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Abstract The paper highlights the intrinsic role of the
conducting polymers (CPs) in CP-based electrochemical sens-
ing devices. The effects of specific parameters of the electro-
chemical synthesis and overall measurement protocol, such as
nature of the solvent and doping ions, the characteristics of the
electrochemical polymerisation procedure, the nature of the
CP-carrying substrates, and the composition of the medium
used for the electroanalytical measurement, are discussed in
an attempt to provide guidelines necessary for optimisation of
CP-based electrochemical sensing. The lesser stability of CPs
is also addressed as one of the main possible drawbacks of
these materials in comparison to inorganic-based sensors.
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Introduction

Since the discovery in 1977 [1], electrically conducting poly-
mers (CPs) continue to attract considerable attention due to
numerous potential applications in various fields, e.g. in

organic electronics, electrochromic devices, sensors, actua-
tors, and fuel cells. Their involvement in chemical and bio-
chemical sensing has been the subject of numerous studies in
the last decades (see review papers [2–36]). Both CPs and
various CP-based composites have been extensively explored
as sensing materials for a number of chemical species, e.g.
neurotransmitters, drugs, environmental pollutants, organic
fuels, components of foods, gases, and flavours. In particular,
in electrochemical or bioelectrochemical sensors, similar ma-
terials play the role of transducers, being complemented by a
second, selective component in the frame of a composite ma-
terial, or once properly functionalised, they act as both recep-
tors of the analytes and transducers of the sensing signal.
Biosensors are usually based on immobilised enzymes,
DNA, or antibodies as specific biological receptors that react
with the analyte species. In these cases, the CP materials con-
stitute the chemically inert matrix for the immobilisation of
bioreceptors, and their role is to provide the necessary electri-
cal conductivity to transduce the occurrence of the coupling
event into the analytical signal. In such a view, it is usually
presumed that the CP substrate does not interact with the an-
alyte species and the main effort is put into finding suitable
ways for immobilisation of the receptor species. Biosensing
involving CP materials was already extensively overviewed
[21–34] and remains out of the scope of this work.

As mentioned above, CP materials constituting an electro-
chemical sensor may be involved in chemical or electrochem-
ical reactions that make them selective agents and transducers
at the same time. In this case, complex CP properties come into
play, such as inherent redox activity, usually coupled with the
sensing reaction; electronic and ionic conductivities, combined
with ionic and solvent transport; conformational and structural
changes; and also significant variations in the electronic and
optical properties. Most importantly, even considering a single
CP material, these characteristics depend significantly on an
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unlimited number of possible variables, so that the comparison
between individual reports, in terms of electroanalytical behav-
iour, remains usually of little relevance. An additional obstacle
to sound comparisons lies in the fact that in many investiga-
tions, the influence on the sensing signal of the parameters
adopted for the CP synthesis and the measurement procedures,
as well as the crucial point of CP stability and durability, is
overlooked. Thus, although the studies in the field of CP-
based sensing are nowadays abundant, in the prevailing num-
ber of cases, they remain on the empirical trial and error level,
without addressing the complexity of the investigated systems.

In this respect, it is worth emphasising that the community
of researchers working on the basic issue of the electrochemical
properties of CP-based systems has not so far established stan-
dard procedures for the synthesis of CP materials and standard
ways to define CPs’ relevant performance. As a result, a sound
comparison between the behaviour exhibited by a series of CP
electrodes, differing by just one characteristic, constitutes a
very rarely affordable work.Most often, at least two parameters
vary at the same time, for instance nature of the included coun-
ter ion and polymer thickness, solvent where the system works
and analyte considered, and so on. This is the reason why the
work of establishing a sort of ranking of the performance of
CP-based sensing systems with respect to defined situations is
actually both a very hard and most indispensable job.

The area of chemical, specifically of electrochemical sens-
ing, is covered by several review papers [2–22] that discuss
specific aspects, e.g. particular CP materials, mainly
polyaniline (PANI) [16, 21], polypyrrole (PPY) [6],
polythiophenes [13], CP-based composites [14, 18, 19], par-
ticular analytes [5, 15], or specific applications [7–12, 17,
20–22]. The goal of the present paper is not to overview the
whole area, but rather to stress on particular parameters of the
CP synthesis and measurement protocol, in an attempt to pro-
vide some useful guidelines necessary for optimisation of CP-
based sensing devices. We refer to study cases that show the
influence on the sensing performance of various factors, e.g.
the nature of the solvent and of the doping ions used in the
synthesis, the characteristics of the electrochemical polymeri-
sation procedure, the nature of the underlying CP-carrying
substrates, and the composition of the medium used for the
measurement. Finally, we consider also the durability of CP-
based sensors, the poor stability of the coating constituting
one of the main possible disadvantages of these materials in
comparison to inorganic-based sensors.

CPs combined with a number of inorganic and organic
components, such as metal and metal oxide particles, carbon
nanotubes, graphene, and graphene oxide, are the subject of
numerous studies and review papers. On the other hand, in
similar composite materials, it is often hard to discriminate the
roles played by the individual components. Synergic action,
which does not allow separation of roles, is also invoked and
sought whenever combining two different materials.

Therefore, also due to the room taken by the present contribu-
tion, all studies concerning CP-based composites should nec-
essarily remain out of considerations.

What is in the origin of chemical sensing by means
of CPs

The first point to address here is how the CP material interacts
with the analyte species (ions ormolecules) in order to activate
sensing. The answer depends on the type of transduction
mechanism that is operative. CP materials undergo easy
oxidation/reduction reactions upon exposure to corresponding
reductive or oxidative chemical agents, respectively, such as,
for instance, gases and flavours, which can constitute the an-
alyte species. The chemically induced conversion of the CP
into the oxidised or reduced state results in significant electri-
cal resistance changes of the material, covering occasionally
several orders of magnitude. This resistive response is in the
origin of CP-based gas sensors and also of so-called CP-based
electronic noses [8, 9, 21, 22, 37].

In the case of amperometric sensors, an electrochemical
reaction takes place at the CP coating that is basically in the
oxidised, high-conducting state. The CP is expected to play
the role of a mediator of the charge transfer and eventually to
act also as a binding agent facilitating inner sphere charge
transfer. Only polymer sites available in a thin layer at the
CP–solution interface are usually considered to be involved
in the reaction with the electroactive species, whereas further
shift of electrons occurs through the conducting CP bulk.
Finally, transduction into a signal, specifically current flow,
of the event occurring at the CP–solution interface takes place
at the conducting substrate–CP coating interface. The kinetics
of the possible reactions, either redox-mediated or precursor
complex formation-based and redox-mediated at the same
time, are considered in details in Ref. [38]. The latter mecha-
nism was suggested in studies on ascorbic acid (AA) oxida-
tion on PANI-coated electrodes [39]. It was assumed that a
thin layer at the polymer–solution interface plays a mediating
role and the surface reaction is of Michaelis–Menten type

CPox þ AA− !km CPoxAA
−½ �

CPoxAA
−½ �→kcat CPred þ DAA

CPred →
ke
CPox þ 2e− þ Hþ

Here, CPox and CPred denote oxidised and reduced sites at
the polymer surface, respectively, and AA− is the ascorbate ion
and DAA the reaction product, i.e. the dehydro-L-ascorbic acid.

Inner sphere redox mediation (Michaelis–Menten-type re-
action) could be operative in cases where a significant de-
crease in the overpotential of the electrochemical reaction is
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found to take place on CP-coated electrodes (in comparison to
conventional noble metal or carbon electrodes).

It is worth mentioning that in some electroanalytical inves-
tigations with CP-modified electrodes, electrocatalysis is in-
voked to account for increased currents, no shift in the charge
transfer overpotential being observed. In such a case, it should
be actually concluded that there is no electrocatalytic effect of
any kind, but rather an increased electroactive area or addi-
tional advantageous CP-based effects. These may be ascribed,
for instance, to the formation of a nanostructured surface mor-
phology, inducing diffusion regimes of the electroactive spe-
cies more effective than the planar diffusion [40].

CP-coated electrodesmay also provide a better environment
for impeding the fouling of the electrode surface. Such effects
could originate from specific hydrophobic/hydrophilic and/or
electrostatic repulsive interactions between the polymer-
modified surface including CP chains and specific CP-doping
ions on the one hand, and analyte, intermediate, or final prod-
ucts of the sensing reaction on the other hand. Similar interac-
tions oppose the irreversible adsorption and consequent elec-
trode surface fouling, which often constitutes one of the most
severe problems in electroanalytical measurements.

Finally, CPs become also involved in potentiometric sens-
ing where either their ability to exchange ions or specifically
their pH-dependent redox chemistry are exploited [10]. As far
as ion exchange is of major importance in these cases, the
polymer bulk structure plays a key role in such applications.
It is known that the type of synthetic procedure (chemical or
electrochemical) and the synthetic and operative media (ions
and solvent nature, and pH of solutions) may affect signifi-
cantly the ionic transport in CP materials [41–49]. The most
common example lies in the introduction of immobilised an-
ionic species in the course of CP synthesis, which transforms
the CP material from a typical anionic exchanger into a cat-
ionic one. Detailed investigations show, however, that this
simplistic picture does, in no way, reflect the complexity of
the ion transfer process and how charge and void volume
compensation mechanisms do occur in CP bulk [41–49].

In the above-mentioned types of sensing (conductive, am-
perometric, or potentiometric), the operation of the CP layer
depends on key properties determined in a complex way by
the synthesis and operational conditions. For this reason, we
stress in the following on sensing effects originating from the
CP synthetic and measurement protocol.

Role of the doping ions used in the course
of polymerisation

CPs such as PPY, PANI, poly(3,4-ethylenedioxythiophene)
(PEDOT), or their derivatives are usually obtained by chemical
or electrochemical polymerisation that results in the formation
of a positively charged polymeric backbone which

corresponds to the oxidised (also called p-doped, in alternative
to the n-doped reduced form), highly conducting state of the
CP [41]. In several cases, the CPmaterials may undergo also n-
doping, which means that the polymer chains are negatively
charged. Due to the poor stability and to the narrow useful
potential range of the n-doped state, usually formed quite close
to the solvent discharge potential, the p-doped polymers are
largely the most often form used in sensing. The positive
charges on the polymer chains are compensated by inclusion
of anionic species present in the polymerisation solution. Thus,
ions (inorganic, organic, or polymeric in nature) originating
from the electrolyte or intentionally added as functional species
constitute doping ions and affect markedly both the polymer-
isation process and the structural properties and nature of the
ionic transport in the synthesisedCPmaterials [48, 50–63]. It is
difficult to give guidelines of general validity as to the effect of
the dopants used on the electroanalytical performance, due to
the variety of possible CP–analyte interactions. In general, it
should be distinguished between immobilised anionic species,
such as polyanions or large organic ions that impart specific
ionic transport properties (i.e. provoke changes in the charge
compensation mechanism), and those that remain mobile and
become exchangeable when another electrolyte solution is
used. Although mobile counter ions are expelled from the
polymer material, they often exert an imprinting effect and
condition the polymer structure, redox behaviour, conductivity,
and degradation stability of the CP materials. Steadily incor-
porated counterions may impart hydrophobic or hydrophilic
properties to the CP surface and thus affect the interaction with
solution species such as analytes, intermediate, or final prod-
ucts of electrode reactions. In some cases, thanks to the oppo-
site amphiphilic and hydrophilic nature, it becomes possible to
prevent the formation of insulating films on the electroactive
sensing surface and to repel some intermediate fouling species
formed in the course of the electrode process.

In the following, an example of the role of doping ions used
in the course of the electrochemical synthesis of PEDOT, with
respect to the electrochemical oxidation of three analytes (AA,
dopamine (DA), and acetaminophen), is presented [64, 65].
Two polysulfonate dopants, namely polystyrene sulfonate
(PSS) and poly(2-acrylamido-2-methyl-1-sulfonate)
(PAMPS); sodium dodecyl sulfate (SDS) as most common
dopant of PEDOT; and perchlorate anions without and with
the non-ionic surfactant (polyoxyethylene 10 lauryl ether,
PLE) were used to obtain PEDOT layers at otherwise identical
conditions. Figure 1 shows the voltammetric response of four
types of thin PEDOT layers in the presence of 1 mM AA in
phosphate buffer solution (PBS). AA electrooxidation is
known to be a two-step reaction involving an electrode charge
transfer followed by a fast irreversible chemical reaction, in a
so-called ECirrev mechanism [15]. Thus, for all types of
PEDOT electrode coatings, a single oxidation anodic peak is
observed in the voltammograms (Fig. 1a), without a reductive
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cathodic counterpart. However, the polysulfonate-doped layers
show a more sluggish electrochemical process and decreased
peak currents, especially in the case of PEDOT/PSS. A possible
explanation of this effect originates from the fact that, upon
PEDOT oxidation, cations are expected to be expelled from
the polyanion-doped polymeric structure. Thus, ascorbate ions
are possibly partly shielded by these cations and hampered to
approach the positively charged segments of the PEDOTchains
where the electron charge transfer should take place. On the
other hand, the ionic transport in the PEDOT/PLE and
PEDOT/SDS case occurs mainly through anionic ingress upon
oxidation, which supports the transport of the ascorbate ions to
the polymer chains. The same disadvantageous effect of PSS-
and dodecylbenzenesulfonate (DBS)-doped PEDOT on AA
oxidation was observed by differential pulse voltammetry
(DPV) [66] with an almost double decrease of the DPVoxida-
tion peak for these PEDOT coatings, in comparison to
perchlorate-doped PEDOT (Fig. 1b).

DA oxidation at the four types of PEDOT layers (Fig. 2)
shows smaller differences in the peak currents, but still an
opposite trend in comparison to AA oxidation. The best
performing materials are the polysulfonate-doped PEDOT
films that support cationic ingress upon oxidation. In fact,
DA is a monoamine catechol that is present in the cationic

form below pH 8.9. The DA oxidation/reduction couple
seems to be inhibited at the PEDOT/PLE film, which is ex-
pected to be the most hydrophobic PEDOT layer considered.

The effect of the doping ions on the electrooxidation of
acetaminophen is illustrated in Fig. 3a. The various PEDOT-
coated electrodes differ in the amplitude of the current re-
sponse, with the largest value for PEDOT/PLE, and also in
the reductive to oxidative peak currents ratio, with the smallest
value obtained for the PEDOT/PLE-modified electrode.
However, the measurements carried out in acetaminophen-
free solution, after exposure to this analyte (Fig. 3b), show
the appearance of new redox peaks that are attributed to
immobilised adsorbed intermediates or final products of the
acetaminophen oxidation reaction [64]. Thus, the larger re-
sponse observed for the PEDOT/PLE-coated electrode is only
a seeming one originating from surface immobilised species
whereas PEDOT layers with immobilised polyanionic com-
ponents are advantageous for the net electroanalytical signal
due to repulsing of negatively charged reaction products and
preventing their adsorption on the polymer surface.

A similar effect was revealed in the oxidation of phenols on
various thiophene-based polymer-coated electrodes [67].
Phenol electrooxidation is known to proceed via two compet-
itive pathways, one of them resulting in the formation of poly-
meric products that foul the electrode surface in respect to
further electrooxidation of new phenolic species. A compari-
son was carried out for PEDOT films synthesised in LiClO4 in
the absence or the presence of different kinds of surfactants,
among which PSS. The polymer films obtained by polymer-
isation of EDOT in the presence of a number of cationic and
non-ionic surfactants behave similarly to PEDOT/ClO4

− coat-
ing (Fig. 4a), becoming clearly fouled. On the other hand, the
phenol oxidation fouling effect is strongly reduced on
PEDOT/PSS-modified electrodes (Fig. 4b), similar to that ob-
served for acetaminophen oxidation on polysulfonate-doped
PEDOT. The sensitivity of the voltammetric determination of
phenol is also notably improved. Comparative studies of the
electrooxidation of chlorophenol on PEDOT/ClO4

− and
PEDOT/PSS show the remarkable antifouling effect of
PEDOT/PSS again (Fig. 4c) [68]. Thus, the electrode

a b
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Fig. 1 Cyclic voltammetric (a) and DPV (b) responses measured in the presence of 1 mM (a) and 0.57 mM (b) AA in PBS (pH 7) at PEDOT-coated
electrodes. PEDOT coatings were obtained at constant polymerisation charge in the presence of various doping ions or surfactants

Fig. 2 Cyclic voltammetric curves in the presence of 1 mM DA in PBS
(pH 7) at PEDOT-coated glassy carbon electrode (GCE). PEDOT
coatings were obtained at polymerisation charge of 1 mC in the presence
of various doping ions or surfactants
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passivation is dramatically reduced while incorporating sur-
factants containing hydrophilic residues: these emerge from
the polymer to originate a sort of hydrophilic shield at the
interface with the solution, preventing the deposition of the
polymeric hydrophobic oxidation product.

Role of the polymer film thickness

As already mentioned, the electroanalytical reactions taking
place at CP-coated electrodes are expected to occur at the
outermost surface of the polymer layer and to be solution

a b

Fig. 3 Cyclic voltammetric curves in the presence (a) and the absence
(b) of 1 mM acetaminophen in PBS (pH 7) at PEDOT-coated GCE.
PEDOT coatings were obtained at polymerisation charge of 1 mC in the

presence of various doping ions or surfactants (adapted from Ref. [64]
with permission from Elsevier)

Fig. 4 Successive cyclic voltammograms measured in the presence of
phenol in PBS (pH 7.2) at (a) PEDOT/ClO4

− and (b) PEDOT/PSS-
modified electrodes. The concentration of phenol is 3 mM in (a) and
8 mM in (b) (reprinted from Ref. [67] with permission from Elsevier).

(c) Cyclic voltammetric curves measured in 5 mM 2-chlorophenol in
0.1 M PBS (pH 7.2) at PEDOT/PSS-coated (broken line), PEDOT/
ClO4

−- coated (dotted line), and bare Pt (continuous line) electrodes
(reprinted from Ref. [68] with permission from Elsevier)
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diffusion-limited. If this is so, no effect of the polymer layer
thickness on amperometric responses should be expected.
Nevertheless, due to the conducting polymer specifics, e.g.
thickness-related bulk and surface structural changes,
electroactive surface area changes including different effects
on the electroanalytical response were observed to a remark-
able extent in several cases [65, 66, 69].

Examples concerning the CP systems already addressed
will be given below. The polymerisation charge flown in the
course of electrochemical synthesis of the CP coating or the
redox charge measured in solutions only containing the
supporting electrolyte are commonly used as an indirect esti-
mate of the polymer film thickness. A detailed three-
parameter study of the DPV response of PEDOT/ClO4

− films
with three different thicknesses (qpoly amounting to 32, 64,
and 128 mC cm−2, respectively) has shown that there is no
thickness effect for AA oxidation [66]. The comparative
voltammetric studies on PEDOT layers synthesised in the
presence of PLE, PSS, SDS, and PAMPS for AA and DA
oxidation (qpoly in the range 12.5–100 mC cm−2) show differ-
ent types of thickness behaviours, depending on the surfactant
or dopant used (Fig. 5) [65]. In both cases, the strongest effect
of thickness, with a doubling in the current values, is found for
the PEDOT/PSS case. This might be related to an increase in
the electrochemical area, due to the difference in porosity of
the various PEDOT films. It is worth noting that PAMPS-
doped layers, although having also sulfonate groups that
should support both the antifouling effect and the transport
of positively charged moieties upon oxidation, do not show
such a good performance. Porosity of CP coatings cannot be
easily assessed and remains still a feature that cannot be ratio-
nally involved into discussion of experimental results, includ-
ing electroanalysis.

A significant role of the polymer layer thickness was found
also for both PANI and poly(o-methoxyaniline) layers in the
case of AA oxidation [69]. Thinner PANI layers were found to
perform twice as good in terms of sensitivity as thicker ones.
Together with surface structural changes (leading to a more
compact surface in this case), such an effect could originate
from ohmic drop within the polymer layer. The latter should

appear as a continuous effect with increasing thickness of the
polymer film.

Apart from these specific observations, it should be noted
that, in general, a more compact surface morphology of the
polymer layer, which is reproduced with the thickening of the
growing layer, is not expected to cause thickness-dependent
effects. On the other hand, polymer growth-induced evolution
of surface fibrillar or nodular structures with extensively de-
veloped porous systems at the microscale and nanoscale will
be in the origin of marked thickness-induced effects in the
electroanalytical response.

Role of the electrochemical synthesis procedure

The electrochemical synthesis of supported CP films may be
performed by cycling the potential of an electrode within a
suitable potential range in a solution containing the monomer-
ic precursor, by imposing a constant potential to the electrode
to coat, by designing a combination of pulses or by imposing a
constant current. The electrochemical synthesis was initially
considered as an easy way for obtaining reproducible polymer
layers. The abundant work in the field has shown that many
factors connected to the polymerisation procedure or to the
values of polymerisation potential or current density chosen
may result in polymer coatings with different structural prop-
erties, extents of doping, and/or even occurrence of
overoxidation. This means that the electrochemical synthetic
procedure constitutes another important way for obtaining
polymer films that may exhibit different electroanalytical per-
formance. There are only few examples in the literature that
demonstrate a control of such effects. Experiments were car-
ried out with PANI layers obtained either in sulfuric acid [69]
or in PAMPS-containing solution [55] with potentiodynamic
synthesis compared to either potentiostatic [55] or pulse
potentiostatic [61] synthetic conditions. The probe reaction
was again oxidation of AA. For both studied cases,
potentiodynamically obtained layers showed a positive shift
in the onset potential and smaller amplitude of the electroan-
alytical signal (Fig. 6). This implies again a synthetic

a bFig. 5 Dependence of the net
voltammetric peak currents of AA
(a) and DA (b) oxidation on the
polymerisation charge of the
PEDOT layers obtained in the
presence of various doping ions
and surfactants (adapted from
Ref. [65] with permission)
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procedure-induced difference in the polymer structure,
coupled possibly to a different extent of doping and effective-
ness of the redox process in the obtained PANI layers.

Role of solvent and electrode substrate in the CP
synthesis

The structure and properties of the CP grown by anodic oxi-
dation depend very strongly on the solvent in which the
growth is carried out. The solvent-supporting electrolyte cou-
ples are actually among the most important experimental var-
iables affecting the behaviour of the resulting CP.

There are few investigations [70, 71] addressing the elec-
troanalytical response of CPs obtained in different solvents,
adopting other identical synthetic conditions. It is established
that the solvent used in the synthesis step of PEDOTmay have
a significant effect on its electroanalytical response measured
in aqueous solution. As demonstrated for the case of a micro-
electrode [70], the DPV response for AA oxidation measured
in aqueous solution shows for PEDOT layers grown in water
[PEDOT(AQU)] and in acetonitrile [PEDOT(ACN)] a shift in
the DPV peak to more negative potentials for PEDOT(ACN)
(Fig. 7). In the same Ref. [70], the possibility to work with
PEDOT-modified microelectrodes even in media of very low
ionic strength, once the coating was electrodeposited in 0.1 M
concentration of supporting electrolyte, is demonstrated.
Figure 8a shows the response relative to AA oxidation at a

similar microelectrode in 0.005 M PBS; Fig. 8b demonstrates
the electrochemical behaviour of the electrode at different
supporting electrolyte concentrations as well as in the com-
plete absence of salt. Repeatability of the charge–discharge
responses is exhibited even over a relatively long time. Of
course, the charge transfer inside the coating, as well as in
solution, is less and less effective, so that a potential shift of
the response due to ohmic drop is evident. On the other hand,
the same microelectrode also shows well-defined DPV re-
sponses in such viscous and poorly conductive media as yo-
gurt, without performing any pre-treatment of the sample.

Finally, the electrode substrate used to deposit the polymer
film may have a role in the start of the polymerisation process
and the initial stages of polymer growth. Especially in the
presence of surface-active species (in the role of surfactants
or dopants), adsorption phenomena may interfere with the
initiation of the polymerisation process. Moreover, different
bonding of the polymer layer to the substrate may be expected
[72]. There are almost no specific studies on the final influ-
ence of the underlying substrate to CP films on the relevant
electroanalytical responses. On the other hand, similar exper-
iments should be carried out with much precaution as far as
the substrate may be involved in the electroanalytical reaction,
in the case of thin or highly porous polymer films. In quite a
recent report, the comparison of PEDOT(ACN) layers depos-
ited on platinum and gold electrode substrates shows an ad-
vantage (negative peak potential shift and higher currents) for
the gold substrate [71].

a b

. . . . . . . . . . . .

Fig. 6 Cyclic voltammetric curves in the presence (black lines) and absence (grey lines) of 5 mM AA in PBS (pH 6.8) at PANI/PAMPS-coated
electrodes obtained under potentiostatic (a) and potentiodynamic (b) conditions. (Adapted from Ref. [63] with permission from De Gruyter)

a b
.

.

.

.

. . . . .

Fig. 7 DPV responses registered
for different AA concentrations
(0, 32, 64, 95, 125, and 156 ppm)
in 0.1 M PBS at PEDOT-
modified Pt microelectrodes.
PEDOT film electropolymerised
in (a) H2O and (b) ACN solutions
(adapted from Ref. [70] with
permission from Wiley)
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Electrochemical stability of CPs

The electrochemical and mechanical stability of CP-based ma-
terials is one of the most crucial points concerning the electro-
analytical applications of these materials. It is nowadays well
understood that the reduction/oxidation process of CPs is ac-
companied by transport (ingress and expulsion) of ions and
solvent molecules and, in certain cases, by significant volume
contraction or expansion (swelling) [12]. These processes in-
terfere with the electrochemical and mechanical robustness of
the CP coatings. The electrochemical stability of the CP-coated
electrodes is often investigated under constant polarisation or
repetitive potentiodynamic cycling [60, 73–81]. The intrinsic
redox behaviour is followed in such experiments, and degra-
dation, i.e. loss of electroactivity, is found to depend signifi-
cantly on the operativemedium, on the applied potential limits,
and also on the conditions (electrochemical procedure, doping
ions, etc.) used to produce the CP films. Since general rules
have not been established for any experimental parameters of
both the synthesis and the use, indicative examples should be
picked up from the literature. Hence, for instance, PEDOT
degradation is found to occur more rapidly in KOH solution
than in LiClO4 [60, 81]. Faster degradation of PPY is observed
in NaNO3 electrolyte, as compared to acidic HNO3 solution
[78]. PANI films obtained under potentiostatic conditions re-
sult more stable than those grown under potentiodynamic con-
ditions [60, 73]. Indigo-tetrasulfonate doping ions are found to
stabilise PANI better than PSS [75]. Also, PANI/dodecyl sul-
fate exhibits better stability than PANI/hydrochloride films
[77]. Recently, impedance spectroscopy was also used in deg-
radation studies of CP-coated electrodes [82–84]. For both
PANI and PPY, it was established that electrochemical degra-
dation is accompanied by an increase of the charge transfer
resistance and limitations in the insertion process of ions into
the polymer matrix [82, 83]. The impeded charge transfer pro-
cess at the metal–CP film interface due to electrochemical
degradation is also observed for PEDOT [84]. Finally, specific
interactions of PEDOT and PPY with strongly electronegative
anions, present in the course of polymerisation, were recently
evidenced and shown to affect markedly the redox behaviour
of the respective CPs [85, 86].

In the frame of amperometric sensing by CP-coated elec-
trodes, a most important point consists of the study of the
stability under conditions (solution, potential limits, electro-
chemical procedure) that are used to record the electroanalyt-
ical signal. Unfortunately, electroanalytical studies are rarely
accompanied by a detailed analysis of the electrochemical
stability of the CP-coated electrodes. A good example show-
ing the detailed work necessary to approach this problem is
given in Ref. [76].

Mechanical properties and stability of the CP-coated elec-
trodes are practically not discussed in the context of electro-
analytical studies. Recent publications [49, 87, 88] show first
insights into the role of the synthesis conditions and operative
electrolyte in respect to the viscoelastic properties of CP films.
Similar studies should be brought in electroanalytical studies
in the future.

Concerning the relationship between stability and thick-
ness of the CP films involved in sensing applications, it seems
that once the outermost polymer surface is only involved in
the sensing process, thin CP films should perform better than
thicker ones with respect to repeatability of the electrochemi-
cal response. Thin CP layers are expected to be more homo-
geneous (no evolution of large morphological features) and to
accommodate a smaller amount of redox charge, resulting in
lower exchange of ionic and solvent species, and therefore
provide conditions for better mechanical stability and repro-
ducibility of the electrochemical response.

Conclusions

This feature article is an attempt to draw attention to the com-
plex situations arising when CP materials become involved in
electrochemical sensing. Based on what is present in the liter-
ature and our own experience, we have demonstrated that sev-
eral experimental parameters involved in the CP synthetic pro-
cedure and further measurement protocols may affect the elec-
trochemical sensing response of basically one and the same CP
material. Therefore, a careful consideration of the role of the
addressed issues should be undertaken when involving CP-
based materials in amperometric sensing. The simplistic trial

Fig. 8 (a) DPV response in the
presence of AA in 0.005 M PBS
and (b) cyclic voltammetric
curves at different supporting
electrolyte concentrations,
measured at a PEDOT-coated Pt
microelectrode (adapted from
Ref. [70] with permission from
Wiley)
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and error approach to the development of improved CP-based
sensing devices leads to a great amount of studies showing,
however, little genuine progress. Electrochemical sensing stud-
ies should be combinedwith a deep understanding of structural,
ion transport, and mechanical properties of CPs in order to
warrant the achievement of repeatable, sensitive, and selective
response. Nowadays, we witness the progressive increase of
the complexity of the sensing systems including bi- and
three-component materials, which renders more and more dif-
ficult to fix property-to-structure relationships. This makes the
necessity to fully characterise and understand the various as-
pects of these more complicated systems even more urgent. We
hope that the examples shown in this paper will stimulate fur-
ther work in the area and help to bridge the gap between aca-
demic studies and practical involvement of CP-based materials
in real sensing devices.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Shirakawa H, Louis EJ, Mac Diarmid AG, Chiang CK, Heeger AJ.
Synthesis of electrically conducting organic polymers: halogen de-
rivatives of polyacetylene, (CH)x. J Chem Soc Chem Commun.
1977;16:578–80.

2. McQuade DT, Pullen AE, Swager TM. Conjugated polymer-based
chemical sensors. Chem Rev. 2000;100:2537–74.

3. Gangopadhyay R, De A. Conducting polymer nanocomposites: a
brief overview. Chem Mater. 2000;12:608–22.

4. Janata J, Josowicz M. Conducting polymers in electronic chemical
sensors. Nat Mater. 2003;2:19–24.

5. Malinauskas A, Garjonyte R, Mažeikiene R, Jurevičiute I.
Electrochemical response of ascorbic acid at conducting and
electrogenerated polymer modified electrodes for electroanalytical
applications: a review. Talanta. 2004;64:121–9.

6. Ramanavicius A, RamanavicieneA,Malinauskas A. Electrochemical
sensors based on conducting polymer—polypyrrole. Electrochim
Acta. 2006;51:6025–37.

7. Lange U, Roznyatovskaya NV, Mirsky VM. Conducting polymers
in chemical sensors and arrays. Anal Chim Acta. 2008;614:1–26.

8. Janata J, Josowicz M. Organic semiconductors in potentiometric
gas sensing. J Solid State Electrochem. 2009;13:41–9.

9. Potje-Kamloth K. Gas sensing with conducting polymers. In:
Cosnier S, Karyakin A, editors. Electropolymerization. Concepts,
materials, applications. Weinheim: Wiley; 2010. p. 153–72.

10. Bobacka J, Ivaska A. Chemical sensors based on conducting poly-
mers. In: Cosnier S, Karyakin A, editors. Electropolymerization.
Concepts, materials, applications.Weinheim:Wiley; 2010. p. 173–88.

11. Sharma PS, Pietrzyk-Le A, D’Souza F, KutnerW. Electrochemically
synthesized polymers in molecular imprinting for chemical sensing.
Anal Bioanal Chem. 2012;402:3177–204.

12. Otero TF, Martinez JG, Arias-Pardilla J. Biomimetic electrochem-
istry from conducting polymers. A review. Artificial muscles, smart
membranes, smart drug delivery and computer/neuron interfaces.
Electrochim Acta. 2012;84:112–28.

13. Zanardi C, Terzi F, Seeber R. Polythiophene and polythiophene-
based composites in amperometric sensing. Anal Bioanal Chem.
2013;405:509–31.

14. JanakyC,Visy C. Conducting polymer-based hybrid assemblies for
electrochemical sensing: a materials science perspective. Anal
Bioanal Chem. 2013;405:3489–511.

15. Tsakova V. Conducting polymers in electroanalytical medical ap-
plications. In: Schlesinger M, editor. Applications of electrochem-
istry in medicine, modern aspects of electrochemistry, vol. 56. New
York: Springer Science+Business Media; 2013. p. 283–342.

16. Song E, Choi JW. Conducting polyaniline nanowire and its appli-
cations in chemiresistive sensing. Nanomaterials. 2013;3:498–523.

17. Hangarter CM, Chartuprayoon N, Hernández SC, Choa Y, Myung
NV. Hybridized conducting polymer chemiresistive nano-sensors.
Nano Today. 2013;8:39–55.

18. Oueiny C, Berlioz S, Perrin FX. Carbon nanotube–polyaniline
composites. Progr Polym Sci. 2014;39:707–48.

19. Lei W, Si W, Xu Y, Gu Z, Hao Q. Conducting polymer composites
with graphene for use in chemical sensors and biosensors.
Microchim Acta. 2014;181:707–22.

20. Correa DS, Medeiros ES, Oliveira JE, Paterno LG, Mattoso LHC.
Nanostructured conjugated polymers in chemical sensors: synthe-
sis, properties and applications. J Nanosci Nanotechnol. 2014;14:
6509–27.

21. Fratoddi I, Venditti I, Cametti C, Russo MV. Chemiresistive
polyaniline-based gas sensors: a mini review. Sens Actuators B.
2015;220:534–48.

22. Lakard B, Carquigny S, Segut O, Patois T, Lakard S. Gas sensors
based on electrodeposited polymers. Metals. 2015;5:1371–86.

23. Vashist SK, Zheng D, Al-Rubeaan K, Luong JHT, Sheu FS.
Advances in carbon nanotube based electrochemical sensors for
bioanalytical applications. Biotechnol Adv. 2011;29:169–88.

24. Gerard M, Chaubey A, Malhotra BD. Application of conducting
polymers to biosensors. Biosens Bioelectron. 2002;17:345–59.

25. Malhotra BD, Chaubey A. Biosensors for clinical diagnostics in-
dustry. Sens Actuators B. 2003;91:117–27.

26. Vidal JC, Garcia-Ruiz E, Castillo JR. Recent advances in
electropolymerized conducting polymers in amperometric biosen-
sors. Microchim Acta. 2003;143:93–111.

27. Ahuja T, Mir IA, Kumar D, Rajesh. Biomolecular immobilization
on conducting polymers for biosensing applications. Biomaterials.
2007;28:791–805.

28. Xia L,Wei Z,WanM. Conducting polymer nanostructures and their
application in biosensors. J Colloid Interface Sci. 2010;341:1–11.

29. Cosnier S, HolzingerM.Bisensors based on electropolymerized films.
In: Cosnier S, Karyakin A, editors. Electropolymerization. Concepts,
materials, applications. Weinheim: Wiley; 2010. p. 189–213.

30. Cosnier S, Holzinger M. Electrosynthesized polymers for biosens-
ing. Chem Soc Rev. 2011;40:2146–56.

31. Mulchandani A,Myung NV. Conducting polymer nanowires-based
label free biosensors. Curr Opin Biotechnol. 2011;22:502–8.

32. Nambiar S, Yeow JTW. Conductive polymer-based sensor for bio-
medical applications. Biosens Bioelectron. 2011;26:1825–32.

33. Dhand C, Das M, Datta M, Malhotra BD. Recent advances in
polyaniline based biosensors. Biosens Bioelectron. 2011;26:2811–21.

34. AtesM.A review study of (bio)sensor systems based on conducting
polymers. Mater Sci Eng C. 2013;33:1853–9.

35. Seeber R, Terzi F, Zanardi C. Functional materials in amperometric
sensing. Polymeric, inorganic, and nanocomposite materials for
modified electrodes, monographs in electrochemistry. Ed. by F.
Scholz, Springer, 2014.

36. Seeber R, Pigani L, Terzi F, Zanardi C. Amperometric sensing. A
melting pot for material, electrochemical, and analytical sciences.
Electrochim Acta. 2015;179:350–63.

37. Sugiyasu K, Swager TM. Conducting-polymer-based chemical sen-
sors: transductionmechanisms. Bull ChemSoc Jpn. 2007;80:2074–83.

Conducting polymers in electrochemical sensing 7239



38. Lyons M. In: Michael E, Lyons G, editors. Electroactive polymer
electrochemistry. Part 1: fundamentals. New York: Springer
Science+Business Media; 1994. p. 237.

39. Bartlett PN, Wallace ENK. The oxidation of ascorbate at
poly(aniline)-poly(vinylsulfonate) composite coated electrodes.
Phys Chem Chem Phys. 2001;3:1491–6.

40. Ward KR, Gara M, Lawrence NS, Hartshorne RS, Compton RG.
Nanoparticle modified electrodes can show an apparent increase in
electrode kinetics due solely to altered surface geometry: the effec-
tive electrochemical rate constant for non-flat and non-uniform
electrode surfaces. J Electroanal Chem. 2013;695:1–9.

41. Inzelt G. Conducting polymers. A new era in electrochemistry.
Berlin: Springer; 2008.

42. Pruneanu S, Csahok E, Kertesz V, Inzelt G. Electrochemical quartz
crystal microbalance study of the influence of the solution compo-
sition on the behaviour of poly(aniline) electrodes. Electrochim
Acta. 1998;43:2305–23.

43. Plieth W, Bund A, Rammelt U, Neudeck S, Duc L. The role of ion
and solvent transport during the redox process of conducting poly-
mers. Electrochim Acta. 2006;51:2366–72.

44. Hillman AR, Mohamoud MA. Ion, solvent and polymer dynamics
in polyaniline conducting polymer films. Electrochim Acta.
2006;51:6018–24.

45. Mohamoud MA, Hillman AR. The effect of anion identity on the
viscoelastic properties of polyaniline films during electrochemical
film deposition and redox cycling. Electrochim Acta. 2007;53:
1207–17.

46. Hillman AR, Daisley SJ, Bruckenstein S. Ion and solvent transfers
and trapping phenomena during n-doping of PEDOT films.
Electrochim Acta. 2008;53:3763–71.

47. Bruckenstein S, Chen J, Jureviciute I, Hillman AR. Ion and solvent
transfers accompanying redox switching of polypyrrole films immersed
in divalent anion solutions. Electrochim Acta. 2009;54:3516–25.

48. Lyutov V, Tsakova V, Bund A. Microgravimetric study on the for-
mation and redox behavior of poly(2-acrylamido-2-methyl-1-
propanesulfonate)-doped thin polyaniline layers. Electrochim
Acta. 2011;56:4803–11.

49. Lyutov V, Gruia V, Efimov I, Bund A, Tsakova V. An acoustic
impedance study of PEDOT layers obtained in aqueous solution.
Electrochim Acta. 2016;190:285–93.

50. Wang BC, Tang JS, Wang FS. Electrochemical polymerization of
aniline. Synth Met. 1987;18:323–8.

51. Zotti G, Cattarin S, Comisso N. Cyclic potential sweep
electropolymerization of aniline: the role of anions in the polymeri-
zation mechanism. J Electroanal Chem. 1988;239:387–96.

52. Nunziante P, Pistoia G. Factors affecting the growth of thick
polyaniline films by the cyclic voltammetry technique.
Electrochim Acta. 1989;34:223–8.

53. Desilvestro J, Scheifele W. Morphology of electrochemically pre-
pared polyaniline. Influence of polymerization parameters. J Mater
Chem. 1993;3:263–72.

54. Duic L,Mandic Z, Kovacicek F. The effect of supporting electrolyte
on the electrochemical synthesis, morphology, and conductivity of
polyaniline. J Polym Sci A. 1994;32:105–11.

55. Kaplin DA, Qutubuddin S. Electrochemically synthesized polypyr-
role films: effects of polymerization potential and electrolyte type.
Polymer. 1995;36:1275–86.

56. Tang H, Kitani A, Shiotani M. Effects of anions on electrochemical
formation and overoxidation of polyaniline. Electrochim Acta.
1996;41:1561–7.

57. Trivedi DC. Influence of the anion on polyaniline. J Solid State
Electrochem. 1998;2:85–7.

58. Pigani L, Seeber R, Terzi F, Zanardi C. Influence of the nature of the
supporting electrolyte on the formation of poly[4,40-
bis(butylsulphanyl)-2,20-bithiophene] films. A role for both counter-

ion and co-ion in the polymer growth and p-doping processes. J
Electroanal Chem. 2004;562:231–9.

59. Melato AI, Viana AS, Abrantes LM. Different steps in the
electrosynthesis of poly(3,4-ethylenedioxythiophene) on platinum.
Electrochim Acta. 2008;54:590–7.

60. Lyutov V, Georgiev G, Tsakova V. Comparative study on the elec-
trochemical synthesis of polyaniline in the presence of mono- and
poly(2-acrylamido-2-methyl-1-propanesulfonic) acid. Thin Solid
Films. 2009;517:6681–8.

61. Tamburna E, Orladuccia S, Toschia F, Terranova ML, Passeri D.
Growth mechanisms, morphology, and electroactivity of PEDOT
layers produced by electrochemical routes in aqueous medium.
Synth Met. 2009;159:406–14.

62. Otero TF, Martinez JG, Hosaka K, Okuzaki H. Electrochemical
characterization of PEDOT–PSS–sorbitol electrodes. Sorbitol
changes cation to anion interchange during reactions. J
Electroanal Chem. 2011;657:23–7.

63. Lyutov VV, Ivanov SD, Mirsky VM, Tsakova VT. Polyaniline
doped with polyacrylamidomethylpropane sulfonic acid: electro-
chemical behavior and conductive properties in neutral solutions.
Chem Papers. 2013;67:1002–11.

64. Tsakova V, Ilieva G, Filjova D. Role of the anionic dopant of
poly(3,4-ethylenedioxythiophene) for the electroanalytical perfor-
mance: electrooxidation of acetaminophen. Electrochim Acta.
2015;179:343–9.

65. Filjova D, Ilieva G, Tsakova V. Electropolymerization of poly(3,4-
ethylenedioxythiophene) layers in the presence of different dopants
and their effect on the polymer electrocatalytic properties.
Oxidation of ascorbic acid and dopamine. Bulg Chem Commun.
2013;45(Special issue A):196–201.

66. Bello A, Giannetto M, Mori G, Seeber R, Terzi F, Zanardi C.
Optimization of the DPV potential wave form for determination
of ascorbic acid on PEDOT-modified electrodes. Sens Actuators
B. 2007;121:430–5.

67. Aranzazu Heras M, Lupu S, Pigani L, Pirvu C, Seeber R. A poly(3,
4-ethylenedioxythiophene)-poly(styrene sulphonate) composite
electrode coating in the electrooxidation of phenol. Electrochim
Acta. 2005;50:1685–91.

68. Pigani L,MusianiM, Pirvu C, Terzi F, Zanardi C, Seeber R. Electro-
oxidation of chlorophenols on poly(3,4-ethylenedioxythiophene)-
poly(styrene sulphonate) composite electrode. Electrochim Acta.
2007;52:1910–8.

69. Komsiyska L, Tsakova V. Ascorbic acid oxidation at non-modified
and copper-modified polyaniline and poly-ortho-methoxyaniline
coated electrodes. Electroanalysis. 2006;18:807–13.

70. Pigani L, Zanfrognini B, Seeber R. PEDOT-modified microelec-
trodes. Preparation, characterisation and analytical performances.
Electroanalysis. 2012;24:1340–7.

71. Sekli Belaidi F, Civélas A, Castagnola V, Tsopela A, Mazenq L,
Gros P, et al. PEDOT-modified integrated microelectrodes for the
detection of ascorbic acid, dopamine and uric acid. Sens Actuators
B. 2015;214:1–9.

72. Cho SH, Park SM. Electrochemistry of conductive polymers 39.
Contacts between conducting polymers and noble metal nanoparti-
cles studied by current-sensing atomic force microscopy. J Phys
Chem. 2006;110:25656–64.

73. Tsakova V, Milchev A. Electrochemical formation and stability of
polyaniline films. Electrochim Acta. 1991;36:1579–83.

74. Ding H, Pigani L, Seeber R, Zanardi C. p- and n-doping of electro-
chemically formed poly(4,4’-bisbutylsulfanyl-2,2’- bithiophene). A
novel material with reduced bandgap. J New Mater Electrochem
Syst. 2000;3:339–43.

75. Mazeikiene R, Malinauskas A. Electrochemical stability of
polyaniline. Eur Polym J. 2002;38:1947–52.

76. Lupu S, Parenti F, Pigani L, Seeber R, Zanardi C. Differential pulse
techniques on modified conventional-size and microelectrodes.

7240 V. Tsakova, R. Seeber



Electroactivity of poly[4,4-bis(butylsulfanyl)-2,2-bithiophene]
coating towards dopamine and ascorbic acid oxidation.
Electroanalysis. 2003;15:715–25.

77. Rahmanifar MS, Mousavi MF, Shamsipur M, Riahi S. A study on
the influence of anionic surfactants on electrochemical degradation
of polyaniline. Polym Degrad Stability. 2006;91:3463–8.

78. Mazeikiene R,Malinauskas A. Kinetics of the electrochemical deg-
radation of polypyrrole. Polym Degrad Stability. 2002;75:255–8.

79. Maksymiuk K. Chemical reactivity of polypyrrole and its relevance
to polypyrrole based electrochemical sensors. Electroanalysis.
2006;18:1537–51.

80. Thaning EM, AsplundMLM, Nyberg TA, Inganaes OW, von Holst
H. Stability of poly(3,4-ethylene dioxythiophene) materials
intended for implants. J Biomed Mater Res B. 2010;93B:408–15.

81. Zanfrognini B, Colina A, Heras A, Zanardi C, Seeber R, López-
Palacios J. A UV-visible/Raman spectroelectrochemical study of
the stability of poly(3,4-ethylendioxythiophene) films. Polym
Degrad Stability. 2011;96:2112–9.

82. Marchesi LFQP, Simoes FR, Pocrifka LA, Pereira EC.
Investigation of polypyrrole degradation using electrochemical im-
pedance spectroscopy. J Phys Chem B. 2011;115:9570–5.

83. Simoes R, Pocrifka LA, Marchesi LFQP, Pereira EC. Investigation
of electrochemical degradation process in polyaniline/polystyrene
sulfonated self-assembly films by impedance spectroscopy. J Phys
Chem B. 2011;115:11092–7.

84. Láng GG, Ujvári M, Bazsó F, Vesztergom S, Ujhelyi F. In situ
monitoring of the electrochemical degradation of polymer films
on metals using the bending beammethod and impedance spectros-
copy. Electrochim Acta. 2012;73:59–69.

85. Tóth PS, Janáky C, Berkesi O, TammT, Visy C. On the unexpected
cation exchange behavior, caused by covalent bond formation be-
tween PEDOTand Cl− ions: extending the conception for the poly-
mer− dopant interactions. J Phys Chem B. 2012;116:5491–500.

86. Tóth PS, Endrődi B, Janáky C, Visy C. Development of polymer–
dopant interactions during electropolymerization, a key factor in
determining the redox behaviour of conducting polymers. J Solid
State Electrochem. 2015;19:2891–6.

87. Baek S, Green RA, Poole-Warren LA. Effects of dopants on the
biomechanical properties of conducting polymer films on platinum
electrodes. J Biomed Mater Res A. 2014;102:2743–54.

88. Lyutov V, Efimov I, Bund A, Tsakova V. Electrochemical polymer-
ization of 3,4-ethylenedioxythiophene in the presence of
dodecylsulfate and polysulfonic anions—an acoustic impedance
study. Electrochim Acta. 2014;122:21–7.

Vessela Tsakova, DSc She is a
Professor of Electrochemistry and
a Director of Institute of Physical
Chemistry, Bulgarian Academy of
Sciences, Sofia, Bulgaria; a co-
author of more than 80 scientific
publications, including book
chapters; and also an editor/co-
edi tor of special issues of
Electrochimica Acta and Journal
of Solid State Electrochemistry.
Her current interests cover electro-
chemistry of conducting poly-
mers, synthesis and characterisa-
tion of electroactive composite

materials, and electroanalytical and electrocatalytical applications. She
has also an extensive expertise in the field of electrochemical phase for-
mation and electrocrystallisation phenomena.

Renato Seeber He is a Professor
of Analytical Chemistry at the
Universi ty of Modena and
Reggio Emilia, Italy, and a co-
author of more than 200 peer-
reviewed publications, including
chapters of books and one book.
He has been an editor and co-
editor of special issues for differ-
ent journals. He is a member of
the International Advisory Board
of Analytical and Bioanalytical
Chemistry. The current interests
are in the field of electrochemical
sensing, of the treatment of sig-

nals and data through filtering techniques, in developing and applying
algorithms for multivariate analysis and regression. Similar approaches
are also used in the frame of sensing elements for ‘electronic tongues’.

Conducting polymers in electrochemical sensing 7241


	Conducting polymers in electrochemical sensing: factors influencing the electroanalytical signal
	Abstract
	Introduction
	What is in the origin of chemical sensing by means of CPs
	Role of the doping ions used in the course of polymerisation
	Role of the polymer film thickness
	Role of the electrochemical synthesis procedure
	Role of solvent and electrode substrate in the CP synthesis
	Electrochemical stability of CPs
	Conclusions
	References


