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Abstract

In the present work, we review the occurrence of capacitive currents in conducting polymer and, particularly, in the electrochemical
response of polyaniline film-coated electrodes Firstly, we present and discuss the differences between the electrical double-layer
capacitance and the so-called pseudocapacitance. Then, we discuss the capacitive behavior of Pani as studied by a variety of
electrochemical (cyclic voltammetry, electrochemical impedance spectroscopy) and spectroscopic techniques (epr, UV-visible).
Understanding the capacitive behavior of polyaniline (Pani) becomes essential not only from an academic point-of-view but also
from a technological perspective, as Pani has been extensively employed for the construction of materials for supercapacitors.
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Introduction

In the last years, there has been an increasing interest in the
development of batteries, mainly those related to Li, and also
in the so-called supercapacitors [1]. This has motivated to
scientists working in material science to move their interest
into this field. Obviously, the fundamental aspects of these
devices are electrochemical and sometimes, it seems that pos-
sibly not everybody is aware of the subtleties of some electro-
chemical concepts related to them. This fact usually generates
some confusion about the true nature of the processes that may
arise in such devices. The entrance of material science to the
electrochemical field has undoubtedly prompted its frontiers
and brought an impelling fresh air to this area.

Pani has been one of the most employed materials for the
construction of supercapacitors with different architectures
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[2], such as supercapacitors based on highly porous Pani [3],
Pani nanofibers [4-7], self-doped nanofibers [8], nanowires
[9, 10], and other nanostructures [11, 12]. Additionally, the
combination of Pani with other materials seems to be a very
promising field [13]. Recently, plenty of works report the per-
formances of Pani composites with different types of materials
such as, carbon nanostructures [14—16], carbon nanotubes
[17], graphene [18-21], few-layer graphene [22], graphene
oxide [23, 24], reduced graphene oxide [25], and even inor-
ganic materials, such as silica [26], ITO [27], and MnO, [28].

Within this framework, the purpose of this work is to re-
view the supposedly double-layer capacitive response of
conducting polymers, in particular of polyaniline (Pani).
Furthermore, since this double-layer capacitance may occur
together with, or may even be a consequence of, the occur-
rence of a pseudocapacitive current, we will first refer to the
differences of these two types of responses.

Electrochemical double-layer capacitance
and pseudocapacitance

The electrochemical double-layer capacitance
We will consider only flat surfaces in opposition to rough
surfaces. According to de Levie [29], it is possible to distin-

guish three types of roughness (7); geometric roughness, with
dimensions in the order of millimeters; atomic roughness, in
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the order of nanometers and smaller; and intermediate rough-
ness; in between the two mentioned above, in the range be-
tween 10 to 0.1 mm. In this work, we will be concerned with
the last two cases. Atomic scale defects comprise kinks, steps,
screws, and voids at the solid surface. It deserves to point out
that, in polycrystalline materials, different crystallographic
planes have different double-layer capacitances, adsorption
energies, and rates of charge transfer.

Let us consider an electrode. We will say that there is far-
adaic current (jr) flowing through an electrochemical cell
when there is a net electrochemical reaction and some chem-
ical species changes its chemical nature. The resistance for the
faradaic current to flow is R = dE/dj. On the contrary, when
there are no chemical changes and the current is the result of
charge movements near the interface (but not across the inter-
face), we will say that there is a capacitive current (jc).

It is important to point out that the interface we are consid-
ering is always that between the electrode material and the
electrolyte solution. However, the electrode material may be
quite different in nature: a metal, a semiconductor, another
non-miscible solution, a polymer capable of conducting current
or transport charged particles, and so on. If at each side of the
interface, there is charge accumulation, an electrochemical
capacitor is formed. At the solution side of the electrode/
solution interface, there is a charge distribution that may be
considered as composed of two regions: a compact layer, of
capacitance Cy, and a diffuse region of capacitance Cy. As a
consequence, this model of the charge reorganization within the
electrolyte solution due to the presence of a charged phase is
often called double layer [30]. The total double-layer capaci-
tance Cy is equal to Cgq = C4Cy/(Cq + Cyy). At electrolyte con-
centrations above 10> M, in the absence of ionic specific ad-
sorption, Cy is practically independent of the concentration.
This notion of the interface is based on the Stern- Grahame-
Gouy-Chapman model to describe the solution side of the dou-
ble layer [30]. However, we will pay no attention to double
layers at the electrode material side [31], nor to double layers
at the interfaces film/solution as occurs in many film electrodes.

For the time being, we will consider the interface to be a
metal in contact with an electrolytic solution as represented, in
electrical terms, in Scheme 1. Here, R, is the charge transfer
resistance at the metal surface of the occurring electrochemi-
cal reaction, and R, is the solution resistance between an ex-
ternal point of the electrical double layer and the tip of the
Luggin capillary. For future reference, in Fig. 1, it is schemat-
ically represented the CV and the electrochemical impedance
spectroscopy (EIS) responses of the circuit represented in
Scheme 1. Values of the relevant parameters are specified in
the captions. Note that, in the calculation of the voltammetric
response, Cg is assumed to be independent of the applied
potential, £. This is not the case for most metals (see, for
instance, [32-34]). The behavior of the capacitance depicted
in this figure is often called ideal capacitance.
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Scheme 1 Electrical representation of an interface metal/solution

Blocking electrodes and electrochemical double-layer
capacitance

If it is not possible the charge transfer at the metal/electrolyte
solution interface (R ~ oo, red lines in Fig. 1), a purely capac-
itive current will flow, due to the fact that the interface be-
comes more or less charged as the potential difference is
changed. This is an ideally polarizable interface (IPI).
Actually, if an electrochemical reaction is going on in the
potential region of limiting diffusion regime, the interface
may also be an IPI [32]. This kind of interface is often called
a blocking electrode. A real system that quite closely ap-
proaches to this situation is a mercury electrode in KCI solu-
tion, in the potential range from 0.3 to 1.8 V (vs. SCE) [32].

Red lines in Fig. 1 correspond to the behavior expected for
this kind of interfaces. Particularly when considering cyclic
voltammetry, there are some features that can be associated to
a purely capacitive response: (i) the current is linearly depen-
dent on the sweep rate, v; (ii) the current is constant (Cg
independent of F) in a wide range of potentials (except near
the limits of the potential scan); and (iii) if the potential scan is
stopped (v =0), the current would go to zero. Moreover, the
slope of a representation of the current as a function of the
sweep rate directly gives the capacitance of the electrode (usu-
ally referred to as differential capacitance, Cy).

The influence of the charge transfer resistance

On the other side, if there is some substance in solution, or
even the electrode, capable of become reduced or oxidized,
there will be, added in parallel to the charging capacitive cur-
rent, a faradaic current flow due to the redox process. Note that
if the two components of the redox couple were present, and
the couple had an extremely high exchange current (R, very
small); then, at equilibrium, the potential would be fixed at the
value corresponding to that of the formal potential of the redox
couple. This constitutes what it is called a non-polarizable
interface (NPI). The thermodynamic of both interfaces have
been extensively studied [35, 36]. In general, both
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Fig. 1 Calculated representation of the CV (a),v=1V s and EIS responses of the circuit in Scheme 1, in the form of Nyquist (b) and Bode (¢) plots for

Ry=100 Q, C4=100 pF, and different values of R (given in the plots)

components of the redox couple could be adsorbed at the
interface; then, as it is not possible to distinguish which frac-
tion of the current goes to charge the double layer and which
one to change the surface concentrations of the redox couple,
the thermodynamic charge is undetermined. Under these con-
ditions, the charge (in the Lippmann’s sense, that is, the excess
or defect of charge, due to free carriers at each side of the
interface) is not defined [35, 36]. That is, the thermodynamic
charge cannot be measured. This fact makes the double-layer
capacitance to be also undefined.

In general, it is not possible, unless some extra assumptions
are considered, to separate the capacitive from the faradaic
charge. Often, under the assumption that the capacitive current
is very small and independent of the faradaic process, a base
line is drawn and discounted from the total current, that is the
sum of the capacitive and the faradaic currents. However, this
procedure may lead to serious errors, as it is the case of
conducting polymers (see below).

The effect of the R.; on the voltammetric and the EIS re-
sponses is also illustrated in Fig. 1. In the CV response, the
presence of a finite R, distorts the capacitive plateau inducing
a slope, whereas in the Nyquist plot, the straight vertical re-
sponse shifts the phase to lower values, drawing a semi-circle.
The lower the values of the charge transfer resistance, the
more noticeable this effect is.

The relative influence of the charge transfer resistance on
the voltammetric response is also higher for low scan rates, as
depicted in Fig. 2. In this figure, the simulated voltammetric
response was computed by considering a defined constant
value for R, in the whole potential range, which could not
be the most general case. However, the analysis of this figure
allows concluding that even for a constant R, the voltammo-
grams are no longer that of a purely capacitive response: the
capacitive plateau disappears and current is not strictly linear
on the sweep rate. Nevertheless, the width of the voltammo-
grams is still constant and a plot of (j,, —j.a)/2 against the

sweep rate allows obtaining the differential capacitance [37],
which still coincides with the true Cg; of the equivalent circuit
in Scheme 1.

The true values of the Cg can be also obtained more direct-
ly by non-linear fitting of the EIS response to the complete
equivalent circuit.

Pseudocapacitance
Electroactive adsorbed species

Let us consider now an electrochemical reaction like the for-
mation of atomic hydrogen on an electrode [38]:

Va
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Fig. 2 Effect of the sweep rate on the distortion of the purely capacitive
voltammetric response by the polarization resistance. Note that the
function plotted is the current divided by the sweep rate. Values of the
parameters are presented in the plot
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where M is a metal atom at the metallic side of the interface,
ey 1s an electron at the metal, H,4---M is an adsorbed hydrogen
atom on the surface, and v4 and vy, are the direct and backward
rates. Reaction (1) is an example of what Conway [1] call a
two-dimensional electrosorption, also known as
underpotential deposition (UPD).

When vy and v, are sufficiently high, reaction (1) can be
considered at equilibrium at each potential and the reaction is
called reversible. For an infinitesimal change in the potential,
dE, an infinitesimal change in the surface concentration of
adatoms will occur, dl'y, giving rise to an infinitesimal flow
of faradaic charge, dg=F dl'y, so that a capacitance can be
defined as:

Cy :dq/dE

If the only electrochemical process that occurs is that rep-
resented by Eq. (1), then, after a potential step, the current
transient would go to zero. Moreover, the voltammetric cur-
rent at any potential does linearly depend on the sweep rate as
it happens for capacitive processes. The formal similarities
between this process and the charging of an electrical capac-
itor lead to the name of pseudocapacitance for Cy. The sub-
script £ emphasizes the idea of a faradaic process.

However, it is clear that its nature differs completely from
that of the charging of a capacitor. Moreover, there is an im-
portant difference between the double-layer capacitance and a
pseudocapacitance like that due to reaction (1). The transfer of
charge occurs on a substance very near to or adsorbed on the
electrode surface and there is no diffusional control at the
solution side. Therefore, the charge is proportional to the real
surface area.

For the sake of future reference, the current-potential relation-
ship for this process is represented in Fig. 3. In some cases it is
necessary to consider interactions between the adsorbed atoms or
some other type of surface heterogeneity (see, for instance, [38,
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Fig. 3 Dimensionless current density vs. potential for an
electrochemically reversible process. Values of the interaction
parameters in the plot. rg =0 em’mol !, n=1,E” =0 V. See [39]

@ Springer

40)). This is also called non ideal reversible charge transfer. The
CV response in the presence of interactions is also shown in Fig.
3. Note that in a real process, if the H3O" concentration is too low
or if the sweep rate too high the CV response would no longer
that shown in Fig. 3 and the peak current will depend on v,

The equations for the current response of pseudocapacitive
processes like that of Eq. (1) during a linear potential sweep
have been worked out by Gileadi and Srinivasan [41]. These
authors considered adsorbed species under both reversible and
irreversible charge transfer controls (see below).

The characteristic electrochemical parameters in CV are the
peak potential and current. For a reversible reaction as that
represented in reaction (1), they have the following character-
istics: (i) both the anodic and the cathodic current peaks are
equal and depend linearly on the scan rate; (ii) both the anodic
and cathodic peaks potentials are equal and independent of v;
(iii) the current depends linearly on the surface concentration
(in this case, the voltammetric total charge).

In the case of a totally irreversible reaction, only v4 needs to
be considered [30, 41] and the characteristic electrochemical
parameters (potential and peak current) depend on the sweep
rate. However, the current is still linearly increasing on the
sweep rate (Fig. 4). It can be seen that in the presence of
interactions, the influence of the interaction parameter is sim-
ilar to that of the reversible case (Fig. 4).

It is interesting to discuss how is the EIS response for a
process like that described in Eq. (1) and in Fig. 3 (electro-
chemically reversible process). In this case, it is clear that R is
in series with the pseudocapacitance, because the charge de-
velops by the occurrence of the electrochemical reaction.
Therefore, the Nyquist plot should give a vertical straight line
like that shown in Fig. 1 for R, = (blocking electrode).
However, here, R is not infinite but rather, on the contrary,
it is very small (R, — 0). The case of an irreversible
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Fig. 4 Simulated dimensionless current density vs. potential for an
electrochemically irreversible process. I ox =2 % 10719 mol ecm ™2, ko =
1x107° s, rr=0 em® mol !, n=1, E° =0 V. The calculations are
based on the approximation of considering only the two first terms in
the expansion of the exponential function [41]
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Scheme 2 Electrode covered by
a redox polymer film. R and Ox
are the components of the redox
couple. A” and C" are anions and
cations, present in the internal and
the external solutions. Note that in
the absence of a redox couple in
the external solution, there is an
ionic charge transfer at the
polymer/solution interface

Electrode

electrochemical reaction is similar (R, is not small). However,
in a real situation, reaction (1) will still be in parallel with Cy,.

Note that, so far, one of the conditions for a
pseudocapacitance to appear is that one or both of the species
participants in the reaction are at the interface (in this case,
adsorbed). This would not happen if the two components of
the redox couple are in solution (e.g., Fe**/Fe**). The other
condition is the existence of charge transfer, which implies the
chemical transformation of some species. In line with the pre-
viously discussed ideas, it can be said that the origin of the
pseudocapacitance is not a capacitive but a faradaic process.
There are many other types of processes in which a
pseudocapacitance appears. Let us mention confined redox
couples and film-covered electrodes. In the latter case, there
are electrochemically active polymers (EAPs). EAPs are
polymers that can be oxidized and reduced reversibly (see
Scheme 2). They are divided in redox polymers (RPs),
which are not intrinsically conducting, and conducting
polymers (CPs). For thin polymer films, the electrochemical
response of redox polymers very often is exactly as that
depicted in Fig. 3.

The voltammetric response of Pani

It is well known that the voltammetric response of CP shows,
after the first current peak, and in the potential region where
the polymer becomes electronically conductor, a current pla-
teau that present the characteristics of a capacitive current
[42—44] (see Fig. 5). As an example, we show the CV of
Pani in acid media in Fig. 5. There has been a controversy
about the nature of this capacitance among the workers in the
field. On one side, it is believed that is pseudocapacitive in
origin; that is, it is a consequence of a surface redox reaction
much in the same way that it happens at the surface of RuO,
[1]. That is, it is a consequence of a faradaic redox reaction.
On the other hand, it is thought that it is of the usual double-
layer capacitance due to charge separation at the interface.
Although this capacitive behavior is present in all conduc-
tive polymers, because in Pani it has been much more studied,

Solution

we will concentrate almost exclusively on this polymer.
Because the electrochemistry of Pani has been intensively
and extensively studied applying a wide variety of in situ
and ex situ techniques, we will refer to those investigations
directly related to the capacitive currents.

Before discussing the capacitive currents, we will give a
brief qualitative description of the processes involved during
the oxidation of leucoemeraldine to emeraldine and vice
versa.

It is widely recognized that in the case of Pani [46, 47], the
reduced centers are the amino groups and the oxidized ones
are amino groups (see Scheme 3).

As demonstrated by Peter et al. [48], both the oxidation/
reduction processes of Pani are very fast. On the other hand,
the CV response can be represented by a kinetics correspond-
ing to an electrochemical reversible process with interactions
between the redox centers [45]. These interactions are electro-
static in nature and come from the protonated amino and ami-
no groups. Therefore, they depend on the pH of the external
solution [49, 50]. The dissociation constants, K,, of both
leucoemeraldine (LE) and emeraldine (E) are measured
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Fig. 5 Voltammetric response of Pani during its half oxidation in 3.7 M
H,S0O,4.Voltammetric charge, Or =34 mC cm 2. Potentials are referred to
SCE. Note the capacitive current after the current peak [45]
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Leucoemeraldine Base (LB)
NH NH

NH NH
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Emeraldine Salt (ES)
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Scheme 3 Scheme showing the reduced form of leucoemeraldine base
(top) and the half oxidized form of the emeraldine salt (bottom). Here, A
means the counterions needed for charge neutralization

several times (see [51] and references therein). K, ; i is about
0.5 and K, is about 4.5. This means that in the pH range
where PANI is electroactive (— 1.0 <pH <4.5), the E form
will be almost fully protonated but at pH> 1.0, the LE form
will be deprotonated. Incidentally, it is good to emphasize at
this point that the presence of interactions affects the formal
potential so as to produce a distribution of formal potentials.

There are several processes going on when considering the
redox behavior of Pani, even at equilibrium, in the system:
bare metal plus a polymer film on top of the metal contacting
the solution side at the other end. There is an electronic charge
transfer at the metal/polymer interface according to Scheme 3;
there is charge transport across the film by a mixed electron/
ion mechanism (see, for instance [52]) and ionic charge trans-
fer at the polymer/solution interface. It is interesting to point
out that during current flow, in the absence of redox couples in
the external solution, only ionic charge transfer occurs at the
polymer/solution interface. In the presence of redox couples,
in a transient experiment, there will also be electronic current
due to the occurrence of an electrochemical reaction at the
polymer/solution interface. Under a steady-state polarization
condition, there will be, after the steady state is reached, only
electronic current. In the case of conducting polymers, it is
interesting to note that the electrochemical reaction of the
redox couple proceeds as if it were on a metal.

Also, there is a proton binding process at the polymer fi-
brils in contact with the internal solution. As a consequence of
the proton binding, counter ions ingress the film to screen the
proton charges (counter ions could conceivable bind specifi-
cally the proton centers or they even may form ionic pairs). As
a consequence of charge transfer, one species transforms into
another and there are also changes of volume of the polymer.
Such changes have been measured experimentally [53]. As a
consequence of those volume changes, the mechanical state of

@ Springer

the polymer changes. These volume changes are then accom-
panied by ion ingress/egress and swelling/deswelling of the
polymer.

The latter changes have been observed many times by dif-
ferent techniques such as radiotracers [54, 55], EQMB
[56-61], ex situ infrared spectroscopy [62], scanning electro-
chemical microscopy [63], probe beam deflection [64], UV-
visible spectroscopy [65, 66], ring-disk rotating electrode
[67], and combined EQCM and surface plasmon resonance
[68].

The Donnan potential at the polymer/external solution in-
terface depends on the amount of protonated sites (fixed sites)
within the polymer ant the total ionic strength in the external
solution.

Both the nature of the accompanying anion and the ionic
strength of the external solution affect the electrochemical
response and other properties of Pani through several and
different effects. Thus, on one side, as the ionic strength of
the external electrolyte decreases the absolute value of the
Donnan potential established at the polymer/external solution
interface increase [69]. Also, the stability of the polymers
towards potential cycling at different pHs depends on the na-
ture of the accompanying anion [70]. For instance, as the pH
increases, the stability limit decreases in the order HCI >
HCIO4 > H,S0O4. On the other hand, the acidity constant of
LE form depends on the nature of the anion and the ionic
strength [69]. The conductivity of Pani also depends on the
type of anion of the acid during the protonation of the base
form of emeraldine [71-74].

The voltammetric behavior of PCs and the capacitive
currents

The voltammetric response of PCs such as polypyrrole (Ppy)
[42], polyaniline (Pani) [43], and polytiophene (PT) [44],
starting from the most reduced state, shows a peak followed
by a current plateau. On the basis of the sweep rate, v, and
thickness, /, dependences of the voltammetric responses
(Fig. 6), it might be inferred that the current peak is due to a
pseudocapacitive process and that the current plateau is due to
pure double-layer capacitance.

According to jeap = v C,, where C, is the voltammetric
capacitance, the latter can be obtained from Fig. 6.

Several voltammetric studies employing a very small volt-
age span (typically 10-50 mV) have been carried out [75-77]
(Fig. 8). Observe the close resemblance with Figs. 1 a and 2
and note that R, should be very high.

From the sweep rate dependence of the current ji.,, (Fig. 1),
the capacitance C, can be calculated from C, =i ,,/v (Fig. 6).
In Fig. 7, this is shown as a function of the total integrated
current up to £=0.45 V, voltammetric charge, Ot (0.45).
Assuming this charge is, in same way, proportional to the total
amount of material, it results that C, is proportional to the



J Solid State Electrochem (2019) 23:1947-1965

1953

14
12
10
N
e 8
(5}
< 6
£
g4
~
2
0

0.0 0.2 04 0.6 0.8 1.0 1.2
y/Vs

Fig. 6 Capacitive current as a function of the scan rate for a Pani film of
11 mC cm 2

amount of material on the base electrode. Another fact to take
into consideration is the high value of C, of several thousands
of microcoulombs per square centimeter as compared with
those at the mercury/solution interface that is of a few tens
of microcoulombs. Before going further, we must distinguish
the interface at the polymer phase/external solution, which
would be a geometrical area, and the interface between the
polymer fibrils and the internal solution (see for instance
[78]). Clearly, the area of this second interface will be much
bigger than the first one. In view of this argument, the locus of
the electrical double layer responsible of C, must be at the
polymer fibrils internal solution interface [75, 79]. Here, there
has been a controversy between the supporters of the
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Fig. 7 Dependence of the voltammetric capacitance (C,), on the
voltammetric charge, Or (0.45 V). 3.7 M H,SO, solution. v=0.1 V s

100

argument that the capacitance is due to a surface electrochem-
ical reaction and those that sustain that the capacitance is due
to an electrical double later. According to the formers [76, 80],
in order to explain the high values of the capacitances, the
fibril radius should be extremely low. According to the latter
[75, 79, 81], the area of the fibril/internal solution interface
should be sufficiently high to explain the high values of the
observed capacitances.

Several studies of the influence of the pH of the external
media on the voltammetric response have been carried out
[56, 71, 82—87]. In general, it is concluded that both the cur-
rent peak potential, £, and current, j,, decrease with the pH in
the pH range comprised between — 1 and about 2. From this
value on, both £, and j,, increase with the pH. Beyond certain
pH value (ca. 3-5), the electrochemical activity disappears.
The potential range electrochemical activity depends on the
nature of the accompanying anion. Most notable is the case of
the chloride ions in which pHs as high as 5 may be reached.
On the other hand, the capacitive current at the plateau is
almost independent of the pH (Figs. 9 and 10).

Several years ago, Feldberg [81] proposed a model in
which the capacitive charge, Q¢ (£), is considered proportion-
al to the faradaic one, O (E) that is:

Oc (E) = a (E-E,) Qk(E) (2)

where a is a constant and E. is the potential of zero charge.
Taking into account the relationship Or(E) = OQc(E) + Op(E),
the total current, j, can be obtained by differentiation with
respect to the time:

Jr(E) = (1 + a(E-E,))jp + vaQy(E) (3)
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Fig. 8 Small amplitude cyclic voltammetry of Pani in the plateau region
in different electrolytes. Potentials referred to the SCE. Orange: 1 M
HCIO4 +1 M Na ClO4 (pH=0.12). Green: 1 M HCI+1 M NacCl
(pH=0.19). Red: 1 M H,SO4 +1 M Na,SO, (pH =0.10). Redrawn
from data of Ref. [75]
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i/ mA

EIV

Fig.9 Stationary cyclic voltammetry of'a Pani film in H,SO, + NaHSO,,
w=23.7M at different pHs. Ot (0.45)=20.0 mC cm 2, v=0.01 Vs ' [50]

where v=dFE/dt is the sweep rate.
At high enough potentials, £> Ey, where the faradaic pro-
cess has finished and jg = 0; the current is only capacitive and:

Oy(E>Ep) = (4)

where 0° is the maximum faradaic charge. From Eq. 3, it
follows that:

Jr(E > EL) = vaQ’ (5)

and

Or(E > Er) = aQ(a '~E,) + aQ°E = 0Cy + C4E  (6)

A plotof Or (E > Ey) as a function of E is shown in Fig. 11.
From the slope and ordinate of this plot, it is possible to obtain
C4and o, as defined by Eq. 6. 0°, g, and E,, cannot be obtained

pH
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1.82
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-04 -0.2 0.0 0.2 04
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Fig. 10 Stationary cyclic voltammograms of a Pani film in HCI + NaCl,
=4 M at different pHs. Or (0.45) =24 mC cm 2, v=0.01 Vs~ [50]
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Fig. 11 Integrated voltammetric charge as a function of potential for a
Pani film in 3.7 M H,SO,4

from voltammetric experiments alone. Note that, in this case,
it is not possible to separate the double-layer capacitance from
the pseudocapacitance.

Taking into account the definition of the faradaic oxidation
fraction, xox(E) = OF (E)/Q”, the total charge may be written
as:

Or(E) = xox(E)Ca(0 + E) (7)

from which xp, can be determined. Figure 12 illustrates the
values of the oxidation degree obtained from the voltammetric
results following this procedure. Note that because
Jr=vFQ dxo,/dE, the derivative dxoy/dE vs. E is a sort of
normalized faradaic voltammogram. That is, its shape must
be equal to that of the faradaic response alone. So, to search
if there is any capacitive current added to the faradaic current,
we have simply to compare the potential dependence of xp

1.0

0.8 |
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0.2

oxidation degree

0.0 SYYYYY From absorbance

-0.2 -01 00 01 02 03 04 05
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Fig. 12 Fraction of oxidized polymer as a function of the potential for

Pani films in 3.7 M H,SO4. (0) xpo, from the voltammetric results

following the procedure described in the text with C4=39.3 mCV "

and 0=0.403 V. (V) 0o from voltabsorptiometric results. Sweep rate
v=0.01 Vs"'. Or (0.45)=3.9 mC cm >
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with the potential dependence of the quotient O1(E)/QOt
(0.45 V) [78]. A simple comparison of xo, in Fig. 12 with
Ot (E) in Fig. 11 should suffice to conclude that there are
marked differences between them. Clearly, the capacitive cur-
rent is present in all the potential range. Incidentally, this fact
gives support to the Feldberg assumption that the capacitive
current is proportional to the faradaic one [50]. Note that until
the appearance of the mentioned work, there was no experi-
mental evidence that the capacitive current was proportional
to the faradaic current and therefore that the voltammetric
response was the sum of both types of currents or, in other
words, that the capacitive current was present from the begin-
ning of the oxidation (also see below spectrophotometric
measurements).

Soon after, Tanguy et al. [88], measuring the EIS response
of Ppy, proposed a separation of capacitive and non-capacitive
charge in the equivalent circuit employed to fit their results.
They proposed an expression for the capacitive current of the

type:

Je = Ci[l—exp (¢/7)Gi|(dE/dt) (3)

where 7= RC, C;is the charging capacitance, and R is the total
resistance. Their results are qualitatively fair but the
pseudocapacitive current fails to go to zero as the potential
increases beyond the peak. They further proposed a model
in which the counterions are deep and shallow trapped near
the polymer fibrils giving rise to the two types of charging.

Several further attempts of separating the capacitive and
the faradaic currents have been published [75, 88-92]. Even
s0, there is no clear separation between the capacitive and the
faradaic currents unless the final faradaic charge, O°, or the
potential of zero charge of the polymer are evaluated by inde-
pendent methods. However, we will give a brief consideration
to the method proposed by Aoki et al. [93]. It is assumed that
the total current, j1, may be written as the sum of the faradaic,
Jr plus the capacitive, jc, currents and that the latter is propor-
tional to the faradaic charge. Then:

Jr=JrtJc 9)
then
J(E) = jr(E)~Clpyje (u)du (10)

The integral equation gives:

J(E) = jp(E)~Cly,exp[C(E-u))jy(u)du (11)

where the constant C has to be evaluated by trial and error
so as to make jr go to zero beyond certain potential. This in a

way is equivalent to assume a value of Q° in Feldberg’s mod-
el. This approach leads to asymmetrical curves for the faradaic
currents.

The EIS response in the plateau region

There are numerous studies of the EIS response of Pani in acid
media. However, not many of them refers to its behavior in the
capacitive region and most of them are referred to a single
thickness at constant pH. In general, the Nyquist plots obtain-
ed by the different workers are similar. A typical Nyquist plot
for potentials in the capacitive region is shown in Fig. 13.

Inzelt et al. [94] measured the temperature of EIS response
of Pani films. In the emeraldine potential region, they found
results similar to those described in Fig. 13. Among other
things, they found the high-frequency capacitive response to
be independent of the film thickness. Similarly to Tanguy
et al., they assign this capacitance to the double-layer
response.

Rubinstein et al. [95] measured the EIS response of Pani
films of about 150 nm in 2.0 M HCI. They found that, in the
potential region corresponding to the plateau, the
impedimetric response could be fitted by a capacitance in
series with the solution resistance (meaning the resistance in
parallel with the capacitance, that is, the charge transfer resis-
tance, was very high).

Fiordiponti and Pistoia [96] found for Pani films of about
47 pm thick in 1 M H,SO4+ 0.5 M Na,SO, solutions that in
the potential region corresponding to the current plateau, the
high-frequency capacitance gives values of about

0 2 4 6
Z,] kQ cm’

Fig. 13 Nyquist plot for Pani films of different charges QOr (0.45)
(indicated in the graphic) in 3.7 M H,SOy, solution. £=0.45 V
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10" Fem™. According to them, this high values should be
attributed to a change in the extent of ion penetration and
arrangement in the Pani pores. They also report that in this
potential range, the Pani response tends to behave as a capac-
itance in series with a resistance even for relatively high fre-
quencies. As the frequency decreases, the capacitance tends to
a frequency independent value of about 0.13 F mg ', a value
that agrees well with the value of 0.17 F mg ' obtained by
voltammetry in the plateau region.

Rosberg et al. [76] attributed the low-frequency capac-
itance to a series capacitance which would be the respon-
sible of the capacitive plateau. They found it is linear with
the voltammetric charge. They also found that it does not
depend on the pH. They further considered that a purely
capacitive-like double-layer charging is rather unlikely
because of the very large surface area required to explain
the very high values of the capacitance. This is based on
the Feldberg estimation that a fiber radius (<4 nm) would
be required to explain a specific capacitance of
100 F cm 2. They assumed that charge transfer is the
responsible for the current plateau. They based in part this
claim based on the fact that Kalaji and Peter [97] detected
that the absorption intensity at A =620 nm, a wavelength
attributed to polarons, increases throughout the potential
range corresponding to the current peak and the current
plateau. Later on, we will show that the wavelength in-
creases in this potential range although there is no farada-
ic reaction.

Zic [98] studied the EIS response of Pani films in
H;PO, at different film thicknesses. He obtained a very
good fit for an equivalent circuit formed by the series
combination of two resistances in parallel with two con-
stant phase elements (CPE). He interpreted the resis-
tances as corresponding to an ionic charge transfer at
the polymer/solution interface (R.;) and as charge trans-
fer at the bulk polymer (R.,) and the corresponding
CPEs (Qg4>) as the admittances of the double layer and
the bulk polymer. The last charge transfer resistance
assignation is difficult to understand since it is known
that the oxidation reduction of the polymer occurs at the
base metal/ polymer interface. At 0.4 V (this is just in
the middle of the current plateau), R., (see Table 2 of
the reference [98]) is quite big as compared with the
ionic charge transfer thus suggesting that the charge
transfer is much hindered at these potentials.

Popkirov and Barsoukov measured the EIS response of
Ppy and polybithiophene (PBt) [99]. They claimed that, based
on the experimental measurements and model simulations,
they may establish the capacitive current and thus the faradaic
current. From it, the authors suggest that it is this faradaic
current that creates the capacitive one.

One of the problems observed with the capacitance of CPs
is that the value obtained from voltammetric measurements is

@ Springer

higher than those obtained from observed employing ac
methods [80, 88, 94-96, 100-111].

To confirm this, Ren and Pickup [112] measured the
capacitance in the plateau region of poly[1-methyl-3-(pyr-
role-1-ylmethyl) pyridinium] films employing both volt-
ammetry and EIS. According to these authors, although
the concept of “deep trapping” proposed by Tanguy et al.
for Ppy could be invoked, it is difficult to conceive it
could be applied to the generality of CPs. Instead, these
authors proposed that this phenomenon can be explained
by the conformational changes that occur as the polymer
is oxidized and reduced. As shown by Heinze and co-
workers [113], in these polymers, there is a wide range
of redox potential of the polymers. They arise from chain
segments with different conjugation lengths leading to the
fact that the oxidation potential for oxidation is higher
than that for re-reduction. Thus only sites that can be
oxidized and re-reduced will contribute to the current or
capacitance during a cyclic potential scan. However, we
think that in the capacitive current plateau potential re-
gion, there is no faradaic process and thus, this mecha-
nism could not be operative.

Dinh and Birss [77] made an investigation on Pani
films in 1 M H,SO, employing large and short voltage
spans as well as QCMB and EIS. They found that the
capacitance was smaller during the small voltage pertur-
bation than for large amplitudes in a similar way to that
reported by Ren and Pickup [112]. Moreover, the changes
of mass indicated the polymer swelling would be the rea-
son why only some part of the oxidized polymer can be
subsequently reduced. Also, these authors found they
could represent the EIS results in the capacitive region
by a CPE in series with a resistance. In fact, the CPE
was practically a capacitance since n~0.97.

Kalaji and Peter [97] measured the optical and electrical ac
response of ITO Pani film—covered electrodes. This is an in-
teresting approach since, in principle, the optical measure-
ments should not be sensitive to electrons if they were the
carriers within the polymer; therefore, this kind of measure-
ments should be free of the capacitive contribution. One of the
main conclusions of this work related to the capacitive contri-
bution is that the current plateau should be attributed to a
redox process in the film.

Studies comprising the measure of the epr
signal and the Pauli susceptibility

Several studies about the epr and Pauli susceptibility
changes during the oxidation of Pani, including the pla-
teau region, have been published [114-119]. Also, the
epr signal was measured in Ppy [120—122]. These mea-
surements are sensitive to the presence of unpaired
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electrons, and therefore, it helps to follow the course of
formation of substances with these characteristics. It is
well known that one of the products of the oxidation of
LE are polarons the have unpaired spins. Therefore, the
appearance and follow up of the epr signal during a
potential scan should be an indication of the presence
of this species.

Some time ago, it was proposed that the oxidation of
leucoemeraldine (LE) leads to the formation of polarons (P),
at low doping levels, which can be further oxidized to
bipolarons (BP) at higher doping levels (see for instance
Refs. [123—126]), as it happens with other conductive poly-
mers such as polypyrrole and polyacetylene. This conclusion
was challenged by several workers that proposed that
bipolarons are generated in a first step of the oxidation and
that their instability leads to the formation of polarons by an
internal conversion. Finally, they separate into a polaron lat-
tice (PL) [127, 128] that would be the species responsible for
the charge transport in the polymer. However, recent
spectroelectrochemical experiments strongly suggest that both
Ps and BPs form at practically the same time as the polymer is
oxidized (see below). All these structures are represented in
Scheme 4.

Ever since, there has been many theoretical works
employing more powerful methods of calculus [129-132]
and including, for instance, protons and the corresponding
counter ions [133]. A very useful account of more recent re-
search is given in Ref. [132]. However, as mentioned by
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Scheme 4 Structures of leucoemeraldine base and emeraldine salt in its
different forms: bipolarons, polarons, and polaron lattice

meraldine State

Bernard and Hugot-Le Goff, besides the amine, imine, and
polaron sites, it is necessary to consider partially charged ni-
trogen atoms that do not belong exactly to these categories
[134].

Genies and Lapkowski [117, 118] found that for films
made and cycled in NH4F + 2.3 HF, the number of spins de-
creases practically to zero alter the first oxidation peak.
Something similar occurs in H,SO4 (Fig. 14).

However, for films prepared and cycled in H,SO,, the
number of spins does not decreases after the oxidation peak,
in agreement with previous findings in this media [114-116].
This also seems to be in agreement with recent
spectroelectrochemical experiments (see below and Ref.
[78]). On the other hand, these authors propose for Pani, in
similitude to Ppy, that polarons are first formed at lower po-
tentials and then bipolarons are formed. This is a variance with
latter views in the sense that, for Pani, bipolarons seems to be
less stable that the polaron lattice [127]. Later on, the same
authors studied the influence of different anions on the shape
of the epr spectra [118] They conclude that the interaction
with the positive charges change the nature of the polyaniline
spins and propose that, based on a previous model of Epstein
and MacDiarmid [135], at low potentials (before the
voltammetric peak), there are Curie spins that, on further in-
crease of the potential, aggregate into metallic islands that
respond as the Pauli spins.

Spectroelectrochemical studies UV-vis

There are many studies of the UV-vis spectra of Pani (see
Refs. [43, 123, 124, 136—140], just to quote a few).
However, only a few of them contains information about the
capacitive current during the oxidation of the polymer. For the
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Fig. 14 Voltammogram (*) and epr number of spins (—) of a Pani film
(20 mC) in 1 M H,SOy, prepared in 35% HBF, v=0.01 V s 1. Potentials
referred to a silver wire pseudo-reference electrode. Redrawn from data of
Ref. [118]
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sake of reference, we show the spectra of Pani free-standing
films at a few different fixed applied potentials (Fig. 15). This
brief presentation of the spectral characteristics of Pani is
based on a previous publication [78].

In Fig. 15, there is a band centered at 320 nm that decreases
as the potential increases; this means that the species respon-
sible of that absorption band disappears as the polymer is
oxidized. Other two bands at about 400 nm and 750 nm in-
crease with the potential. Actually, it was found that the band
at 400 nm was composed of at least two bands: one peaking at
about 390 nm and another around 440 nm.

In the potential range comprised between —0.2 Vand 0.3 V,
there are three isosbestic points generated by the potential change
and they refer to an electrochemical equilibrium between the
reduced and oxidized Pani. Outside the potential range where
the faradaic reaction occurs, there is another crossing point that
should not involve an electrochemical (Nernstian) equilibrium
but rather other type of potential dependence [78].

Also, experiments sweeping the potential at fixed wave-
lengths have been done [43, 78, 137] (see Fig. 16).

In the potential range in which the faradaic process oc-
curs, the traces of the anodic sweep at the three wave-
lengths are similar in shape (Fig. 16). In the potential re-
gion corresponding to the purely capacitive response, as
noted by previous workers [43, 137], the absorbance at
400 nm linearly decreases with the potential, whereas the
absorbance at 750 nm increases. There is general consen-
sus about the species absorbing at 750-800 nm being the
PL, whereas those absorbing at 440 nm are BPs [139]. The
fact that the absorbance at 320 remains approximately con-
stant in this region means that the optical oxidation degree,
fox, could be approximately estimated as:

_ Avss—A(E)  A(E)=A20
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Fig. 15 UV-visible spectra of a free-standing membrane of Pani in H,SO,4
solutions at different applied potentials. O = 50 mC cm >
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Fig. 16 Absorbance as a function of potential for a Pani film deposited on
ITO in 3.7 M H,SO, solution [78], at different wavelengths. v=
0.005 Vs . Or=5mC cm >

where A(E) is the absorbance at potential £, Ag 45, the absorbance
at £E=0.45V, A_», the absorbance at E=—0.20 V, and AA;=
A_p20— Apas, the total absorbance change in going from the
completely reduced polymer film, £=—0.20 V, to the half oxi-
dized polymer film, £ =0.45 V. The values of 05, as a function
of E obtained in this way are shown in Fig. 12.

Measurements of the in situ conductivity

Since we are interested here about the nature of the capacitive
currents and if this is caused by an electrical double layer, the
problem is related to the conductivity of Pani and to the nature
of the current carriers in the polymer.

Although we refer to the conductivity, what was really
measured is the resistance since in most cases, it is difficult
to define precisely the thickness or the area or both. An exact
method was proposed and employed by Kankare [141]. There
are several reports about the in situ resistance of Pani. The
resistance of emeraldine has received much attention.
Studies of the conductivity changes of the neutral form of
polyaniline upon protonation have been made [115, 142,
143]. Also, the effect of the anion present with the emeraldine
salt has been measured [72]. The mechanism of conduction of
emeraldine has been studied as a function of temperature joint-
ly with EPR measurements [144]. There are several studies of
the conductivity of many copolymers and blends of Pani with
other materials. However, there are very few studies of the in
situ changes of conductivity of Pani as it is oxidized from the
leucoemeraldine (LE) form to the E form [145—148]. Also, the
conductivity of Pani has been measured for nanowires [149]
and hepta-aniline oligomers [150].

The potential dependence of the logarithm of the inverse of
the resistance is shown in Fig. 17.
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The resemblance of Fig. 17 with Fig. 12 strongly suggest
there must be a close relationship between the conductivity of
the polymer, o, and the fraction of oxidized redox sites x,. On
the other hand, it is interesting to note that the conductivity
steadily increases as the potential increases, thus showing that
the carriers are formed as soon as the oxidation begins. This
remark is opposite to the suggestions that carriers are formed
at the expensed of species formed at the beginning of the
oxidation of the LE.

About the nature and origin
of the capacitance in Pani

In acid solutions, the conductivity of the Pani increases as the
polymer is oxidized [71, 145-147] and has a maximum value at
about 0.45 V (SCE). Although most of the works show a good
agreement between the calculated and the experimental data for
the band assignation to the different species of Pani, there is still
no consensus about how many chemically different species form
as products of the oxidation of leucoemeraldine, and which ones
are the carriers, that is, the species actually responsible for the
charge transport and the capacitance of the polymer. Moreover,
other workers associate the conductivity of Pani with electrons
and trapped ions [151-153]. If the double-layer charging were
associated to free electrons, i.e., the conduction mechanism was
like in a metal; they would not be seen in the absorbance mea-
surements. It has been shown recently that the double-layer
charging is related to the increase of the absorbance 750 nm
(mainly associated to the PL). As the potential is increased in this
range, the amount of carriers required to charge the double layer
is provided by a displacement of the equilibrium BP <> PL in
favor of the latter. This is in agreement with Barsukov and
Chivikov [79] that suggested that the formation of a PL is related
to the charging of the double layer.
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Fig. 17 Semi-logarithmic plot of the inverse of the resistance as a
function of the applied potential. The potentials are referred to the scale
of SCE in aqueous solutions. Data taken from Wrighton et al. [146]

Influence of the nature of the electrolyte
and the pH on j,,

Although there is a large amount of work devoted to the influ-
ence of the pH and the nature of present anions on the synthesis
and redox switching of Pani, not much attention has been paid to
this influence on the capacitive currents. One of the first studies
on the influence of the anion on j,, is that of Genies et al.’s. [75].
In this work, j,,, increases in the order C10, < CI' <HSO4 . On
the other hand, Barbero et al. found, employing the probe beam
deflection (PBD), that the signal at 0.7 V (vs. RHE) in HCIl
increased as the acid concentration decreased from 4 to 0.1 M.
Similarly, they found, in similar conditions, that the PBD signal
increases in the order C10, <ClI <HSO,4 [64]. Moreover, Hu
et al. showed a similar sequence of the electrolytes with increas-
ing mean capacitance for Pani-coated electrodes: CCL,COOH <
<HCl < H,SO, [154].0n the other hand, Lizarraga et al. [155,
156] measured the volume changes of Pani in different electro-
lytes. Their results are assembled in Table 1.

Few studies of the influence of the pH on j,, exist in the
literature. Care should be taken when comparing j., at different
pH values at the same applied potential because of the cathodic
shift of the peak potential with the pH in the range — 1.0 <pH <
2.0. Moreover as the pH increases, another anodic process ap-
pears in the capacitive region and the current increases [70].
Scotto et al. showed that no dependence of the capacitive current
in this pH range appears in constant ionic strength solutions of
H,SO,4 + Na,SO,4, HCl+ NaCl, and HC10,4 + NaClO,.
However, Genies et al. [75] reported an increase of j,, of the
order of 24% for H,SO, solutions when sweeping the potential
between 0.38 and 0.40 V.

EQCM has been also employed to study the ion exchange
accompanying the faradaic and capacitive current responses.
Although the detailed analysis of the EQCM response associat-
ed to the redox commutation of Pani reveals a complex behav-
ior [157], Inzelt stressed the differences between redox and
conducting polymers in the capacitive region: whereas for redox
polymers the ion exchange stops (a mass plateau is reached)
after the faradaic process in the anodic scan, the ion sorption
continues (and the mass linearly increases with potential in the
capacitive region) after the anodic peak in the case of Pani
[158]. This effect was ascribed to the double-layer charging
phenomenon. In this sense, Pruneanu et al. made an electro-
chemical quartz crystal microbalance study of the behavior of
Pani in HCIO,, 4-toluenesulfonic, and 5-sulfosalicylic acid so-
lutions [159]. They concluded that the relative participation of

Table 1 Relative

volume changes, AV/V, Electrolyte HCIO, H,SO, HCI
of Pani in different
M 0.030 0.050 0.055
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protons and anions in the ion exchange processes is determined
by the pH of the solution. They also concluded that in the
presence of large anions, the film structure becomes open.

Recapitulation

From the foregoing text, it is evident that there are many
models to explain the nature of the capacitance in Pani. We
can state that there has been (and there still is) a controversy
about the nature of this capacitance. Some authors sustain that
it is due to an electrochemical reaction whereas many others
believe it is a double-layer process. However, arguments in
favor of the latter are very strong. Many of the observed ex-
perimental facts may be explained considering that the current
observed in the plateau region is double-layer type and not a
pseudocapacitive process.

Firstly, there seems to be agreement that the
voltammetric peak is due to a reversible confined electro-
chemical process with interaction among the redox centers,
and therefore, once it is finished, the faradaic current
should become zero. The spectroelectrochemical evidence
suggests that this scheme seems to be true. Proof of that is
obtained from the coincidence of the voltammetric oxida-
tion degree, calculated from Feldberg’s model, and the
spectroelectrochemical oxidation degree obtained from
the decrease of the band at 320 nm. This would confirm
the model proposed by Feldberg in the sense that the cur-
rent at the plateau is proportional to the amount of polymer
oxidized. Also it implies that the capacitive and faradaic
currents cannot be separated from voltammetric measure-
ments without extra assumptions.

Moreover, the EIS response of Pani in the plateau region
seems to indicate that the interface at the polymer fibrils/
internal solution interface may be represented by an equiv-
alent circuit consisting of a capacitance in parallel with a
high charge transfer resistance. It is interesting to point out
that the capacitances in the plateau region determined by
voltammetry and EIS are very similar. Furthermore, from
the spectroelectrochemical evidence, it seems that PLs are
the carriers and the observed double-layer capacitance is
due to an accumulation or depletion of them at the polymer
fibrils/internal solution interface.
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