectors as thin layers can have high
electric conductivity and controlled doping level, as well as
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different morphologies.**’~*’*> Chemical routes, on the other

hand, give ol};mers with low solubility and moderate
conductivity.”**”* See sections 2.1 and 2.2 for details about
the mechanisms of the electrochemical polymerization.

Swelling and mechanical stress during cycling (Figure 3)
constitute the main problems of CPs in electrochemical energy
storage. Usually, ions in the electrolyte must go in to and out of
the bulk of the polymer many times to participate in faradaic
and non-faradaic processes, as schematically shown in Figure
19. As a consequence, intense research on electrode materials
based on CPs bets on the synergetic effect of nanocomposites
or hybrid materials, as well as on the use of large
heteropolyanions as doping agents. For supercapacitors,
electrodes based on graphene (GR)/CP nanocomposites are
dominated by polypyrrole (PPy) and polyaniline
(PAN;i).”°7*%" Graphene/polypyrrole (GR/PPy) composites
have values near 300 F/g and good cyclability (ie., 90%
capacity retention after 500 charge—discharge cycles),”’**”
which are lower than the values obtained for nanocomposites
based on (GR/PANi),””***" where a record of 1126 F/g with
84% retention after 1000 cycles was obtained for a nano-
structured GR/PANi hybrid material.”®' Interestingly, the
micromorphology of the PANi between the graphene layers
was highly dependent on the dispersion medium.”> Recent
works related to PANi and PPy with carbon nanomaterials have
addressed the interplay of heterogeneous electron transfer,
electric double layers, and mechanical stability, as well as the
importance of nanoscale blending and the use of free-standing
membranes.*** %

To obtain improved properties, a large number of recent
works related to CP nanocomposites focused on CP and metal
oxides,®®” ™% with most of the faradaic storage occurring in the
oxide. In these composites, the CPs act as binding agents
providing mechanical stability, porosity, and conductivity. In
this context, recent trends include (i) triple hybrid nano-
composites of carbon—CP—metal oxide,”” —*** (i) atomic
layer deposition (ALD) coatings,””**** and (iii) polyoxometa-
lates (POMs).***7

ALD involves the conformal deposition of nanoscale thin
films and surface layers down to atomic layers with high
uniformity and well-controllable thickness and interface, leading
to the enhancement of device performance.””* ALD surface
modification is most effective in battery-like electrodes,
particularly LIB electrodes. It can effectively suppress the side
reactions and prevent the decomposition of the solid electrolyte
interface (SEI) by acting as an artificial SEI that provides
protection toward further degradation. As an example, an ALD
RuO, layer on PANi nanowire surface, forming a PANi@RuO,
core@shell nanostructure, shows improvements in capacity,
rate capability, and cycling stability.””

Polyoxometalates are a large class of metal oxygen clusters of
the early transition elements and some of the most promising
building blocks for nanocomposites.””® Regarding composites
based on CPs and polyoxometalates (POMs), they are very
promising in energy storage applications because the fast
reversible redox reactions of POMs can be combined with the
intrinsic redox activity of CPs.*”’ ="’ These composites can be
used to enhance the discharge capacity of LIBs and increase the
energy density of electrochemical capacitors. They can also
improve the structural reversibility, as they cannot be expelled
to the surrounding solution during doping—dedoping. Charge
compensation during the redox process of CPs proceeds mainly
with the participation of small solution cations causing

4746

minimum induced mechanical tension. Preparation of PANi—
POM nanofibers shows remarkable improvements when
compared to the bulk material, particularly on cycling
stability."”’ Nevertheless, methods are still needed to have
more control over the microstructure of the hybrid material.
The most common method involves the chemical or
electrochemical oxidation of a monomer molecule to form a
polymer film in the presence of a POM solution. The strong
oxidizing power, high ionic conductivity, and acidic character of
heteropolyacids provide the ideal conditions for the polymer-
izations of monomers like aniline, thiophene, and pyrrole. The
result is a hybrid material in which the CP matrix is doped with
the trapped POM molecule.””’

3.1.2. CPs in Energy Storage Devices. 3.1.2.1. CPs in
Supercapacitors. Supercapacitor cells assembled with CPs
electrodes can be classified as follows:*"’

e Type I (symmetric): The cell is assembled with
electrodes elaborated with the same p-doped polymer
in a configuration known as symmetric assembly.

Type I (asymmetric): The cell is assembled with
electrodes having different chemical polymeric structure
but with the same oxidation state (p-doped).
Type III (symmetric): The cell is assembled with
electrodes made with the same polymer, but one is
oxidized (p-doped) and the other one is reduced (n-
doped).
Type IV (asymmetric): The cell is assembled with
electrodes having different chemical polymeric structure
where one is p-doped and the other one is n-doped.

Each type of supercapacitor offers a different operational
voltage window due to the nature of the electrode materials and
the electrolytes. Types I and II work with either organic or
aqueous electrolzrtes, reaching up to 2.4 and 125 V,
respectively.”’°~*"* Types III and IV require organic electro-
Iytes, since the operational voltage window can reach up to 3
V37402749 Asymmetric Type IV cells are the most promising
supercapacitors in terms of energy and power density, although
the main drawback is the difficulty to obtain n-doped polymers
in an efficient way. The Ragone plot of different energy storage
devices, showing the tendency to retain specific power using
asymmetric devices in aqueous electrolyte, is depicted in Figure
1 of ref 348.

Asymmetric cells are usually assembled with one double-
layer-type carbon material and a pseudocapacitive material or
battery-type electrode, as shown in Figure 16 and Figure 20.
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Figure 20. Schematic representation of cyclic voltammograms for
asymmetric supercapacitors. The potential window of each electrode is
plotted in different color. Adapted with permission from ref 411.
Copyright 2010 Cambridge University Press.
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One electrode stores charge through a reversible non-faradaic
process that is reflected in high specific power values, while the
other electrode uses reversible faradaic reactions (i.e., fast redox
reactions) to increase the capacity and specific energy of the
device.*”**° This asymmetric assembly concept extends the
effectlve operational voltage window, resulting in a higher
specific energy relative to EDLC, and provides a higher specific
power relative to conventional battery systems because of the
low internal resistance. To improve the cyclability in
asymmetric assembly supercapacitors based on CPs, C/CP
nanocomposites are preferred.””’~**” Moreover, a longer cycle
life is obtained by using a carbon material in the negative
electrode and a nanocomposite material in the positive
electrode. The information included here can be completed
with that in refs 410 and348, which are comprehensive reviews
on the various materials used as supercapacitors besides
conducting polymers.

3.1.2.2. CPs in Batteries. Taking into account that the
desired characteristics in an electrode material are (1)
electrochemical stability, (2) high specific capacity, and (3) a
cost-effective preparation method, CPs are attractive because
they are conductive, low cost, lightweight, and mechanically
flexible. CPs improve the performance of electrode materials
since they can accommodate large volume variations in large
capacity oxides during the charge/discharge process. Usually,
the redox process is associated with a phase change where the
potential remains constant and follows the Nernst equation.
Several strategies to offset the low charge transfer kinetics of the
redox process involve decreasing the oxide particle size,
controlling its morphology, and introducing highly conductive
materials such as CPs. Reducing the size reduces the diffusion
path of charge compensated ions in the solid state, but it could
also enhance spurious reactions with the electrolyte.’** Liang et

al.*'* prepared a composite with SnO, loading on the surface of

PANi—rGRO (reduced graphene oxide) by hydrothermal
synthesis and used it as an anode for LIBs, obtaining $74
mAh/g after 50 cycles with a current density of 156 mA/g
between 0.01 and 3 V. This approach combined an oxide, a CP,
and an intercalation compound into a hybrid nanostructured
composite material, where the various components are
integrated at a molecular level through strong and weak
interactions (ie., covalent, ionic, hydrogen-bonding, or van der
Waals interactions). Electroactive hybrid materials provide the
opportunity to have faradic and capacitive activities displayed in
parallel and merged together for improved performance.”*®
Widespread efforts for more cost-effective preparation methods
and higher current densities (1000 mA/g) are exemplified by
the work of Ye et al,,””” where mechanochemically synthesized
SnO,/GR, followed by in situ polymerization of PANi, was
explored. In these studies, the optimal structure contained
PANi nanofibers as conductive bridges and a relatively large
surface area, exhibiting stable cycling stability through 100
cycles and excellent charge—discharge rates.””

Regarding the use of CPs as cathodes for LIBs, only a few
studies are available. Among them, three different morphologies
of PPy (i.e., nanotubes, nanofibers, and urchins) obtained from
the reactive template route were tested as cathode materials for
LIBs. The Li/PPy cell with LiPF, as the electrolyte showed a
capacity of 70.82 mAh/g at 2 rate of 0.1 C with good cycling
stability and rate capability.*'> PPy was reversibly switched
between its oxidized and reduced states, releasing and gaining
PF4™ to keep neutrality. Other PPy based cathodes with lower
capacities and cycling stability were reported by Park™* and

Qie,*"® respectively. CPs hold more promise as cathode
materials in new types of batteries such as Li—S batteries.
3.1.2.3. CPs in Flexible Integrated Energy Systems. The
performance of CPs in energy storage devices depends not only
on their intrinsic properties but also on the microstructure and
composition of the nanostructured or hybrid electrode. As
described above, they have been used as a source of
pseudocapacitance, as dispersants and binding agents of more
electroactive materials, as conductive paths, as electroactive
materials, and as bridging contacts in LIB anodes and cathodes.
Still, an emergent area of research is that related to flexible
fiber-shaped energy storage devices. They meet the demands of
modern electronics in terms of flexibility, wearability, and light
weight and have recently embraced emerging wire-shaped
integrated energy systems, combining energy storage416417 and
solar cells.*® One simple design consists of two fiber electrodes
based on poly(3,4-ethylene dioxythiophene) (PEDOT) coated
carbon nanotube (CNT) yarn, gel electrolyte, and a flexible

substrate,'” as shown in Figure 21."*° More complex structures
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Figure 21. Planar-shaped fiber SC assembly of multiple microfibers in
micro-SCs. Reproduced with permission from ref 420. Copyright 2014
Springer Nature.

based on PPy-MnO,/single-walled carbon nanotubes
(SWCNTs) on carbon fibers exhibit excellent mechanical
stability but low capacitance,”*' evidencing the need for new
architectures that could take advantage of the peculiarities of
the active materials. For flexible integrated systems, only a few
integrated energy devices realizing both energy conversion and
energy storage have been reported;**”**’ still, true integration
must contain energy conversion, energy storage, and the
powering of some device as depicted in Figure 22.%° A
reasonable 2.1% overall energy conversion efficiency was
obtained by integrating an energy wire with PANi/PANi and
PANI/TiO, coated on a stainless steel wire as a supercapacitor
and as a dye-sensitized solar cell, respectively.*”” More recently,
a coaxial construction was reported with a polymer solar cell

UV photodetector

UV light

Fibre micro-SC

Figure 22. Schematics of a self-powered photodetector (i.e., powered
by a fiber micro-supercapacitor). Reproduced with permission from ref
420. Copyright 2014, Springer Nature.
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based on poly(3-hexylthiopene) (P3HT):[6,6]-phenyl-Cq,-
butyric acid methyl ester (PCBM) fabricated on one part of a
TiO, nanotube-modified Ti wire, and a supercapacitor made
from CNT sheets attached on another part.”*’

3.1.3. Applications of CPs in Solar Cells. CPs have been
identified as promising alternatives in dye-sensitized solar cells
(DSSCs), organic solar cells (OSCs), organic—polymer tandem
solar cells (TSCs), and more recently in perovskite solar cells
(PeSCs) due to their unique optoelectronic properties.
Commonly, polythiophene (PT), poly(3,4-ethylene dioxythio-
phene), poly(3-hexylthiopene), PANi, poly(phenylvinylene)
(PPV), and PPy are the most used CPs to fabricate the
distinct layers in solar cells. This section reviews the different
approaches used in the development of efficient DSSCs and
OSCs based on CPs and provides several comprehensive
reviews and book chapters as references addressing the subjects
of CPs in perovskite solar cells in more detail.

3.1.3.1. Dye-Sensitized Solar Cells (DSSCs). A solar cell is a
photovoltaic device that generates electrical energy from light
(Figure 23). Particularly, a DSSC consists of a wide band gap
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Figure 23. Schematic of a solar cell for photovoltaic conversion in dye-
sensitized solar cells.

semiconductor deposited onto a transparent conductive oxide
(TCO) glass to form the electron transport material (ETM).
Then, a dye molecule monolayer is anchored to the surface of
the semiconductor as the photoactive layer, which absorbs light
in the visible region and transfers the photoexcited charges to
the electron- and hole-conducting materials. The hole transport
material (HTM) is a redox-coupled electrolyte, typically
iodide/triiodide ions (I"/I;7), in contact with a cathode or
counter electrode (CE) where the reduction of the oxidized
donor takes place.

The exceptional optical and electrical properties of
composites based on CPs allow them to be employed as
CE** or ETM,"® as well as HTM and sensitizers in
DSSCs.****” Nowadays, the development of CEs for DSSCs
plays a crucial role in the final photovoltaic performance of the
solar cells. Although Pt is still the most preferred material as CE
because of its conductivity and outstanding catalytic proper-
ties,"" it is necessary to find alternative low-cost and noble
metal-free materials to replace Pt in DSSCs, and conducting
polymers seem to have interesting potential.”*”~**> Among the
requirements for CP materials to act as CEs in DSSCs are good
ohmic contacts, low overvoltage for the reduction of the redox
couple, and excellent chemical stability in the presence of ionic
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electrolytes.***~*3° The electrocatalytic activity is performed by

the following electrochemical redox reactions at the CE surface:

L” +2e =30 (3)

(4)

One suitable candidate for CE is PANi, which presents high
conductivity, good chemical and electrical stabilities, and
catalytic activity for I;~. PANi-nanoparticle CEs with highly
porous surface area have been explored in the literature.*”~**’
CE films composed of compact and scattered layers of PANi
nanoparticles show an increment on the active reaction
interface and a decrease in the interfacial charge transfer
resistance. The potential peak separation of I,™/I” (I,/1") for a
PANi CE was comparable to that for a Pt CE, indicating that
the PANi film was electrochemically active for the triiodide
redox reaction.””” In order to improve the electron transfer and
porosity, different PANi nanostructured morphologies have
been proposed.”**~*** An inexpensive porous PANi nanotube
CE was prepared via simple polymerization of aniline with
ammonium persulfate in the presence of orthophosphoric acid.
DSSCs assembled with PANi nanotubes as the CE obtained a
superior photovoltaic performance compared to DSSCs based
on Pt, mainly due to the higher electrocatalytic function of the
PANi nanotubes.**' Besides PANi nanostructures, another
important approach to enhance the power conversion efficiency
in DSSCs using PANi CE is to form composites or complexes
with different materials.**~*** For example, aniline monomers
and a reflux process were used to functionalize graphene and
form a donor—acceptor complex used as CE. The GR—PAN;i
complex allows the combination of efficient electron transport
and transfer from graphene to PANi by covalent bonds
between C atoms (graphene) and N atoms (aniline), enhancing
the redox performance of PANi."™

PPy, PT, and PEDOT are feasible CP alternatives to fabricate
efficient CEs for DSSCs.****' PPy CEs synthesized by vapor
phase polymerization and regular electropolymerization
showed good catalytic behavior. However, the power
conversion efficiency of DSSCs with a Pt CE was higher
(4.4%), compared to that of vapor and electropolymerized PPy
CE (ie, 3.4% and 3.2%, respectively). This observation was
explained by a poor interface between a fluorine-doped tin
oxide (FTO) substrate and the PPy CEs rendering lower fill
factor (FF) values.** Although PT and its derivatives
(including PEDOT) present similar electrocatalytic activity to
that of PPy CEs, the conductivity of PEDOT is 1-3 times
higher than that of PPy."*%**' PEDOT is generally doped with
polystyrene sulfonic acid (PSS) to enhance conductivity and
compatibility with protic ionic solvents.**> A CE fabricated with
GR dots or PEDOT:PSS complex sheets exhibited high
superficial roughness, which implies a higher electrocatalytic
activity for the I"/I;” redox couple and a lower charge transfer
resistance at the CE/electrolyte interface than that of
PEDOT:PSS CE.****

On the other hand, in an effort to overcome the leakage
problems in liquid electrolyte-based DSSCs, solid state DSSCs
(ssDSSCs) provide a suitable solution. Due to the ease of
solution-based processing and excellent intrinsic hole transport
properties, CPs have been proposed as HTM to replace the
standard material used to date, spiro-OMeTAD (2,2',7,7'-
tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluor-
ene).”¥*° Although spiro-OMeTAD is a small organic
molecule that exhibits good infiltration,"™> it is harder to

31, + 2¢” = 21,
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synthesize, particularly as a film, and has low conductivity**®
(around 2 X 107 S cm™") compared to that of a CP (see Table
2). The ideal features for CP-based materials to act as HTM in

Table 2. Summary of Conductivity of Common CPs Used As
Hole Transport Materials

CP conductivity (S cm™) ref
E-PEDOT ca. 300 204
PEDOT 1.1 X 107> to 84 457, 458
PEDOT:PSS* 0.4—787.99 459, 460
P3HT 6.77 X 107° 461
PPy 50—430 462, 463
PANi 70 464
spiro-OMeTAD ~2 X 1078 456

“PEDOT:PSS with enhanced conductivity reaching 4000 S cm™ can
be obtained in special media (see ref 344 for details).

ssDSSCs are large hole conductivity, good thermal and
chemical stability, excellent pore filling, and no absorption in
the visible region.

In the context of HTMs based on CPs, P3HT is the CP most
widely used as HTM in ssDSSCs. P3HT has been successfully
reported as the HTM layer in the regular ssDSSC architecture
with different ETMs, such as TiO,, ZnO, and Sn02.465_467
Owing to its excellent film-forming ability, good hole transport,
and small band gap, P3HT was used as HTM and assistant
sensitizer."*™*° The main contribution of P3HT to the
sensitizing effect is reflected in the enhancement of photo-
current. This result was explained by Foster resonant energy
transfer,””" where light illumination causes the formation of a
cascade effect through the dye, and P3HT can transfer charge
to the TiO,. Similarly, PEDOT and PEDOT:PSS layers have
been introduced as the HTM layers in conventional and
inverted ssDSSC configurations.”’”~*"* Interestingly, photo-
induced absorption spectroscopy measurements confirmed the
regeneration of the oxidized dye by hole transfer to PEDOT.
Figure 24 shows the mechanism proposed by Park et al.*’* for

ne-TiO,

PEDOT

D35S dye

Figure 24. Proposed mechanism for hole transfer from D35* to
PEDOT. Reproduced with permission from ref 472. Copyright 2013
American Chemical Society.

dye regeneration in ssDSSCs assembled with PEDOT HTM. In
this mechanism, the hole transfer from the oxidized dye to
PEDOT polarons results in the formation of bipolarons. This is
different from what is observed in spiro-OMeTAD-based
ssDSSCs.*’> In a recent study, PANi and PPy were
incorporated into a poly(acrylic acid)—poly(ethylene glycol)
matrix and used as HTM in quasi-ssDSSCs.*’® Both matrices
obtained higher power conversion efficiencies than without
CPs. These observations were ascribed to the faster migration
within matrices fabricated with PANi or PPy, which accelerate
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the redox reaction kinetics, enhancing the photovoltaic
performance of quasi-ssDSSCs.

Although using CPs as HTM in ssDSSCs is feasible, the pore
filling of the HTM in the nanostructured ETM still remains to
be resolved. This problem is mainly due to the high molecular
weight of CP HTMs, causing poor chain diffusion into the
pores.”’>*” To achieve a higher degree of pore filling, in situ
photoelectrochemical %)olymerization of different monomers
has been presented.”””*"*~*** In this method, upon photo-
excitation of the dye, the photoinduced holes cause the
monomer’s oxidation followed by electron injection into the
ETM layer. Then, the CP is synthesized when the newly
formed monomers link together. Recently, different organic and
inorganic dyes were investigated as donor group structures in
PEDOT HTM.**' It is well-known that during polymerization,
the kinetics of PEDOT formation is determined by the light
absorbance and redox potentials of the donor—z—acceptor dye
molecules. Consequently, different pore filling fractions of the
formed PEDOT were observed due to the differences in
polymer chain length. Moreover, a high hole conductivity (i.e.,
2.0 S cm™") of PEDOT HTM was reported, which is 7 orders
of magnitude higher than that of spiro-OMeTAD HTM in
ssDSSCs.**°

3.1.3.2. Organic Solar Cells. OSCs are devices that employ
organic molecules as absorbers, which in general can be CPs or
small molecules. In an OSC, incident photon absorption by the
donor molecule (D) leads to the creation of an exciton.
Excitons diffuse to the donor/acceptor (D/A) interface, where
they become separated into electrons and holes followed by
free charge transport to different contact electrodes (Figure
25). Two device architectures have been exploited to assemble

—
Cathode
Anode “Homo
Dot Acceptor

Figure 25. Energy band diagram of an organic solar cell.

OSCs, (a) bilayer and (b) bulk heterojunction (BHJ) devices.
The difference between these architectures is that the D and A
layers are separated in the bilayer heterojunction, whereas in
the BHJ, they are mixed.""’

Among the CP requirements to achieve efficient OSC
devices are high charge conductivity, good processability and
stabilitgy, low band gap, and optimal HOMO/LUMO
levels.***~*% Despite the good conductivity and solubility of
CPs, typical limitations are their band gaps, hygroscopicity, and
inappropriate. HOMO/LUMO energy levels."""~*" Never-
theless, diverse strategies have been pursued to surmount these
limitations and improve the photovoltaic performance of OSC
based on CPs.

P3HT has been extensively investigated as an electron donor
(i-e, D layer) in OSCs, due to its relatively low band gap (2 V)
when compared to other CPs.*” In particular, the BH]J system
formed by P3HT blended with PCBM offers a highly
reproducible conversion efliciency in the range of 4.7—
6.8%""** and a certified efficiency of 3.6%.*”° It has been
demonstrated that the efficiency of BHJ OSCs fabricated with

DOI: 10.1021/acs.chemrev.7b00482
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Figure 26. (a) Device configuration, (b) AFM image of a pristine PEDOT:PSS film on a flexible substrate, (c) J—V curves of the OSCs based on
PEDOT:PSS, and (d) AFM image of a methanol/methanesulfonic acid-treated PEDOT:PSS film on a flexible substrate. Reproduced with

permission from ref 540. Copyright 2015 American Chemical Society.

P3HT:PCBM is strongly influenced by the deposition
technique, blend composition, and post-treatment parame-
ters.*”>~*® Many studies have been performed to understand
and control the undesired morphology and phase separation of
the D and A domains, by incorporating additives to the BHJ
blend precursor solution. Upon introduction of different
processing additives to the cast P3HT:PCBM solution (i.e.,
trihydrazone-functionalized cyanopyridine (CPTH-D16),*”
1,8-diiodooctane,”® and 1,2,4-trichlorobenzene®”'), a signifi-
cant enhancement in photovoltaic performance has been
observed.

Another intensive area of research incorporates the different
post-thermal treatments to manipulate the morphology and
optoelectronic properties of P3HT:PCBM films.*”#7%°02731¢
Different effects on the meso- and nanoscale morphologies of
the P3HT:PCBM blend have been reported.*”*">7
Thermal annealing increases the crystallinity of the P3HT
and PCBM domains, improving the diffusion of the exciton to
the blend interface,”®* but it can also induce CP degradation.S%
On the other hand, solvent vapor annealing offers the
advantage of suppressing the rapid solvent evaporation,
promoting phase segregation with domain sizes smaller than
those obtained from thermal annealing.*”®

Research on deposition techniques is also important because
they determine the potential mass production of OSCs based
on P3HT:PCBM. Although solution-processed spin-coating is a
standard method extensively used for depositing PSHT:PCBM
films,**79°07=3%% this technique needs the referenced post-
treatment methods to improve device performance and can
only be adapted to small area deposits. As a result, spray-
coating,”'® roll-to-roll coating,”'" and electrohydrodynamic
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atomization®'” have been implemented as alternative techni-
ques to assemble BHJ OSCs.

The development of third-generation donor—acceptor (D-A)
polymers has broadened the design of new building blocks in
organic solar cells.”'*'* Electron-deficient fused aromatic units
such as diketopyrrolopyrrole (DPP), naphthalene diimide
(NDI), and benzobisthiadiazole (BBT) have been extensively
used as acceptor molecules.”’" "7 Fused heterocycles can
achieve either low band gaps or high carrier mobilities
depending on the orientation of the fused ring to the polymer
main chain.”"®

Just recently, isoindigo, a less known dye that can be isolated
as a byproduct from certain biological processes, has shown
interesting properties as an acceptor. Due to its two lactam
rings, isoindigo exhibits a strong electron-withdrawing character
and has been reported to broaden the absorption and increase
the open circuit voltage in OSCs, reaching power-conversion
efficiencies over 8%.”"”>*' Among the key issues to improve
device performance are film morphologies and interchain
polymer packings. Polymers with centrosymmetric donors such
as isoindigo-based polymers exhibit better crystallinity and
lamellar packing due to the good interchain z—7 stacking;>'’
nevertheless, a synergy of the isoindigo core, donor units, and
side chains must exist to improve device performance.””' Very
recent reviews have extensively covered the use of CPs as part
of the active layer in bulk heterojunction organic solar
cells, 522526

Regarding the use of CPs as HTM in OSC, PEDOT:PSS
continues to be the preferred hole extraction layer in bilayer
and BHJ devices, because it is highly transparent and
conductive, has good film forming ability, and is perfectly
aligned with the work function of the indium tin oxide substrate

DOI: 10.1021/acs.chemrev.7b00482
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(ITO).>*’~>*° Despite these excellent properties, corrosion of
ITO by PEDOT:PSS at elevated temperatures and upon
exposure to air must be addressed.”*”>*" The water solubility
and strongly acidic nature of PSS due to the presence of the
sulfonic acid group (—SO;) causes moisture absorption from
the surroundings and the diffusion of In ions to other layers.
The proposed reaction mechanism for ITO corrosion is as
follows: >’

H,O + PSS(HSO;) — H,0" + PSS(SO,) ()

ITO corrosion and transport of the etch products toward the
active layer of OSCs can be reduced by the introduction of a
polyethylenimine>>* or graphene oxide (GRO) interlayer
film.>** Among the key factors contributing to minimize ITO
corrosion are the reduced hygroscopicity and acidity of the
modified PEDOT:PSS HTM, causing important improvements
on photovoltaic performance and stability when compared to
those OSCs without interlayers. Electrochemically deposited
PEDOT (E-PEDOT) has also been used as an alternative to
PEDOT:PSS, showing promising results, which suggest that
electropolymerization may be an excellent way to deposit
PEDOT layers on ITO electrodes.”**~>*" Another approach is
ITO-free electrodes,”**~>** as depicted in Figure 26, where the
rigid glass/ITO electrode is replaced by the flexible poly-
(ethylene terephthalate) (PET)/PEDOT:PSS (Figure 26a,b).
Further improvement was obtained by treating PEDOT:PSS
with methanol and methanesulfonic acid (Figure 26¢,d).>"
After the methanol/methanesulfonic acid treatment, the films
showed better phase separation between PEDOT and PSS, as
well as more interconnected conductive PEDOT chains,
resulting in a higher photovoltaic performance (compare
Figure 26 b.,d).

3.1.3.3. Perovskite Solar Cells. In perovskite solar cells
(PeSCs) the incident light is absorbed by the perovskite
semiconductor material, inducing the formation of electron—
hole pairs. Electrons and holes are separated by the ETM and
HTM, respectively, followed by their transport to the ohmic
contact electrodes. Organic/inorganic halide perovskites,
including the most widely used methylammonium lead
triiodide (MAPbI;), are characterized by the general formula
ABX;, where A is an organic molecule, B is a metal cation, and
X is a halide anion. There are two types of device architectures:
mesoporous (nearly identical to conventional DSSCs) and
planar (thin film solar cells).”** CPs have been used in rigid and
flexible PeSCs as HTMs, "> as ETMs,>' and also as
protection from moisture.”>'~>>* Moreover, a new kind of solar
cell has been implemented by the interaction between a
perovskite and a BHJ photovoltaic device.***%

Since the majority of perovskite materials are solution-
processable as CPs,'® both are perfect candidates to assemble a
fully solution-processed PeSCs. In addition to the requirements
for CPs discussed above, it is important to investigate
alternative doping agents to improve the CP conductivity
without inducing undesirable chemical damage. As known, the
main factor affecting the performance and degradation of
hybrid solar cell devices stem from the interface instability of
doped CP. For instance, the hygroscopic and acidic nature of
PSS in PEDOT:PSS causes ion diffusion and moisture
absorption.””>*! In this regard, a simple solution-processable
CP including a PANi:PSS blend was employed as HTM in an
inverted PeSC device conﬁguration.s‘w’558 Here, a nonionic
surfactant (Triton X-100) added to a PANi:PSS aqueous
solution improved the hole extraction capability that enhanced
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the device efficiency from 7.46% to 11.67%. This enhancement
was related to the surface tension reduction of the aqueous
solution induced by the surfactant, which improved both the
wetting properties of PANi:PSS onto the ITO substrate as well
as the morphology and composition of the PANi:PSS film.
Another strategy was explored by Su et al.>*” by introducing a
thin organic CP interlayer, poly(N-vinylcarbazole) (PVK), at
the perovskite/HTM interface. They demonstrated that this
PVK interlayer suppressed the moisture and reduced charge
recombination, which is attributed to the good hydrophobicity
and conductivity properties of the PVK thin layer. After aging-
control experiments performed to investigate the device
stability for 700 h, it was found that when comparing PeSCs
fabricated with and without PVK interlayer, the former lose
their efficiency much more slowly than devices without PVK,
exhibiting a retention of 90% and 73% of the initial efficiency,
respectively.

A CP was used very recently as an active material combined
with MAPbI;. In this study, a composite active layer was
fabricated by depositing a photoactive conducting polymer,
poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b"]-
dithiophene-2,6-diyl][3-fluoro-2-[ (2-ethylhexyl)carbonyl]-
thieno[3,4-b]thiophenediyl]] (PTB7), onto a previously
deposited Pbl, thin film, followed by the addition of a
methylammonium iodide (MAI) solution to complete the
chemical reaction.’® The devices assembled with the formed
PTB7/MAPDbI; composite show a superior photovoltaic
performance compared to that of MAPbI;, mainly due to the
enhancement in light absorbance in the wavelength range from
650 to 750 nm. Simultaneously, the CP also creates a barrier
layer at the interfaces providing moisture protection to the
MAPDI; perovskite without sacrificing the optoelectronic
properties.

Table 3 gives more detail about the solar cell architecture and
the function of the CPs in DSSCs, OSCs, and PeSCs. It focuses
only on the most recent works (since 2015) and presents the
information chronologically. It is notorious that in any type of
cell, the record numbers in power conversion efficiency have
been compromised due to the need for scaling up and
increasing the stability of these systems. Liquid electrolytes
have been substituted for semiconductor CPs in DSSCs, and
ITO and FTO for more economic and flexible substrates in
OSC. It is also interesting the changes in cell architecture and
substitution of the expensive spiro-OMeTAD in PeSC, where
the major problem continues to be the stability of the absorbing
material.

3.1.4. The Future of CPs in Energy Storage and
Photovoltaic Conversion. Today, state-of-the-art LIBs offer
volumetric and gravimetric energy densities up to 770 Wh/L
and 260 Wh/kg, respectively, which was not expected a few
years ago.””’ Unfortunately, the energy density of conventional
LIBs will soon reach its physicochemical limit near 800 Wh/
L,°** in contrast to the demand of higher energy density as well
as high power density batteries. New types of batteries have
undergone intensive research, and some of them use CPs. Li—S
batteries couple high-capacity sulfur positive electrodes with
lithium negative electrodes. The redox chemistry proceeds
through lithium polysulfide (LiPS) intermediates consisting of
Li,S, chains, with x > 1, and it is now widely recognized that
high sulfur loading electrodes are essential for advancing this
technology.”®® A variety of chemical interactions can be
recognized in different sulfur host materials: surface function-
ality, intrinsic polarity, electro- or nucleophilicity, and redox
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potential play an important role in determining the strength of
the interaction between sulfur and the host. Coating sulfur
nanoparticles with conductive poly(3,4-ethylene dioxythio-
phene) can enhance conductivity and LiPS binding capability.
A minimum thickness of this layer (ca. 20 nm) is required to
sustain the LiPS binding and entrapment over prolonged
cycling.”®® Li,S—PPy composite structures have also been
explored for high performance Li,$ cathodes.”” Computational
chemistry can guide the way in the near feature to design smart
cathode architectures that are elastic and conductive, and CPs
are potential candidates. Likewise, hybrid energy storage, the
merging of battery and supercapacitor chemistries, will continue
showing advances on the design of hybrid materials, electrodes,
and devices, aiming to high power and high energy density, and
CPs are good candidates for hybridization with other
components.

Regarding the future of CPs in solar cells, flexible and low
cost substrates will continue being explored as substitutes of
ITO,**%*¥*%% particularly those based on PEDOT:PSS films
on plastic substrates.”® Solution-processed methods and
environmentally sound printing of organic tandem solar
cells,’’°~>"* aiming at a 20% power conversion efficiency, will
make important progress in the near future. Doping agents such
as POMs, reported recently to improve the conductivity of CPs
without inducing undesirable chemical damage that weakens
their photooxidation stability in air,””® will continue being
explored. For perovskite solar cells (PeSCs), research on
HTMs based on CPs will intensify.””* Most perovskite
materials are solution-processable as well as the CPs, and
therefore both are perfect candidates to assemble a fully
solution-processed PeSCs.

3.2. Applications of Conducting Polymers to
Environmental Remediation

3.2.1. Introduction. Conducting polymers (CPs) can aid
pollutant detection, quantitation, and removal in multiple ways.
Regarding pollutant removal, polymers can act as sorbents,
membranes, ion exchangers, filters, or chemical reactors
involving complexation or redox processes.”’>~>’" The main
mechanisms assisted by conducting polymers (or their
composites) under an applied potential include pollutant
incorporation (or uptake) and release,””® doping/dedoping,**’
and electrocatalytic reduction/oxidation. This is the target
scope of the present section.

3.2.2. Incorporation and Release of Pollutants in CPs.
The removal of charged pollutants from aqueous solutions or
liquid wastes can be promoted by their incorporation into
charged or uncharged CP thin films deposited on conductive
substrates (e.g., Au, Pt, Ti, vitreous C, graphite felts,
etc.).”>*%1 7% In the case of uncharged CPs, metal ion
complexation (e.g,, of Hg*") by nitrogen-containing functional
groups (e.g., imine, protonated imine, arnine) in a PANi
matrix””” or by the nitrogen in the PPy ring of selected
composites and nanofibers (for Hg**, Pb**, Ni**, Zn**, Cd*",
and Cr®)°® can play a key role. In the case of charged CPs,
load/unload cycles are based on the necessity for charge
compensation. Uptake of charged pollutants by a conducting
polymer is stimulated by the application of an electric field of
the opposite sign to that of the pollutant species, as shown
below. This electrochemically assisted removal of charged
pollutants is a form of electrochemical ion exchange.””® It is
also called electrically switched ion exchange®™ and is based
either on cation or anion dynamics schemes that can be
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evidenced, for example, with an electrochemical quartz crystal
microbalance (EQCM),**"*7%%%7 cyclic voltammetry
(CV),**°*% Fourier transform infrared spectroscopy
(FTIR),580 scanning probe microscopy (SPM),580 X-ray
photoelectron spectroscopy (XPS),”* and electrochemical
surface plasmon resonance (ESPR).”® Ton transport here is
slower than electron transport, and therefore ion dynamics
govern the CP redox properties.”*®

3.2.2.1. Cationic Pollutant Dynamics. Let CP be the
conducting polymer matrix, M"* the mobile pollutant metal
cation (or a complex metal cation, ML,”*), and A~ the initial
charge compensation anion (e.g, Cl7), acquired during the
polymer’s synthesis process and incorporated in the CP bulk
(see Figure 27). The general uptake equation (in the case of a
positively charged polymer like polypyrrole, PPy) is then:

CP"* nA (s) + (n/m)M"*(aq) + ne”

— CPYnA - (n/m)M™*(s) (6)

CHARGE COMPENSATION

CATION DYNAMICS

ZERO - VALENT METAL]

0 Ccpo
n+ mM™ oy e
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-nimM Lz
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Figure 27. Charge separation with cation dynamics.

Dopant anions>*” can be classified according to their mobility
inside a polymer matrix as easily mobile, mobile with restriction,
or essentially immobile (see also section 2.2).°*® In the present
scheme, the anion A™ must be bulky to remain entrapped in the
solid matrix and yield an anion-functionalized pol_?rmer;sm’588
this provides a pure cation exchange pathway.”®” Evidently,
dopants must be electroinactive in the entire working potential
range.””” Examples of A~ include poly(styrene sulfonate)
(PSS),*”" dodecyl benzenesulfonate (DBS),”* golg(vinyl
sulfonate) (PVS), melanin, and catechol anions.’*"*** The
amount of incorporated cations reflects the cation-exchange
properties of the system™' and is related to the electrolyte
composition by an osmotic balance in such a way that in diluted
electrolytes the CP tends to take water whereas in concentrated
electrolytes it tends to take up the salt.’*® Upon potential
inversion, the general dopant ion release equation (for the case
of a metal ion) is

CP%-nA - (n/m)M™(s)

— CP""n&(s) + (n/m)M"*(aq) + ne” @

The controlled uptake of alkali metal ions, alkaline
earth metal ions,”*”>°>*** and Cd(II), Pb(II), Ni(II), Cu(II),
and Co(II) ions®/@*¥158259%595 has been studied. This can
impact, for example, the softening of water and the removal of
noxious and toxic ions.”****” A nuclear waste-related potential
application is the uptake of radioactive Cs(I),>”* often removed

587,592
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by simple adsorption. In a related way, radioactive *’Co can be
rapidly removed by a PPy—waste biomass (e.g, sawdust)
composite.sg6

Ion selectivity can be achieved in specific cases based on size,
charge, acid/base, complexation, mobility, or electroactivity
characteristics.”®"**>°°> For example, PPy with a monovalent
counteranion exclusively exchanges monovalent cations.”®” In
another example, Ni(II) uptake is drastically favored over that
of Na(I) in a mixture of both ions due to its larger size.”*">**
Likewise, metal chelation by crown-ether functionalized
conducting bithiophene—PPy films serves to complex Ba(II)
ions.””® To prevent the metal ion from leaching, a clever
approach involving an organic—inorganic composite cation
exchanger based on poly(3,4-ethylene dioxythiophene):poly-
(styrenesulfonate)—zirconium, PEDOT:PSS-Zr(IV), phosphate
has been used for the selective removal of Cd(II). Here, the
organic polymer binds with the inorganic counterpart and
prevents the leaching of the Cd(II) ions.””” Polythiophene
nanocomposites are efficient for the removal of Cd(II).>”®
Another novel approach uses PANi hollow nanospheres for the
removal of Pb(II) ions from water.’”*

Interestingly, in these approaches the metal ions retain their
original oxidation states, and the overall process can be viewed
as a preconcentration stage.576 Compared to processes like
coagulation—precipitation for the removal of polluting metal
ions, advantages when using this charge dynamics scheme with
an electrochemical regeneration step include (a) avoidance of
the addition of further chemicals, (b) no generation of further
wastes, (c) prevention of drastic pH changes, (d) autonomy
from solubility equilibria parameters, and (e) independence of
the presence of ligands.”®* Compared to classical ion-exchange
processes, the present scheme can regulate the rate of chemical
uptake by adjusting the applied potential’’® and has the
advantage of not facing the brine disposal problem derived
from the use of regeneration agents.””” Challenges to be faced
involve possible conformational changes in the CP structure
caused by the intercalation of bulky counterions, which may be
responsible for changes in ion uptake/release kinetics,”’®
changes in volume (e.g., PPy swells on reduction and shrinks
upon oxidation),”*”**” and changes in the CP electronic band
structure.”’® Conversely to the process just described, in some
cases it is more convenient to retain a metal in the matrix as a
zerovalent metal (typically for catalytic purposes)™®>°” as
shown in Figure 27, whereby the general equation is

CP%-nA-(n/m)M™*(s) + ne” = CP*nA -(n/m)M°(s)

or [CP-nA-(n/m)M(s)]"” (8)

For example, nanocrystalline Pt particles in PPy act as
catalytic sites for multielectron transfer reactions.””’ Purely
chemical routes can also be used to prepare zerovalent metals
inside polymers. Examples include (a) Pd nanoparticles
prepared and immobilized in electrospun polyethylenimine
(PEI)/poly(vinyl alcohol) (PVA) nanofibers by reduction of a
Pd(1I) solution with NaBH,,*"" and (b) positively charged PPy
films electrosynthesized in a ClO,” electrolyte, where these
ions become assimilated into the film to compensate charges in
which PdCl,*” ions are then exchanged with the ClO,” and
become reduced, forming Pd° nanoparticles.602 The zerovalent
metal can be released through the regeneration step described
above, aided by the presence of strong complexing agents like
EDTA in the receiving aqueous solution that afford more
favorable system thermodynamics.***
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3.2.2.2. Anionic Pollutant Dynamics. The general equations
for the removal of undesirable anions, B”, by a conducting

polymer are

CP""-nA(s) + nB (aq) = CP""-nB(s) + nA (aq) (9)

(10)

where B is, for example, 1/2CrO* or 1/m ML, (see
Figure 28). The CP regeneration step is then:

CP"-nB™(s) + ne” — CP%(s) + nB (aq)

CP%(s) + nA (aq) = CP""-nA(s) + ne” (11)
CHARGE COMPENSATION
ANION DYNAMICS
"~
i
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Figure 28. Charge separation with anion dynamics.

When CP™ is reduced to its neutral state as shown in eq 10,
electroneutrality can be achieved either by the expulsion of B~
or by the incorporation of cations (e.g, M™) shown in eq
6.°"7°7 The rate of release of anions (e.g, Br™, [Fe(CN)s]*")
during this reduction step depends on surface morphology, as
evidenced by atomic force microscopy (AFM) and also on the
reduction potential, as evidenced by scanning electrochemical
microscopy (SECM).**° The nature and size of dopants inside
a CP matrix may influence several of its physicochemical
properties like porosity, electrical conductivity, hydrophobicity/
hydrophilicity, density, cross-linking degree, isotropy/anisotro-
py, permeability, and mechanical properties.””’ For example,
small inorganic anion dopants yield larger pore diameters than
bulky amphiphilic anions in PPy (Figure 29).>""

The removal of charged pollutants with CP-based systems
has been tested successfully, for example, in (a) the removal of
NO,;~ using a phenothiazine polymer (PAA), where the
electrochemical anion recognition selectivity over, for example,
Cl™ anions can be evaluated by AC-electrogravimetry (i.e., the
combination of electrochemical and mass impedance spectros-
copy),’” (b) the removal of ClO,” using a PPy—carbon
nanotube composite (PPyCNT)**® or a nanostructured
poly(aniline-co-0-aminophenol) (PANOA) conducting copoly-
mer,””” and (c) the removal of F~ from water (ie.,
defluoridation) using large surface area CP/inorganic hybrid
composites, like PANi/montmorillonite (PANi—MMT) and
PPy—MMT,*** or using ecofriendly conducting polymer/
biopolymer composites, like PANi/chitosan (PANi/Ch) and
PPy/Ch. FTIR, X-ray, scanning electron microscopy, SEM, and
energy-dispersive X-ray analysis (EDAX) patterns suggest that
defluoridation occurs via a dog)ant-exchange mechanism on the
N atoms present in the CP.””> Although the charge dynamics
approaches just discussed are not amenable for the removal of

DOI: 10.1021/acs.chemrev.7b00482
Chem. Rev. 2018, 118, 4731-4816


http://dx.doi.org/10.1021/acs.chemrev.7b00482
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.7b00482&iName=master.img-030.jpg&w=239&h=159

Chemical Reviews

Polvierization
_ 5 1.

DA
maen OO
[ —— .
=20\ 00,0, 0,05 5
“(qpeodiy > &
020,050,024
—"-n
( y e
R - I
(O pwmole () ReducedPPy @) OxidzedPPy @ A", © B, Anion

Figure 29. Anion intake and elution accompanied by the oxidation/reduction of PPy. Note that there are three or four Py units per positive charge in
the oxidized PPy. Reproduced with permission from ref 586. Copyright 2006 American Chemical Society.

ELECTROCATALYTIC REDUCTION

XCPmonDrner cpnt —nA' 0xn+ Ccpn* d
I ,-ne- I nA” nA- oA |t e

POLLUTANT: Ox

Figure 30. Pollutant removal or transformation through electrocatalytic reduction.

soluble neutral metal complexes, the addition of specific species
(e.g, charged ligands, H*, or OH™ ions) to form the
corresponding positively or negatively charged complexes
may render them apt for removal.>**

3.2.3. Electrocatalytic Reduction/Oxidation. CPs are
often suitable for electron transfer that can be used
advantageously for pollutant remediation. They display higher
stability and hydrophobicity than monolayers of adsorbed or
covalently bound catalysts and require less energy expenditure
than adsorption, demineralization, or photolytic approaches for
the removal of sample pollutants.®*®

3.2.3.1. Electrocatalytic Reduction. Probably the most
studied system is the reduction of harmful and highly mobile
Cr,0,7/CrO,* ions with (a) PPy,575‘607_609 (b) PPy
composites with Fe;0,,°'" carbon nanotubes,’'’ cellulose
fiber,°'* or 2,5-diaminobenzenesulfonic acid,’"® (c)
PAN;,****%® (d) PPy—PANi composite nanofibers,””® (e)
PANi—titanotungstate composites,”’* and (f) Pd-decorated
PAN;,** among others. This reduction is mainly based on two
phenomena: (i) a spontaneous chemical reaction between PPy
and CrO,>~ driven by their different reduction potentials,””®
and (ii) an anion exchange process prompted by the
electroneutrality requirement resulting from the polymer
oxidation step,””* as shown in Figure 30.

The generalized reaction sequence is as follows:

%CP, nomer(aq) + 1A (aq) > CP""-nA(s) + ne”  (12)

CP"*-nA (s) + ne” — CP%(s) + nA (aq) (13)
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CP%(s) + Ox"*(aq) + nA (aq)

— CP""-nA(s) + Red(aq) (14)
where CP_ o omer 1S the monomer of the conducting polymer,
Ox is a pollutant in its oxidized form (e.g, CrO,>”), Red is its
reduced form (e.g, Cr(III)), and all the other symbols are the
same as in the previous equations. Note that in this system
there is no need for a regeneration step since the pollutant itself
regenerates the conductive polymer’s active form (eq 14).

However, the conversion decrease upon repetitive cycling
presents a challenge.”””°'> Adsorption of the pollutant onto the
polymer is an additional removal pathway, and it can make the
process even more useful #¢'%!7 X.ray photoelectron
spectroscopy (XPS) has shown that the product, Cr(III), can
also be adsorbed. In addition, the electrode material itself may
contribute to the reduction of Cr(VI) like in the case of
reticulated vitreous carbon (RVC).®” The direct reduction
route on a PANij/vitreous carbon electrode was modeled
considering both a plug-flow reactor (PFR) and a continuously
stirred tank reactor (CSTR) to determine the mass transfer
coefficients from concentration—time profiles. The respectable
overall current efficiency and energy consumption values thus
obtained encourage further study of this approach.’'®

The use of zerovalent nanoparticle Pd in nanofibrous
polymeric materials in the presence of a reducing agent
provides excellent catalytic activity and reusability for the
reduction of Cr(VI) to Cr(IIT).**" Electrocatalytic dehalogena-
tion of organics using zerovalent Pd in a conducting polymer
matrix (e.g,, PPy) presents an alternative remediation strategy

DOI: 10.1021/acs.chemrev.7b00482
Chem. Rev. 2018, 118, 4731-4816


http://dx.doi.org/10.1021/acs.chemrev.7b00482
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.7b00482&iName=master.img-031.jpg&w=301&h=153
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.7b00482&iName=master.img-032.jpg&w=349&h=130

Chemical Reviews

XCPmaonomer, Zzy ', ﬁ‘A
yH0, -2yH" ,-ne~

ELECTROCATALYTIC OXIDATION

Ccpn+ 5
. CP
A" Red N 1 O
Zoy| -nA -Z0y
+nA
=-ne-

POLLUTANT: Red

Figure 31. Pollutant removal or transformation through electrocatalytic oxidation.

for harmful halogenated compounds, and it will be discussed
later.*”

Interest in the electroreduction of NO;™ ions derives from its
synthetic and environmental applications. On the one hand,
indirect NO;~ toxicity has been widely documented (e.g., the
blue-baby syndrome).’” On the other hand, useful NH,,
NH,OH, and N,H, are obtained at metal electrodes from
NO;"™ reduction; for examgle, NHj is the main product when
using PPy—Cu electrodes.””” NO;~ reduction occurs through
electron transfer from PPy through the N-sites located in its
ring, whereas NO;~ removal from water occurs at PANi
through the ion exchange mechanism described -earlier,
between CI~ and SO,*” counterions, as assessed by FTIR
and XPS.”!

CO, reduction/fixation is also of major interest from the
synthetic and environmental perspectives. Perhaps, the most
obvious approach is the one involving its heterogeneous
methanation at high temperatures. Unfortunately, the practi-
cality of this process is rather small.”>* Electrochemical routes
do not require such high temperatures and are worth exploring.
For example, the production of acetic, formic, and lactic acids,
as well as methanol and ethanol, from CO, reduction has been
achieved by an ingenious chemical activation of CO,, stemming
from the combination of the electrophilicity of the carbon atom
and the amino groups in Fe(II)-immobilized PANi/Prussian
blue (PB) laminated electrodes.””” This, together with the
interaction between the basic oxygen atom of CO, and the
Fe(Il) in the complex, as well as the catalytic generation of
H,4,) atoms at the zeolitic structure of PB, promotes the
hydrogenation of CO, to form the organic acids and alcohols
mentioned above.

3.2.3.2. Electrocatalytic Oxidation. Here, a material
possessing electrocatalytic properties for the oxidation of target
pollutants is incorporated into the polymeric matrix, whereby
the polymer changes its oxidation state during the process but
not the oxidizer. A simplified scheme is as follows:

*CPoonomer(3q) + 1A (aq) + 27" (aq) + yH,0(1)
- CP"+-nA_~ZOy(s) + 2yH*(aq) + ne” (15)
CP"+~nA_-ZOy(S) + Red(aq)
— CPO-ZOy(s) + 0x"*(aq) + nA (aq) (16)
where ZO, is the electrocatalytic metal oxide (e.g, PbO,

forming a hydrophobic composite with PPy on the surface of
a Sn0,/Ti substrate), Z*" is its metal precursor (e.g, Pb(II)),
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Red is a pollutant in its reduced form (e.g,, 2-chlorophenol),
and Ox is its corresponding less hazardous oxidized form (e.g.,
C, and C, carboxylic acids plus CO,).°*® The other symbols
have the same meaning as in the previous eqs. (Figure 31).
The corresponding electrode regeneration step is then:

CPO-ZOy(s) + nA (aq) — CP"+~nA_-ZOy(s) + ne”
(17)

In fact, catalysts composed of metal or metal oxide
nanoparticles supported on CPs represent an effective approach
in energy production and storage due to the enhancement of
thermodynamic and kinetic aspects of desired oxidation
reactions.””® PbO, is preferred in several processes (like in 2-
chlorophenol oxidation) due to its high electrical conductivity,
large dioxy§en overpotential, low cost, and relative chemical
inertness.””® In a different example, NiO, films on PPy (grown
on graphite) are effective in oxidizing ethanol, probably as a
result of the generation of oxidizing Ni(IIl) active sites in the
polymer matrix.>* Another application focuses on harmful
As(III) species, of both natural and anthropogenic origin. A
typical treatment involves their oxidation to As(V), which is
much less toxic and easily solubilized. Nanocomposites
synthesized by incorporation of metal nanoparticles dispersed
in a CP matrix show effective electrocatalytic properties toward
the oxidation of As(III) to As(V).®**

3.2.4. Other Various Applications in Environmental
Remediation. A variety of additional applications of
conducting polymers to environmental remediation are
considered next.

3.2.4.1. Pollutant Adsorption. Conducting polymers can
function as pollutant adsorbers. For example, an ecofriendly
polymer/biopolymer composite (PANi/chitosan) adsorbs large
amounts of dyes from aqueous solutions.””® FTIR helped to
confirm the involvement of amino and hydroxyl groups in such
adsorption. Polymer roughness, as evidenced by SEM,
enhances the possibilities for dye adsorption.”® For instance,
methyl orange is adsorbed at a PANIi/clinoptilolite compo-
site.””” Polythiophene is a useful adsorbent material for the
removal of toxic As(III), because these ions become attached to
the m-electrons at the backbone of the polymer, resulting in a
strong interaction between the S and As atoms.”*® Lastly, the
combined sorptional—photocatalytic remediation of dyes can
be achieved by PANi—Zr(IV) nanocomposites.””” The
participation of CPs in photocatalysis is further discussed
below.

3.24.2. Use of 3D Materials. Some of the applications
discussed in the present section can be considerably assisted by
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Figure 32. Formation mechanism of PANi hollow nanospheres. Reproduced with permission from ref 594. Copyright 2012 American Chemical

Society.

the use of CPs deposited on three-dimensional materials (e.g.,
porous glassy carbon or graphite felts) since pollutants are
frequently present at low concentration levels and, therefore,
their mass transfer rates toward the electrodes are severely
limited. In addition, the high electroactive areas thus obtained
normally increase the target reaction rates.””> A promising
structure is that of PANi hollow nanospheres with controllable
discontinuous nanocavities due to their low effective density
and high specific surface area (see Figure 32).5%

3.2.4.3. Use of Conducting Polymer Dendrimers. Exciting
properties of these highly branched macromolecules can be
exploited for environmental applications such as water
purification and pollutant sensing and removal.”** With regard
to the present review, some new-generation dendrimers may be
modified to be electronically conductive (see Figure 33). For
example, a high density of aromatic anion radicals attached to
the outside edges of a dendrimer may lead to intramolecular
delocalization, therefore increasing its conductivity.””' Den-

Loko o |
oL g O

Figure 33. A poly(amidoamine) conducting dendrimer. Reproduced
with permission from ref 631. Copyright 1997 American Chemical
Society.

drimers can selectively remove a variety of cationic, anionic,
aromatic, and complex water-soluble (e.g, Cu®**, NO;~) or
insoluble (e.g, polyaromatic hydrocarbons, humic acids)
pollutants. They can also contribute to oil dispersion and to
the removal of target nanopollutants.”*’ High selectivity is often
governed by the dendrimer’s structure as well as the geometry,
size, and charge of the pollutant species to be removed (e.g,, the
trigonal geometry of monovalent NO;~ ions versus the
tetrahedral monovalent nature of TcO,” or the polyvalent
nature of SO,>~, CrO,>~, AsO,>", or PO, species).”*’ The pH
can also play a role here as some groups within the dendrimers
may have their chemistries governed or modified by proton
inclusion or removal or by Lewis acid—base/complex-forming
interactions.**’

3.2.4.4. Gas Removal. Physical adsorption is typically the
method of choice for the removal of small-molecule undesired
gases like NO,, NH;, H,S, SO,, CO,, and CO.%** However,
when these gases are to be removed in the presence of
moisture, the strength of the adsorption forces toward the
receiving substrates weakens considerably. In such cases,
reactive adsorption is preferred.”*” This is the situation of the
highly efficient reduction of NO, to NO at graphite oxide—
PANi composites (see Figure 34), whose importance stems
from the much reduced toxicity of NO as compared to NO,.***
In addition to the CO, reduction described above, highly
selective CO, removal from a mixture of CO,, N,, CH,, and H,
can be achieved by S-doped microporous carbon materials
synthesized by the chemical activation of a reduced graphene
oxide/polythiophene substrate. A stable recycling adsorption
capacity combined with a large specific surface area makes this a
promising approach (Figure 35).633

In principle, most analytes detected by CP sensors could be
captured or transformed using this scheme. Other species
include®* hexane, benzene, toluene, xylene, ethylbenzene,
methanol, ethanol, acetone, butanone, pentanone, ammonia,
triethylamine, acetonitrile, and dioxygen. The photocatalytic
approach described below serves well for certain gases, like
ammonia, using, for example, a PANi—TiO, composite.635

3.2.4.5. Dechlorination. Reductive dechlorination has long
been proposed as an alternative for the remediation of harmful
halogenated organics. It is well-known that the more halogens
in an aromatic structure, the more toxic it is.°*>®'® Therefore,
the removal of halogen atoms is a viable strategy. Interestingly,
electrochemical halogen removal can be performed step-

5e.5°7%% A dechlorination example using a conducting
polymer involves Pd’ nanoparticles immobilized in a PPy
matrix as described above for the reductive dechlorination of
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Figure 3S. Gas removal using conducting polymers.

s

harmful 3,3’,4,4'-tetrachlorobiphenyl in the presence of hydro-
gen. The removal of chlorine atoms leads ultimately to
biphenyl, therefore reducing toxicity.”">

3.2.4.6. Photocatalysis. Photocatalysts are well-known for
their ability to degrade harmful pollutants mainly through
oxidation mechanisms grompted by the formation of holes in
their valence bands.°* Reduction mechanisms effected by

electrons photogenerated in the conduction bands are suitable
as well (Figure 36

The addition of inorganic spherical particles (e.g, TiO,) to a
polymer (e.g., PANi) during polymerization may lead to the

H,0.C0; _vocs'
VOCs \J @
Pt d,-‘—‘l:

) 640

Figure 36. Photooxidations and photoreductions at a TiO, particle.
Reproduced with permission from ref 640. Copyright 2012 American
Chemical Society.
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tuning of selected physical properties at will (e.g, con-
ductivity).**' This also provides the salutary effect of avoiding
the release of harmful TiO, nanoparticles into the environ-
ment.”* Such a CP modification provides alternative pathways
for pollutant degradation as shown in Figure 37.

PHOTOCATALYSIS
Conduction Band

Red,

+ SC 7,'(31\‘2

—TkRedz

Valence Band

POLLUTANTS: Ox, and/or Red,

Figure 37. Photocatalysis by semiconductors (SC) inside CP matrices.

For example, PANi is used as a sensitizer and support in a
TiO, photocatalyst structure prepared by a simple impregna-
tion—hydrothermal process for the degradation of selected dyes
(e.g, anthraquinone and reactive brilliant blue, KN-R) under
visible light irradiation.”***** In addition, conductive poly(3-
hexylthiophene) (P3HT) has been coupled to TiO, for the
efficient photocatalytic degradation of methylene blue also
using visible light.”* The process is aided by the effective
charge separation prompted by the heterojunction formed
between the semiconductor and the CP. Microwave irradiation
can increase the efficiency of a photocatalytic process, like in
the degradation of the Orange G dye with a poly(1-
naphthylamine), PNA/bentonite clay nanohybrid.®** An
efficient degradation is also achieved using carbonaceous
WO;/TiO, composites with PANi and PPy due to their higher
porosity, better charge separation, and photoresponse range
extension induced by a synergistic effect of PANi/PPy, WOs,,
and Ti0,.°*® In addition to the use of TiO, as a photocatalyst,
other inorganic oxides are used as well. For example, a ZnO
composite with the poly(aniline-co-o-aminophenol) [poly(ANI-
c0-0AP)] conducting copolymer is an efficient photocatalyst for
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Figure 38. Interaction between a CP matrix and the target analyte to be detected by the transduction system.

MB degradation.””” A rational design of an efficient system
involves recognition of the need for rapid electron transfer
kinetics to prevent recombination of photogenerated electrons
and holes. Since conducting polymers possess high charge
carrier mobility, a PPy/Bi,WO; composite was designed to
promote efficient charge separation during the photodegrada-
tion of phenol, as a model pollutant, under simulated sunlight
irradiation. In this way, the photogenerated holes in the valence
band of Bi,WO, were transferred to the highest occupied
molecular orbital (HOMO) of PPy, leading to rapid photo-
induced charge separation.®*® Lastly, bacterial deactivation and
organic pollutant degradation can be achieved with CP-
sensitized, highly ordered TiO, nanotube arrays.649

3.2.4.7. Dioxygen Removal. A further environmentally
related application of CPs involves the removal of dioxygen
from aqueous solutions to prevent the corrosion of metallic
pieces and assemblies. For example, a Ni electrode covered with
conducting PPy is capable of reducing dioxygen in neutral
solutions to yield hydroxyl ions through a 4e™ path.%®

In order to give to the reader easy access to the information
so far discussed, Table 4 shows a summary of the use of CPs for
the uptake/release or oxidation/reduction of undesirable
chemical species.

3.2.5. The Future of CPs in Environmental Sciences.
The applications of CPs to the solution of environmental
problems are around the corner, and many of the concepts
explored in this review merit further investigation to achieve
their full development. Doping and dedoping processes
involving anion or cation dynamics are exploited in this field
and may be a source of inspiration for new CP-based
remediation methodologies, particularly for metallic ions that
are difficult to remove. Redox reactions can also be used to
advantage for the transformation of multiple contaminants
where oxidation states play a key role in their toxicity (e.g,
Cr(VI) versus Cr(IIl), or As(III) versus As(V)). The ability of
CPs to incorporate catalysts into their structures can also be
exploited to transform pollutants with higher energy efficiency
in electrocatalytic schemes. Visible light can be harnessed in
photoelectrocatalytic processes to produce pollutant oxidations
or reductions. Modern materials (e.g, dendrimers, 3D
materials) favor mass transfer and selectivity. All of these
concepts are well in accord with modern green chemistry
trends where more efficient reactions and new environmentally
friendly chemical treatments for pollutants are needed for a
sustainable future. This research field is very active and can be a
source of innovations for solving real problems and industry
applications in the environmental arena.

4762

4. PART 2. APPLICATIONS THAT TAKE ADVANTAGE
OF MODIFICATIONS AT THE
POLYMER—ELECTROLYTE INTERFACE

4.1. Application of Conducting Polymers in Electroanalysis

4.1.1. Introduction to Application of Conducting
Polymers in Electroanalysis. Conductive polymers (CPs)
have unique characteristics that enable their customization for
specific needs. Properties like color, weight, flexibility,
scalability, and resistance to corrosion make CPs a promising
option for the fabrication of sensors.”*"*> Recent advances in
nanotechnology have prompted the development of electro-
chemical sensors as an inexpensive method to detect a variety
of species with high sensitivity and better performance; for
example, Brett has excellently reviewed the preparation,
characterization, and application of redox polymers doped
with nanotubes for electroanalysis of some important
molecules.””* Such sensors are used in the measurement and
amplification of signals in various fields, including medical
diagnosis, environmental monitoring of trace metals, and
routine analysis in food or pharmaceutical industries. The
most important procedures to customize CPs for analytical
purposes are described next.

The controlled synthesis of CPs can be done electrochemi-
cally by simply adjusting relevant parameters in the electro-
polymerization protocol (e.g,, scan rate and applied potential,
electropolymerization media); thus selective modification of
metallic electrodes with desired polymer backbone is
commonly applied in sensing.”>® An adequate selection of
experimental conditions like pH, the nature of the solvent and
supporting electrolyte, the amount of charge passed, and the
doping agent allows adjustment of the thickness, porosity,
viscoelastic properties, morphology, and binding properties for
the final CP films.*>* In this section, various strategies reported
in the literature to improve the sensitivity of the electrodes in
electroanalysis, are illustrated, as well as the most important
applications of the sensors and their advantages and
disadvantages.

Nanoscale hybridization of CPs****° with carbon nano-
tubes, graphene, metal nanoparticles, or metal oxide nano-
particles can improve the sensor sorption—adsorption (molec-
ular interaction), electrocatalytic reactivity (electron transfer),
or transport behavior (mass transfer). More complex nano-
hybrids containing CP blends, multiple nanoparticle materials,
or gradients thereof can also be envisioned for sensor arrays to
analyze gas mixtures (H,S, NO,, CO,) due to the improved
sensitivity toward a specific analyte. Recent developments in
sensors literature using nanoscale hybridization as a new way to

DOI: 10.1021/acs.chemrev.7b00482
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construct the sensing element of electroanalytical determi-
nations will be reviewed in this section.

Common methods to immobilize recognition elements
within the CP sensing film include electrochemical entrapment
(ie, doping), covalent attachment, physical adsorption, and
affinity interactions.”*® Molecular imprinting,”*”*** a technique
developed more than 30 years ago, is used for designing 3D
cavities in the CP matrix, which are useful as sensor electrodes.
When the doping process that occurs during the electro-
polymerization is used to immobilize a recognition element, the
polymer is electrochemically oxidized and reduced changing its
morphology, charge, and volume. Such a change allows the
formation of films that contains a recognition element, which
have shown good reproducibility in the detection of various
analytes (Figure 38), and it is one of the most used approaches
in electroanalysis.

Nanomaterial-modified systems represent a useful tool for
the improvement of electrochemical methods since nanoma-
terials enable functional ability and novel electrical, optical, and
catalytic properties, besides surface increment, which results in
tremendous gain in terms of sensitivity, selectivity, and
versatility.°%

Among the different types of sensors, the electrochemical
sensors are the most often employed because of the ease and
low cost of manufacturing and the possibility of obtaining
results that can be easily analyzed, for which the generated
electrical current can be readily related to the analyte
concentration in solution or in gas. Thus, electrochemical
sensors have been of great interest for the scientific community
mainly due to their inexpensive, accurate, and sensitive platform
for analysis.”®" These characteristics are obtained by combining
specific recognition and signal transduction processes.

It is possible to develop wearable electrochemical sensors
that are small and light for seamless integration with the human
body for daily life.***

Biorecognition has been demonstrated incorporating oligo-
nucleotides, enzymes, aptamer, or antigen/antibodies into
specific polymers.’” Undoubtedly, the main advantage
presented by the biosensors is the specificity and very low
detection limit, but there are many problems, such as durability,
reproducibility, and the high costs of pure biomolecules
employed in their construction, which makes it unusual to
find the biosensors in the common market, and they are only
available for very specific, but expensive, biochemical analysis.
One exception is glucose biosensors, which are nowadays a
commercially available product.®®* The subject of bioelec-
trochemical sensors is very broad and has been comprehen-
sively reviewed elsewhere in recent years.®>"05%05%656:665,666
Therefore, this review will be focused on electrochemical
sensors for chemical species based on conducting polymers,
giving an updated review on this important topic that looks
underestimated in analytical chemistry. The development of
electrochemical sensors faces multiple challenges on various
fronts related to materials, power, analytical procedure,
communication, data acquisition, processing, and security.
Size, rigidity, stability, and operational requirements of
electrochemical sensors must be compatible with the
technology, and they are the key analytical challenges.

Applications of CPs for the detection of chemical species by
means of sensing electrochemical changes at electrode
interfaces include amperometric, potentiometric, impedimetric,
electrochemical luminescent, and photoelectrochemical sen-
sors. This review presents a selection of procedures that
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combine different materials and electrochemical techniques
using CP modified electrodes as electrochemical sensors for
chemical analytes in liquid and gas phase.

4.1.2. CP Based Chemical Sensors for Analytes in
Solution. The preparation of the sensitive polymeric matrix
that contains the recognition element is a crucial part of the
analytical process. Once the interaction has occurred between a
CP and the target analyte, a signal must be detected by the
transduction system (Figure 38). Signals are typically electronic
in nature (e.g, current, voltage, impedance, and conductance)
and are caused by electron exchange, which can be recorded by
potentiometric, voltammetric, amperometric, or impedimetric
techniques.

4.1.2.1. Neurotransmitters. 4.1.2.1.1. Dopamine. Dopa-
mine (DA) is an important neurotransmitter associated with
neurological disorders such as Parkinson’s disease and
schizophrenia. DA can be detected electrochemically when
the molecule is oxidized. A considerable variety of electrode
materials have been developed to monitor DA.°*” PEDOT:PSS
modified glassy carbon electrodes (GCE) have been used to
detect DA and ascorbic acid (AscA).?® In addition, a
composite based on graphene (Gr) and PPy was synthesized
via microwave irradiation. The PPy was embedded into Gr
flakes to form a 3D structure with higher electrocatalytic
activity. This DA sensor showed a detection limit of 2.3 X 107
M. Other DA sensors (limit of detection = $ nM), composed
of organic electrochemical transistors (OECTs) based on
PEDOT:PSS on various electrodes (e.g., graphite, Ag, and Pt
electrode, etc.), displayed substantial reactivity and high
sensitivity in the oxidation of DA and AscA. This represents
a significant, straightforward approach for a simultaneous and
selective measurement of DA and AscA.””° Very well resolved
symmetry and peak separation during DA and AscA
simultaneous determination were obtained with a thin film of
polytyramine on a carbon electrode (surface roughness = 0.7
nm, limit of detection = 142 nM and 331 nM, respectively).”"
Sensors made of electrochemically deposited polycarbazole
(PCz) and poly(carbazole-co-p-tolylsulfonyl pyrrole) (PCz-co-
p-Tsp) films on single carbon fiber microelectrodes showed an
amperometric response to DA concentrations with a limit of
detection = 0.27 uM for PCz and 0.5 uM for P(Cz-co-p-
Tsp).”” Enhanced electrocatalytic performance toward the
oxidation of DA can be obtained by improving the electron
transfer within the CP. This was achieved with a novel
poly(ionic liquid)-functionalized PPy—graphene oxide nano-
sheet composite (PIL—PPy—GrO) obtained by the polymer-
ization of 1-vinyl-3-ethylimidazolium bromide on the surface of
N-vinyl imidazolium-modified PPy—GrO nanosheets.””* In a
separate effort to monitor DA, a nanocomposite of poly(3,4-
ethylene dioxythiophene)—graphene oxide (PEDOT—GrO)
was electrodeposited on a glassy carbon electrode (GCE),
followed by electrochemical reduction to obtain the reduced
nanocomposite (PEDOT—rGrO).°”* Using the same protocol
of preparation, an unreduced form of GrO was incorporated.m"
The detection limit of the PEDOT—rGrO modified sensor was
superior (i.e, 39.0 nM versus 83.0 nM with the PEDOT—
GrO). This can be understood as GrO is less conducting than
rGrO, given that the electrical conductivity can be tuned with
the degree of oxidation/reduction.’’® Nevertheless, the
PEDOT—GrO modified sensor was successful in eliminating
AscA interference because of the significant shift of AscA
oxidation potential caused by the electrocatalytic effect of the
nanocomposite material.
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The preparation of large surface area carbon paste electrode
(CPE) modified with a PEDOT—CNT nanocomposite resulted
in good detection limits (0.3 uM) for hydroquinone in real
cosmetics samples. They show satisfyin§ accuracy for AscA,””’
DA (limit of detection = 20 nM),*” and nitrobenzene,"”’
without interference, with good conductivity, and with excellent
catalytic activity. A significant increase in electrocatalytic
activity toward the oxidation of DA was demonstrated in a
nanocomposite of oligo(phenylene ethynylene) with chemically
redu&%d graphene oxide, resulting in a detection limit of S
nM.

Poly(brilliant green) (PBG) films for DA sensing were
electropolymerized on carbon film electrodes (CFE) from
brilliant green monomer, which belongs to the triphenyl-
methane family, using potential cycling or at fixed potential
from different pH solutions. With the aim of improving this
response, multiwalled carbon nanotubes (MWCNTSs) were
deposited on CFE, and then PBG was formed on top of the
resulting surface (PBG/CNT/CFE).”®" The determination of
DA was successfully achieved without interference by AscA and
at a detection limit of 2.4 mM. Other interferents like aspirin,
acetaminophen, salicylic acid, and uric acid exhibited no
response on the PBG/CNT/CFE modified electrode. A sensor
based on Au/PANi hollow nanosphere hybrids, using
polystyrene—sulfonated polystyrene core—shell gel particle
templates, was built by controlling the shell thickness and the
amount of gold nanoparticles decorating the surface of the
PANIi shell, which led to an advanced transistor in the range of
sensor applications (Figure 39).°*> The relative standard

Figure 39. TEM images of PANi/Au hollow spheres. Synthetic
conditions: aniline, 1 mmol; APS, 1 mmol; PANi concentration in the
Au colloid, 0.5 mg mL™". Reproduced with permission from ref 682.
Copyright 2006 American Chemical Society.

deviations of the catalytic peak current in successive
determinations at a DA concentration of 2 mM were 0.4%
and 0.5%, respectively, for PANi/Au and PANi- modified GCE.

Simultaneous detection of DA, AscA, and uric acid (UA) was
well resolved by using PEDOT modified electrodes with cold
plasma treatment. This forms a large variety of reactive species
adsorbed on the electrode surface that catalyze the analyte
oxidation.*® For example, the detection limit for dopamine was
140 nM. Another example is the use of flower-like gold
nanoparticle-decorated PPy/GrO nanohybrids produced by in
situ chemical oxidative polymerization. This ultrasensitive DA
detector has a very low detection limit of 18.29 pM and a linear
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range of 1—5000 nM.%** As we can see, the electrochemical
detection of DA has been extensively investigated. This is due
to its importance in the health field and also to its electroactive
character that allows its selective detection in complex media.
However, it is important to see how the detection limits of DA
improve considerably when electrodes modified with CPs are
used in combination with materials that facilitate the catalytic
oxidation of DA like GO, metallic nanoparticles, etc. These
procedures are successful because the judicious combination of
materials facilitate electronic transfer and also improve the
affinity and orientation of functional groups of the DA with
respect to the electrode’s components.

4.1.2.1.2. Serotonin. Serotonin (S-hydroxytryptamine, S-
HT) is a biogenic monoamine neurotransmitter and neuro-
modulator found in the human brain. It plays a fundamental
role in the regulation of various physiological functions like
eating, sleeping, muscle contraction, sexual activity, and
thermoregulation. The role of serotonin is also very important
in regulating psychopathological processes such as anxiety
disorder, liver regeneration, infantile autism, alcoholism,
obsessive-compulsive disorder, and drug dependency.685 An
innovative and sensitive method for the simultaneous
determination of dopamine (DA) and S-HT uses graphene
and a poly(4-amino-3-hydroxy-1-naphthalenesulfonic acid)
(AHNSA) modified screen printed carbon sensor (SPC).®*
This sensor eased the analysis of DA and S-HT in the
concentration range 0.05—100 yM and 0.05—150 M with
detection limits of 2 nM and 3 nM, respectively. The analytical
applicability of the fabricated sensor was established also for the
simultaneous detection of DA and S-HT in pharmacological
formulations, human urine, and blood samples (Figure 40).

Another double-layered membrane sensing interface used for
the selective detection of 5-HT at high sensitivity is based on
rGrO—PANi nanocomposites and molecular imprinted poly-
mers (MIPs) embedded with AuNPs.””” The conducting
membrane was deposited on the modified GCE by electro-
polymerization at a constant potential, using 5-HT as template
molecules, functionalized AuNPs as functional monomers, and
p-aminothiophenol as cross-linker. An exceptional selectivity for
S-HT against the interference caused by AscA and other
interferents was observed, as well as a low detection limit of
11.7 nM. PEDOT-rGrO-silver hybrid nanocomposite
modified electrodes were used as a transducer for the detection
of S-HT;*® several electrochemical techniques such as CV,
differential pulse voltammetry (DPV), and CA were used for
the detection, with the best detection limit (0.1 nM) provided
by DPV. Another low cost and practical sensor constructed
with poly(pyrrole-3-carboxylic acid)-modified pencil graphite
electrode was used for the determination of S-HT*” in blood
serum and urine samples and showed a detection limit of 2.5
nM. A Nafion/Ni(OH),—multiwalled CNT modified GCE
(Nafion/Ni(OH),—MWCNTs/GCE) was also applied to the
electrochemical oxidation of DA and 5-HT using CV, DPV, and
CA. Detection limits of 0.015 gmol L™ for DA and 0.003 ymol
L~ for 5-HT were obtained in human blood serum.’”® Clearly
the presence of carbonaceous material in the CP matrix favors
the selectivity and performance of the analytical determinations,
and it is expected that new carbon-based materials will be used
in future developments in the field.

4.1.2.1.3. Epinephrine. Epinephrine (EP) is a catecholamine
neurotransmitter that plays an important role in human health.
Modified electrochemical sensors are widely used to trace EP,
due to the tendency of the oxidation products to adsorb on
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Figure 40. Square wave voltammograms observed for the increasing concentration of DA using Gr/p-AHNSA/SPCs in phosphate buffer at pH 7.2.
The inset is the calibration plot. (B) Square wave voltammograms for S-HT using Gr/p-AHNSA/SPCs in phosphate buffer at pH 7.20. The inset is
the calibration plot. Reproduced with permission from ref 686. Copyright 2017 Elsevier.

bare electrodes.””’ Among those reported, a glassy carbon

electrode modified with a polymeric brilliant cresyl blue (BCB)
and dihexadecyl phosphate (DHP) dispersed multiwalled CNT
(MWCNT) composite film yielded a very good response for
EP analysis, with a low detection limit of 1.0 X 107° M.%”> A
thin film of AuNP/PANi nanocomposite deposited on the
surface of a GCE by Langmuir—Blodgett technology displayed
a detection limit of 8 X 107* M for EP and 2.0 X 10~ M for
UA.*”® Functionalized CNT/PANi doped with metal oxide
(TiO,, RuO,) and deposited on Au electrode yielded a linear
calibration plot for EP in the concentration range of 4.9 to 76.9
uM with detection limits of 0.16 and 0.18 M for modified
TiO, and RuO, electrodes, respectively.””* An interference
study using DPV showed a clear separation for amino acid and
EP oxidation processes, evidencing selective detection of EP
without interference from amino acid (AA) signal. The
analytical performance of these sensors was evaluated for EP
detection in a pharmaceutical sample with satisfactory results.
The electrochemical oxidation of EP on a poly(malachite
green)/CNT/glassy carbon electrode (PMalG/MWCNT/
GCE) at pH 7.0 also showed good separation between the
oxidation processes of AA, EP, and uric acid (UA),
demonstrating an enhanced electrocatalytic effect with a
detection limit of 0.08 uM.®> All these sensing approaches
are based on the electrocatalytic effect of the CP based matrix
and are clear examples of the open possibilities when modified
electrodes are used.

4.1.2.2. Ascorbate. Ascorbic acid/ascorbate (AscA/Asc) is a
vital component of the human diet; it prevents scurvy and is
known to take part in many important biological reactions. It is
perhaps the primary antioxidant in human blood plasma and is
present in the mammalian brain together with various amine
neurotransmitters including DP, EP, and norepinephrine (NE).
Direct and selective electrochemical detection of Asc at
conventional electrodes (metallic/vitreous carbon) is difficult
because of its large oxidation ove?otential and electrode
fouling caused by oxidation products. o0

Several electrocatalytic strategies have been developed using
different types of modified electrodes to reduce such an
overpotential, for example, by using carbon nanotube/
polyphenazine- and carbon nanotube/poly-
(triphenylmethane)-modified electrodes.”>> A sensitive elec-
trode comprising PMalG with CNT on a GCE exhibited the
lowest detection limits of 0.23, 0.0820, and 0.12 uM for AscA,
EP, and UA, respectively; this modified electrode showed good
sensitivity, selectivity, and stability with real samples.’”®
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Likewise, Pd nanoclusters on polyfuran film electrodeposited
onto Pt electrode were reported for the analytical sensing of
DA, EP, NE, AscA, and paracetamol (PCM); during DPV
analyses, the sensor effectively resolved the overlapping anodic
peaks of AscA, DA, and PCM into three well-defined
voltammetric peaks, with similar detection limits for DA in
the absence and presence of AscA and PCM. This indicates that
the oxidation processes of DA, AscA, and PCM are
independent and that the simultaneous measurements of the
three analytes are possible without interference. The detection
limits (S/N = 3) are 7.13 X 107, 4.82 X 1078, and 7.64 X 107®
M for AscA, DA, and PCM, respectively.697

Alternatively, a thin film of polytyramine (Pty) deposited on
a GCE in a phosphate buffer solution (pH = 4.1) exhibited
substantial reactivity and high sensitivity for the simultaneous
oxidation of DA and AscA, with a detection limit brought down
to 142 nM and 331 nM, respectively,671 whereas AuNP/PANi/
polydopamine hybrids provided a fast stable response in4s
with low detection limit of 4.0 X 10~ M for AscA,*”® due to the
enhanced the catalytic capability brought out for the AuNPs.

A summary of the detection limits for the amine neuro-
transmitter sensors described above is presented in Table S.
Significant variations are found for the different sensors
depending on their composition and the polymerization
method of the monomer. Enhanced electron transfer in the
different sensors is attributed to charge hopping through the
material, which mediates the effective charge migration through
the polymer. The method of polymerization of the CP
generates many active sites for charge transfer by making
good interfacial contact between the incorporated material and
the polymer matrix. The effective electron transport inside the
matrix leads to the efficient electrocatalytic oxidation of
analytes. The affinity and orientation of the analyte with
respect to the material in the modified electrode is an additional
factor facilitating electrocatalysis and detection.’”

4.1.2.3. Uric Acid. Uric acid and other oxypurines are the
main final products of purine metabolism in the human body.
UA coexists with AscA and DA in biological fluids like blood
and urine. Because of the overlapping potentials of these three
analytes, electrochemical analysis with unmodified electrodes
(e.g., glassy carbon) presents limitations. A voltammetric sensor
was proposed for the simultaneous determination of EP and
UA. This modified sensor is based on polyaniline—gold
nanoparticle (PANi—AuNP) nanocomposites deposited on
GCE by Langmuir—Blodgett technology. This combination
resulted in a significant electrocatalytic response to EP and UA,

DOI: 10.1021/acs.chemrev.7b00482
Chem. Rev. 2018, 118, 4731-4816


http://dx.doi.org/10.1021/acs.chemrev.7b00482
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.7b00482&iName=master.img-042.jpg&w=337&h=138

Chemical Reviews

Table 5. Comparison of Detection Limits for Amine
Neurotransmitters” in several sensors based on conducting

polymers

detection
sensor composition limit ref
Dopamine
Gr and PPy 2300 nM 669
PEDOT S nM 670
polytyramine on glassy carbon 142 nM 671
polycarbazole with p-tolylsulfonyl pyrrole 500 nM 672
polycarbazole 270 nM 672
poly(ionic liquid)-functionalized PPy—GrO nanosheet ~ 73.3 nM 673
PEDOT-GrO 83.0 nM 674
PEDOT-rGrO 39.0 nM 675
PEDOT-CNT 20.0 nM 679
oligo(phenylene ethynylene) and chemically rGrO 5 oM 680
poly(brilliant green)/CNT /carbon film electrode 2400 nM 681
PEDOT with cold plasma treatment 140 nM 683
flower-like AuNP/PPy/GrO 0.018 nM 684
AHNSA” modified screen printed carbon sensor 2 nM 685
Nafion/Ni(OH),—multiwalled CNT 1S nM 690
polytyramine (Pty) deposited on GCE 142 nM 671
Serotonin
AHNSA” 3 M 685
rGrO—PANIi nanocomposites and MIPs embedded 11.7 nM 687
with AuNPs
PEDOT-rGrO 0.1 nM 688
poly(pyrrole-3-carboxylic acid) modified pencil graphite 2.5 nM 689
electrode
Nafion/Ni(OH),-multiwalled CNT 3 nM 690
Epinephrine
polymeric brilliant cresyl blue and dihexadecyl 10 nM 692
phosphate dispersed multiwalled CNT
Au nanoparticles/PANi nanocomposite thin film on the =~ 80 nM 700
surface of GCE
CNT/PANi doped with TiO,, RuO, 160 nM 694
CNT/PANi doped with RuO, 180 nM 694
poly(malachite green)/CNT/GCE 80 nM 695
Ascorbate
polytyramine on glassy carbon 331 nM 671
poly(malachite) green on glassy carbon 230 nM 695
palladium nanoclusters on polyfuran film modified Pt 7.13 uM 697
electrode
AuNP/PANi/polydopamine 400 nM 698

“Dopamine, serotonin, epinephrine, and ascorbate. bPoly(4—amino—3—

hydroxy-1-naphthalenesulfonic acid).

which allowed their stable simultaneous determination with
high sensitivity.””” Although AscA is a major interferent in this
electroanalysis, this electrode allows for up to 50-fold excess of
AscA in the sample, without interference for EP and UA
detection. The relationship between peak currents and
concentration for UA was linear in the range 4 X 1077 to 6
X 107> M with detection limit of 2 X 1077 M. Other modified
electrodes have been developed for the detection of UA; for
example, layer-by-layer deposited films containing CNT and
poly(malachite green) were used with DPV for the
determination of EP and UA at pH 4.0 and 7.0. Their linear
ranges were up to 0.09 or 0.2 mM, respectively, and for
polyé(gr?alachite green) electrode, the detection limit was 0.12
HM.
4.1.2.4. Adenine and Guanine. Adenine and guanine are
crucial components of DNA that play key roles in the storage of
genetic information. Their concentrations are considered an
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important index for diagnosis of different diseases. The
determination of adenine and guanine concentrations is
important to bioscience and clinical diagnosis.”"!

It is well-known that PPy films can be further oxidized at
higher potentials (overoxidized polypyrrole, OOPPy) in the
presence of oxygen to obtain groups such as carbonyl and
carboxyl on the surface of the polymeric matrix; thus a film
highly permeable to cationic species can be fabricated that
selectively repels anions and neutral compounds.””*’” An
innovative electrochemical sensor that uses this concept for the
simultaneous detection of adenine and guanine is based on
porous-structured films of OOPPy—rGrO. The electrochemical
sensor can be applied to the quantification of adenine and
guanine with a linear range covering 0.06—100 M and 0.04—
100 uM and a low detection limit of 0.02 M and 0.01 uM,
respectively. Initially the OOPPy—rGrO composite was
produced by electrochemical polymerization of pyrrole, with
GrO as a dopant, followed by electrochemical reduction of GO
in the composite film. The obtained PPy—rGrO modified
electrode was then oxidized at a potential of +1.8 V to produce
the OOPPy/rGrO-modified GCE.”**

Another modified electrode based on polythionine/gold
nanoparticles/multiwall carbon nanotubes was proposed via a
two-step process. The first step consists of ultrasonically
synthesized gold nanoparticle/multiwalled carbon nanotube
(AuNP/MWCNT) composites, follow by deposition on glassy
carbon to prepare the AuNP/MWCNT electrode. The second
step consists of electropolymerization of thionine on the
surface of AuNP/MWCNTs to prepare the PTH/AuNP/
MWCNT modified electrode. This electrode presents good
electrocatalytic behavior and stability for the detection of
guanine and adenine in 0.1 M PBS (pH 7.0) in synthetic
samples and in calf thymus DNA. The detection limit for
guanine and adenine was 1 X 107 M and 8 X 107 M,
respectively.”” In this section some examples reported in the
literature for the detection of guanine and adenine with
modified electrodes are discussed. They are simple to construct,
are made of unsophisticated, nonenzymatic materials, and
display very low detection limits.

4.1.2.5. Taurine. The organic compound taurine (2-amino-
ethanesulfonic acid) participates importantly in a number of
physiological and pharmacological processes, such as mem-
brane stabilization and regulation of intracellular Ca?, a
neuromediator and neuromodulator.’’° A potentiometric
sensor for this compound was built on the basis of molecularly
imprinted conducting polymer films, where film preparation
requires the electrochemical polymerization of a 3,4-ethyl-
enedioxy-thiophene/3-acetic acid thiophene (EDOT/AAT)
copolymer film doped with flavin mononucleotide (FMN).”"”
PEDOT works as a cross-linker, AAT is the monomer that
generates the polymeric matrix, FMN is the dopant, and taurine
is the template or target molecule (see Figure 41). For taurine
concentrations in the range of 107 to 10™* M, a linear cationic
response toward the protonated form of taurine was observed,
with a calculated slope of 53.8 + 2.6 mV/p[taurine]. Moreover,
these sensors are not sensitive toward Ca, Mg, Na, and K ions.
This is the only reported example of a sensor with this kind of
modified electrode for this analyte, but unfortunately the limit
of detection was not reported.

4.1.2.6. Glucose. Quantitative determination of glucose is
very important, not only to aid in diabetes diagnosis but to
fulfill requirements in the food industry, environmental
protection, and biotechnology. One approach to such
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Figure 41. Principles of a molecular imprinting process. Reproduced with permission from ref 707. Copyright 2016 Elsevier.

determination is to develop nonenzymatic electrochemical
sensors that are robust and economically accessible, are
compatible with biological media, and have low detection
limits.””® A case in point involves a facile two-step electro-
chemical strategy for enhanced nonenzymatic glucose sensing:
the synthesis of reduced graphene oxide (rGrO) and doped
conducting poly(3,4-ethylene dioxythiophene) (PEDOT)
nanocomposites decorated with Ni nanoparticles (NiNPs)
and deposited onto a GCE.””” The prepared nanocomposite
(NiNPs/PEDOT/rGrO) modified electrode revealed excep-
tional electrocatalytic activity toward the oxidation of glucose in
alkaline media (Figure 42), and it was developed into a
nonenzymatic glucose sensor. Under optimal conditions, the
glucose sensor exhibited a linear range from 1.0 #M to 5.1 mM
and a detection limit of 0.8 M. The sensor showed excellent
stability, high reproducibility, and favorable selectivity against
common interferents. This nonenzymatic sensor was also
successfully applied to the detection of glucose in human serum
samples, indicating its potential for clinical applications. A new
conductive nanocomposite based on PPy and silver nano-
particles (AgNPs) relies on a reverse microemulsion prepara-
tion method and is used as a nonenzymatic electrochemical
sensor for glucose detection. This modified PPy—AgNP
electrode showed a glucose response in the linear dynamic
range of 25 to 2500 uM, with a limit of detection of 3.6 uM. It
is applied to human saliva samples.”"’

These are two of the rare examples reported in the literature
for the detection of glucose in a nonenzymatic fashion based on
CPs. Most of the reported investigations use glucose oxidase
(GluOx) enzyme as electrocatalytic element embedded or
trapped within the CP matrix and will not be reviewed in this
contribution. The main disadvantage of using GluOx is the
preparation, which requires much care during the construction
and handling of the modified electrode.”""
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4.1.2.7. Hydrogen Peroxide. Hydrogen peroxide sensors are
relevant since the use of H,0, is of great importance in clinical
and environmental studies as well as in mining, pharmaceutical,
textile, and food manufacturing industries.”'* For this reason,
much attention has been given to the development of
chemical,”"® biochemical,”"* and electrochemical”'*”"® sensors
for this analyte since they provide high sensitivity, excellent
selectivity, a rapid response, and good reliability.

For example, a GCE modified with ultrathin PPy nanosheets
decorated with AgNPs was assembled for the detection of
hydrogen peroxide (H,0O,). The device showed high sensitivity
toward this analyte, which may be due to the high surface area
of the films. These films not only increased the interaction with
Ag" ions, but also made the Ag surface area available for
reaction with H,0, and thus enhanced the reduction current
through a catalytic cycle The limit of detection was 0.57 uM
for the linear segment ¢ Likewise, a voltammetric sensor
based on a PPy—PtNP nanocomposite was fabricated from
PtNPs densely dispersed on PPy nanoparticles (PPyNPs) by a
microwave-assisted polyol process (Figure 43).”'” The sensor
showed good electrocatalytic activity toward H,O, with a
detection limit of 0.6 M.

A novel amperometric sensor for H,O, determination is
based on the incorporation of multiwalled carbon nanotubes
(MWCNTs) into a poly(methylene blue) film immobilized on
carbon composite electrodes.”'® This shows a detection limit of
20.7 yM. Many of the observations in the above examples can
be explained by the larger surface area of the electrode
materials, which can increase the interactions between the
polymer and the analyte or can produce an electrode surface
area suitable for reaction with H,O,.

4.1.2.8. Diverse Pharmaceuticals. Electrochemical methods
may be applied to the detection of several drugs, and some
examples that use CPs as part of the sensing element are
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described in this section. A novel chemosensitive ultrathin film
with high selectivity for the detection of naproxen, PCM, and
theophylline was developed on the basis of a series of

electropolymerizable terthiophene and carbazole monomers
for the imprinting of drug molecules into the polymer
matrix.”"” Incorporation of ZrO, (12 nm) and Bi,O; (90—
210 nm) nanoparticles into a PANi matrix by a simple
interfacial polymerization technique using ammonium persul-
fate as an oxidant produced PANi—ZrO, and PANi—Bi,O;
composites.”””’*" These materials were successfully used to
fabricate GCE-modified sensors for the voltammetric analysis of
esomeprazole and pramipexole, respectively, giving excellent
electrocatalytic activity with a response time of about 9 s and a
limit of detection of 97.21 ng mL™" for the first drug and 1.10
mg mL™" for the second. These sensors were successfully used
on pharmaceutical formulations. Similarly, an electrochemical
sensor for the analysis of betahistine hydrochloride was
fabricated with a PANi—ZnO nanocomposite. The method
used sodium lauryl sulfate as the dissolving system, which
enhanced electrochemical properties and caused a lower
detection limit of 19.57 ug mL~", proving better sensitivity.”**
A sensor imprinted on the surface of a pencil graphite electrode
was fabricated via one-step electropolymerization of the
imprinted polymer composed of a conductive polymer and
sol—gel AuNPs for the determination of lorazepam’*’ and
caffeine.””* In the optimized calibration curve for lorazepam
with the imprinted sensor, two linear concentration ranges were
observed, from 0.2 to 2.0 nM and from 2.0 to 20.0 nM, with a
limit of detection of 0.09 nM. For caffeine, the linear ranges of
the sensor were from 2.0 to 50.0 and 50.0 to 1000.0 nM, with a
limit of detection of 0.9 nM. Furthermore, the proposed
method was successfully applied for the determination of
lorazepam and caffeine in real samples (i.e., urine, plasma,
pharmaceutical tablet, green tea, energy drink, and soda drink).
The synergistic effect of combining Gr and a conducting
PANi—Bi,O; nanocomposite enhanced the performance of
sensors used for the electrocatalytic oxidation of etodolac.”*
The good response developed by the sensor results in a low
potential detection of etodolac, good stability, and fast
response, with a limit of detection of 10.03 ng mL™'. This
sensor was successfully applied to pharmaceutical formulations.
Sodium dodecyl sulfate-doped PPyox plus carboxylic acid-
functionalized CNT modified GCEs were reported for the
detection of the anticancer drug pemetrexed.”*® Under
optimum conditions, the method showed an increase in the
anodic peak currents of adsorptive stripping differential pulse
voltammetry (ASDPV), which was linearly dependent on
pemetrexed concentrations (Figure 44). The recorded linear

A B¥ : B

Figure 43. (A) SEM image of the as-synthesized PPyNPs. (B) SEM and (C, D) high resolution TEM images (HRTEM) of the PPy/Pt
nanocomposites. Reproduced with permission from ref 717. Copyright 2015 Elsevier.

DOI: 10.1021/acs.chemrev.7b00482
Chem. Rev. 2018, 118, 4731-4816


http://dx.doi.org/10.1021/acs.chemrev.7b00482
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.7b00482&iName=master.img-044.jpg&w=187&h=392
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.7b00482&iName=master.img-045.jpg&w=499&h=141

Chemical Reviews

responses were in the range from 1.00 X 107 M to 1.00 X 10~
M with a detection limit of 3.28 X 107 M.
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Figure 44. DP voltammograms of the bare GCE (---), MWCNT/GCE
(©), MWCNT-COOH/GCE (¢) SWCNT-COOH/GCE (thin line),
and PPy/MWCNT-COOH/GCE (thick line) in 0.1 M PBS (pH =
2.0) with § X 10 M pemetrexed drug. Reproduced with permission
from ref 726. Copyright 2014 Elsevier.

MWCNT /tiron-doped 222 PPy nanocomposite was used to
modify GCE and fabricate a sensor for the analysis of the
antiviral drug acyclovir. It exhibited a response at neutral pH to
the electrooxidation of the drug with linear sweep voltamme-
try.””” Under optimized conditions, a low detection limit of
10.0 nM for acyclovir was obtained. The sensor provided
satisfactory results for the determination of this compound in
pharmaceutical and clinical preparations. A PANi and CNT
hybrid film-based electrochemical sensor was reported for the
determination of omeprazole;”** here square-wave voltammetry
(SWV) was used for detecting its reduction, and a detection
limit of 47.2 g mL™" was found. Another electrochemical CP-
based sensor was made with a composite film of Gr and
poly(3’-(2-aminopyrimidyl)-2,2":5’,2"-terthiophene) (pAPT)
for the determination of the antiarthritic drug piroxicam.”
When testing a urine sample, the obtained electrochemical
signal displayed a well-shaped individual oxidation peak with
high catalytic current for piroxicam; the major interferents were
AscA, tyrosine, and UA. The detection limits were 1.86 =+ 0.06,

5.29 + 0.02, 5.97 + 0.07, and 14.50 + 0.03 uM, for piroxicam,
AA, tyrosine, and UA, respectively. An electrode based on
poly(4-vinylpyridine) combined with multiwalled CNTs was
prepared, characterized, and used for the electrochemical
sensing of PCM by DPV. It resulted in a good linear ratio
for the oxidation peak currents and PCM concentrations over
the range of 0.02—450 uM, with a limit of detection of 1.69
nM. This electrode was stable for more than 60 days and
allowed determination of PCM in tablets and urine samples.”*’
A sensor for the anticancer drug irinotecan was reported based
on poly(methylene blue) deposited on a GCE.””' The linear
range was between 8.0 and 80 M, with a detection limit of 0.2
uM. An impedimetric sensor based on CNT—poly(methylene
blue) composite was used for the construction of an aptasensor
for thrombin using electrochemical impedance spectroscopy.”*”
This sensor was able to detect thrombin in the concentration
range 1 nM to 1 mM with a limit of detection of 0.7 nM and
0.5 nM monitoring resistance and capacitance changes,
respectively. A sensor for ibuprofen as a model anionic drug
was based on potential-induced uptake/release of the drug by a
smart conducting polymer (molecularly imprinted polymer) as
sorbent/recognition element. The sensor was tried in plasma
samples using a quartz crystal microbalance (QCM) without
any additional treatment. The limit of detection was 0.05 ymol
L% consequently it was successfully applied for the
quantification of trace amounts of ibuprofen in biomedical
samples and validated by HPLC.”>> A novel kind of water-
dispersible, molecular imprinted sensor with electroactive
nanoparticles was prepared by first synthesizing an amphiphilic
electroactive copolymer containing a carbazole group through a
one-pot free radical copolymerization. The coassembly of the
electroactive copolymers with the template molecules (para-
cetamol) in aqueous solution generated nanoparticles embed-
ded with paracetamol, leading to the formation of molecularly
imprinted electroactive nanoparticles (i.e., a MIP sensor). After
the extraction of PCM molecules, a sensor for PCM was
constructed (Figure 45).”** Under optimum conditions, two
linear ranges from 1 yM to 0.1 mM and 0.1 to 10 mM with a
detection limit of 0.3 ¢M were obtained for PCM detection
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Figure 45. Schematic illustration of the MIP sensor fabrication using the
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electropolymerization. Reproduced with permission from ref 734. Copyright 2016 American Chemical Society.
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Table 6. Limits of Detection for Miscellaneous Pharmaceuticals with C-based electrodes

sensor

PANi and zirconia nanocomposite film
PANI and zirconia nanocomposite film

PANi—ZnO nanocomposite

imprinted poly(conductive polymer, sol—gel, AuNP)
imprinted polymer (conductive polymer, sol—gel, AuNP)
Gr—PANi—Bi,0; hybrid film

PPyox with carboxylic acid-functionalized CNT modified GCE
MWCNT /tiron-doped 222 PPy

PANi and CNT hybrid film
poly(3’-(2-aminopyrimidyl)-2,2":5’,2"-terthiophene) with Gr
poly(4-vinylpyridine) and MWCNT

poly(methylene blue) on GCE

CNT—poly(methylene blue) composite

nanostructured conducting molecularly imprinted PPy

molecularly imprinted with amphiphilic electroactive copolymer, carbazole
group, PCM template

drug limit of detection reference
esomeprazole 97.21 ng mL™' 720
pramipexole 1.10 mg mL™* 721
betahistine, 19.57 pg mL™! 722
hydrochloride
lorazepam 0.09 nM 723
caffeine 0.9 nM 724
etodolac 10.03 ng mL™! 725
pemetrexed 328 nM 726
acyclovir 10.0 nM 727
omeprazole 47.2 pg mL™ 728
piroxicam 1860 nM 729
paracetamol 1.69 nM 730
irinotecan 200 nM 731
thrombin 0.7 nM (resistance changes) and 0.5 nM 732
(capacitance changes)
ibuprofen 50 nM 733
paracetamol 300 nM 734

with good selectivity. The sensor also showed good response in
real samples like tablets and human urine samples.

Table 6 summarizes the values for the detection limits of the
sensors described above that were designed for various
pharmaceutical drugs. From this table, it is clear that modified
electrodes have excellent detection limits. This is remarkable
since the electrodes were modified with numerous materials in
a sophisticated way in order to achieve good catalytic
properties, as well as offering a large variety of superficial
modifications and numerous active sites. These characteristics
allowed one to obtain interactions between the modified
electrodes and the functional groups of the pharmaceutical
drugs, which have complex structures and different functional
groups. The most sensitive electrodes, however, are built in
simple ways that allow good electronic conduction and
therefore a good interaction with the redox target analytes.

4.1.2.9. Phenolic Compounds. Phenolic compounds are
used in several industrial processes to manufacture chemicals
such as pesticides, explosives, drugs, and dyes, and in the
bleaching process during paper manufacturing. They are also
used in agriculture as herbicides, insecticides, and fungicides.
Phenolic compounds appear naturally, for example, during the
decomposition of leaves or wood, and therefore they are found
in soils and sediments, possibly leading to wastewater and
groundwater contamination. It is important to provide selective
and sensitive methods of detection for phenolic compounds,
and electroanalytical techniques offer an option. Modified
electrodes with CPs, however, can facilitate their detection.”*”
The voltammetric determination of 4-aminophenol (4-AP)
using a PANi—Gr—GCE-modified sensor was achieved with
good analytical performance for the oxidation of the analyte
with a detection limit of 6.5 X 10™® M and a high sensitivity of
604.2 uA mM ™. In addition, a simultaneous detection of 4-AP
and PCM was achieved in a large dynamic range without the
interference from each other.”*® Poly(malachite green) (PMG)
has been used together with MWCNTs for the detection of p-
nitrophenol, catechol, and quinol with a sensitivity for p-
nitrophenol of § M, and a linear range up to 1.0 mM.”*” The
peak current of p-nitrophenol was proportional to its
concentration in the range 5.0 X 107° to 1.0 X 107> M and
the detection limit was 5.0 X 107 M. An electrochemically
active composite film that contains MWCNTSs, Nafion, and
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PMG has been synthesized on GCE, Au, and indium tin oxide
(ITO) electrodes for the simultaneous detection of catechol
and quinol using DPV in dil. H,SO, (pH 1.5). Detection limits
of 5.8 and 1.6 uM were obtained for catechol and quinol,
respectively.”>”

4.1.2.10. Nitroaromatic Compounds. Aromatic nitro
compounds are toxic substances commonly used in the
manufacture of explosives, pesticides, dyes, plasticizers, and
pharmaceuticals. These compounds have been detected not
only in industrial wastewaters but also in freshwater and marine
environments. Accurate measurements and low detection limits
for nitroaromatic compounds concentrations are therefore
welcomed. Electrochemical sensors can help address these
demands as they possess attractive attributes that include high
sensitivity and selectivity, speed, wide linear range, compati-
bility with microfabrication, minimal space and power require-
ments, and low-cost instrumentation. The redox properties of
nitro-based compounds (namely, the presence of easily
reducible nitro groups) ideally lend themselves to electro-
chemical detection. Advances in the development of nanoma-
terials have a strong potential to create electrochemical sensors
for detecting explosives: characteristics such as high surface
area-to-volume ratio, convergent rather than linear diffusion,
improved selectivity, catalytic activity, and unique electrical and
optical properties can be exploited for highly sensitive
detection. An example involves a monomer strategy for
imprinting of 1,3-dinitrobenzene (DNB) molecules at the
surface of PANi. A linear response of DNB concentration
between 2.20 X 10~* and 3.08 X 107° M was exhibited with a
detection limit of 7.33 X 10~ M.”” Co-polypeptide-doped
PANi nanofibers detected an ultratrace amount of 2,4,6-
trinitrotoluene (TNT). The co-polypeptide, comprising gluta-
mic acid (Glu) and lysine (Lys) units, was in situ doped into
PANi, resulting in the formation of PANi nanofibers.”*
Adsorptive stripping voltammetry showed that the poly(Glu-
Lys)-doped nanofibers confined onto GCEs exhibited a
remarkable enriching effect and thus a sensitive electrochemical
response to TNT, with a linear dynamic range of 0.5—10 uM
and a detection limit of 100 nM.

Thin films of microporous polymer networks (MPNs) have
been generated by electrochemical polymerization of a series of
multifunctional carbazole-based monomers.”*" Electrochemical
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sensing experiments with 1,3,5-trinitrobenzene as a prototype
nitroaromatic analyte, show an up to 180 times increased
current response on MPN-modified GCEs in relation to the
unmodified electrode (Figure 46). The phenomenon probably
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Figure 46. Linear scan voltammograms (after background correction)
for unmodified (inset) and PTPTCz-modified GC electrodes for a 0.5
uM TNB concentration, and (b) correlation of the current ratios
between modified and unmodified GC electrodes of the third cathodic
reduction peak of TNB versus the surface area of the MPN films (scan
rate = 001 V s7'). Reproduced with permission from ref 741.
Copyright 2015 American Chemical Society.

involves intermolecular interactions between the electron-poor
nitroaromatic analytes and the electron-rich, high surface area
microporous deposits, with the electrochemical reduction at the
MPN-modified electrodes being an adsorption-controlled
process at low scan rates. An electrochemical sensor based on
a molecularly imprinted polymer (MIP), obtained by a
noncovalent approach, involves a microporous-metal—organic
framework (MMOF) for the sensitive detection of TNT. The
MIP is formed in situ at the Au electrode surface via
electropolymerization of p-aminothiophenol-functionalized
AuNPs in the presence of TNT as the template molecule. A
linear response was obtained with a detection limit of 0.04
fM.”** This hybrid sensor exhibits sensitive recognition sites
toward TNT with good reproducibility and represents a
potential application for the detection of TNT in complex
matrices such as tap and natural waters.

A sensitive and selective electrochemical sensor for the
determination of nitrobenzene (NB) is based on a carbon paste
electrode (CPE) modified with poly(3,4-ethylene dioxythio-
phene) and CNTs. The modified CPE exhibits good
conductivity, a large surface area, and excellent catalytic activity
toward the electrochemical reduction of NB. Under optimal
conditions, the modified CPE is capable of detecting NB in the
0.25 to 43 M concentration range and with a detection limit at

4771

83 nM. Moreover, the sensor is highly stable and reusable and
free of interferences by other commonly present nitro
compounds. It was used to determine NB in wastewater
samples.”*

4.1.2.11. Nitrites. Nitrites occur naturally in soil, in water,
and in some foods, playing an important role in the
environment. They are toxic because an excess of nitrite in
blood has proven to promote an irreversible reaction with
hemoglobin. In addition, nitrite is recognized as a precursor to
form N-nitrosamines, the excess of which would generate
carcinogens.”** The electrochemical techniques have proven to
be considerably attractive because of their faster, cheaper, and
more advantageous real-time analysis for determining com-
pounds, and several nitrite sensors have been developed for its
detection during the last years using CPs.

Thionine was electropolymerized on carbon nanotube
(CNT)-modified glassy carbon (GC) to fabricate a poly-
thionine (PTH)/CNT/GC electrode since CNTs represent an
excellent nanomaterial to improve the electron transfer
between the electrode and nitrite with a sensitivity of 5.81
A mM™' and a detection limit of 1.4 x 107 M.”*® The
modification of a glassy carbon electrode with poly(toluidine
Blue O) (GC/poly-TBO) and single-walled carbon nanotubes
(SWCNTs) enhanced the electrocatalytic response for nitrite
oxidation, as measured by amperometry at +0.92 V and pH =
7./* Nitrite response was linear in the 0.001—4 mM range,
with a detection limit of 0.37 uM; this sensor was applied to a
wastewater sample, and the results were validated spectropho-
tometrically. Also a GCE was modified electrochemically with
GrO-doped PPy and flower-like Co nanostructures.”*” This
modified electrode had a synergistic effect between Co
nanostructures and GrO/PPy, and showed improved catalytic
behavior toward nitrite oxidation. An amperometric oxidation
current was found at 0.80 V with a linear range of 1.0—3.2 mM,
with a lower detection limit of 15 nM and a response time of 1
s; it was used for the determination of nitrite in pickled radish.
A poly(aniline-co-o-aminophenol)-modified glassy carbon elec-
trode (PAOAP/GCE) was used for aqueous nitrite detection.
The film was prepared by cyclic voltammetry by the
electrochemical copolymerization of both monomers (o-
aminophenol and aniline) and presented a higher nitrite
response compared to the unmodified electrode. The sensor
detected nitrites in the linear range from 5.0 X 107 to 2.0 X
107 M with a detection limit of 2 X 107 M.”** Four
amperometric sensors have been reported for nitrite detection
based on polyphenazines with CNT on GCE, PAA, poly(azure
A), poly(toluidine blue poly(thionine)), and poly(methylene
blue). A synergetic effect of the polymer and CNT led to
improved sensor sensitivity, while the bare GCE showed no
activity toward nitrite reduction; the highest sensitivity among
the four was poly(methylene blue), being 2530 A cm™> mM ™"
at +0.77 V vs Ag/AgCL%** Ordered PANi nanowire arrays and
CNT networks were integrated to create 3D nanostructured
PANi/CNT composites with high specific capacitance and
excellent cyclability (Figure 47); this material was used as
electrochemical sensor for nitrite detection with good
sensitivity, a low detection limit of 6.1 mM, and a fast response
time of less than S s.”* To improve the selectivity and
sensitivity for nitrite, many attempts have been made to
develop electrodes modified with conducting polymers, but it is
necessary to add some materials like CNT or GrO to reach low
detection limits.
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Figure 47. SEM images of electrodes modified with (A) CNTs, (B, C, D) PANi nanowire arrays, and (E, F) PANi/CNT nanocomposites.

Reproduced with permission from ref 749. Copyright 2016, Elsevier.

4.1.2.12. Diverse Cations. Potentiometric ion sensors or ion-
selective electrodes are an important electrochemical sensor
group. These sensors based on polymeric membranes
containing neutral or charged carriers (ionophores) are
available for the determination of inorganic ions and are of
interest in industrial and medical applications.”*” They can be
easily miniaturized and represent potentially a low cost
alternative. A conductive polymer based on N-phenyl-ethyl-
enediamine-methacrylamide is deposited by electropolymeriza-
tion over a thin film onto Au electrode forming an intermediate
layer of solid contact.””" The standard electrode potential, E,,
was 329.1 + 1.9 mV, and the limit of detection for calcium was
3.2 X 107 M (30.2 mV/pCa), with a lifetime of 3 months of
constant contact with solutions. This calcium sensor shows a
Nernstian response and sufficient selectivity over Na and K ions
present at physiological concentrations. CP films doped with
metal complexing ligands (MCL) can be made sensitive toward
calcium and magnesium, as well as copper, cadmium, lead, or
zinc cations.”*> When introduced to the CP layer as doping
anions, bulky MCLs are immobilized inside the CP film and
preserve their chemical properties known from water chemistry.
PPy—Arsenazo films were formed either at constant potential
or by cyclic voltammetry. For Mg, the slope was 28.9 mV/pMg
(for the first technique) and 27.4 mV/pMg (for the second),
but the standard potential values of both films differed by about
100 mV. Induced cadmium sensitivity was almost unchanged
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during a one-month soaking in 0.01 M CdCl,, and the slope
values were equal to 30.5 mV/pCd, 30.1 mV/pCd, and 31.1
mV/pCd after 1 day, 1 week, and 1 month, respectively.”>*
Electrochemical oxidation was also successfully applied to
induce copper or lead sensitivity of PPy or poly(l-
methylpyrrole) films doped with Arsenazo or calcon ligands.
For example, after electrochemical oxidation of the PPy—
Arsenazo film in a solution of pH = 7, a copper sensitivity with
a slope of 24 mV/pCu was induced. Lead sensitivity of the
PPy—calcon film was induced by electrochemical oxidation in a
solution of the calcon—lead complex at pH = 7. The PPy—
xylenol orange films showed slope values with respect to Zn
equal to 26.9 mV/pZn. Table 7 depicts a summary of the
sensors developed for cation detection.

When introduced to the CP layer as doping anions, bulky
metal complexing ligands (MCLs) are immobilized inside the
CP film and preserve their chemical properties known from
water chemistry. Complexation inside the polymer layer is
necessary for inducing preferred cationic sensitivity of the CP
films. It was shown also that formation of the complex inside
the polymer layer is necessary for inducing preferred open-
circuit sensitivity of the CP membrane.

4.1.2.13. Fluoride Anion. High concentrations of fluoride
that occur naturally in some groundwater can cause teeth
degradation disorders such as fluorosis. At lower concen-
trations, fluoride can inhibit tooth decay. For the prevention of
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Table 7. Sensitivity for Calcium, Magnesium, Copper, Lead,
and Zinc Cations

ion/CP matrix electrode sensitivity ref
Ca/N-phenyl- 30.2 mV/pCa 751
ethylenediamine-
methacrylamide
Mg/PPy-Arsenazo films 28.9 mV/pMg (potentiostatic) and 752
27.4 mV/pMg (cyclic voltammetry)
Cu/PPy-Arsenazo films 24 mV/pCu 752
Pb/PPy Calcon films 20 mV/pPb 752
Zn/PPy-xylenol orange 26.9 mV/pZn 752

films

dental caries, a fluoride concentration between 0.5 and 1.0 ppm
in drinking water is considered beneficial. Therefore, the
determination of fluoride anion concentrations has emerged as
an important goal.”>* A new calix[4]pyrrole compound bearing
an electropolymerizable EDOT (Figure 48) was prepared from
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Figure 48. Structures used in the synthesis of P(1-co-EDOT).
Reproduced with permission from ref 754. Copyright 2014 American
Chemical Society.

the carboxylic acid-functionalized CP (III) that was, in turn,
obtained from its corresponding ester derivative (II);
esterification then produced the EDOT-functionalized CP
(I). Electropolymerization of I with EDOT gave P(1-co-
EDOT). This copolymer was deposited on an ITO electrode
and used as a fluoride sensor in water. The detection limit for
the ITO/P(1-co-EDOT) electrode was found to be as low as
0.19 ppm in water.”>*

4.1.2.14. Thiol Derivatives. Widely distributed in living cells,
thiols are involved in many biological functions. The presence
of sulfur-containing amino acids such as cysteine (CySH) and
glutathione (GSH) can be an indication of some clinical
conditions and a variety of diseases. Based on this assumption,
considerable attention has been drawn to the investigation of
the electrochemical behavior of these biological compounds
and their determination.”® Hybrid electrodes, active toward
the electrooxidation of thiols by the coimmobilization of native
carbon nanotubes (CNTs) and cobalt phthalocyanine (CoPc),
were prepared from aqueous solutions where a hydrosoluble
pyrrole surfactant was used to obtain homogeneous aqueous
dispersions of CNTs and CoPc and to trap both materials on
the electrode via the electropolymerization of the pyrrole
surfactant. The hybrid electrodes exhibit good electrocatalytic
activity toward the oxidation of L-cysteine and glutathione
(Figure 49). Their performance in terms of limit of detection
(0.01 mM) is com;)atible with the detection of these thiols in
biological samples.”*®
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Figure 49. Calibration curves in 0.1 M NaOH deduced from cyclic
voltammograms for the detection of (i) CySH and (ii) GSH at
PPyC,,MIM'Br/CoPc/MWCNT GC-modified electrode. (b) Com-
parison of sensitivity and (c) limit of detection (LOD) and limit of
quantitation (LOQ) for the detection of CySH and of GSH obtained
at GCEs modified with either PPyC,;;MIMBr/CoPc/MWCNT or
PPy/CoPc/MWCNT films. Reproduced with permission from ref 756.
Copyright 2014 John Wiley and Sons.

4.1.2.15. Hydrazine. Hydrazine and its derivatives are widely
used in many industrial fields such as rocket fuels, photographic
chemicals, insecticides, herbicides, blowing agents, textile dyes,
and corrosion inhibitors. However, hydrazine is rather toxic and
carcinogenic and can severely injure lungs, liver, kidneys, and
brain.””” Therefore, it is of great importance to develop a
sensitive method to monitor the concentration of hydrazine in
real samples. PEDOT based sensors, PEDOT/lignosulfonate
(PEDOT/LS) composites electrogenerated on a glassy carbon
electrode by galvanostatic polymerization,”** can be combined
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Figure 50. (A) GCE/PEDOT/LS in PBS (pH = 7.0) (black curve), GCE/PEDOT/LS in PBS with 0.5 mM hydrazine (red curve), GCE/PEDOT/
ClO," in PBS (blue curve), and GCE/PEDOT/CIO," in PBS with 0.5 mM hydrazine (green curve) and (B) same as panel A for GCE/PPy/LS. The
inset in panel B shows the bare GCE electrode (black line) and the bare GCE electrode with 0.5 mM hydrazine. Reproduced with permission from

ref 758. Copyright 2016, Elsevier.

to produce materials showing remarkable electrocatalytic
activity toward the oxidation of hydrazine. The electrooxidation
of hydrazine occurs at a potential of 0.2 V (Figure 50).
Amperometric sensitivity values for PEDOT/LS films at
optimal thickness were determined to be 137 A mM™' cm™
with a detection limit of 1.65 M. The sensor showed high
reproducibility and good stability for hydrazine detection in real
water samples. A sensitive hydrazine hybrid sensor based on
Cu,O-decorated 3D poly(3,4-ethylene dioxythiophene) (3D-
PEDOT) was developed through a facile electrochemical
deposition and cyclic voltammetry treatment process.””” It
was found that 3D-PEDOT not only acts as a matrix to increase
the loading amount of Cu,O and enhances the conductivity but
also directly contributes to the catalytic oxidation of hydrazine.
Owing to the synergistic interaction between 3D-PEDOT and
Cu,O, the 3D-PEDOT—-Cu,O hybrid displayed enhanced
catalysis for hydrazine oxidation with a lower overpotential
requirement and a higher oxidation current compared to single
component Cu,O or 3D-PEDOT. It also exhibited a 1 order of
magnitude wider linear range (0.5 uM to 53 mM), 10-fold
lower detection limit (0.2 #M), and higher stability compared
to the sensor based on Cu,O. It was also used for the
determination of hydrazine in real water samples with a
satisfactory recovery. Once again, the high stability and
applicability of PEDOT matrix in sensors are demonstrated,
particularly for the case of hydrazine, where, combined with
metal oxide nanoparticles, it increases sensitivity.

4.1.3. CP Based Chemical Sensors for Analyses in Gas
Phase. 4.1.3.1. Generalities of Gas Sensors. The electrical
responses, such as electronic current or capacitance measure-
ment in a resistivity-type and capacitance-type sensor, play a
fundamental role in gas detection. As the sensing material of
the detecting device is exposed to the vapor of an analyte, the
measurable physical signals such as current, absorbance, or
acoustic variables may change.”® The electrochemical
techniques for chemical measurements have, in general, several
major advantages compared to other methods as commented
previously, and research about electrochemical sensors for
volatile organic compounds, carbon dioxide, NO,, ammonia,
and CH, is very active nowadays. Some approaches have been
developed to control long-term stability and selectivity of gas
sensors based on the conducting polymers.”®" Novel sensors
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can improve the sensing capabilities for gases, for example,
those that are used to monitor the environment. In this section,
some relevant examples of this kind of sensor, emphasizing
versatility of those based on CPs, will be reviewed. A
chemiresistive-type sensor (Figure 51) is the most common
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Figure S1. Simple chamber test for a chemiresistive sensor.

kind of sensor available; it usually consists of electrodes coated
with conducting polymer, with the resistance of the conducting
polymer changing with the chemical environment.

4.1.3.2. Volatile Organic Compounds (Hydrocarbons and
Alcohols). There are a variety of toxic volatile organic
compounds (VOCs) present during our daily life, including
alkanes and benzene derivatives; moreover, some gases
produced during metabolism in extremely low concentrations
(ppb to ppt) can be used as diagnostic markers for diseases.”*
Nanomaterials are ideal for such sensor arrays because they are
easily fabricated and chemically versatile and can be integrated
into currently available sensing platforms, like conducting
polymers. For electroanalysis, the large surface of CPs makes
them very attractive to increase the electroactive surface of
electrochemical gas sensors, yielding a better performance. An
example about these sensors is the work reported by Kukla et
al., where the conducting polymer films (polyaniline,
polypyrrole, and poly(3-methylthiophene)) doped with mineral
acids or monovalent anions as sensitive layers were deposited
on metallic arrays and used for chemical recognition of volatile
organic analytes.”*> The changes in film conductivity upon the
interaction with saturated vapors of volatile organic compounds
(acetone, benzene, xylene, amyl alcohol, ethyl alcohol, isobutyl
alcohol, isopropyl alcohol, toluene, and chloroform) confirmed
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Figure 52. Variations in sensor response toward ethanol vapor as a function of Ag concentration in PANi/Ag nanocomposite. Reproduced with

permission from ref 765. Copyright 2009 Elsevier.

the possibility of using CP film-based sensors for detection of
these VOCs.””> Pd—PANi nanohybrids using oxidation
polymerization with aniline solution containing Pd nano-
particles were successfully obtained by Athawale et al.”** These
nanohybrids can induce a specific interaction between
methanol molecules and imine nitrogen; specifically, the
positive charge on the imine nitrogen is reduced by interacting
with methanol in the presence of Pd nanoparticles. As a
consequence, there is specific selectivity of the nanohybrids
toward methanol vapor in gaseous mixtures methanol—ethanol
and methanol—isopropanol. The sensitivity was 8.9 X 10°
ppm™, as calculated from the slope of a plot of resistance
versus concentration. The linear increase in sensitivity was
observed up to 10 ppm methanol, and there after the sensitivity
became saturated. Choudhury’® developed highly specific
vapor ethanol sensors using silver/PANi nanohybrids. These
nanohybrids were prepared by in situ oxidative polymerization
of an aniline monomer in the presence of different contents of
silver nanoparticles. The PANi nanohybrids showed superior
ethanol sensing capacity when compare to pure PANi. Sensor
response increases linearly with increasing Ag concentration as
indicated in Figure 52 and showed the maximum sensing ability
(0.002 ppm™") with PANi/Ag-2.5 mol % sensor.

Wang et al.”® reported a crystalline PEDOT and a PPy-
based sensors that were used for vapor ethanol detection; both
showed a very good response toward saturated ethanol vapors.
The PPy-based sensor showed nonselective response toward
both ethanol and ammonia, whereas PEDOT demonstrated
very selective response toward ethanol only. The mechanism of
change in the resistance of the polymer nanowire is attributed
to swelling of the polymer and reduction in the number of
charge carriers on the polymer backbone. The electronic
properties and gas sensing response of nanowires containing
segments of PEDOT:PSS that were synthesized using anodic
aluminum oxide (AAO) membranes were studied by Dan et
al”®” This single nanowire based sensor showed very good
response to all three gases with linear responses toward
methanol up to 50% of its saturation concentration and toward
acetone up to about 80% of its saturation concentration with
sensitivity of about 6% and 8% per % saturation, respectively.
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For concentrations higher than these, the sensors showed
irreversible resistance changes, whereas for ethanol they
showed saturation at higher concentration (Figure 53), sensor
response and recovery time of a few seconds, and excellent
reproducibility across devices.
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Figure 53. Average of the relative resistance of a set of four nanowire
sensors increases with increasing methanol concentration. (b) Relative
differential resistance response of the sensors as a function of analyte
concentration for acetone, methanol, and ethanol. Lines are drawn as a
guide to the eye. Reproduced with permission from ref 767. Copyright
2007 Elsevier.

A highly efficient CH,, gas sensor was developed by mixing
functionalized (MWCNT-COOH) and nonfunctionalized
multiwalled carbon nanotubes (MWCNTs) with polyaniline
(PANi) yielding conducting nanocomposites (PANi/
MWCNTs and PANi/MWCNT-COOH) in a CP matrix.”*®
These conducting nanocomposites showed excellent sensing
performance toward CH, at room temperature, and in both, the
response and recovery times were around S s. The PANi/
MWCNT-based detector had shorter response time (1 s), as
well as a higher sensitivity (3.1%) than that of the PANi/
MWCNT-COOH-based sensor. Surrounding vapors alter the
electronic state of the polymer chains, the number and
distribution of charges, affecting interchain charge carrier
hopping, and electrostatic interactions with counterions; all
these factors influence finally the conductivity of the sensor.

DOI: 10.1021/acs.chemrev.7b00482
Chem. Rev. 2018, 118, 4731-4816


http://dx.doi.org/10.1021/acs.chemrev.7b00482
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.7b00482&iName=master.img-054.jpg&w=299&h=211
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.7b00482&iName=master.img-055.jpg&w=226&h=107

Chemical Reviews

4.1.3.3. Triethylamine. Triethylamine (TEA), as one of the
toxic gases released from petrochemicals, harvested fish, and
other aging seafood, has caused a serious threat to the
environment and human life. The development of highly
sensitive sensors for accomphshmg rapid and real-time trace
detection is necessary.’”” An ingenious sensor based on a-
MoO;/PANi hybrids was fabricated by Bai et al.”’® It was done
by loading @-MoOj nanorods on poly(ethylene terephthalate)
(PET) thin film as a building framework, and then PANi was
deposited on the framework via in situ chemical oxidation
polymerization (Figure 54). The sensor presented high
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Figure 54. Schematic diagram of fabricating conducting film based on
a-MoO;/PANi hybrids. Reproduced with permission from ref 770.
Copyright 2017 Elsevier.

sensitivity, good selectivity to TEA, a linear response from 10
to 100 ppm TEA at room temperature, and a low detection
limit of 0.55 ppm. In addition, fabrication is simple and shows
flexibility.

4.1.3.4. Ammonia. Rapid detection of ammonia at low
concentration is desired in diverse applications like security
systems, environmental analysis, explosives, and fertilizer
industries, as well as in medical diagnosis.””' Due to the pair
of electrons on nitrogen, ammonia acts as a Lewis base and
upon interaction with a p-type conducting polymer, which
shows dedoping due to the recombination and loss of positive
charge carriers, resulting in an increase in CP resistivity.

Doping/dedoping is reversible reaction and the original
conductivity can be recovered just by simply removing the
analyte gas from the sensor. Several publications on ammonia
sensing using this principle have recently been reported and will
be discussed in this section.

Among the barriers for these sensors, the poor diffusion of
ammonia into the bulk of the CP’s matrix required additional
investigations to achieve enhanced performance. The use of
nanostructures’ '~ was one approach to overcome this difficulty.
High density large area conducting polymer nanostructure
fabrication methods were developed. Using a silicon stamp with
gratings fabricated by e-beam lithography, polymer gratings on
silicon surface were replicated by a technique called nano-
imprint lithography (NIL). PPy was deposited on the silicon
substrate by immersing the substrate in a monomer solution
containing a dopant and a substituted monomer (silanized
derivative), which showed improved adhesion with the silicon
surface. Subsequent lift off left the conducting polymer
nanowire replica with the desired diameter and pitch dictated
by gratings on the silicon stamp (Figure SS). The sensor
showed excellent response toward ammonia with detection
limit of 40 ppm and sensitivity of 0.06% per ppm of ammonia
up to 300 ppm concentration due to its behavior as a Lewis
base.

The effect of ammonia and water on the conductivity of
polyaniline has been investigated along with the polymer
adsorption capacity.”””> Films of polyaniline/dodecylbenzene-
sulfonate acid (PANi/DBSA) are prepared starting from
suspensions of infusible emeraldine base, obtained by using
dodecylbenzenesulfonate acid (DBSA) both as a dopant and as
a surfactant to aid dispersion. The electrical resistance of PANi/
DBSA films exposed to ammonia increases linearly with the
NH; concentration in the range of 5 to 7 ppm. Wang et al. 766
reported an ammonia sensor based on network of high quality
nanowires electrochemically fabricated. These sensors based on
polypyrrole showed a very good reproducible response toward
1000 ppm of ammonia with change in the resistance (AR/R,)
of about 350%. The sensor also showed very good recovery.
Similarly, an array of parallel polypyrrole nanowires connected
using gold pads that were deposited with shadow mask method
was used to detect ammonia gas. Very fast and reproducible
responses of sensors toward ammonia gas were reported””* by
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Figure S5. Schematic representation of high density conducting polymer nanowire fabrication methods. (A) High density conducting polymer
nanowire fabrication method employing NIL generated polymer gratings for predefined nanowire diameter and pitch. (B) Variation of method in
panel A for high density conducting polymer nanowire array fabrication by employing embossing of conducting polymer film using a silicon stamp
with predefined features. Reproduced with permission from ref 772. Copyright 2010 Elsevier.
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Figure 56. AFM images of conducting polymer dot arrays fabricated using NIL and a lift-off process: (a) 800 nm diameter polypyrrole dots with a
center-to-center distance of 3 ym (array size 56 ym X 56 ym); (b) 800 nm diameter polypyrrole hole arrays (left part of the image) with a 2 ym
separation (array size SO ym X 48 ym); (c) PANi nanowires (650 nm wide separated by 400 nm, wire array area 15 gm X 15 ym). Reproduced with
permission from ref 774. Copyright 2006, Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 57. Real-time conducting polymer nanowire device response to ammonia gas for pressures ranging from 0.1 X 107 to 100 X 107 bar. The
data is normalized by the resistance R/R(t = 0) of the device prior to each exposure. (b) Plot of the normalized resistance of the sensor at exposure
time t = 150 s versus ammonia pressure. Reproduced with permission from ref 775. Copyright 2006 Wiley-VCH Verlag GmbH & Co. KGaA.

Dong et al. using high-density conducting-polymer nanostruc-
tures fabricated through a combination of nanoimprint
lithography (NIL), a copolymer strategy, and a lift-off process
(Figure 56). These nanowire arrays function as nanosensors of
ammonia. For the same concentration, their response scaled
inversely with the nanowire size. Smaller width (300 nm)
nanowire showed about twice the response when compared to
S pm wide nanowires at 240 ppm ammonia concentration,
emphasizing the advantage of using nanostructures for
improved sensor performance. Kemp et al.”” reported single
polyaniline nanowire deposition between two platinum nano-
electrodes deposited using focused ion beam (FIB) technique.
This technique can be used to make chemiresistor type sensor
devices, and the effectiveness of these in the detection of
ammonia gas at levels as low as 0.1 X 107° bar has been
demonstrated (Figure 57). This device showed reversible
response to different ammonia concentrations, while at higher
concentration it showed saturation with small irreversibility.
Ammonia sensors were also fabricated from a single
conducting polymer nanowire based sensor utilizing chemically
polymerized polypyrrole in the pores of alumina template.””®
The sensor showed excellent response toward ammonia with
detection limit of 40 ppm and sensitivity of 0.06% per ppm of
ammonia up to 300 ppm concentration. Once again the
response is based on the interaction between lone-pair
electrons of NH; with the semiconducting p-type polymer
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matrix. The sensor sensitivity and detection limit are also
influenced by the inherent flaws of sensor architecture,
specifically the electrode—polymer contact resistance; therefore
sensor design has a crucial role in sensor performance. A single
dodecyl sulfate doped polypyrrole nanowire with maskless
electrodeposited nickel contacts showed improved sensitivity
toward ammonia gas. By securing or anchoring polypyrrole
nanowires using selective maskless metal electrodeposition on
the contact pads, significant reduction in the noise level of
single polypyrrole nanowire sensor was observed. A marked
improvement in the sensitivity from about 0.14% to 0.63% per
ppm of ammonia was obtained by Hangarter et al.”””

The use of carbon nanotubes as templates for the
electrochemical fabrication of polyaniline nanowires was
demonstrated by Zhang et al.”’® These thin nanowire (98 +
S nm) based sensors showed excellent sensitivity of 2.44% R/R,
per ppm of ammonia with an outstanding detection limit of 50
ppb. Polyaniline deposited sensors showed marked improve-
ment (~60 times) over bare carbon nanotube sensors. These
polyaniline nanowire sensors showed excellent sensitivity even
at higher temperatures. Nanoparticle-doped CPs have shown
interesting sensitivity; for example, the electrical response from
Pd-encapsulated PPy nanoparticles toward NH; was very fast
and stable at the range of the 50—200 ppm of NH;.””” This
nanocomposite of polypyrrole and palladium was fabricated by
a facile method involving thermal dynamic refluxing of Pd salt
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Figure 58. Current responses of a sensor made of TiO, microfibers encased with PANi nanograins to different concentrations of NH; gas as a
function of time (left) and reproducibility of the sensor exposed to 10 ppb NHj gas (right). Reproduced with permission from ref 781. Copyright

2010 American Chemical Society.

Table 8. Conducting Polymer Based Sensors for Ammonia and Sensitivity Parameters Reported

sensor element

polyaniline/dodecylbenzenesulfonate acid
nanoimprint lithography (NIL); subsequently, conducting polymer (PPy)

array of parallel polypyrrole nanowires connected using gold pads

high-density conducting-polymer nanostructures fabricated by nanoimprint
lithography (NIL), a copolymer strategy, and a lift-off process

single polyaniline nanowire

polypyrrole in the pores of alumina template

dodecyl sulfate doped polypyrrole nanowire with maskless electrodeposited nickel

carbon nanotubes as templates for electrochemical fabrication of polyaniline
nanowires

Pd-encapsulated PPy nanoparticles
PEDOT nanotube hybrids with silver nanoparticles
PANi and electrospun titania fibers
PANI and electrospun titania fibers

poly(3,4-ethylene dioxythiophene)—polystyrene sulfonic acid (PEDOT:PSS) and 1-6 ppm
CNT

sensitivity ref

linearly with the NH; concentration in the range of S to 7 ppm 773
detection limit of 40 ppm and sensitivity of 0.06% per ppm of ammonia 772
very good reproducible response toward 1000 ppm of ammonia with 766

change in the resistance (AR/R,) of about 350%.

S um wide nanowires at 240 ppm ammonia concentration 774
0.1 X 107 bar 775
lower detection limit was 40 ppm 776
sensitivity from about 0.14% to 0.63% per ppm of ammonia 777
detection limit of 50 ppb 778
fast and stable in the range of 50—200 ppm of NH; gas 779
1 ppm and less than 1 s 780
high response to 50 ppt of NH; 781
high response to 50 ppt 781
782

and encapsulation of Pd nanoclusters with PPy by vapor phase
polymerization. Gas sensory properties of the nanocomposite
greatly depended on the size of Pd nanoparticles and the
morphology of the composite film. PEDOT nanotube hybrids
were utilized as the chemiresistor in the ammonia sensor with
good conductivity and high affinity toward NH; by silver
nanoparticles,”*” where the highest sensitivity and fastest
response time toward NH; (1 ppm and less than 1 s) can be
obtained with PEDOT nanohybrids owing to the silver
nanoparticles dispersed on the surface of PEDOT nanotubes.
Gong et al.”®' fabricated unique conducting polymer nano-
grains using PANi and electrospun titania fibers, leading to the
ultrasensitive NH; gas sensor. Moreover, the chemoresistive
ammonia sensor based on titania/PANi nanohybrids was
developed with electric current switches that can be operated
by the resistance change from a p—n heterojunction when NH;
gas is absorbed by PANi nanograins (Figure 58). A high
response to 50 ppt of NH; gas has been achieved.

Two types of conducting polymers, PEDOT:PSS and PANi
with carbon nanotubes, were used and compared for their
ammonia gas sensing properties at room temperature.782 Both
sensors exhibit excellent sensitivity but poor recovery from
ammonia gas sensing at room temperature. When compared to
PANi, a PEDOT:PSS polymer composite was found to be
more sensitive (with sensitivity of ~16%) with a faster response
time (~15 min). Table 8 summarizes the variety of methods for
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preparation of ammonia sensors recently reported, as well as
the principle of ammonia detection, being a very active field of
research nowadays. It involves the interaction of the gas
molecules with the conducting polymer and other incorporated
materials, being, in most cases, metallic nanostructures whose
electrocatalytic activity is very well used. The sensitivity
parameters differ greatly, making difficult their comparison
among the various sensors, as is done in the case of analytes in
solution. In general, it can be seen from the table that the
smaller the device, the lower the concentrations of gas that can
be detected in a shorter time.

4.1.3.5. Nitric Oxides (NO and NO,). Nitric oxide (NO)
plays an important role in various biological processes. Its
production in the central nervous system is linked to the
control of certain mechanisms and states like body temperature,
sleep, and appetite. The review prepared by Bedioui relates the
efforts of sensing this gas by electrochemical techniques and
sensors before 2010.”** Recent work published in the literature
in this field uses novel CPs as matrix sensor. Thus, a flexible gas
sensor for NO detection uses conducting poly[N-9'-heptade-
canyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1’,3'-benzothia-
diazole)] (PCDTBT), which is a highly conjugated polymer, as
the sensing material.”** PCDTBT is highly selective for NO
detection with a very good response up to S ppm (toxic limit =
25 ppm) (Figure 59). Its long-term environmental stability was
confirmed by 35-day measurements that showed it to be a
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Figure 59. Flexible NO gas sensor based on conducting polymer PCDTBT: (a) Current—voltage characteristics, (b) dynamic response to different
NO concentrations, (c) selectivity of the sensor for different gases, and (d) sensitivity of the sensor to commercial-grade NO concentration.

Reproduced with permission from ref 768. Copyright 2017 Elsevier.

reliable and effective material for this application. PCDTBT gas
measurements under bending conditions displayed improved
performance, opening the door for its application as a novel gas
sensing material in a flexible NO gas sensor.

Geng and colleagues prepared PPy nanohybrids by means of
mechanically mixing PPy with WO;. Acting as an electro-
chemical sensor, this composite exhibited a gas sensitivity up to
1000 ppm for NH;, H,S and NO,’® H,S detection was
excellent at low temperature (ie, 90 °C) with PPy/WO,
sensors demonstrating fast response and recovery time, as
well as a linear relationship with H,S concentration. The
sensing mechanism of PPy/WO; materials to H,S may be
attributed to a coeffect of a proton—polymer interaction and
changes in resistivity due to the semiconducting properties of
the PPy/WO;. Composite resistance increased rapidly with
temperature, and their sensitivity toward H,S disappeared. The
same research group prepared PPy/y-Fe,O; nanohybrids using
chemical oxidation of Py with Fe(IlI) and used them for the
detection of NH; and H,S.”*® Using these CP nanohybrids as
transducers, a sensitivity difference depending on the different
Fe(IlI)—Py mole ratios was demonstrated. The composite
required annealing for H,S sensing and showed a strong
temperature dependence. The maximum sensitivity of these CP
nanohybrids toward NH; or H,S was obtained with a Fe(III)/
Py mole ratio = 3:1, and the sensitivities obtained for these
gases were 48.5 and 31.4 times higher for the first gas as
compared to the second one.

The in situ chemical oxidative polymerization of thiophene in
the presence of SnO, gave nanocomgposites (PTh/Sn0,),
which were applied to NO, detection.”*” The SnO, particles
were coated with a PTh shell that was several nanometers thick.
Both sensitivity and selectivity can increase by controlling the
PTh mass percent (ie, 1—30%) at different temperatures
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(Figure 60). The definition of gas sensitivity, S, is the ratio of
V,/V, in which V; and V, represent the voltage of the sensor in
the testing gas and clear air, respectively.

An excellent NO, gas sensor was created using PANi/In,O;-
NP nanofiber composites.”*® Deposition of these nanohybrids
on a surface acoustic wave (SAW) lead to fast responses and
recovery times with good repeatability at room temperature.
The conductivity of PANi/In,O; increased with NO, exposure,
indicating that NO, gas can act as a doping agent for the PANi/
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Figure 60. Sensitivity of PTP/SnO, composites to 150 ppm of NO, at
different temperatures. S is the ratio of V/V,, in which V, and V,
represented the voltage of the sensor in testing gas and clear air,
respectively. Reproduced with permission from ref 787. Copyright
2008 Elsevier.
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In,0O; system. Based on this sensing mechanism, the detection
limit of the PANi/In,O; nanohybrid was ca. 510 ppb.

A composite made from hydrated tungsten oxide (WO,)—
chitosan-co-polyaniline (CHIT-co-PANi) was electrochemically
prepared on an indium tin oxide (ITO)-coated glass surface
using a mineral acid as a supporting electrolyte.”*” The
composite electrode exhibited a 3D nanofibrous structure with
a nanofiber diameter of 20—100 nm. The modified electrode
was used in the amperometric detection of NO, gas in acidic
media without interferences. The current decreased linearly
with an increase in NO, gas concentration in the range from
100 to 500 ppb, with a response time of 8 s at a pH = 2.0 and
using 0.25 V vs Ag/AgClL

4.1.3.6. Carbon Monoxide and Carbon Dioxide. The study
of potentiometric gas sensors with CO-sensing properties, relies
on an anion-conducting polymer (ACP) as the electrolyte and
metal oxides (In,0;, ZnO, or Co;0,) with and without Au
nanoparticles as the sensing elements.””’ They showed
excellent and rapid CO response with relatively high CO
selectivity versus H,, as well as excellent long-term stability. Au
loading (0.5 to 2.0 wt %) in wet synthetic air (at 57% relative
humidity, RH) was selected as a condition for CO sensing. All
oxide sensors showed relatively small electromotive force
changes (i.e., responses) to both CO and H,. However, In,O;
sensors loaded with 2.0 wt % Au and ZnO improved their CO
response dramatically against H, in the concentration range of
10—3000 ppm. A low cost, easy to build, resistive-type CO, gas
sensor made of poly(3,4-ethylene dioxythiophene) (PEDOT)
and branched polyethylenimine (BPEI) layers was fabricated on
an interdigitated electrode.””’ The sensor showed no response
(i.e, % of conductivity increase) when the CP film was made of
a PEDOT layer without any BPEL Its response increased to a
value of 3.25% upon the addition of a layer of BPEL Regarding
selectivity, it showed a higher response for CO, than for O,.
Use of the same PEDOT—BPEI sensor device in 1000 ppm of
CO, at room temperature and 95% RH for several cycles did
not show a decay of its response, proving its reusability. The
observed increase in conductivity upon CO, exposure was
caused by the production of HCO;™ ions during the reactions
between the amine functional groups of BPEI, ambient
moisture, and CO,. This caused a redoping in the underlying
p-type PEDOT film.

4.1.3.7. Miscellaneous Gases. Dimethyl methylphosphonate
(DMMP) is a nerve gas simulant with a similar chemical
structure to sarin gas, which is used as a chemical weapon
owing to its extreme potency as a nerve agent.””~ Phosphoryl
groups in DMMP cause hydrogen-bond interactions with
protons of functionalized CP nanomaterials or nanohybrids.
PPy nanohybrids can be produced by electrochemical
incorporation in the presence of a cationic surfactant such as
cetyltrimethylammonium bromide (CTAB) and copper
phthalocyanine (CuPc) to yield multidimensional PPy/
(CuPc)/CTAB/NaClO,.””” Such sensors showed significant
frequency shifts in a quartz microbalance at various DMMP
concentrations. The highest sensitivity change was achieved at a
lower concentration of DMMP vapor (ie., S ppm), but as this
increased from S to 210 ppm, the sensitivity decreased, which
indicates sensor saturation. This modified electrode can be used
for the detection of emulators of the nerve agent in field
conditions without any interference from other chemical vapors
like methanol, acetone, ethanol, benzene, hexane, and toluene.

Hydrogen sulfide (H,S) from industrial processes is among
the most highly toxic and corrosive gases. Low concentrations
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(i-e., above 250 ppm) can lead to death. It can have potential
uses in terrorist attacks since it is colorless, flammable, and
heavier than air.””* Hydrogen sulfide can interact with PANi via
a doping mechanism, which may result in a measurable
conductivity change. This was demonstrated by incorporating
transition metal chlorides (ZnCl, CdCl,, and CuCl,) into
PANi nanofibers, utilized as transistors for 10 ppm H,S
detection.””> Such hybrid PANi chemical sensors presented
measurable resistance changes upon exposure to 10 ppm H,S
(Figure 61).
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Figure 61. Resistance changes of PANi nanofiber films containing
ZnCl,, CdCl,, and CuCl, on exposure to 10 ppm of H,S. Reproduced
with permission from ref 795. Copyright 2005 Wiley-VCH Verlag
GmbH & Co. KGaA.

Chemiresistor sensors were fabricated by potentiostatic
electrodeposition of PANi, PPy, and poly(3-methylthiophene)
(P-3MTp) in the gap of two planar Au electrodes on a Teflon
substrate.””® The change in electrical resistance was monitored
after exposing the electrode array to the headspace of oil
samples. Different signals were obtained for each coconut oil
sample, and pattern recognition techniques were employed for
data analysis. This system can distinguish virgin coconut oil
(VCO) from refined, bleached, and deodorized coconut oil
(RBDCO), flavored VCO, homemade VCO, and rancid VCO.
Vapor diffusion of volatile organic compounds into the polymer
matrix causes an increase in the interchain distance and affects
electron flow in the polymer chains.

4.1.4. Chiral Conducting Polymer in Sensor and Chiral
Applications. 4.1.4.1. Introduction to Chiral Conducting
Polymers. Some conducting polymers, like polypyrrole,””’
polyaniline,””" and polythiophenes,*> have attracted much
attention due to their well-known chemical stability in the
undoped and doped states, high #-conductivity, and facile
derivatization. Moreover, their excellent electrochemical
stability facilitates tuning the physical and electronic properties
of the polymer for use in a wide range of applications in
chemistry and organic electronics (see preceding sections). In
order to control the properties of the resulting conducting
polymers, different synthetic strategies have been used to
functionalize them; chirality is not an exception, and in this
section the different synthetic strategies used for the
introduction of chirality to these conducting materials will be
discussed. This chiral material has been called chiral conducting
polymer (CCP).””” The chiral interface of electrodes with CCPs
deposited on them has been mainly exploited in chiral sensors,
while other technological applications have also been described
recently and will be discussed in the final part of this sensors
section.
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The synthetic challenge of preparing new organic molecules
to mimic the role of biological molecules has drawn significant
interest, and chiral compounds are often required to succeed.
The presence of chirality in conjugated polymers offers the
possibility of overcoming the inefliciency or high cost of the
biological molecules, thus making chiral sensors a promising
field of research for electroanalysis. The strategies used to
prepare chiral conducting polymers are summarized in Scheme
3. The chirality is introduced in the conducting polymers via

Scheme 3. Strategies for the Preparation of Chiral
Conducting Polymers®

R* R* R R
a b
[) = 10 o [ = [y
S § In S S In
“(a) Via polymerization of the corresponding chiral monomer

precursor; (b) via polymerization of the achiral monomers in a
solvent/chiral supporting electrolyte solution. * = chirality.

polymerization of the prepared chiral monomer precursor’”®
(a) or via polymerization of the achiral monomers in a solvent/
chiral supporting electrolyte solution’”” (b).

In this section, the syntheses and characterization of chiral
conducting polythiophenes using both synthetic approaches
will be described. The syntheses and applications of other
families of chiral conducting polymers, such as polypyrrole and
polyaniline derivatives, have been exhaustively described by
Kane-Maguire and co-workers,””” whereas there have been
limited reports of chiral polythiophenes® and of their
environmental stability, which makes them promising materials
for technological applications.*”’

4.1.4.2. Chiral Polythiophenes via Electrochemical Oxida-
tion. Several monothiophenes bearing chiral biological
molecules were prepared in 1977 by Macco and co-work-
ers.**>*” In dichloromethane (CH,CL,), the cyclization of a 2-
chiral olefin monothiophene (1) in the presence of SnCl, gives
a mixture of two asymmetric steroid-based thiophenes, 2 and 3,
with a yield of 50% each (Scheme 4). Other similar substituted

Scheme 4. Synthesis of Steroid Based Thiophenes

i oe
sncl, i H
S CHCLe5°C [/ i \
s s % s
R R
) 2 (50 %) 3(50 %)

compounds with the tert-butyl group (R) have been
synthesized. However, the a-substitution of thiophene blocks
the polymerization chain of the steroid-thiophene. This
example shows the limitation of this synthetic strategy where
the @ and @' positions need to be unsubstituted to permit the
polymerization.

The first chiral conducting materials based on polythio-
phenes were disseminated by Lemaire and co-workers in
1988.°>* Monothiophene monomers substituted in the 3-
position by R-(—)- and S-(+)-phenylbutanol were prepared
(Scheme S). After a six-step syntheses of thiophene 3, R-(—)-
and S-(+)-phenylbutanols were added to obtain chiral
monothiophenes 5-R and $-S, respectively.
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The electropolymerizations of 5-R and 5-S were performed
in nitrobenzene using a platinum anode and aluminum wire as a
cathode to give the electroactive polymers polyS-R and polyS-S.
A compact chiral film with a conductivity of 1 S/cm was
deposited on the surface of the electrode. Both undoped chiral
films of poly5-R and poly5-S showed a maximum absorption at
445 nm and exhibited a high specific rotation, as opposed to
their corresponding monomers.

Since then, a wide range of synthetic methods for a variety of
conducting polythiophene precursors bearing chiral motifs has
been clevelopecl.797 As an example, a series of monothiophenes
(1), terthiophenes (II), and 3,4-ethylene dioxythiophene (III)-
bearing amino acids (R¥) have been prepared (Scheme 6); the
synthetic strategies are discussed below.

4.1.4.2.1. Amino Acid-Functionalized Oligo- and Poly-
thiophenes. The condensation reaction of a 3-thiophene
carboxylic acid with Dr-alanine methyl ester hydrochloride
(pL-Ala-OMe, HCI) in the presence of hydroxybenzotriazole
(HOBT) and N,N-dicyclohexylcarbodiimide (DCC) at room
temperature in CH,Cl, yields the desired product (6), which is
then converted to the corresponding alanine-monothiophene 7
in methanol and NaOH/HC], as shown Scheme 7.%%°

A similar procedure has been used to prepare mono-
thiophenes bearing various amino acids such as L-leucine
(Leu)®® and proline (Pro)™” as highlighted in Scheme 8 (8—
14). The amino acids are either directly attached to a thiophene
or else bridged by a methylene group. The prepared chiral
monomers are very stable in the presence of organic solvents
and moisture.

Although the electropolymerization using repeated cycling in
cyclic voltammetry of the chiral monothiophenes 6—14 occurs
in acetonitrile (ACN)/tetrabutylammonium hexaphosphate (n-
Bu,NPF), no film has been successfully deposited on the
surface of the platinum electrode. The high oxidation peak
potential (1.6—2.0 V vs Fc'/Fc) and the poor adhesive
properties of their corresponding chiral polymer precluded any
deposition of the films on the surface of the platinum electrode.
To circumvent this limitation, electro-copolymerization of a
proline-thiophene (14)*°” was performed in the presence of
2/4-ethylene dioxythiophene (EDOT). EDOT is an ideal
candidate for such copolymerization due to its excellent
stability in both states, high conductivity, and stable electro-
chemical properties of its corresponding polymer polyE-
DOT.****%%% Electropolymerization at different monomer
ratios yields a copolymer that combines EDOT and
monothiophene 14 features as shown in Scheme 9.

The CO stretch IR absorptions at 1730 and 1635 cm™
observed in Figure 62 (left) correspond to the carboxylate and
amide groups of the proline, which confirm the success of the
electrochemical copolymerization. Moreover, identical carbonyl
CO absorptions are observed in polyl4 obtained by chemical
oxidation of 14 using FeCl, (Figure 62, right).

4.1.4.2.2. Amino Acid-Functionalized Oligo- and Poly-
terthiophenes. In addition to amino acid-functionalized
monothiophenes, several terthiophene monomers bearing
alanine and leucine have been prepared in several steps as
shown in Scheme 10 for alanine-terthiophene, 17.89%
Dibrominated 3-thiophene acid with pr-Ala-OMe HCI in
CH,Cl, and HOBT/DCC affords dibrominated thiophene—
Ala-OMe, 15, which via Stille cross-coupling reaction gives
terthiophene—Ala-OMe 16 (50%). The latter was converted to
the corresponding acid in CH;OH and NaOH/HCI (94%).
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Scheme 5. Synthetic Route of 5-R and 5-S and of Their Corresponding Conducting Polymers
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Scheme 6. Monothiophene- (I), Terthiophene- (II), and 3,4-
Ethylene Dioxythiophene (IIT)-Bearing Amino Acids (R¥)
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Following this procedure, several terthiophenes (18—22)
bearing pr-alanine®” and r-leucine®*® have been prepared.

The electrochemical properties of the prepared monomers
were examined by cyclic voltammetry, and the E,,, (i, the
average of oxidation and reduction peak potentials) of all chiral
polymers 16—23 are summarized in Table 9. It is noteworthy
that the conjugation enhancement of amino acid-functionalized
terthiophene led to lower oxidation potentials (0.600—0.800 V/
vs Fc*/Fc) and therefore to prevention of the overoxidation of
the deposited polymer.”'® Moreover, the monomers with a
methylene linker exhibited lower oxidation peak potentials than
those without it, which can be attributed to the electrodonating
behavior of the linker.*"'

The electroactive chiral polymers were obtained successfully
by electrochemical oxidation of 16—23 using cyclic voltamme-
try are presented in Scheme 11. These optically active polymers
are very stable and their coloration/discoloration is reversible.
As an example, the electropolymerization of L-leucine-function-
alized terthiophene 23 (0.01 M) was performed in ACN/n-
Bu,NPF; solution (1 M) through repeated cycling beyond the
oxidation potential of the terthiophene component (0.670 V vs
Fc'/Fc).

The ten scan electropolymerization CV curves of 23 are
shown in Figure 63 (top-left). The peak current increases with
each successive scan, confirming the deposition of a poly23 film
on the surface of the platinum electrode. In a solution of
monomer-free ACN/supporting electrolyte, poly23 displays
excellent stability in both doped and undoped states, and the
transition is fully reversible. The peak current remains constant

and no significant change or degradation of electrochemical
behavior was observed over 100 CV scans (Figure 63, top-
right).

The optical properties of the chiral polythiophenes 16—23
examined on an indium tin oxide (ITO) electrode are similar.
They are dark blue in the doped state and orange in undoped
states (Figure 63, bottom-left). Moreover, ATR spectra show
characteristics of carbonyl stretching absorptions present in the
polymers. Although the chiral polymers have been charac-
terized by CV, UV—vis, and IR, the morphology of these
polymers should be studied by SEM (scanning electron
microscopy). The influence of the chiral center on the
geometry of the backbone polymers in the doped and undoped
states needs further investigation by circular dichroism (CD).
The stable poly23 chiral polymer has been tested for the
detection of bioorganic molecules (Figure 63, bottom-right). Its
capacitive current decreased by 30% in the presence of a free -
Ala-OMe (1-Ala-OMe or L-Leu-OMe) as a result of the
formation of hydrogen bonds on the surface of the chiral
polymers.*’* Similar behavior has been reported for oligonu-
cleotide-functionalized polythiophenes.®"**"*

4.1.4.2.3. Amino Acid-Functionalized PolyEDOT Deriva-
tives. Chiral disubstituted EDOT with chiral alkyl groups and
their corresponding optically active polyEDOT was developed
by Caras-Quintero and Biuerle in 2004.”"* They found that the
optical properties of the polymer depended on the nature of the
chirality present on the backbone polymers. The syntheses of
other chiral polyEDOTS bearing 1-Ala-Boc®'® (Poly25) and 1-
phenylalanine®'” (Poly27) have been achieved and used to
detect L-ascorbic acid and 3,4-dihydroxyphenylalanine (Scheme
12).

Poly25 was deposited on a glassy carbon electrode (GCE) in
CH,Cl,/n-Bu,NCIO, (0.1 M) by electropolymerization of 25,
prepared by reaction of 24 and N-(fert-butoxycarbonyl)-L-
alanine.”'® A similar procedure has been followed for the
electrosynthesis of poly27 using 26 as a precursor.®'’

4.1.4.2.4. Chiral Alkyl Side Chain Polythiophenes. Several
polyacetylenes bearing chiral side chains have been prepared via
chemical polymerization.”'**'* The analysis using UV—vis and
circular dichroism [CD] spectrometers of the resulting chiral

Scheme 7. Condensation Reaction To Obtain (6) along with the Corresponding Conversion to (7) in NaOH/HCI
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Scheme 8. Chemical Structures of Monothiophenes Bearing Different Amino Acids
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Scheme 9. Electro-copolymerization of 14 and EDOT in ACN
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Figure 62. FTIR spectra of polyl4 (left) and polyEDOT-14 (right). Reproduced with permission from ref 807. Copyright 2011 Elsevier.

conjugated polymers shows that the chirality is present in the
side chain and in the polymer backbones. The chiral methyl
group induces chirality in the 7-conjugated system. Moreover,
the intensity of the CD spectra increases when the temperature
of the polymer solution decreases, therefore validating that the
main chain has a flexible helix structure. Using an electro-
chemical method, a polyEDOT bridged by a chiral side chain
was developed by Akagi and co-workers in 2010.°*° The Stille
cross-coupling reaction®”"*** of (R)- or (S)-dibromobenzoic
acid 1-methyl heptyl with 3-tributylstannyl-3,4-ethylene dioxy-
thiophene in the presence of a Pd(PPh,),Cl, offers either 28-R
or 28-S (Scheme 13).

The electrochemical oxidation of 0.01 M 28-S (28-R) in
ACN/n-Bu,NClO, (0.1 M) solution using repeated CV cycling
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between —1 and 1 V (vs Ag/AgCl) facilitates the deposition of
poly28-S (poly28-R) on a Pt electrode (Figure 64).

Poly28-S and poly28-R exhibit similar electrochemical
properties, and their oxidation potentials were —0.514 V (vs
Ag/AgCl), in agreement with the value found for polyEDOT
derivatives bridged by a phenyl group.*** Since the chiral group
is not directly attached to the electroactive species, the chiral
groups have no significant effect on the electrochemical
properties of poly28-S and poly28-R. The doped polymer is
green (750 and 1500 nm), and the neutral form is purple (540
nm). The doped state of the polymer backbone is planar due to
the quinoid structure (Figure 6Sa, right), thus limiting the
movement of the chiral center, whereas the neutral polymer has
a benzenoid structure and therefore the polymer adopts a
helical structure similar to that of polyalkylthiophenes (Figure
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Scheme 10. Electrosynthesis of Polyl6 and Polyl7
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Table 9. Electrochemical Potentials of Amino Acid—
Terthiophenes and Their Corresponding Polymers®***’° in
ACN

compound E," or [Ey] (V vs Ec'/Fc) + 0.02 V
16 [poly16] 0.720 [0.400]
17 [poly17] 0.720 [0.430]
18 [poly18] 0.650 [0.350]
19 [poly19] 0.610 [0.300]
20 [poly20] 0.830 [0.510]
21 [poly21] 0.880 [0.480]
22 [poly22] 0.660 [0.400]
23 [poly23] 0.670 [0.410]

“Oxidation peak potential in the first scan using a scan rate of 0.1 V/s.
Number in brackets indicates the oxidation potential of the polymer.

65b, left).824 Furthermore, the oxidized form of poly28-S shows
a weak CD signal because of the planarity of the structure and
the intercalation of the dopant (ClO,”). The helical structure
and the freedom of the chiral centers between the EDOTs in
the backbone polymer are at the origin of the CD signals
observed for the neutral form. In addition, scanning electron

observed between the neutral and doped forms. The oxidized
form of poly28-S displays a swollen morphology (Figure 65c,
right), and the neutral form has a twisted and shrunken
morphology (Figure 6S5c, left). These changes in morphology
between the neutral and doped forms are reversible and can be
tuned by the electrochemical oxidation/reduction of the
polymer.

4.1.4.3. Electrochemical Oxidation of Achiral Thiophene
Monomers in Chiral Media. A method in which a chiral
nematic liquid crystal (N-LC)* is used to prepare helical
polyacetylene with a one-handed screw structure was
reported.*”> The results indicate that the chiral liquid crystal
plays an essential role in formation of the helical structure, not
only at the molecular level but also at the macroscopic level.
The addition of a small amount of an optically active molecule
as a chiral dopant to the media induces the formation of a chiral
nematic liquid crystal with a helical structure. The technique
uses as chiral electrolyte a cholesteric liquid crystal (CLC)
containing (R)- or (S)-1-binaphthyl-2,2-bis-trans-4-pentylcyclo-
hexyl-phenoxy-1-hexyl ether (PCHS06-Binol) as chiral inducer
(Scheme 14). In this way, the electrosynthesis of chiral

microscopy (SEM) confirms the differences in morphology polythiophene poly29 was achieved.*****
Scheme 11. Chemical Structure of Electroactive Chiral Polymer Precursors
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Scheme 12. Electrosynthesis of polyEDOT Bearing L-Alanine Derivatives
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Figure 64. (left) Electrochemical polymerization using cyclic
voltammetry for the synthesis of poly28-S in 0.1 M TBAP in
acetonitrile, scan rate: 20 mV/s. (right) Cyclic voltammetry of
monomer-free poly28-S in 0.1 M TBAP/acetonitrile solution: (a) 10,
(b) 20, (c) 40, (d) 60, (e) 80, and (f) 100 mV/s. Reproduced with
permission from ref 820. Copyright 2011, American Chemical Society.

As example, the electropolymerization of bithiophene 29 was
successfully carried out in this media. Due to the low ionic
conductivity of the electrolyte, the polymers were prepared
potentiostatically using two parallel ITO electrodes separated
by a narrow gap; cyclic voltammetry destroyed the macroscopic
helical structure of the chiral LC. Both chiral polymers poly29-
R and poly29-S display similar electrochemical properties. They
adhere well to ITO electrode and show a quasi-reversible redox
wave in monomer free electrolyte solution. Their CD spectra
show that poly29-R and poly29-S have the same degree of
chirality but opposite sense (Figure 66) and exhibit a Cotton
effect similar to chiral polythiophenes prepared via chemical
polymerization.*****’

Similar behaviors have been observed for polyEDOT
prepared by the same method using the same chiral inducer
((R)- or (S)-PCHS06-Binol) and liquid crystal solvent.**" It
was found that none of the chiral molecules or chemicals

contained in the electrolyte reacted with the monomer during
polymerization as revealed by the analysis of the corresponding
chiral polymers. Moreover, the polarized optical microscopy
(POM) demonstrates that the resulting chiral conducting
polymers have a specific morphology that replicates the LC
texture in which it was formed. The (N-LC)* electrolyte plays
the role of chiral matrix.

Another strategy for preparing chiral liquid crystals using
deoxyribonucleic acid (DNA) as chiral inducer has been
developed.”' DNA in low concentration forms a lyotropic
chiral nematic liquid crystal in sodium chloride aqueous
solution. This property was used to prepare an asymmetric
electrolytic medium for the potentiodynamic electrosynthesis
of polyEDOT (Scheme 15).

In order to follow the deposits by CD, ITO electrodes were
used. The analysis showed a negative maximum around 500
nm. The conducting polymer obtained presented a honeycomb
pattern morphology attributed to an aggregation state of
polyEDOT chains in the medium. DNA (N-LC)* provides a
sequential pattern equivalent to a molecular mold during
electrosynthesis (Figure 67).

A similar approach, using EDOT as monomer, was carried
out in aqueous solution containing hydroxypropyl cellulose
(HPC) as polymeric lyotropic liquid crystal (LC). Potentiody-
namic polymerization of EDOT in the HPC solution afforded
an insoluble and infusible chiral thin conducting film on the
ITO electrode.**>**> SEM and circular differential interference
contrast (C-DIC) optical micrographs of the obtained polymers
showed a multicolored surface and a unique pattern, properties
attributed to the LC texture of HPC, that are transferred to the
conducting polymer during the electropolymerization (Figure
68A,B). The chiral polyEDOT/HPC exhibits strong CD,
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Figure 65. Electrochemical doping and dedoping processes of a chiral polyEDOT derivative, poly28-S in a TBAP electrolyte system. Changes in (a)
electronic structures between neutral and oxidized states and electrochromic color, (b) interchain helical z-stacking structure, and (c) morphology.
Reproduced with permission from ref 820. Copyright 2011 American Chemical Society.
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Scheme 14. Preparation of Chiral Polythiophene poly29 (R or S) Using a Liquid Crystal Chiral Electrolyte Containing R- or S-

PCHS06-Binol as Chiral Inducer
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Figure 66. Poly29-R and poly29-S films in oxidized and reduced
states. The oxidized and reduced states of the polymer were produced
by applications of potential (+1.3 V, oxidized state; 0.1 V, reduced
state vs Ag/Ag*) in 0.1 M n-BuNCIO, acetonitrile solution.
Reproduced with permission from ref 826. Copyright 2005 American
Chemical Society.

Scheme 185. Chiral polyEDOT from DNA as a Chiral Inducer
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electrochemical stability, and reversible color change between a
dark blue for the reduced state and sky blue for the oxidized
state (Figure 68C).

Chiral polyEDOT deposited on ITO electrode from the
electropolymerization of ter-EDOT in the presence of
cholesteric liquid crystal (cholesteryl pelargonate) displays a
fingerprint surface and a helical molecular arrangement similar
to that of cholesteric liquid crystal (CLC) as shown by POM
images (Figure 69, left).”***> These POM observations were
confirmed by the SEM images. Using CLC as chiral inducer,
polyEDOT adopts a helical structure produced by transcription
from the CLC and aggregates to create fibril surfaces during the
electropolymerization process. CD measurements of the
polymer films show the presence of the Cotton effect, which
is associated with the presence of polarons during the
electrochemical oxidation/reduction. ESR signals (Figure 69,
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Figure 67. Optical response of chiral PEDOT grown in a DNA (N-
LC)*. The ORD spectrum was calculated from the CD spectrum by
K-K transformation. Reproduced with permission from ref 831.
Copyright 2005, John Wiley and Sons.

right) confirm also the presence of radical resulting from
polarons.

Furthermore, Goto and co-workers investigated the structure
adopted by the chiral poly30 during the electropolymerization
reaction in the presence of a chiral inducer R,R or S,S (Scheme
16) under a magnetic field (4 T).**

The electropolymerization of 1,4-di(2-thienyl)benzene, 30,
was carried out in a sandwiched cell with a constant voltage
under a magnetic field (B = 4 T) to afford either poly30-R or
poly30-S. Without a magnetic field, POM images reveal that
poly30-R and poly30-S adopt helical shape of the LC molecules
in the identical pathway observed for the electrosynthesis of
poly29 (Figure 70b,d). However, with a 4 T magnetic field,
poly30-R or poly30-S display strip texture parallel to the
applied field (Figure 70e,f).

4.1.4.4. Selected Chiral Polythiophene via Chemical
Polymerization. Another method to prepare conjugated
materials described in the literature is the chemical oxidation
of the parent monomers.””’~** Using FeCl, as oxidizing agent,
Nilsson and co-workers constructed polythiophenes bearing
chiral amino acids (poly31), see Scheme 17.%**7%* They stated
that the stereochemistry of the side chain does not influence
the absorption properties of the polymers.
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Figure 68. (A) SEM image of polyEDOT*/HPC. (B) Circular differential interference optical image of polyEDOT/HPC. (C) Optical responses of
polyEDOT*/HPC. Reproduced with permission from ref 832. Copyright 2006, American Chemical Society.
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Figure 69. (left) Polarizing optical microscopic (POM) image of chiral polyEDOT* prepared in unoriented cholesteric electrolyte solution at
different magnifications. (right) ESR spectra of polyEDOT* at —0.7 V, —0.5 V, and —0.3 V vs Fc/Fc*. Reproduced with permission from ref 83S.

Copyright 2007, The Royal Society of Chemistry.

(R)-(=)-2-(3’-Thienyl)ethyl N-(3”,5”-dinitrobenzoyl)-a-
phenylglycinate and (S)-(+)-2-(3'-thienyl)ethyl N-(3”,5"-dini-
trobenzoyl)-a-phenylglycinate are other examples of optically
active monothiophenes prepared by reaction of 3-(2'-
iodoethyl)thiophene and either (R)-(—) or (S)-(+)-N-(3,5-
dinitrobenzoyl)-a-phenylglycine in ACN and in the presence of
1,8-bis(dimethylamino)naphthalene as proton sponge (Scheme
18). 32-R and 32-S were obtained with a yield of 51% and 49%

and display optical rotation of —76 and +76, respectively.**’
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Chemical oxidation of 32-R and 32-S using FeCl; offers
poly32-R and poly32-S with a yield of 60% and 70%
postpurification. Both polymers are highly porous and show
similar infrared characteristics. The infrared peaks at v(cm™) =
1742 and 1652 correspond to the CO present in the ester and
amide functionalities, respectively (Figure 71). Moreover, the
chirality is maintained for both polymers, and the optical
rotation values are —29 for poly32-R and +28 for poly32-S,
which are surprisingly lower than the ones found for the their
parent monomers.
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Scheme 16. Electropolymerization of 1,4-Di(2-
thienyl)benzene (30) under a Magnetic Field B = 4 T
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Figure 70. (a) Polarizing optical microscopy (POM) image of (R)-
CLC electrolyte solution containing the monomer at rt. (b) POM
image of poly30 synthesized in (R)-CLC electrolyte solution (poly30-
R). (c) POM image of (S)-CLC electrolyte solution containing the
monomer at rt. (d) POM image of poly30 synthesized in (S)-CLC
electrolyte solution (poly30-S). (e) POM image of PTBTA4T
synthesized in (R)-CLC electrolyte solution under magnetic field
(poly30-R). (f) POM image of PTBT4T synthesized in (S)-CLC
electrolyte solution under magnetic field (poly30-S). Reproduced with
permission from ref 836. Copyright 2014 Elsevier.

Scheme 17. Poly31 Molecule
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In 2007, Reynolds and co-workers succeeded to incorporate
another side chain (25)-ethylhexyl and (2S)-methylbutyl on
3,4-propylene dioxythiophene (ProDOT) to form chiral
disubstituted ProDOT 33 and 34 by transetherification of the
intermediate dialcohols and 3,4-dimethoxythiophene.*** After
dibromination of 33 and 34, followed by nickel-catalyzed
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Grignard metathesis polymerization developed by McCul-
lough,** chiral poly33 and poly34 were synthesized with a
yield of 60% and 75%, respectively (Scheme 19). The presence
of such chiral substituents increases the solubility of the
polymer in organic solvents and can be used to study the
aggregation process by CD spectroscopy. The CD spectra of
the deposited films present maxima at 501 and 627 nm for
poly33 and at 512 and 637 for poly34 (Figure 72). These
results are similar to the ones found in solution. The chiral
polymers poly33 and poly34 form helical aggregates similar to
chiral alkyl-polythiophene.***™**® The conductivity of doped
spray-coated film with iodine was measured by four-point-
method and found to be 0.3 and 4 S/cm for poly33 and poly34,
respectively. The band gaps of thin deposited films are 1.98
(poly32) and 1.88 €V (poly34).

A similar strategy has been followed by Bazan and co-
workers to prepare conjugated benzotriazole—thiophene
donor—accesptor (D-A) copolymers bearing chiral ethylhexyl
side chain.*"” Copolymerization was chosen in order to
overcome the poor solubility of the benzotriazole homopol-
ymer, which limits the characterization of its chiral properties in
solution. The introduction of chiral side chain ((S)-3-
bromomethyl)heptane on dibrominated benzotriazole 35
followed by a Stille cross coupling reaction polymerization®*’
with bis(Me;Sn)thiophene in the presence of Pd(PPh;), yields
the chiral copolymer poly36 as depicted in Scheme 20.

The optical property studies of poly36 show that the UV—vis
and CD measurements in dichlorobenzene depend on the
temperature. At 25 °C, poly36 shows an absorption maximum
at 572 nm and a second peak at 622 nm. At 110 °C, the peak at
622 nm decreases and was not recovered after cooling for a
week (Figure 73a). Moreover, a decrease in CD measurement
signals is also observed at 110 °C. However, CD signal is
recovered partially after cooling (Figure 73b) suggesting that
the aggregation is not fully reversible.

In a related study, two benzothiazole—thiophene conjugated
copolymers bearing chiral ethylhexyl side chains, poly37 and
poly38 (Scheme 21), have been synthesized following similar
procedures as those for the synthesis of the copolymer
poly36.°>" They also found that the optical properties and
the aggregation of these donor—acceptor copolymers in
solution depend on the temperature.

In poor solvents, the high formation of aggregates in poly37
enhances the degree of anisotropy, g, in comparison to poly38.
The aggregation is also translated in thin deposited solid film as
demonstrated by the CD measurements. However, no CD
signal is observed for poly38 revealing no formation of
aggregates in solid thin films explained by the presence of the
nitrogen of pyridine that favors the planarity of the backbone
polymer.

4.1.4.5. Application of Chiral CPs in Electroanalysis. When
a chiral molecule or a bioorganic molecule is attached to the
conducting polymer backbone, it is possible to prepare chiral or
biological grobes activities of which have led to the design of
sensors.”>”~*>* Chiral conducting polymers have shown
potential in several applications, including the recognition of
bioorganic molecules. For example, luminescent chiral poly-
thiophenes have been used to detect proteins such as insulin.*>®
In addition, potentiometric chemosensors based on molecular
imprinted polymers (MIP),”*”%® such as functionalized
polythiophenes, have been develoged to identify cancer
biomarkers, for example, neopterin. 56 Using this method,
concentrations as low as 0.15 mM of neopterin have been
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Scheme 18. Synthetic Route of Poly32-R (Poly32-S)
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Figure 71. Infrared spectrum of poly32-R (poly32-S). Reproduced
with permission from ref 843. Copyright 2006, Elsevier.
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successfully measured in serum samples. Similar, MIPs based
on polythiophenes substituted with a fluorophore transducer
have also been developed for the detection of explosive and
toxic nitroaromatic compounds such as 2,4,6-trinitrophenol
(TNP).*” Other chiral conducting polythiophenes have served
as enantioselective chemosensors for the discrimination of
alanine and phenylalanine enantiomers.*****” The current of
the chiral electroactive polymer modified electrode changes in
the presence of these target biomolecules, a potential
application in biosensors.

A similar strategy has been recently used to discriminate
chiral stereoisomers of dlllydrO)?Ilphenyl alanine (L-DOPA and
p-DOPA), and tryptophan.****" The chiral recognition motif

Figure 72. Comparison between CD spectrum and first derivative of
the absorption spectrum for of poly33 (a) and poly34 (b).
Reproduced with permission from ref 844. Copyright 2007 American
Chemical Society.

was introduced as a side chain on the EDOT molecule; this
monomer was then oxidized on a GCE via repeated cyclic
voltammetry in the ACN/Bu,NPF system to form either chiral
R- or S-poly(EDOT). Although R- and S-poly(EDOT) present
similar electrochemical behavior, these chiral conducting
polymers display excellent enantioselectivity toward L- and D-
DOPA. As observed in cyclic voltammetry (CV), square wave
voltammetry (SQV), and differential pulse voltammetry

Scheme 19. Synthesis of Poly33 and Poly34”

OMe

OHOH

“Conditions: (i) pTSA; (ii) NBS, MeMgBr, Ni(dppp)CL,.
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Scheme 20. Synthesis of Poly36
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Figure 73. (a) Normalized optical absorption spectra of poly36 in 0.01 mg mL™" DCB at 25 °C before (blue) and after (green) thermal treatment
and (b) CD spectra of poly36 in 0.01 mg mL™" DCB at 25 °C (blue), 110 °C (purple), and 25 °C 1 week after thermal treatment (green).
Reproduced with permission from ref 849. Copyright 2016, American Chemical Society.

Scheme 21. Chemical Structure of Poly37 and Poly38

(DPV), the resulting faradaic current from the interaction of R-
poly(EDOT)/L-DOPA and S-poly(EDOT)/p-DOPA is con-
siderably higher in comparison to the resulting faradaic current
from R-poly(EDOT)/p-DOPA and S-poly(EDOT)/L-DOPA
interactions. The differences in faradaic current are reasoned to
be due to the fact that the right-handed/left-handed or left-
handed/right-handed interactions are more favored. Similar
observations have been found for the detection of trypto-
phan®" and ascorbic acid®® stereoisomers using similar
electrochemical methods.

Furthermore, chiral conducting materials can be also used
either as spin filters to improve the efficiency of LED/OLED
systems863 or as electromaégnetic protecting materials against
electromagnetic pollution.*** They allow for the injection of
selective spin states; as such they can affect the energy
consumption of spin-LED and spin-OLED based devices. The
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spin selectivity was achieved through deposition of a thin layer
of chiral conducting polythiophene onto a nickel electrode,
which was then magnetized using a permanent magnet in solid
state devices. When the magnetic field is up, the resulting cyclic
voltammetry (CV) current changes its sign from oxidation to
reduction. However, due to the spin filter characteristics of the
chiral conducting polythiophene, the sign of the current
remains the same when the magnetic field is down. Other
chiral conducting materials such as polypyrrole are being tested
as electromagnetic protecting materials against electromagnetic
pollution.**®

4.1.5. The Future of CPs in Electroanalysis. From the
literature discussed above, it is clear that research on
conducting polymers is still growing very quickly, including
new synthetic routes, electrode modifications, and material
combinations toward high-performance electrodes.*® The
efficient combination of different nanoscale materials with
CPs may open new avenues to elaborate enhanced elements for
high performance electrochemical sensing platforms.*”” Cur-
rent developments focus on the possibilities of tailoring their
individual and combined 3D structures to produce new
improved modified electrodes.”’ In addition, conducting
polymer matrix fine-tuning (i.e., main skeleton, reactive or
side chains, counterions, and retained solvent) as well as the
magnitude of change of the composition-dependent properties*
like conductivity, volume, color, stored charge, stored ions,
ionic diffusivity, and intermolecular forces represent a very
important field of research to expand the use of and obtain
better analytical performance from these electrochemical
sensors. The different CP polymerization methods generate
different positions or arrangements of the active sites for
interfacial charge transfer, thus providing an interesting way of
enhancing interfacial contact between the incorporated
materials (e.g., catalysts) and the polymer matrix.” A thorough
understanding of these properties and their interrelationships

DOI: 10.1021/acs.chemrev.7b00482
Chem. Rev. 2018, 118, 4731-4816


http://dx.doi.org/10.1021/acs.chemrev.7b00482
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.7b00482&iName=master.img-092.png&w=345&h=93
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.7b00482&iName=master.img-093.jpg&w=344&h=130
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.7b00482&iName=master.img-094.png&w=219&h=174

Chemical Reviews

would allow better control of their electrochemical, chemical,
and mechanical properties with a consequent beneficial impact
on applications, not only in the analytical field but also in other
very promising technological areas such as those mentioned in
this review.

An additional major advantage of these systems involves the
possibility of building miniaturized devices, thus facilitating in
situ measurements. Furthermore, the information from such
measurements can be obtained in real time®® and in digital
format directly downloadable into computers, which saves
laborious work of separate analysis. This considerably reduces
processing times and costs and increases the precision and
efficiency of the measurements. The electrochemical sensor
domain is therefore a multidisciplinary field**® of rich
interaction between different areas like fundamental chemistry,
materials, and engineering sciences. Commercial applications
require the collaborative work of all these specialists to develop
a marketable prototype.

Significant variations are still found for the different sensors
depending on their composition and polymerization meth-
0d.>* Enhanced electron transfer in the different materials has
been claimed as the main reason for this, and therefore
properties like charge hopping through the material, or effective
charge migration through the polymer are parameters that also
require deep study and a better understanding in new CP-based
materials. This is important because effective electron transport
inside the matrix leads to more eflicient electrocatalytic
reactions of target analytes.””> On the other hand, the doping
level is also a critical parameter to control since it deeply affects
the CPs’ electrochemical properties that are associated with the
analytical signal used for sensing."*” Systematic and homoge-
neous report schedules of these electronic properties in future
electrochemical sensor reports would permit a gain in
reproducibility among different laboratories. Morphology and
roughness values in CPs used as sensors are rarely reported,
particularly at the nanometer scale, although the nature of the
polymerization method is known to change the ultimate CP
structure. These arguments suggest that there is not a “magic
recipe” to find the best sensor for a specific application, but the
systematic and planned research for optimized experimental
parameters during sensor construction are a must.

Chiral conducting materials are attractive bioorganic
molecules that can be used as alternatives to biological
molecules in sensor devices among other technological
applications; therefore, introducing chirality in the polymer
backbone is an important topic in this field. Electrochemical
methods offer the possibility of preparing modified electrodes
with chiral CPs via oxidation of chiral monomers or in a chiral
supporting electrolyte/solvent system. In the first approach, the
key step to assemble chiral conducting materials is the synthesis
of chiral precursors; here although numerous synthetic
approaches have been reported, the design of new synthetic
methods remains a challenge. The second approach requires
chiral conducting polar media to permit the electrochemical
reaction to occur; new media like chiral conducting ionic
liquids*”® or deep eutectic solvents®”' could be interesting
options.

Thus, this section underlines not only the unique
physicochemical properties of the components but also their
possible synergistic effects, which could lead to numerous
electrochemical sensors covering a wide variety of chemical
analytes. With current advances in versatile, inexpensive, and
reliable techniques for fabricating sensors, CPs will most likely
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be used as sensory materials to produce the new generation of
sensors with commercial applications in a broad range of fields
like health care, fitness, and military. Future research may
facilitate the development of advanced sensors with applica-
tions in the food industry, clinical and point-of-care diagnostics,

and the design of biofuel cells.

5. FINAL REMARKS ABOUT CONDUCTING POLYMERS
IN THE REVIEWED APPLICATIONS

As have been discussed within this review, catalytic behavior,
structural changes, high conductivities, and particular electro-
chemical and optical properties are among the exceptional
attributes of conducting polymers. Additionally, these materials
can be economically and conveniently prepared in large scale
via chemical or electrochemical approaches. Major advances in
material science, in particular, the interesting field of nano-
science and the development of composite compounds, have
opened a wide range of possibilities to create and manipulate
the morphology and structure of these materials, as well as
prepare conducting polymer-based composites with metallic
nanoparticles, carbon nanotubes, graphene, and other electro-
catalytic compounds incorporated into the structure. Both
aspects can increase their performance and give rise to a
plethora of possibilities for their use in technological devices.
The applications mentioned in this review are just the tip of the
iceberg of the vast possibilities for use of conducting polymer
based materials in the wide range of promising technological
areas. This makes them, for example, one of the future lines of
research that will generate new electrocatalysts to increase the
performance of known processes or opens the door to the
expected flexible organic electronics. Deeper insights into the
catalytic mechanisms of the CP-based practical applications like
organic and dye-sensitized solar cells, fuel cells, batteries,
supercapacitors, photocatalysts, electrochemical water splitting,
and environmental applications are required to achieve a full
comprehension of the chemistry behind them and propel their
use with strong chemical foundations.

A good knowledge of the relationships among polymer
components and their bulk properties will permit system-
atization of their construction. This would open the gate to a
vast possibility of applications based on the individual
properties of the components and of their mixtures to fine-
tune desired properties. Theoretical approaches to predict and
explain the properties of pure CPs and their composites also
merits exploration with modern computational tools.

Efficient scale-up of the diverse synthetic methods and of
stability control are two requirements to achieve large scale
applications of conducting polymers. The first one involves
optimizing the preparation routes to control the length chain of
the polymer, as well as the dispersity and processability of the
doping materials with the desired morphology for each
application. The second implies that the different monomeric
units used in the design of the CPs are by themselves stable
enough, so that when bound together the CP preserves its
stability. Particularly important is the stability toward water and
oxygen to facilitate manipulation in environmental conditions;
such factors obviously impact the final price of the desired
application.

Fast developments in CP synthesis together with the
availability of new techniques for property characterization
and the large diversity of monomers that can be used to
construct skeletons will permit development of new applica-
tions based on CPs with properties adjusted by careful material
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selection. The variety of compounds that can be used to dope
CPs will also contribute to this objective. Therefore, we believe
that these materials will be among those that will facilitate
technological change in the near future in diverse chemical
industries.
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