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ABSTRACT

Thin films of poly(3,4-ethylendioxythiophene) (PEDOT) were electrochemically deposited on gold electrodes
in aqueous media. The role of perchlorate, lithium, and water during the charge/discharge of PEDOT films
was investigated by cyclic voltammetry together with EQCM, vis — NIR spectroscopy, and acoustic impedance,
also by means of ac-electrogravimetry in a 0.1 M LiClO4 aqueous solutions. In this way, it has been possible to
correlate the electrical, mass, color and electromechanical properties changes during the electrochemical reac-
tions of this polymer. Both, hydrated lithium cations and perchlorate anions can act as counterions during the
electrochemical reactions, however, at the more positive potentials anions are the preferred ions while at the
more negative potentials the relative participation of cations increases. A secondary electrochemical reaction
appears in aqueous solutions at potentials near —0.38 V against the Ag|AgCl|KCl(sat) reference electrode and
it is neither associated with mass changes nor with spectroscopic changes of the PEDOT. Viscoelastic properties
of the film change also with the applied potential and this change is mainly observed at the more negative
potentials due to the exchange of highly hydrated Li" cations.

1. Introduction

In recent years, poly(3,4-ethylenedioxythiophene) (PEDOT) has
become one of the most studied smart polymers due to its good con-
ductivity, processability, stability and their possible use as a material
for supercapacitor devices [1-4]. PEDOT has a rigid and linear confor-
mation that facilitates packing and electronic transport involving high
and fast charge/discharge processes[5]. These features make PEDOT
one of the conducting polymers commercially produced increasingly
on large scale lately and sold for a wide variety of applications like sen-
sors[6], anti-static coatings[7], light-emitting devices[8], solar cells
[9], supercapacitors[10], actuators[11] and even as a biological tissue
interfacing agent[12].

Different authors have studied the mechanism of oxidation/re-
duction of PEDOT, but with some discrepancy about the role of ions
and the effect of the solvent. Hillman et al. and Bull et al. have
explained the mechanism for the p-doping [13-16]. In recent stud-
ies, Tao Le et al. also study the role of cations in this process
[17]. From a molecular perspective, the rearrangement of the poly-
mer by creating or destroying double bonds and by accommodating
anions affects the free volume occupied by free solvent molecules
within the film [18]. Their redox processes are accompanied by
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color changes from light blue in the charged form to a dark blue
in the neutral form [19] and the reversible transfer of counterions
and solvent between the solution and the polymer [20-23]. This
knowledge is possible by the in situ combination of different tech-
niques during electrochemical processes [24,25]. Among others,
spectroelectrochemical and electrogravimetric in situ assembled tech-
niques have been successfully used during the last years for the
study of electrochemical processes in conducting polymers. This is
the case of our laboratory where cyclic voltammetry is coupled with
a Vis-NIR spectrometer and a quartz crystal microbalance with
motional resistance monitoring (QCM-R) [26,27]. The motional
resistance (R,) is an instantaneous measurement of the real part
of the acoustical impedance associated with the Butterworth-Van
Dyke equivalent circuit of a resonant electrode[28-35]. Then, the
R, electromechanical magnitude offers information about the vis-
coelastic properties of the PEDOT/interface system. If the deposited
layer is rigid enough, transversal waves lose relatively little energy.
On the contrary, viscous layers involve a significant energy loss or
the wave damping [34-36]. This change is associated in both cases
to the ion and neutral species exchanged. This is key information
for the design of new devices based on this material for their use
in energy storage devices such as supercapacitors or batteries.
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Both, electron and counterion transport through conducting poly-
mers are coupled. Electron transport has been described as an electron
hopping between neighbor active centers in the polymer and the glo-
bal process as an electron percolation through the material. Counteri-
ons insertion and transport are necessary to keep the film
electroneutrality and in some cases can be the rate-determining step.
EIS has been largely used for interpreting kinetics and charge transport
mechanisms in these polymers and in recent years electrogravimetric
techniques in the ac-regime (ac-electrogravimetry or mass impedance,
21 (w)) together with EIS (5 (w)) which allows discerning among the
role of anions, cation and solvent and also, between faster and slower
processes by the frequencies scan [37-41]. The use of the crossed
impedance transfer function FAm/Aq(w) obtained from EIS and ac-
electrogravimetry also allows discerning among different exchanged
species by their molar masses [25,27,42]. This function represents
the mass/electric charge ratio during an electrochemical experiment
and gives an estimation of the weighted mean value of the molar
masses of species exchanged during the electrochemical redox pro-
cess[42-44]:

F(i—:’;)(w) —F A (%l) %) :Zvil\g‘:iié (1)

It is similar in the dc-regime, but in this case, Fdm/dq is obtained
from mass derivative and current (dq/dt):

dm dn MW;
Fd—q_F<g—;> =Yu — +¢ (2)
dt t

where F is the Faraday constant (96485 C mol™1), & corresponds to
the mass contribution of solvent or non-charged species. MW; is the
molar mass of the i charged species involved in the faradaic process,
z; represents the electrical charge of the ion i that participates in the
electrochemical process and v; is the associated charge compensated
by the participation of each i species [26,27,39,45]. The minus sign
appears in this equation since the exchange of cations gives negative
values of this function and the opposite for the anions exchange. If
some of the electrochemical processes do not involve mass changes,
i.e. a chemical/electrochemical reaction of the outer solution, the
molecular mass associated with this process should be considered
as 0, making the absolute value of Fdm/dq to be smaller than that
expected.

It is well known that polymerization conditions determine the
electrochemical and morphological properties of PEDOT [46,47].
Usually, PEDOT is electrogenerated in organic media because of
the low solubility of the thiophene structures in water, but also
because of the oxidation potentials higher than potentials of the
oxygen evolution in water and the water-catalyzed formation of
thienyl cation radicals, which can activate concomitant reactions
and can hinder the formation of the main polymer [48,49]. Despite
this, there are some investigations where PEDOT was synthesized in
an aqueous solution, using anionic[50,51], cationic[52] and non-
ionic surfactants[53], but also without any surfactant [54]. PEDOT
films electrosynthetized in aqueous media show excellent elec-
trochromic performances [55] and stability [56]. These studies,
although minorities offer a more sustainable and safer alternative
synthesis and investigations.

The aim of this work is, on the one hand, to contribute to the
knowledge of the mechanisms by which this polymer is electrogener-
ated on the electrode surface in aqueous media and on the other hand
to elucidate the different role of hydrated lithium, perchlorate anions
and water molecules during the electrochemical redox reactions.
Hyphenated techniques above mentioned give us a wide view of the
mechanisms by which these electrochemical processes occur in PEDOT
films.
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2. Experimental

A typical three electrodes cell was used for the synthesis and char-
acterization of PEDOT films. The auxiliary electrode was a Pt mesh, the
reference was the Ag|AgCl|KCl(sat) electrode which all potentials are
referred to. The working electrode was a gold electrode (surface
0.2 cm?) patterned on a 9 MHz quartz crystal resonator (TEMEX,
France). All solutions were freshly prepared with distilled and deion-
ized water (MilliQ-plus, Millipore, resistivity 18.2 MQ cm).

2.1. Film preparation

The polymerization solution was 0.25 M KNO3 (99%, Scharlau) and
0.01 M EDOT (97%, Sigma-Aldrich) aqueous solution, pH = 7.06, and
the film was generated at room temperature by applying 1.1 V during
14 s. The potential was controlled by the AUTOLAB PGSTAT 302.
Before any characterization, PEDOT films were cycled
between —0.8 V and 0.8 V at 50 mV s~ ! in 0.1 M LiClO, (>95%,
Sigma-Aldrich) aqueous solution until a stable current is observed.
PEDOT films show a repetitive response after the first cycle in the
LiClO4 aqueous solution.

2.2. Spectroelectrogravimetry

PEDOT film was cycled between —0.6 V and 0.8 V at 100, 50, and
25 mV s~ ! and between —0.8 and 0.8 Vat 10 mV s 'ina 0.1 M
LiClO4 aqueous solution (pH = 5.3) and, at room temperature. A
QCM-R (RQCM, Maxtek Inc) microbalance and a Vis-NIR spectrometer
(Maya 2000, Ocean optics) record gravimetric, motional resistance,
and spectroscopic responses during the voltammetric cycles [28,34].

2.3. Impedance and ac-electrogravimetry

Electrochemical Impedance Spectra (EIS) and ac-electrogravimetry
(or Mass Impedance Spectroscopy) were obtained in identical cell con-
ditions. Impedance data were recorded from 65 kHz to 0.01 Hz, with 5
points per decade with 25 mV rms of potential perturbation amplitude.
A home-made software based on the Marquardt least-squares proce-
dure was used for the equivalent circuit fittings [57,58].

The ac-electrogravimetry was performed using a PAR 263A gal-
vanostat-potentiostat, a SOLARTRON 1254A signal generator + fre-
quency response analyzer and the frequency generator AGILENT
33220A. The microbalance was a lab-made oscillator built at UPR
15 CNRS Paris, France. All this equipment was controlled by home-
made software. Set-up explained in recent publications [39,40,45].

3. Results and discussion
3.1. Electrogeneration of PEDOT in aqueous solution

Fig. 1 shows changes in current, mass derivative (dm/dt) and
motional resistance derivative (dR,/dt) during the electrogeneration
of PEDOT films in a 0.25 M KNO3 and 0.01 M EDOT aqueous solution
expressed as time-derivative forms (dm/dt, dR,,/dt). The first step cor-
responds with the oxidation of monomers and the coupling of radical
cation which causes the current increase until t = 1.6 s (Fig. 1A). Once
the chain length of the oligomers is high enough, the polymer nuclei
precipitate on the electrode surface [54] and mass increases quickly
(dm/dt > 0 in Fig. 1A). After a short time lapse, the polymer doping
caused by their oxidation also affects the mass evolution. Exchange
of anions and/or solvent is needed to keep the film electroneutrality.
In Fig. 1B, this process is detected by the decrease in the mass/charge
ratio (Fdm/dq) (Eq. (2)) since the mass associated to the polymeriza-
tion process proves larger than the mass associated with the polymer
doping during the oxidation.
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Fig. 1. PEDOT electrodeposition applying 1.1 V during 14 s in a 0.25 M KNO3 and 0.01 M EDOT aqueous solution. (A) Current and time-derivative of mass during
electrodeposition time. (B) time-derivative of R,, and Fdm/dQ function during electrodeposition time.

In those concerning viscoelastic properties, R,, keeps unchanged
during the beginning of generation of the polymer nuclei, dR,/dt=0
in (Fig. 1B), which means that the electrode|solution interface does
not change significantly. Once PEDOT chains cover partially the elec-
trode surface, R,, starts increasing (dR,/dt >0) at 0.28 s due to the
increasing friction between the electrode surface and solution. The
maximum change of R, takes place at 1.6 s when current intensity also
proves maximum. This maximum of current has been reported as a
maximum number of nuclei on the electrode surface [59]. Therefore,
we assume that the electrode surface is fully covered by at least one
layer of EDOT nuclei at this point.

After this time, previous studies have shown that the diffusion of
the monomer from the solution to the electrode surface controls the
polymerization rate [54,60]. Fig. 1A shows that dm/dt decreases (mass
increases, but slower than before) controlled by mass transport.
Fdm/dq in Fig. 1B provides more precise information about the mech-
anism of PEDOT polymerization in aqueous media in this growth
stage. First, we assume that one electron is transferred for the forma-
tion of one radical cation of EDOT (142.18 g mol 1) which is linked
to the polymer chain [61] increasing the measured mass. Besides,
we can consider that this new PEDOT chain is oxidized assuming
another electron transfer together with the doping of one nitrate anion
(62.01 g mol ') to keep the electroneutrality. Therefore, for the hypo-
thetical overall process, the following reaction can be stated:

< Polymer > +EDOT + NO; —< Polymer — EDOT,NO; > +2e~ (3)

Accordingly, F(dm/dq) should
142086201 ; 4 102 g-mol™!, however, the experimental value for this
function and for deposition times >7 s is about + 54 g mol ™!
(Fig. 1B). This discrepancy can be explained by both: the anion inser-
tion causes the opposite flux of water molecules (¢ in Eq. (2)) and also,
that at these potentials there are parallel electrochemical reactions not
causing deposited polymer such as water oxidation, formation of
cation radicals not involving polymerization or releasing of soluble oli-
gomers [62]. Moreover, a fast estimation of polymerization efficiency
of about 50% can be obtained from the real Fdm/dQ + 54 g-mol ™’ val-
ues if compared with the theoretical + 102 g-mol~’. Anyway, R,, con-

reach values near

tinues increasing during the polymerization process since dR,,/dt > 0
(Fig. 1B) due to the polymer growth on the gold surface, but slowly.
Finally, the electrodeposition process in aqueous solution results in a
blueish PEDOT film doped with NO;J.

3.2. Electrochemical characterization of PEDOT

3.2.1. Cyclic voltammetry

The electrochemical response of PEDOT films was first investigated
by cyclic voltammetry in LiClO, aqueous solutions. The first voltam-
mogram appears slightly different since there is the exchange between
the inner NO; anions and CIO, anions, but after, PEDOT films show
repetitive voltammograms and we can assume that all accessible
NO; anions inserted during the electrodeposition were substituted
by CIO; anions [17]. Fig. 2A shows the current response of a PEDOT
film at 10 mV s~ *. From —0.1 V to 0.8 V, PEDOT shows the character-
istic capacitive behavior with an overlapped oxidation peak at 0.21 V
(peak I), which means the accumulation of positive charges along the
chain. From —0.1 V to negative potentials, PEDOT shows an increas-
ingly negative current and a clear reduction peak appears (peak II)
at —0.35 V. Some authors attribute this extra current to the O, reduc-
tion reaction[63]. We have tested that in deaerated solutions this peak
disappears (See Fig. S1, supplementary material).

As the scan rate increases, the capacitive behavior proves more evi-
dent in the whole range of potentials (Fig. 2B)[64]. Current of peak I
increases linearly with scan rate (Fig. 2C) while current of peak II
changes also linearly but with the square root of scan rate (Fig. 2D).
This last one could mean a diffusive transport for this electrochemical
process, in good agreement with the oxygen reduction reaction.

3.2.2. Spectroelectrochemical studies. Molecular information
Spectroscopic information of PEDOT films was recorded simultane-
ously with cyclic voltammetry. Fig. 3A shows the Vis-NIR spectra at
different potentials for PEDOT films. As the potential is increasingly
negative, PEDOT absorbance increases in the range 400-750 nm (light
intensity or the number of counts decrease) since the film turns into a
deep blue color when reaches the reduced form due to the coplanar
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Fig. 2. (A) Voltammetry of PEDOT at 10 mV s7'in0.1 M aqueous LiClO4, (B) Scan rate effect on the cyclic voltammogram of PEDOT. (C) Peak I current against

scan rate (D) Peak II current against the square root of scan rate.
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aromatic heterocycles of the backbone and two electron-donating oxy-
gen atoms coupled to the thiophene ring, which contribute to the n-x*
transitions [65,66]. This interval of wavelengths is usually associated
with the # — #* transition of the thiophene rings [67,68]. On the other
hand, absorbance in the wavelengths range of 750-1100 nm increases
as the PEDOT is oxidized, mostly at potentials from —0.8 Vto —0.2 V.
The oxidation of neutral PEDOT involves the formation of polaron that
together with the doping increases the metallic type conduction of film
[65,69,70].

These spectra were presented as number of counts at each wave-
length since it is not possible a zero absorbance reference spectrum

at all the studied wavelengths, and therefore it is not possible an abso-
lute value of absorbance. However, the time derivative absorbance
against potential curves are possible. To further characterize the mech-
anism of electrochemical processes in PEDOT films it is preferred the
time derivative of absorbance at a wavelength 1 (dA*/dt). This func-
tion provides specific information about the electrochemical processes
of PEDOT discarding capacitive and secondary reaction currents which
do not cause absorbance changes and also because dA*/dt does not
require knowing the blank absorbance value[71]. dA%/dt is easily
obtained from the number of counts (n) of a digital spectrometer at
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the wavelength A by considering that light intensity at this wavelength
(I*) is proportional to this number of counts:

I'xnl; I'=Kn! (4)
. I

A= —log <I7> = log (I}) — log (I") (5)
0

dA* _ dlog(Kn;)  dlog(n) p

a a dt ©

where I}, represents the light intensity for the blank sample at a wave-
length 4, and K an arbitrary constant relating color intensity and the
number of counts.

It should be noted that dA*/dt proves proportional to the number of
active centers that change during the electrochemical redox process of
the polymer, dn,/dt, as it occurs with the current associated with this
faradaic process.

A' = M Any, (7
dAa* dng,
T ¢ dr ®)

where ¢ represents an apparent electrochromic efficiency for the
change of concentration of active centers at the 1 wavelength[71,72].

In Fig. 3B, dA*/dt curves at four selected wavelengths (480, 670,
810 and 925 nm) are plotted. If compared with current curves, the first
observation is the zero baseline at all selected wavelengths that indi-
cates that a part of the measured current should be caused by a parallel
electrochemical process causing no color change: the hydrogen pro-
duction at negative potentials, the oxygen formation at more positive
potentials, and also, the molecular O, reduction since the solution was
not deaereated. Anyway, not all the electrochemical processes cause
color changes at all the studied wavelengths.

The formation of polaron structures from neutral PEDOT is
revealed by reversible dA®1° /dt peaks around —0.7 V [65]. At
E > —0.2 V there is no significative change of absorbance at
A = 810 nm, therefore, no more polarons are accumulated beyond this
potential. By further oxidation of PEDOT films, bipolaron structures
are rapidly accumulated around — 0.6 V (dA°%®/dt peaks)[65]. Nearby,
the switching between deep blue and light blue PEDOT could be asso-
ciated with changes at 670 nm (visible wavelength) and peaks of
dA®°/dt appear also slightly displaced towards positive potentials
than dA°%® /dt peaks[66]. The complete color conversion is reached
at 0.4 V where dA%”°/dt = 0. It should be noted that there is no wave-
length associated with the peak II in the voltammogram. As a result,
the current associated with the formation of polaron and bipolaron
structures at these potentials could be masked by the high current of
another overlapped electrochemical processes.

Around potentials near 0.0 V, where peak I takes place, dA**°/dt
reaches negative values during the oxidation (Fig. 3B). This wave-
length could be related to the disappearance of neutral PEDOT units
by oxidation since the absorbance decreases as PEDOT is oxidized
and vice versa. Absorbance at 480 nm changes during all the PEDOT
charge/discharge process. The dA**°/dt curve is very similar to that
of a supercapacitor typical current and we can assume that changes
at this wavelength are associated with the capacitive behavior of the
polymer. Around 0.4 V, dA°*® /dt shows a second peak couple which
could be associated with a new formation of bi-polarons in the film
[65]. Finally, no significant absorbance changes are observed at
E >0.7 V. Hence, the extra current observed in the voltammogram
should be attributed to other electrochemical reactions of the media,
such as the water oxidation.
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3.2.3. Electrogravimetry study in the dc-regime

Mass changes accompanying redox processes in conducting poly-
mers are mostly caused by the exchange of counterions to keep the
film electroneutrality. From —0.8 V to —0.2 V the charge of neutral
PEDOT starts with a decrease in mass (measured with an EQCM) indi-
cating that cations leave the film (Fig. 4A). However, the overall cur-
rent reaches negative values indicating that another reduction reaction
is mainly taking place. At potentials of peak II (—0.38 V) mass changes
are very small and at larger potentials, the charge of PEDOT involves
an increase in mass due to the insertion of perchlorate anions to bal-
ance the positive charges formed [18,20].

In Fig. 4B and at potentials around peak I, Fdm/dQ (Eq. (2)) reaches
values between + 32 and + 54 g-mol~’, far from the expected per-
chlorate molar mass (99.5 g~mol’1). We consider several possible
causes for this difference: the anion exclusion effect [18,73], a partial
opposite flux of cations, and the existence of an extra current due to
electrochemical redox processes of the outer solution. The latter is cor-
roborated by the sudden current increase near + 0.8 V involving that
Fdm/dq falls to 0.

During PEDOT discharge from —0.2 V to —0.8 V, Fdm/dQ moves
from +4.2 g mol~! to —9.7 g mol ! confirming the cation participa-
tion. This is similar to results presented by other authors [62]. This low
value compared with the expected hydrated Li* cation mass could also
be explained by the partial participation of anions and/or other fara-
daic processes without mass contribution. For this purpose, ac-electro-
gravimetry allows separating the contribution of different species by
their relative time constants[37,38].

3.2.4. Electrochemical impedance spectroscopy and ac-electrogravimetry

The above results allow us to state that more than one process
should be considered for a good interpretation. Hyphenated tech-
niques in the dc-regime allow to identify the partial participation of
each one of the processes in the overall response, but it proves not easy
to separate according to their relative rates. For that purpose, it is
preferably the use of hyphenated techniques in the ac-regime, or in
other words, the coupling of electrochemical impedance spectroscopy
(EIS) and ac-electrogravimetry[37,39,74]. Fig. 5 shows complex plane
capacitance plots of PEDOT films at different potentials. Capacitance
plots are useful for describing impedance spectra for conducting poly-
mers and is obtained from impedance as:

ctw) = i) = (@) ©)

where j is the imaginary number and w is the angular frequency.

We use a model to analyze these impedance spectra based on the
hypothesis of two electrochemical processes taking place. Therefore,
our equivalent circuit has two branches in parallel describing both far-
adaic processes (Fig. 5). The RC branch is associated with a fast
charge/discharge process in the electroactive polymer[25,39,58], the
R, element represents the fast charge transfer resistance for this pro-
cess and the capacitance C is a mesure of the amount of electrical
charge in the supercapacitor polymer. The other branch is associated
with the low frequencies response. The Warburg element represents
the impedance associated with a faradaic reaction controlled by the
diffusion of electroactive species towards the electrode surface and
the resistance a charge transfer resistance for this process. In our case,
this reaction can be the O, reduction, the hydrogen evolution reaction
at the more negative potentials or the water oxidation at the more pos-
itive potentials and is responsible for the low frequencies line in the
capacitance plot of Fig. 5. The resistance R, represents the charge
transfer resistance for this process.

Experimental data were fitted to this model and Table 1 collects
parameters obtained. In all the potential range, the double layer capac-
itance (C4) and the uncompensated resistance (R,) do not change sig-
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Table 1
Values of parameters obtained from the fitting of experimental EIS data to the equivalent circuit model in Fig. 5. Impedance associated to the Warburg element is given
Lo

by.Zy = ¢ \/(7{) c
E Ru C Ry o Cdl
\% Q mF kQ Q5705 uF
—0.60 32 0.63 17 4.5
—0.50 32 0.65 5.6 2400 4.5
—0.38 32 0.68 4.1 485 4.5
-0.25 32 0.68 20 730 4.5
—0.10 32 0.72 4.5
0.00 32 0.70 4.5
0.25 32 0.69 4.5
0.50 32 0.66 4.5
0.75 32 0.65 60 4.5

nificantly, and we can fix these values to 4.5 pF and to 32 Q, respec-
tively, both estimated from high-frequency impedance.

The fastest process shows a very low charge transfer resistance (R..)
that keeps constant around 1 Q, a value smaller than the uncertainty of
this parameter from the fitting, that could explain the fast charge-dis-
charge properties of this polymer. Capacitance (C) reaches values
between 0.63 mF and 0.72 mF, the larger ones at potentials
between —0.38 and 0.25 V. These huge values are in good agreement
with the large capacitive currents observed in the cyclic voltammetry.
As a result, a very similar capacitance loop appears at all the studied
potentials in Fig. 5 [18,75-77].

The slowest process is only possible if there is a secondary over-
lapped reaction. In the potential range between — 0.5 and — 0.2V, this
reaction is the O, reduction and Warburg like impedance is shown
characterized by a 45° line. At the more positive potentials, this sec-
ondary reaction could be the water oxidation but no Warburg impe-
dance can be measured since there is no transport control, in
contrast a 90° phase in the capacitance plot is observed, equivalent
to 0° in the impedance plot characteristic for a resistive behavior
(Ry). For the more negative potentials (—0.6 V), the hydrogen evolu-

tion reaction takes place, but no mass control is observed in Fig. 5,
only a resistance.

Even though EIS gives rich information about the rate of the differ-
ent processes, there is no information about the role of cations, anions,
and solvent during these processes. For this purpose, ac-electro-
gravimetry has been revealed as a powerful tool allowing to discern
the role of different species during electrochemical processes depend-
ing on the loop shapes and where these loops appear on the ac-electro-
gravimetry complex plane plot [18,37-39,41]. Comparing Fig. 5 and
Fig. 6, one can see in Fig. 6 only one semicircle at all the studied poten-
tials without any trace of a second process at the lowest frequencies for
the ac-electrogravimetry experiment, however this semicircle changes
its size and the quadrant on the complex plane. Between —0.1 V and
0.8V, semicircles on the first quadrant indicate the main participation
of anions in the charge/discharge process of PEDOT [39,45,74]. On
the contrary, semicircles on the third quadrant at potentials
below —0.2 V indicate the main participation of cations [39,45,74].
Noticeably, there is no transition between quadrants (no loop on the
second or on the fourth quadrant) expected for two ions transitions
with different time constants. Therefore, cation and anion exchanges
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Fig. 6. ac-electrogravimetry spectra obtained for PEDOT in 0.1 M LiClO, aqueous solutions at different potentials. Arrows indicate the transition between high
frequencies (HF) and low frequencies (LF). Potentials are marked on the Real Part axis.
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are caused by the same electrochemical process in the PEDOT film
with an identical time constant. Alternatively, the electron transport
through the polymer could be the rate-determining step for this elec-
trochemical process. From our results, it is not possible to discern
between both possibilities.

Another important information is given by the size of the ac-elec-
trogravimetry semicircle, the largest the semicircle the largest the
mass change. In other polymers, ac-electrogravimetry data show the
largest semicircle at those potentials corresponding to the maximum
of peak currents during the voltammogram [23,37,39]. Here, maxi-
mum cation semicircle (3rd quadrant) is obtained for the most nega-
tive potential and the maximum anion one (1st quadrant) for the
most positive potential.

In order to deep into the information obtained by EIS and ac-elec-
trogravimetry, the mixed transfer function FAm/Aq(w) is analyzed
(Fig. 7). This function is obtained from the ac-electrogravimetry trans-
fer function, % (w), and the capacitance one (Eq. (9)) from Eq. (1)

Their physical interpretation is similar to that of Eq. (2) allowing to
discern the relative participation of different species in the overall pro-
cess. If two different ions exchange and these processes are overlapped
with different time constants, this transfer function provides both, a
real part and the imaginary part of a complex number. However, our
experimental results (Fig. 7) show that the imaginary part of this trans-
fer function takes values near O and the real one keeps constant in a
wide range of frequencies from 10 to 0.1 Hz for all investigated poten-
tials. Therefore, one can conclude that only one process is responsible
for the mass changes [40,41].

In the range of potentials between —0.1 V and 0.75 V positive val-
ues of FAm/Aq(w) mean a large participation of anions as counterions.
These values increase from 20 g-mol~* at —0.1 V up to 80 g-mol~!
at + 0.75 V. For a pure perchlorate exchange a value of 99.5 g-mol ™!
should be expected. Since in this range of potentials no other chemical
reaction is coupled, the smaller FAm/Aq(w) values should be attribu-
ted to the exchange of water molecules in the opposite sense by the
exclusion effect and/or to the exchange of hydrated Li* cations. In
any case, there is only one capacitive loop in the capacitance complex
plot indicating that the exchange of anions, cations and water takes
place simultaneously.
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At potentials from —0.25 V to —0.60 V and in the range of fre-
quencies from 0.1 Hz to 10 Hz, this function reaches values going
from —5 g mol™! to —65 g-mol ™! indicating that charge balance
mainly takes place by the exchange of cations, being the largest ones
in absolute value at the most negative potential, about —65 g-mol™*,
larger enough than Li" mass. That means at least 3 water molecules
accompanying Lit cations. At frequencies smaller than 0.1 Hz,
|FAm/Aq(w)| quickly decreases reaching values near O in the case
of —0.38 V (peak II) for the smallest frequencies in good agreement
with a secondary electrochemical reaction coupled: the catalytic O,
reduction involving an electric charge transfer but no mass change
[63]. In the impedance spectra of Fig. 5, we can see a low frequencies
line at these potentials that should correspond to a process not involv-
ing mass changes since this line is not observed in ac-electrogravime-
try in Fig. 6.

From several assumptions based on these results we can estimate
the relative participation of cations and anions at each potential. First,
we assume that both, cations and anions, can participate as counteri-
ons. Second, we consider that the entrance of anions is accompanied
by the exit of some water molecules by the exclusion effect, in our case
we suppose one H,0 by each ClO, anion since the largest value for the
FAm/Aq is about +80 g mol ™. Finally, for the lithium participation
we assume that X water molecules accompany each lithium cation,
that means a mass change of —(7 + 18x) g-mol’l. Therefore, we
can obtain an expression for the Am/Aq(w):

F(%) (w)=a-A-(—(7+18x) g-mol’l) +(1-a)-A-(81 gAmol’l)

(10)

where a represents the relative participation of lithium cations in the
charge balance and (I — a) the relative participation of perchlorate
anions.

Fig. 8 shows the estimated dependence on the applied potential of
this relative participation for both ions and for different values of x.
For the anion participation, our assumption seems to be right since
their relative participation does not vary too much from poten-
tials +0.6 to +0.75 V. For the cation one, it seems than >3 water
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Fig. 7. Representation of Re (F-Am/AQ) at each frequency for different potentials of interest.
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molecules can accompany the Li* cation. Therefore, at more negative
potentials, the semicircle corresponding to the ac-electrogravimetry
should be greater than this one obtained at E = —0.6V. However,
the stability of the film should be compromised at these potentials.
In any case, the participation of cations at potentials E > 0.2V seems
very small, while at potentials E < —0.4 V could be more important.

Then, we simulated different possibilities for x = 3,8 or 18 water
molecules. Looking at Fig. 8 values of x = 18 imply that at potentials
E < —0.6V the relative participation of anions should be negative and
the cations participation >100%. We can discard this possibility and,
therefore, a smaller number of water molecules accompanying Li*

cations should be considered. An intermediate value between 3 and
18 (x = 8) seems the most acceptable one.

3.2.5. Viscoelasticity

The hydration of PEDOT influenced by the anion exclusion, Li
hydration or conformational rearrangement can change the viscoelas-
tic properties of the film, which can be monitored by changes of the
motional resistance (R,,). Between —0.8 V and —0.2 V, the insertion
of Li* cations hardly hydrated, as FAm/Aq suggests, makes this film
softener increasing the R, values (Fig. 9). However, at potentials
around peak I, R, keeps almost constant. The accumulation of a higher
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Fig. 9. Variation of the electromechanical resistance, R, with

the potential at a scan rate of 50 mV-s~" in 0.1 M LiClO.,
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population of charge-balancing counterions (“dopants”) generating
electrostatic interactions between polymer chains and ions together
with the dry of PEDOT by the exclusion effect during the PEDOT
charge cause the film stiffness [28,78,79] and then, the decrease of
the R, value. Therefore, as Fig. 8 and Fig. 9 suggest, an important
exchange of water molecules accompanied by the Li" cation occurs
at the more negative potentials.

4. Conclusions

The yield of electrodeposited mass was about 50% of the expected
mass, including the anion doping of the generated polymer.

The electrochemical behavior of PEDOT films in LiClO, aqueous
solutions should be described as the overlap of at least two well-sepa-
rated electrochemical processes. On the one hand, there is the electro-
chemical charge and discharge reactions of PEDOT, identified as the
fast process that needs the exchange of counterions. The insertion/ex-
pulsion of Li* is accompanied by several water molecules and the
anions exchange involves an opposite flux of water due to the anion
exclusion effect. Both, cation and anion, exchange processes take place
with the same time constant and their relative participation can be
estimated from FAm/Aq(w) function and depends on the applied
potential. At more negative potentials, the larger cation participation,
and the opposite for the more positive potentials. This is also con-
firmed by the change of R,, on the applied potentials, reaching maxi-
mum values in the more negative potentials where the film proves
more hydrated by the insertion of hydrated Li* cations.

The second electrochemical process, the slow one, proves
maximum at the potential where a voltammetric peak appears
(E = -0.38 V). This process can be attributed to the O, reduction
and does not cause any mass change, nor color changes of the polymer.
The peak current dependence on the square root of the scan rate indi-
cates a mass transport control in good agreement with this hypothesis,
also a Warburg behavior of the low-frequencies impedance spectra.

All these results evidence the rich information obtained from
hyphenated techniques in the dc and ac regimes, mainly if crossed
functions are obtained from experimental results of different tech-
niques as it could be the Fdm/dq in the dc-regime (EQCM + CV) or
the FAm/Aq(w) in the ac-regime (EIS + MIS). This experimental strat-
egy has proved useful for the design and characterization of superca-
pacitors based on the simultaneous accumulation of fast ionic
species during electrochemical redox processes of the polymeric
material.
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