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Abstract

Poly (3,4-ethylenedioxythiophene), PEDOT, films were synthesized at room temperature by potentiodynamic and potentiostatic
step deposition in aqueous solutions containing EDOT monomer and LiClO,4. In some solutions, the effect of small amounts of
sodium dodecylsulfate, SDS, on the polymerization rate of EDOT and on the stiffness of the obtained PEDOT film was studied.
The obtained PEDOT films were transferred in aqueous solutions containing cations with different molar mass, such as H*, Li*,
Na*, K*, and Cs*. The apparent molar masses of the exchanged species during potentiodynamic experiments were determined by
in situ microgravimetry. These measurements underlined the importance of the electrolyte chosen for electropolymerization
process. It is known that SDS anions can be trapped inside the polymer layer during electropolymerization, providing them with a
cation exchange behavior. However, even if the PEDOT films were deposited from an electrolyte without SDS, they still acted as

cation exchangers.
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Introduction

Poly (3,4-ethylenedioxythiophene), PEDOT, is one of the
conductive polymers that is intensively studied due to its ex-
cellent properties, such as good electrochemical and thermal
stability, biocompatibility, flexibility, and high conductivity,
just to name a few [1-3].

It is well known that organic charge transport materials, a
class to which the conductive polymers belong, can be divided
into p-type and n-type materials. Usually, the conductive
polymers can be doped via chemical and the electrochemical
approaches [4], so that both states, p-doped (oxidized) and n-
doped (reduced), can be realized. The process involved in p-
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doping is equivalent to withdrawing electrons from the 7-sys-
tem of the polymer backbone. This results in a positively
charged unit in the conductive polymer [4, 5]. Electrons are
introduced into the 7-system of the polymer backbone for n-
doping, and a negatively charged unit in the conjugated sys-
tem is thus formed [4, 5].

p-doped PEDOT films can be used as positive electrodes in
batteries [6—9], in microlithography [10], for corrosion inhibi-
tion [11], in solar cells [12] or in sensors [13-21].

It was observed that some conformational changes occur in
a conductive polymer film when it is immersed in an electro-
lyte. Otero et al. [22, 23] suggested a model called “electro-
chemically stimulated conformational relaxation” to explain
this. The conductive polymers should keep their electroneu-
trality, even under electric current flow [24, 25]. Therefore,
application of an anodic potential to a neutral conjugated poly-
mer may cause an expansion of the polymeric structure [23].
Partial oxidation takes then place and counterions from the
solution enter into the conductive polymer under the influence
of the electric field [23]. During reduction, opposite processes
occur, the positive charges on the polymer are neutralized and
counterions are expelled. Diffusion of the counterions be-
comes more and more difficult, as the structure closes. The
degree of compaction depends on the cathodic potential ap-
plied to the polymer and will be more efficient at more
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negative potentials. The compact structure hinders counterion
exchange with the solution [23]. The oxidation process is
completed by diffusion of counterions through the already
opened structure of the polymer, due to an applied anodic
potential.

It is important to know which ions are expulsed or enter in a
conductive polymer during its charging/discharging, as this
will also influence other properties of the films, such as their
morphology, electrochemical response, ionic conductivity, ca-
pacitance, or stiffness.

The mechanism of ion transport during charging and
discharging of conductive polymers has been studied using
several techniques, including electrochemical quartz crystal
microbalance (EQCM) [26-29], secondary ion mass spec-
trometry (SIMS) [30] or atomic absorption, and X-ray photo-
electron spectroscopy (XPS) measurements [31, 32], just to
mention a few.

Numerous studies proved that EQCM is a powerful tech-
nique to investigate surface processes and to study the ionic
and solvent exchange at the polymer/solution interface [33,
34]. We also choose the EQCM technique in this study, to
investigate the effect of SDS and ClO4 anions on the cation
exchange ability of electrochemically prepared PEDOT films.

Several studies showed that when PEDOT was electrode-
posited in the presence of relatively small anions (ClO,4 ,
NO; , citrate, SO427, BF, , PF¢ ), the film acts as anion ex-
changer, the movement of cation being most of the time
neglected [35, 36]. Some reports call attention to the role of
solvent, more precisely that beyond the obvious effect of sol-
vation of the electrolyte ions, ionic movements are usually
accompanied by solvent expulsion during doping and solvent
incorporation during de-doping [33, 37, 38]. Hillman et al.
studied PEDOT films in 0.1 M acetonitrile lithium perchlorate
solutions using EQCM [38] and showed that the solvent
movement during of p-doping does not occur monotonously:
at first the film is oxidized at high positive potential and the
solvent is expelled; then the solvent flux changes direction,
when a negative potential is applied. Hillman et al. concluded
that the reduced film is strongly solvated and the fluxes of
solvents and ion dopants are not interrelated [38].

It has been shown that although anion incorporation is the
simplest phenomenon in the charge compensation during the
oxidation of conductive polymers, the process involves also
cation and solvent motion, depending on the deposition con-
ditions, e.g., electrode potential applied during the electrode-
position [33, 39, 40]. Cations can participate in the processes
of the PEDOT film p-doping. This was proven by Toth et al.
[39], where ion transfer was studied at the polymer film inter-
face with aqueous solution of complex electrolytes containing
cations such as Na*, K*, and Ru* and by Fuentes et al. [40] for
PEDOT films doped with metallacarborane [Co(C;BoH),]
~, in the presence of Cs*, Na*, K*, Li*, and H" cations.
However, a number of recent studies indicated a complex
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mechanism, according to which larger ions can also move in
the layer during the redox process.

Conductive polymers can be used as active materials for
the positive electrodes of rechargeable aluminum batteries
[41, 42]. The chemistry of the batteries was based on
chloroaluminate ionic liquids, and the electrodes were electro-
chemically prepared polypyrrole and polythiophene in [41],
and PEDOT films in [42], respectively. The doping level of
anions from the solutions was measured in both cases by
EQCM. The conductive polymers were doped/de-doped with
chloroaluminate anions. The doping level was approximated
to four monomer units per anion dopant molecule in [41].
Schoetz et al. showed [42] that the doping of PEDOT film
consists of a mixture of CI and AICl, anions. The mixed
participation of the electrolyte cations and anions in the charge
transfer processes in the PEDOT layer has also been discussed
in [20, 38-40].

Theoretical approaches describing ion exchange in conduc-
tive polymer film during charging processes have been pro-
posed by Vorotyntsev et al. in [25]. One model assumes the
existence of two types of ions in the polymer film: one that are
free to move, and the other that are bound to the film, due to
thermodynamic, kinetic, or geometrical reasons.
Correspondingly, the second model treats both anions and
cations in the polymer film as being free to move and to be
exchanged with the solution. Three cases can be then defined:
(1) when there is a complete ionic equilibrium with the solu-
tion, (ii) when there is only an irreversible anion transfer, and
(iif) when cation exchange also occurs [25]. This model was
used previously by us to study the p-doping and the de-doping
process of PEDOT films in ionic liquids [21] and aqueous
solution [37].

Why is SDS added in solutions for electrochemical prepa-
ration of PEDOT films? Due to the low solubility of the
EDOT monomer in water (2.1 g/L at 20 °C), an efficient
oligomerization in aqueous solutions can only be achieved
by the addition of surfactants [43]. It was shown that the
current density during polymerization increases significantly
in the presence of micelles of different surfactants [37, 43—46].
The monomer oxidation is also shifted to lower values in
micellar media [43, 46]. Systematic studies from Sakmeche
et al. showed that the oxidation potential in anionic micellar
solutions like SDS is lowered, whereas no significant changes
occur for cationic, like cetyltrimethylammonium chloride,
CTAC, as well nonionic, like Triton X100, surfactants [43].
This invariance of the monomer oxidation potential is ex-
plained by Sakmeche et al. that no or repulsive interactions
took place between cationic or nonionic surfactants and the
radical cations formed during the first step of the polymeriza-
tion. The variation of the oxidation potential in anionic micel-
lar solutions demonstrates the existence of specific stabilizing
interactions between anionic surfactants and the reacting rad-
ical cations [43, 46]. SDS anions can be trapped inside the
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polymer layer during its formation, providing a cation ex-
change behavior [39, 43, 47]. Lyutov et al. showed that poly-
merization rates of PEDOT in the presence of SDS are smaller
than in PEDOT/ PSS (polystyrene sulfonate) solutions, due
maybe to the hydrophobic interactions between the dodecyl
aliphatic tail and the PEDOT film [48]. The PEDOT layers
obtained in SDS solutions were more rigid than those obtained
in PSS or PAMPS (poly(2-acrylamido-2-methyl-I1-propane
sulfonate)) solutions. The deposited PEDOT films were in
the form of folded lamellas when SDS was present in solution,
while in solutions containing PPS or PAMPS they looked like
a gel [48].

Two types of PEDOT layers were investigated with EQCM
in this study: one synthesized from an electrolyte containing
SDS and the second one from an electrolyte without SDS. The
supporting electrolyte was 0.2 M LiClOy, in both cases. This
study focusing on electropolymerization and cation exchange
behavior of PEDOT films contains two parts. First, we inves-
tigate the effect of SDS on the stiffness and polymerization
rate of the PEDOT films. The optimal SDS concentration that
should be added to the electrolyte during polymerization was
identified for obtaining the highest polymerization rates.
Finally, the obtained PEDOT films were transferred in differ-
ent aqueous solutions containing cations with different molar
mass, such as H, Na*, Li*, K*, and Cs*. Cyclic voltammetry
experiments were performed in these electrolytes to show the
individual and cumulative effect of SDS and ClO, anions
which could be incorporated in the PEDOT film during
electropolymerization, on further doping/de-doping processes
with cations of different masses.

The results presented here contribute to a better under-
standing on the effect of the electrolyte composition on the
properties of the polymer films.

Experimental
Chemicals and electrolytes

All chemicals were purchased from Alfa Aesar in their highest
purity available and were used as received. Deionized water
having a resistivity of 18.2 MQ cm at 25 °C was freshly
prepared before each experiment with a Milli-Q® Direct 8
device from Merck.

Two types of electrolytes were used in electro-
polymerization experiments, one consisting of 8 mM 3,4-
ethylenedioxythiophene (EDOT), and 0.2 M LiCIOy, and the
second one containing also sodium dodecyl sulfate (SDS) in
different concentrations. The EDOT was used as functional
monomer, LiClO, as supporting electrolyte, and SDS as sur-
factant. The solution was stirred using a magnetic stirrer for
1 h in a covered beaker of 100 mL, to assure the complete
mixing of all compounds. The pH of the electrolyte was 4.2.

Table 1 gives the solutions used for studying the ions ex-
change behavior during the redox switching of the PEDOT
layer. The pH of the solutions was measured with a portable
pH meter SevenGo from Mettler Toledo.

Electrochemical setup

The electrochemical setup consisted of a three-electrode cell.
AT-cut quartz crystals of 15-mm diameter and 165-pm thick-
ness from Vectron International, Germany, with key-shaped
gold electrodes of ca 0.22 cm? and 100-nm thickness on each
surface, were used as working electrodes. The counter elec-
trode was a platinum foil of approximately 3.7 cm? and 0.2-
mm thickness and the reference electrode, an Ag/AgClin 3 M
KCl electrode (Meinsberg, Germany). All measurements were
performed at room temperature (25 °C+2 °C). Prior to all
experiments, the solutions were purged with argon, for more
than 30 min, and an argon blanket was maintained over the
electrolytes during the entire measurement. A Teflon cylindri-
cal cell with 3.6-cm inner diameter and 4.2-cm height was
used for the electrochemical experiments [49].

All electrochemical measurements were performed with an
EG&G Versastat II potentiostat/galvanostat (USA) controlled
by lab-made software [15, 50]. The PEDOT layers were syn-
thesized by potentiostatic step and potentiodynamic tech-
niques. Potentiostatic step deposition was performed from
0.1 V (for 30 s) to 0.84 V vs Ag/AgCl. The potential of
0.84 V was chosen to avoid overoxidation of the polymer.
Cyclic voltammetry experiments at a scan rate of 50 mV/s
were used for the deposition of PEDOT, and at 0.1, 1, and
20 mV/s for studying the ion exchange behavior of the films.
A minimum of eight measurements was performed for each
individual experimental condition in order to check the repro-
ducibility of the results.

EQCM gravimetry and acoustic impedance
measurements

The resonance frequency of the unloaded AT-cut quartz crys-
tals was ca. 10 MHz. The quartz crystal was placed at one end
of'the cell, and fixed between an O-ring (Viton, solution side)

Table 1 Composition of solutions used to study the cation exchange
behavior of PEDOT films

Cations Aqueous solution pH
H* 0.1 M HCl or 0.1 M HCIO4 1
Li* 0.2 M LiClOy4 6.5
Na+ 0.05 M NaH2P04*H20 +0.05 M NazHPO4*7H20 6.7
Cs* 0.15 M CsHO +0.1 M H;PO, 6.9
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and a silicone gasket on air side. Acoustic admittance spectra
were recorded with an Advantest R3753BH network analyzer
(Advantest, Tokyo, Japan) in the reflection mode. Each admit-
tance spectrum was transferred to a computer via GPIB inter-
face and then fitted with a Lorentzian function [50]. Besides
the resonance frequency of the quartz crystal, the full width at
half maximum of the resonance curve was also measured.
This is proportional to the damping of the quartz crystal, w,
and represents dissipated energy.

As shown by Sauerbrey, changes in the resonance frequen-
cy are proportional to the mass accumulated on the crystal
(Eq. D [51]:

Af:—%(z)Am (1)
q

In Eq. 1, Af'is the shift in the resonance frequency of the
quartz crystal when a rigid mass density, Am, is deposited on
one side of the resonator, Z; is the mechanical impedance of
quartz, and f is the resonance frequency of the unloaded
quartz.

The Sauerbrey equation can be applied for thin rigid de-
posits if: (i) the deposited layer has a uniform thickness; (ii) if
the mechanical impedance of the deposited layers does not
differ strongly from that of the quartz crystal. Other factors
such as roughness of the electrode, changes in the viscoelas-
ticity of the deposit due to changes in morphology and swell-
ing of the films or surface hydration changes as a function of
the applied potential should be taken into account if the de-
posited films are either rigid-thick or soft [51-54]. However,
Eq. 1 can be applied to calculate the deposited mass of con-
ductive polymer if the change in resonance frequency is much
larger than the change in the damping of the quartz, Aw. The
value of Aw can be correlated with the mechanical properties
of the film like viscosity, roughness or rigidity. As a rule of
thumb, high damping values indicate a soft film and low
values a more rigid film [49].

The electropolymerization experiments were stopped when
the resonance frequency of the quartz crystal decreased by
approximately 20 kHz from the initial value. At the same time,
the damping of the quartz crystal increased only by 150
400 Hz, indicating that a rigid PEDOT film had been depos-
ited. The total electric charge density for the deposition was
between 115 and 143 mC/cm?.

Results and discussion
Influence of SDS on electropolymerization of PEDOT
The critical micelle concentration (cmc) for SDS in aqueous

solutions containing 0.1 M LiClO, is 1.25 mM, as obtained by
fluorescence measurements [46]. Cyclic voltammetry (CV) at
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50 mV/s scan rate and 298 K between —0.3 and 1.3 V in
parallel to the EQCM measurements were performed in order
to assess the effect of SDS (below or above the cmc) on the
polymerization rates of EDOT. The deposited mass calculated
from the EQCM data with the Eq. 1 [49, 55] indicated that ca.
52 ug/em? and 25.6 pug/em” PEDOT were deposited in 14 cy-
cles from solutions containing 2 mM and 4 mM SDS, respec-
tively. However, only 7 cycles were needed to obtain ca.
100 pg/em? in a solution containing 1 mM SDS. After this
amount of PEDOT was deposited on the quartz crystal, the
EQCM frequency signal became noisy, maybe due to the
thick films grown and due to partial detachment from the Au
electrode. Thus, the frequency changes produced during the
last 7 cycles in the CVs were not evaluated in the electrolyte
with 1 mM SDS, but this concentration was chosen for further
studies.

SDS is an anionic surfactant, which means it has a hydro-
phobic and a hydrophilic end group, which could be adsorbed
at the metal electrode/solution interface [43]. The adsorption
mechanism depends on the nature of the electrode material, on
the charge of the electrode, besides the concentration of SDS
or pH of the bath [44]. AFM studies showed that SDS will not
adsorb on negatively charged silica surfaces, but it can be
adsorbed at Au surfaces with positive charge or modified with
hydrophobic groups, such as hexadecyl mercaptan [44]. The
surface charge will change from positive to negative with
increasing the SDS concentration in the electrolyte, a fact that
indicates a change in the adsorption mechanism. No signifi-
cant effects could be observed in the AFM force curves for
SDS concentration above 1 mM, indicating that the surface of
the Au electrode was completely covered with SDS, or that
the increased repulsions between the charged head groups of
SDS will limit the further adsorption [44].

We did not investigate in this study the adsorption mecha-
nism of SDS on the Au electrode, but we can assume, as
pointed out in the literature [43, 44], that SDS could be
adsorbed in form of hemimicelles or as a bilayer with surface
micelles, depending on its concentration in electrolyte. The
SDS adsorbed on the Au surface can decrease the polymeri-
zation rate when its surface concentration is high enough, as
we observed in our measurements for the 2 and 4 mM SDS
containing solutions. Further growth of the PEDOT film is
then partially suppressed probably due to the hydrophobic
interactions between the dodecyl aliphatic tails and already
polymerized PEDOT chains [43, 48].

The frequency shift (Af) measured by EQCM and the nor-
malized change in the damping (wo/w) of the quartz crystal
obtained during potentiodynamic PEDOT synthesis in the
presence of three different concentration of SDS are shown
in Fig. 1a and b as a function of the passed electric charge
(Opoly)- Here, wy represents the damping of the unloaded
quartz, and w is the damping of the quartz during CV
experiments.
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Fig. 1 Frequency change (a) and normalized damping change (b) as a
function of the polymerization charge for PEDOT layers obtained in
aqueous solution containing 8 mM EDOT +0.2 M LiClO4 with
addition of 4 (black curve), 2 (red curve), and 1 mM (blue curve) SDS,
measured during CV experiments at 50 mV/s and 298 K

The formation of PEDOT films by CVs is characterized by
a sharp decrease in the frequency shift of the quartz crystal
with increasing the polymerization charge, Op,1y, which seems
to be almost identical in the first several cycles of the exper-
iment, independent on the amount of SDS in the electrolyte.
This indicates a homogeneous growth of PEDOT and incor-
poration of the same amount of dopant species and solvent
molecules in this stage of growth. The absolute values of Af
measured at the end of 14 CV cycles (Fig. 1a) increase with
decreasing SDS concentration in the electrolytes.

The damping of the quartz crystal indicates a significant
difference in the rigidity of the PEDOT layers synthesized in
the presence of different concentrations of SDS (Fig. 1b).The
wo/w values above 0.90 (blue curve in Fig. 1b) indicate that a

PEDOT layer with a high rigidity is synthesized in a
submicelle solution (1 mM SDS). The PEDOT/SDS layers
synthesized from micelle solutions (2 mM SDS and 4 mM
SDS) are characterized by a rapid and strong decrease in the
normalized damping, indicating significant viscoelastic prop-
erties (red and black curves in Fig. 1b).

It was shown in previous studies that PEDOT/SDS has a
significant stiffness compared with PEDOT films synthesized
in the presence of ClO,4 , PSS, or PAMS [48, 56, 57]. The
plasticity of the polymer is expected to depend on the number
of solvent molecules that are expulsed when anions are incor-
porated. It was reported in [56] that PEDOT/SDS is more stiff
compared with other films, due to the fact that weak transport
of solvent molecules is implied in this case, as proven by the
EQCM data. The dodecylsulfate is much heavier than the
perchlorate ions (molar mass 265.38 g/mol for dodecylsulfate
and only 99.45 g/mol for perchlorate, Cl104 ). According to
Lyutov et al. [56], being bigger, they could be washed out
during PEDOT polymerization by CV, and thus their incor-
poration in the film could be much smaller compared with the
other doping ions.

Sukchol et al. showed by FTIR measurements that
the anionic surfactant SDS added during PEDOT/PSS
film formation or after polymerization interacts strongly
with the PEDOT film [47]. Some of the SDS molecules
could replace the PSS and thus influence the distortion
of PEDOT segments in water. This chain deformation
of PEDOT in water will normally be produced by the
coiled structure of PSS, which due to its positive charge
has a distorted structure in water. The PEDOT will fol-
low the structure of PSS, becoming itself distorted.
When SDS replaces the PSS molecules, this disorder
will be reduced. The strong interaction between SDS
and PEDOT was proven by the increased conductivity
of the films and by the broadening and shifting to lower
wavelengths of the FTIR peaks [47].

The value of the normalized EQCM damping was above
0.9 not only in the potentiodynamic measurements, but also
for the PEDOT layers obtained by potentiostatic and pulse
deposition at different polymerization potentials and pulse du-
rations, if a solution containing 1 mM SDS was used (not
shown). This indicates that these PEDOT films are rigid.
The rigidity of the PEDOT films obtained in our measure-
ments in 1 mM SDS solution can be explained by the fact that
SDS acts as dopant competing with C1O4 anion during grow-
ing of the chain network. The doping with SDS and ClO,
anion is possible due to presence of positive charge in molec-
ular subunits of the polymer chain. As a final effect, the stiff-
ness of the films is strongly influenced by the amount of SDS
present in the electrolyte. Besides this, the presence of SDS
makes the PEDOT layer to act as a membrane with selectivity
for cations (discussion in the “Cation exchange behavior”
section).
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It is well known that the morphology of the PEDOT films
depends not only on the doping materials, but also on the
deposition technique used [13, 58—60]. The morphology of
the PEDOT films obtained by potentiodynamic and
potentiostatic deposition from an electrolyte containing
1 mM SDS can be seen in Fig. 2.

A porous PEDOT film was obtained after 14 cycles by the
potentiodynamic method, which grew steadily with the num-
ber of cycles (Fig.2a), while a compact and rough layer was
obtained in the potentiostatic deposition (Fig.2b).

Cation exchange behavior

As discussed in the “Introduction” section, most of the times
only the anions are considered to participate in doping/de-
doping processes of conductive polymer films [35, 36]. The
mass of the film should increase during the oxidation because
anions enter the film and it should decrease during the reduc-
tion, when the anions move out.

Fig. 2 Scanning electron micrographs of pristine PEDOT films obtained
in 8 mM EDOT+1 mM SDS+0.2 M LiClOy, at 298 K by: a CV
technique, after 14 cycles between —0.3 and 1.3 V (vs. Ag/AgCl), at a
scan rate of 50 mV/s. b potentiostatic deposition at 0.84 V

@ Springer

In some excellent papers, Bruckenstein and Hillman pro-
posed the so-called “scheme-of-cubes approach” [20, 61-64].
The coordinates of a 3-D cube were associated to electron/
anion transfer, solvent transfer, and polymer reconfiguration.
No salt transfer was considered when analyzing the p-doping
of PEDOT films [63]. The corners of the cube represent the
chemical species (reactants, intermediates, and products at
energy minima), and the edges were the elementary steps
connecting them. Individual steps have individual time char-
acteristics. The model was successfully applied to visualize
and identify the complex and competing mechanistic path-
ways in redox transitions of different conductive polymers.
Anions and solvent fluxes, reconfiguration of the polymer
film as a function of the potential and charge of the films
during CV experiments, and the potential scan rate were con-
sidered. Thus, one should carefully prepare his experiments in
order to be able to get the temporal resolution of solvent trans-
fer and polymer reconfiguration.

It was shown by DFT (density functional theory) and
FTIR-ATR (Fourier transformed infrared spectroscopy-
attenuated total reflection) spectroscopy [39] that the CI ™ ions,
generated in a solution containing these ions, can be bound to
C atoms from the PEDOT backbone. EQCM [42] studies also
showed that not only ClO,4 ions but also CI  ions participate
in doping. XPS spectra [32] showed the presence of both
perchlorate C104 and CIO;5 ™ ions as dopant in PEDOT films.
The ClO,4 ions were present in higher amount in the PEDOT
films obtained by pulse deposition, and ClO;  ions were ob-
served more in the films obtained by potentiostatic deposition.
The doping levels of the Cl-containing samples was shown to
be lower and the PEDOT will be then forced to behave as a
cation exchanger [39, 65].

Previous reports showed that the cation transport in the
PEDOT layer is predominant at potentials below 0.0 V (vs.
Ag/AgCl) and the anion transport is predominant in the range
of more anodic potentials [38, 39, 63]. Exchange of anions or
cations may be detected as variations in the film mass. EQCM
is a very sensitive technique, with which small masses in order
of 4.4 ng/cm? can be detected with a 10 MHz quartz crystal for
a shift in frequency of 1 Hz.

PEDOT films obtained in this study by potentiostatic
step deposition were synthetized on a gold electrode of a
quartz crystal. The mass changes in the deposits during
redox transitions were determined from the EQCM results,
based on Eq. 1.

We investigated here if with EQCM measurements the
detection of cation incorporation in PEDOT films is sensitive
enough for small, as well as for big cations. For this, after we
deposited the PEDOT films from solutions with or without
SDS, we transferred the polymer films in solutions containing
cations of different molar masses. The first step was to wait in
each new solution at open circuit potential, OCP, until the
resonance frequency and the damping of the quartz did not
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change significantly. Afterwards, cyclic voltammograms were
performed in HCI, HCIO,, and in solutions containing Li*,
Na*, K*, and Cs* (Table 1). The PEDOT film was rinsed
carefully many times with deionized water between transfer-
ring it in the next solution. The cathodic limit of the potential
was fixed to —0.54 V in solutions containing Li*, Na*, K,
and Cs* cation and — 0.2 V in HCI and HCIOy, solutions. The
anodic potential limit was 0.8 V in all CV measurements.

The exchange behavior of PEDOT films in Li* containing
solutions is presented in Table 2, and for Na*, K*, and Cs*
solutions, in Table 3, respectively.

The potentyodynamic measurements were performed at
different scan rates: 0.1 mV/s (Figs. S5 and S6), 1 mV/s
(Figs. S7 and S8) , and 20 mV/s (Figs. 4 and 5) for the solu-
tions containing Li*, and only at 20 mV/s for the solutions
containing other cation than Li* (Figs. 6 and 7, S1, S2, S3, S4,
and S9). Systematic studies on the effect of scan rate on net
mass change in the polymer films were reported by
Bruckenstein, Brzezinska, Daisley, and Hillman [61-63].
They showed that if the polymer film is swept at low scan
rates, the net mass change upon film reduction was negative.
However, if the scan rate was high, the net mass change upon
film reduction was positive. At ca. 25 mV/s, they identified
that a net zero mass change will occur. Also, Lyutov et al.
chose a scan rate of 20 mV/s in [48] when studying doping/
de-doping of conductive polymers. Based on these previous
literature observations, we decided to perform our measure-
ments at 20 mV/s. The equilibrium for the reduced state of
polymer was observed to be reached at 2 mV/s in [61, 62].
Therefore, for the small sized Li*, we decided to perform also
CV at lower scan rates, where the exchange process can be
assumed to be stationary, in the hope that we could better
detect the cation and anion exchange.

A typical CV and the frequency response for a PEDOT
film on the quartz crystal during sweeping at 20 mV/s in
0.2 M LiClOy solution can be seen in Fig. 3 a and b. Broad

anodic and cathodic currents were obtained in the CV for all
solutions containing different cations, which indicated a ca-
pacitive behavior (Fig. 3 a). Oxidation and reduction of the
film occurred over a wide potential range. We could also see
that the frequency increases when sweeping the potential to-
wards more cathodic values and decreases afterwards (Fig.
3b). The inflection points where the change in the frequency
behavior happens lay between 0 V and 0.1 V, as described
also in Tables 2 and 3. An increase in frequency indicates that
some mass of the film is lost, while the decrease in frequency
indicates an increase in mass, probably due to incorporation of
cations. During the anodic sweep, the frequency increased
until 0 or 0.1 V and decreased afterwards. In this case, the
frequency decrease could be due to incorporation of anions
in the film. It is well accepted that conductive polymers sup-
port a certain degree of oxidation. Therefore, a certain amount
of anions will be incorporated into the polymer film during its
synthesis, to compensate this positive charge. Some of the
anions will leave the polymer during reduction, but some
can remain trapped in the film. Cations that are strongly bound
to the anion can be also introduced in the polymer film during
its synthesis [40], thus influencing the conductive polymer the
properties, such as its ionic and electronic conductivity, or its
electrochemical response. Certain amount of cations can be
inserted during reduction, too, in order to neutralize the
trapped anions. At the same time, it is generally accepted that
beside ions, also the solvent molecules can participate in
doping/de-doping processes [63]. Solvent expulsed from the
film during doping, which re-enter during de-doping, influ-
ences the overall redox process [63].

Our experiments showed that the frequency did not return
to its original value after the potential was swept back towards
the anodic potential region, indicating that some anions
remained trapped in the film (Fig. 3b). At the same time, the
current does not change significantly (Fig. 3a), indicating that
the ionic species that remained in the film will not interact

Table2  Apparent molar masses of the transferred species in PEDOT films obtained by potentiostatic deposition at 0.84 V, as determined from EQCM
data in LiClO4 solutions
scan rate PEDOT/SDS PEDOT
(mV/s)
My, (g/mol) M, (g/mol)
Reduction Oxidation Reduction Oxidation
08.0V 0.-054V -054.0V 0.08V 08.0V 0.-054V -054.0V 0.08V
0.1 mV/s; st cycle 16.8 6.5 —14.7 5.2 128.8 6.6 -372 93
0.1 mV/s; 3rd or 8th cycle 9.6 33 —56.9 2.7 176.1 3.7 —23.6 6.5
1 mV/s; 1st cycle 46.8 7.5 —55.6 20.0 52.9 8.7 —42.9 213
1 mV/s; 3rd cycle 422 5.8 —55.9 20.2 52.7 6.9 —43.8 22.1
20 mV/s; 1st cycle 61.4 —20.7 -304 58.2 53.8 -93 —252 55.9
20 mV/s; 10th cycle 78.4 -31.8 —42.1 62.3 68.3 -7.6 -27.7 57.6
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Table 3
data in NaPBS, KPBS, and CsHO solutions

Apparent molar masses of the transferred species in PEDOT films obtained by potentiostatic deposition at 0.84 V, as determined from EQCM

Electrolyte PEDOT/SDS

PEDOT

My, (g/mol)

M, (g/mol)

Reduction Oxidation

Reduction Oxidation

08.01V 01V.-054V

-054.01V 01.08V

08.01V 01.-054V -054.01V 0.1.08V

0.IMNaPBS, Istcycle  75.1 -375 —575
0.IMNaPBS, 10th cycle 66.8 =377 —74.9
0.IMKPBS, 1st cycle 88.9 -32.0 —197.8
0.IMKPBS, 10th cycle ~ 60.7 —29.6 —63.6
0.15MCsHO, Istcycle  67.7 —81.2 —145.7
0.15MCsHO, 10th cycle 47.9 -922 —1749

46.6 85.0 -37.1 -219 43.9
49.9 12.1 —76.4 -31.5 72.5
65.7 92.4 —20.2 —54.0 75.9
41.8 30.0 —62.7 —64.8 60.7
81.2 43.8 —48.2 —76.0 61.1
61.7 37.1 —62.8 -83.3 59.1

with the parts of the polymer that are responsible for the gen-
eration of current [66].

Normally, the changes in the damping of the quartz during
CVs measurements were below 50 Hz, and the changes in
frequency were above 500 Hz. The shape of the mass changes
calculated from the frequency shift and plotted against electri-
cal potential resembles often the shape of a butterfly wing
(Figs. 4, 5, 6, and 7, S1-S8), similarly to other previous re-
ports [67]. Only when the PEDOT films were cycled in HCI
and HCIQy, the shape of the frequency vs potential looks like
one single butterfly wing (Fig. S9).

No significant mass change could be observed in the ca-
thodic potential region, but only in the anodic one in HCI and
HCIO, solutions. The effective mass of H* is small, even if it
is surrounded by a hydration shell. When the sweeping was
performed in HCI or HCIO, solutions, we can assume that if
the H* enter in the film during the cathodic sweep in the
negative potential region, they will remain strongly bound to
the anions.

We could observe a gradual mass decrease with successive
potential cycles if the PEDOT films were cycled in solutions
containing Li*, Na*, K*, and Cs*. The mass remained almost
constant if the PEDOT was cycled in HCI, and even increased
slightly in HCIO,. This can be explained based on the absolute
masses and sizes of the anions involved. Chloride has a rela-
tively small mass compared with Cl10, . Therefore, during the
reduction of the polymer film, the CI can be expulsed easily,
and during oxidation, they are inserted in the film in such
amount as needed to compensate the positive charge. Some
of the bigger anions, such as ClO,4 , will however remain
trapped in the film. Then cations need to be driven in, in order
to maintain the neutrality of the layer. The mass of the film
will increase with increasing cycle number, due to the increase
number of anions that remained trapped in each cycle. The
mass will decrease if the anions are not trapped in large num-
ber in the film; in this case, during their expulsion, they may

@ Springer

take out also cations which are strongly bounded to them, and,
as a final effect, the total mass of the film may decrease in
time.

At the same time, we could observe that independently if
the PEDOT film was synthesized in a solution containing SDS
or without SDS, the mass variation in the anodic potential
regime was more significant than in the cathodic potential
region in Li*, Na*, and K* containing solutions (Figs. 4, 5,
6,and 7, S1 and S2). This can be due to the fact that the anions
that enter in the film during the anodic sweep have much
bigger effective mass than the cations. For solutions contain-
ing Cs™, the mass change in the cathodic potential region is
bigger than that from the anodic potential region (Fig. S3, S4).
This can be explained with the large relative mass of Cs*
compared with the anions present. Only exception being
SDS, which has a larger mass than Cs*.

From the ratio of the mass change to the passed electrical
charge Am/AQ (Figs. 4, 5, 6, and 7), the apparent exchanged
molar mass, My, can be calculated using Eq. 2.

Am
AQ

In Eq. 2. z is the charge of the anion and F is the Faraday
constant. The value of M,y is the sum of all species which
move in or out of the polymer during oxidation or reduction.
In other words, My, is the weighted sum of the molar masses
of all involved species, Mynion, Msolvents and Magon, €ach of
them being multiplied with a factor, which defines how many
of the respective species are transferred per ion. These factors
must not be integers and can be either positive or negative.
[19, 55].

For example, considering the PEDOT/SDS film cycled at
0.1 mV/s in LiClO4 solution between 0.8 and 0.0 V (Table 2),
the apparent molar mass obtained, 16 g/mol can indicate that
the one ClO4 ion enters in the film and approximately four

Mpp = 2F (2)
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Fig. 3 a Cyclic voltammetry (20 mV/s) of a PEDOT (black line) and of
PEDOT/SDS film (red line) in 0.2 M LiClO,. Both films were obtained
by potentiostatic deposition at 0.84 V. b Change in the resonance
frequency of the quartz corresponding the CV measurements presented
in (a)

water molecules are expulsed. Another explanation is that one
CI and one ClO4 enter in the film and seven water molecules
are expulsed. The calculation becomes more difficult if the Li*
and the SDS ions are also considered as taking part in parallel
to the reaction, so that the electroneutrality of the PEDOT film
is fulfilled. Calculating the number of water molecules that are
expulsed from PEDOT film only based on the EQCM results
does not give a unique solution. One would need another
independent measurement, in order to get a better solution.
Henderson et al. used probe beam deflection in parallel to
the EQCM [68]. Combining these two in situ techniques, they
could get quantitative information on the co-ion and/or sol-
vent transfer in the exchange processes at a poly(o-toluidine)
electrode. In the following, we give only the apparent molar
masses, as calculated from the EQCM measurements.
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Fig. 4 Mass changes calculated from EQCM data during CV
measurements (20 mV/s) in 0.2 M LiClO,, for PEDOT/SDS layer as a
function of charge density (a) and as a function of electrical potential (b).
Red line in b graph presents the changes in the damping of the quartz
crystal

It was shown in [25] that there can be significant differ-
ences in the EQCM signal when studying the charging pro-
cess of polymer films by potentiodynamic experiments be-
tween the first cycle and the next ones, due to relaxations
effects. Therefore, we will report the apparent molar mass
values obtained from both first, as well as the last cycle from
the potentiodynamic measurements (Tables 2 and 3).

Incorporation of small ions, such as H* or Li*, into the
films is more challenging to be detected by EQCM than the
incorporation of bulky ones [65]. However, small ions are
more extensively solvated than the larger ones. Thus, ions that
have a small ionic radius could have a large hydrodynamic
radius, because they drag many solvent molecules as they
migrate through the solution.

The apparent molar masses of the mobile species, calculat-
ed with Eq. 2 from the slopes of mass vs. electrical charges
plots, are presented in Tables 2 and 3. In the tables, the inflec-
tion points are given as delimiting points between the two
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Fig. 5 Mass changes calculated from EQCM data during CV
measurements (20 mV/s) in 0.2 M LiClO4, for PEDOT layer
synthesized without SDS as a function of charge density (a) and as a
function of electrical potential (b). Red line in b graph presents the
changes in the damping of the quartz crystal

reported values for apparent molar masses. However, the ap-
parent molar masses were calculated from the linear regions of
the deposited mass vs. passed charge graphs, i.e., between 0.2
and 0.6 V during the cycling in the positive potential regions,
and between — 0.54 and — 0.3 V when cycling in the negative
potential regions.

The theoretical values for the apparent molar mass for H*,
Li*, Na*, K*, and Cs* are 1.01, 6.94, 22.98, 39.07, and
132.9 g/mol, respectively. The theoretical values for apparent
molar mass for CI" and ClIO4 anions are 35.5 and 99.45 g/
mol. Other anions that could participate in the exchange reac-
tions are the PO,>~ and OH, which have the apparent molar
masses 94.97 and 17.01 g/mol, respectively. The molar mass
of dodecylsulfate is 265.38 g/mol.

The values of the apparent molar masses obtained from
EQCM measurements (Tables 2 and 3) are generally bigger
than the theoretical ones, maybe because cations have also a
hydration shell around them [39, 66]. Paik et al. showed that
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E (vs. Ag/AgCl) [V]

Fig. 6 Mass changes calculated from EQCM data during CV
measurements (20 mV/s) in 0.1 M NaPBS, for PEDOT layer
synthesized with SDS as a function of charge density (a) and as a
function of electrical potential (b). Red line in b graph presents the
changes in the damping of the quartz crystal

the lighter Na* ions can produce the same mass increase as the
heavier K* ions in a polypyrrole—P,W 3O, film [67]. They
attributed this to the fact that the Na* ions are more hydrated
than the K* ions in the polymer and the solution. The hydro-
dynamic radius and their mobility will be similar for both ions.

Cations bring thus inside the film water molecules in
the course of film reduction [39]. The degree of solva-
tion may change when the ion becomes incorporated
into the polymer. The change of solvation will depend
on a variety of factors such as the charges of the ion
and the surrounding polymer. In addition, steric effects
may play a role [49]. If the apparent molar mass is
smaller than the naked ion, the ions replace some water
molecules in the neutral film, as we could show in this
study (Tables 2 and 3). However, one can see that in
some cases, M,,, is relatively close to the theoretical
molar masses for anions and cations investigated, such
as for Li*, Na*, Cs*, Cl', or ClO4 .
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Fig. 7 Mass changes calculated from EQCM data during CV
measurements (20 mV/s) in 0.1 M NaPBS, for PEDOT layer
synthesized without SDS as a function of charge density (a) and as a
function of electrical potential (b). Red line in b graph presents the
changes in the damping of the quartz crystal

If the slope of the mass vs. charge plot is positive during
oxidation and negative during reduction, it can be assumed
that the anions are predominantly responsible for keeping the
electroneutrality of the film. However, if the opposite is seen,
this could indicate that the cations have the predominant role
[61, 62]. Based on the slopes we obtained in this study
(Tables 2 and 3), it seems that the anions are the species
mainly responsible in doping/de-doping processes.
However, the frequency of the quartz crystal did not vary
linearly with the normalized charge (Fig. S10), indicating that
besides anions, also cations participate in doping process.

We expected that the anion exchange occurs at low scan
rates and the cation effect can be seen firstly at higher scan
rates. Other factors that could play a role in doping/de-doping
are the state of oxidation of the PEDOT film when it was
synthesized, as well as the hydrophilic or hydrophobic nature
of the cations present in the electrolyte. As example, for the
measurements in 0.2 M LiClO,4 solution, we expect that

during redox transitions, the dopant ClO, ions will migrate,
accompanied by the water molecules, but definitely the Li*
will also play a role (Figs. 4 and 5). This cation exchange
behavior in the presence of ClO, is rather surprising since
this anion was proved to be involved in the charge compen-
sation [19, 39].

The experimental value for M,,, was approx. 6.5 g/mol
when the PEDOT/SDS layer was cycled with 0.1 mV/s, value
which is close to the theoretical value of Li*, 6.9 g/mol (Fig.
S5). The potentiodynamic experiments performed for PEDOT
layers synthesized in the absence of SDS, at very low scan
rate, v=0.1 mV/s indicate only the movement of anions,
ClO, ", and solvent (water) molecules (Fig. S6).

In all potentiodynamic experiments in LiClO, electrolyte,
the electrical charge, AQ, was negative. This is an indication
that an irreversible process takes place in the polymer film.
One could attribute such behavior to oxygen reduction [66 and
references 44 and 45 within]. The electrical charge, AQ, in-
creased in absolute value with cycling. Obviously, argon
purging during the measurements could not completely re-
move all traces of oxygen. However, according to Toth et al.
[39], the contribution of oxygen electroreduction to the overall
current in CV measurements can be negligible.

The PEDOT/SDS and PEDOT layers were cycled between
—0.54 and 0.8 V at 20 mV/s also in the electrolytes containing
Na*, K, and Cs*. Only the data obtained for the NaPBS
solution are presented here. The data for the remaining cations
is in the supplementary information.

The incorporation of heavier cations (such as Na*) can be
seen clearly for a PEDOT/SDS layer, starting at 0.1 V when
sweeping the potential towards the negative regime. The mass
of the film increases then due to incorporation of cations
(Fig. 6). From the EQCM data (Figs. 6 and 7), one can see
that cations have now a significative role in the charge com-
pensating process, beside the anions.

The mass of the films decreases in the potential range —
0.5 V until 0.1 V in our measurements, which can be ex-
plained by predominant removal of anions, which could also
expulse strongly bound cations. Solvent molecules could also
leave the film within this potential range, but they should have
a secondary role. Between 0.1 and 0.8 V, a monotonous and a
linear mass increase is observed with increasing anodic
charge.

The mass decrease of the PEDOT films at the initial stage
of their oxidation is probably due to structural modifications
in the polymer and resulting in the displacement of solvent.
Previous literature showed the film volume changes during
oxidation [19, 35, 36, 38, 39]. It was found that the film first
compresses abruptly at the transition from the de-doped to the
doped state and then grows slowly [19, 35-39]. Herewith, a
drastic decrease in the PEDOT film volume corresponds to the
potential range between — 1.0 and 0.1 V. Similar conclusions
regarding the important role of the PEDOT film structure
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reorganization on redox processes at the variation of its oxi-
dation degree in different aqueous electrolytes were made by
Efimov et al. [37].

We could prove in our study the cation exchange behavior
of PEDOT layer, as shown before in some literature reports
just for specific cases [19, 35-39]. The EQCM measurements
showed the importance of electrolyte used for the
electropolymerization process. Our results show that
PEDOT films deposited from electrolytes without large an-
ions (like SDS) can act as cation exchangers.

The model proposed by Vorotyntsev et al. [25] in order to
detect the ratio of trapped anions in the polymeric film, as well
as the ratio between the molar masses of the anions and cat-
ions that are exchanged in different electrolytes, was also ap-
plied to our measured data. Some of the obtained results are
presented in Table S1 in the supplementary information. An
exemplary plot of the shift in resonance frequency of the
quartz crystal, Af, as a function of 6, is shown in Fig. S10.
The 6, is defined by the electronic charge in the film, normal-
ized to the maximum electronic charge Fc,"*. The values of ¢
are between zero and one [21, 25, 37]. The fitting was per-
formed for sweeps towards negative potentials, i.e., from
0.8 V towards — 0.54 V.

Independent if the PEDOT was synthesized with or
without SDS, the fitting with the above-mentioned mod-
el indicates that generally a small number of trapped
anions remains in the film (Table S1). This can be read
in the values of the parameter 6, which is the normal-
ized charge of immobile incorporated anions. A 6,
equal to 0.2 means that only 20% of the anions remain
bound in the film, and their charge will be compensated
by insertion of cations. Therefore, the anions exchange
seems to be responsible mostly for the neutralization of
the film according to the Vorotyntsev et al. model [25].

In Table S1, 6* is the ratio of ionic concentrations in the
completely reduced film to the maximum electronic concen-
tration. This parameter depends also on the differences in
standard chemical potentials of ions (anions and cations) in
the solution and in polymer [21, 25, 37]. Thus, from 6* values,
one can calculate the re-solvation energies. However, here, we
refrain to further discussion on this parameter.

The ratio of molar masses of anions, M,, and cations,
My, is also an important parameter in this fitting.
Normally, we kept fixed as a fitting parameter the mass
of the cation. However, if the ratio between the M, and
My is kept constant, but M, is given the molar mass
value of the anion that could be exchanged, we will
obtain also a good quality fit and normally similar
values for 6, and 6* For lightweight cations such as
H* and Li*, it was most of the time difficult to obtain a
good fit. For HY, the fitting did not converge, indepen-
dent if the mass of cation, or that of possible anions,
was kept fixed.
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Conclusions

We could show that the solution used for polymerization of
PEDOT films plays an important role for the properties of the
polymer. SDS added during the polymerization influences the
stiffness of the PEDOT layers. The less SDS was added, the
stiffer was the PEDOT film. The technique used for
electropolymerization (potentiodynamic or potentiostatic de-
position) influences the properties of the deposited films, such
as their morphology and mechanical properties.

The ion exchange behavior of PEDOT was studied in
solutions containing cations of different sizes. In all
electrolytes used in this study, PEDOT behaves not only
as an anion exchanger, but also cations seem to be
exchanged. Based solely on the EQCM measurements,
it is difficult to obtain a unique solution on how many
water molecules are exchanged during potentiodynamic
experiments, as well to identify which of the anions and
in which amount participate in the redox transitions.
Insertion of heavy cations, such as Cs*, into the poly-
mer film induces an increased mass during the sweeping
towards negative potentials. A stronger mass increase
was observed for the light cations when sweeping the
potential towards the anodic direction, indicating the
insertion of anions and/or water molecules from the
electrolyte, after a partial removal of some of previously
inserted anions and/or cations. In most of the experi-
ments, except the cycling in HCI and HCIO, solutions,
the total mass of the film decreased with cycling, indi-
cating that more species are removed from the film
when compared with the inserted species, for keeping
the electroneutrality of the polymer film. The final mass
did not change when cycling the polymer film in HCI
solution, and slightly increased when cycling it in
HCIO4. Thus, a reversible insertion/expulsion of ions
and solvent molecules could be detected in HCI
solution.

Acknowledgments The authors, in particular AB, would like to thank
Prof. Fritz Scholz for the fruitful collaboration and many stimulating
discussions over the years. We wish him all the best for his 65th birthday!
Funding information IE received financial support from the Humboldt
Foundation for for his stay at Technische Universitit [lmenau in the group
of Prof. Bund. Open Access funding provided by Projekt DEAL.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the



J Solid State Electrochem (2020) 24:3231-3244

3243

article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

12.

13.

14.

15.

16.

Inzelt G, Pineri M, Schultze JW, Vorotyntsev MA (2000) Electron
and proton conducting polymers: recent developments and pros-
pects. Electrochim Acta 45(15-16):2403-2421

Meier AR, Bahureksa WA, Heien ML (2016) Elucidating the
structure—function relationship of poly(3,4-
theylenedioxythiophene) films to advance electrochemical mea-
surements. J Phys Chem C 120(37):21114-21122

Yu Z, Xia Y, Du D, Ouyang J (2016) PEDOT:PSS films with
metallic conductivity through a treatment with common organic
solutions of organic salts and their application as a transparent elec-
trode of polymer solar cells. ACS Appl Mater Interfaces 8(18):
11629-11638

Pei Q, Zuccarello G, Ahlskog M, Inganis O (1994) Electrochromic
and highly stable poly(3,4-ethylenedioxythiophene) switches be-
tween opaque blue-black and transparent sky blue. Polymer
35(7):1347-1351

Campbell SA, Li Y, Breakspear S, Walsh FC, Smith JR (2007)
Conducting polymer coatings in electrochemical technology part
1 — synthesis and fundamental aspects. Trans Inst Metal Finish
85(5):237-244

Alhalasah W, Holze R (2005) Electrochemical materials science:
tailoring intrinsically conducting polymers. The example: substitut-
ed thiophenes. J Solid State Electrochem 9:836-844

Wang CY, Ballantyne AM, Hall SB, Too CO, Officer DL, Wallace
GG (2006) Functionalized polythiophene-coated textile: a new an-
ode material for a flexible battery. J Power Sources 156(2):610-614
Pang Y, Li X, Ding H, Shi G, Jin L (2007) Electropolymerization of
high quality electrochromic poly(3-alkyl-thiophene)s via a room
temperature ionic liquid. Electrochim Acta 52(20):6172-6177
Kuroda S-i, Marumoto K, Sakanaka T, Takeuchi N, Shimoi Y, Abe
S, Kokubo H, Yamamoto T (2007) Electron-nuclear double-reso-
nance observation of spatial extent of polarons in polythiophene
and poly(3-alkylthiophene). Chem Phys Lett 435(4—6):273-277
Widge AS, Jeffries-El M, Cui X, Lagenaur CF, Matsouka Y (2007)
Self-assembled monolayers of polythiophene conductive polymers
improve biocompatibility and electrical impedance of neural elec-
trodes. Biosens Bioelectron 22(8):1723-1732

Wang H-J, Chan L-H, Chen C-P, Lin S-L, Lee R-H, Jeng R-J
(2011) Bulky side-chain density effect on the photophysical, elec-
trochemical and photovoltaic properties of polythiophene deriva-
tives. Polymer 52(2):326-338

Senthilkumar B, Thenamirtham P, Kalai Selvan R (2011) Structural
and electrochemical properties of polythiophene. Appl Surf Sci
257(21):9063-9067

Najafisayar P, Bahrololoom ME (2013) The effect of pulse
electropolymerization on the electrochemical properties of
polythiophene films. Electrochim Acta 114:462-473

Zhang X, Ren X, Cao W, Li 'Y, Du B, We Q (2014) Simultaneous
electrochemical immunosensor based on water-soluble
polythiophene derivative and functionalized magnetic material.
Anal Chim Acta 845:85-91

Bund A, Schneider M (2002) Characterization of the viscoelasticity
and the surface roughness of electrochemically prepared
conducting polymer films by impedance measurements at quartz
crystals. J Electrochem Soc 149(9):E331-E339

Noél V, Randriamahazaka H, Chevrot C (2003) Electrochemical
impedance spectroscopy of an oxidized poly(3,4-

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

ethylenedioxythiophene) in propylene carbonate solutions. J
Electroanal Chem 558:41-48

Hass R, Garcia-Canadas J, Garcia-Belmonte G (2005)
Electrochemical impedance analysis of the redox switching hyster-
esis of poly(3,4-ethylenedioxythiophene) films. J Electroanal
Chem 577(1):99-105

Schweiss R, Liibben JF, Johannsmann D, Knoll W (2005)
Electropolymerization of ethylene dioxythiophene (EDOT) in mi-
cellar aqueous solutions studied by electrochemical quartz crystal
microbalance and surface plasmon resonance. Electrochim Acta
50(14):2849-2856

Plicth W, Bund A, Rammelt U, Neudeck S, Duc LM (2006) The
role of ion and solvent transport during the redox process of
conducting polymers. Electrochim Acta 51(11):2366-2372
Hillman AR, Daisley SJ, Bruckenstein S (2007) Kinetics and mech-
anism of the electrochemical p-doping of PEDOT. Electrochem
Commun 9(6):1316-1322

Ispas A, Peipmann R, Bund A, Efimov I (2009) On the p-doping of
PEDOT layers in various ionic liquids studied by EQCM and
acoustic impedance. Electrochim Acta 54(20):4668—4675

Otero TF, Grande H, Rodriguez J (1996) Conformational relaxation
during polypyrrole oxidation: from experiment to theory.
Electrochim Acta 41(11-12):1863-1869

Otero TF, Boyano I (2003) Comparative study of conducting poly-
mers by the ESCR model. J Phys Chem B 107(28):6730-6738
Vorotyntsev MA, Badiali JP (1994) Short-range electron-ion inter-
action effects in charging the electroactive polymer films.
Electrochim Acta 39(2):289-306

Vorotyntsev MA, Vieil E (1920) Heinze J (1996) ionic exchange of
the polypyrrole film with the PC lithium perchlorate solution during
the charging process. Electrochim Acta 41(11-12):1913

Servagent S, Vieil E (1990) In-situ quartz microbalance study of the
electrosynthesis of poly(3-methylthiophene). J Electroanal Chem
280(1):227-232

Heinze J, Bilger R (1993) Ion movements during redox switching
of polypyrrole — experiment and simulation. Ber Bunsenges Phys
Chem 97(3):502-506

Niu L, Kvarnstrém C, Ivaska A (2004) Mixed ion transfer in redox
processes of poly(3,4-ethylenedioxythiophene). J Electroanal
Chem 569(2):151-160

Koehler S, Bund A, Efimov I (2006) Shear moduli of anion and
cation exchanging polypyrrole films. J Electroanal Chem 589(1):
82-86

Chao F, Baudoin JL, Costa M, Lang P (1987) The ionic mechanism
of'the electrochemical doping of poly (3—methylthiophene) studied
by secondary ion mass spectroscopy (SIMS). Makromol Chem
Macromol Symp 8(1):173-194

Zhou Q-X, Kolaskie CJ, Miller LL (1987) The incorporation of
electrolyte cations into polypyrrole and poly-3-methylthiophene
during electrochemical reduction. J Electroanal Chem 223(1-2):
283-286

Pandey GP, Rastogi AC (2013) Synthesis and characterization of
pulsed polymerized poly(3,4-cthylenedioxythiophene) electrodes
for high-performance electrochemical capacitors. Electrochim
Acta 87:158-168

Jureviciute I, Bruckenstein S, Hillman AR (2006) Cation participa-
tion during the redox switching of poly(vinylferrocene) films in
aqueous 0.05M perchlorate solutions: part 1: cyclic voltammetry
and the EQCM. Electrochim Acta 51(11):2351-2357

Toéth PS, Peintler-Krivan E, Visy C (2012) Fast redox switching
into the conducting state, related to single mono-cationic/polaronic
charge carriers only in cation exchanger type conducting polymers.
Electrochem Commun 18:16-19

Maksymiuk K, Doblhofer K (1994) Kinetics and mechanism of
charge-transfer reactions between conducting polymers and redox
ions in electrolytes. Electrochim Acta 39(2):217-227

@ Springer


https://doi.org/

3244 J Solid State Electrochem (2020) 24:3231-3244
36. Maksymiuk K (1994) Charge-transfer reactions on electrodes cov- 53.  Tsionsky V, Katz G, Gileadi E, Daikhin L (2002) Admittance stud-
ered with bilayers of conducting polymers. J Electroanal Chem ies of the EQCM on rough surfaces. The double layer region. J
373(1-2):97-106 Electroanal Chem 524-525:110-119
37. Efimov I, Winkels S, Schultze JW (2001) EQCM study of  54. Johannsmann D (2008) Viscoelastic, mechanical, and dielectric
electropolymerization and redox cycling of 3,4- measurements on complex samples with the quartz crystal micro-
polyethylenedioxythiophene. J Electroanal Chem 499(1):169-175 balance. Phys Chem Chem Phys 10(31):4516-4534
38.  Hillman AR, Mohamoud MA, Efimov I (2011) Time—temperature 55 Bund A, Neudeck S (2004) Effect of the solvent and the anion on
superposition and the controlling role of solvation in the viscoelas- the doping/dedoping behavior of poly(3 4-ethylenedioxythiophene)
tic properties of Polyaniline thin films. Anal Chem 83(14):5696— films studied with the electrochemical quartz microbalance. J Phys
5707 Chem B 108(46):17845-17850
39. Toth PS, Janéky C, Berkesi O, Tamm T, ViSy C (2012) On the 56. Lyutov V, Gruia V, Efimov I, Bund A, Tsakova V (2016) An
unexpected Cation exchange beheivior, caused by covalent bond acoustic impedance study of PEDOT layers obtained in aqueous
formation between PEDOT and cl ions: extending the conception solution. Electrochim Acta 190:285-293
for the polymer-dopant interactions. J Phys Chem B 116(18): 57. Nakova A, Ilieva M, Boiadjieva-Scherzer T, Tsakova V (2017)
5491-5500 , N . High-density Pd nanoparticles distribution on PEDOT obtained
40. Fuente§ I, Mostazo-Lopez MJ’ KeleIINnen Z, C?“%Pa“ V. Andrio A, through electroless metal deposition on pre-reduced polymer layers.
Morallén E, Cazt.)rla—Amf)ros D, V1na§ C, Te}x1do§ F (2019) A.re Electrochim Acta 253:128-133
the accompanying cations of doping anions influential in 58. Cysewska K (n W), Karczewski J, Jasifiski P (2015) Influence of
conducting organic polymers? The case of the popular PEDOT. L " . .
electropolymerization conditions on the morphological and electri-
Chem Eur J 25(63):14308-14319 I properties of PEDOT film. Electrochim Acta 176:156-161
41. Hudak NS (2014) Chloroaluminate-doped conducting polymers as ca. properties (,) . ec. ochim Acta 17b:
positive electrodes in rechargeable aluminum batteries. J Phys 39. Xiao Y'M’_Lm Y, Wu J'I,_I’ Tal S_Yf Yue G-T (2012) Pulse
Chem C 118(10):5203-5215 potentiostatic electropolymerization of high p.er.formance PEDOT
42, Schoetz T, Ueda M, Bund A, Ponce de Leon C (2017) Preparation counter 'electrodes for Pt-free dye-sensitized solar cells.
and characterization of a rechargeable battery based on poly-(3,4- Electrochim Acta 83:221-226
ethylenedioxythiophene) and aluminum in ionic liquids. J Solid 60. Castagnola V, Bayon C’_ Descamps E, Bergaud C (2014)
State Electrochem 21(11):3237-3246 Morphology and cpnduct1v1ty of PEDOT layers produced by dif-
43.  Sakmeche N, Aaron JJ, Fall M, Aeiyach S, Jouini M, Lacroix JC, ferent electrochemical routes. Synth Met 189:7-16
Lacaze PC (1996) Anionic micelles; a new aqueous medium for 61. Bruckenstein S, Brzezinska K, Hillman AR (2000) EQCM studies
electropolymerization of poly(3,4-ethylenedioxythiophene) films of polypyrrole films. 1. Exposure to aqueous sodium tosylate solu-
on Pt electrodes. Chem Commun 24:2723-2724 tions under thermodynamically permselective conditions.
44. Hu K, Bard AJ (1997) Characterization of adsorption of sodium Electrochim Acta 45(22-23):3801-3811
dodecyl sulfate on charge-regulated substrates by atomic force mi- ~ 62. Bruckenstein S, Brzezinska K, Hillman AR (2000) EQCM studies
croscopy force measurements. Langmuir 13(20):5418-5425 of polypyrrole films. Part 2. Exposure to aqueous sodium tosylate
45. Tsakova V, Winkels S, Schultze JW (2000) Anodic polymerization solutions under thermodynamically non-permselective conditions.
of 3,4-ethylenedioxythiophene from aqueous microemulsions. Phys Chem Chem Phys 2:1221-1229
Electrochim Acta 46(5):759-768 63. Hillman AR, Daisley SJ, Bruckenstein S (2007) Solvent effects on
46. Sakmeche N, Aeiyach S, Aaron J-J, Jouini M, Lacroix JC, Lacaze the electrochemical p-doping of PEDOT. Phys Chem Chem Phys
PC (1999) Improvement of the electrosynthesis and physicochem- 9(19):2379-2388
ical properties of poly(3,4-ethylenedioxythiophene) using a sodium 64. Hillman AR, Hughes NA, Bruckenstein S (1994) Dynamic separa-
dodecyl sulfate Micellar aqueous medium. Langmuir 15(7):2566— tion of mobile species transfer processes at polymer modified elec-
2574 trodes using the electrochemical quartz crystal microbalance.
47. Sukchol K, Thongyai S, Praserthdam P, Sotzing GA (2013) Effects Analyst 119(2):167-173
of the addition of anionic surfactant during template polymerization 65. Toth PS, Endrédi B, Janaky C, Visy C (2015) Development of
of conducting polymers containing pedot with sulfonated poly(im- polymer—dopant interactions during electropolymerization, a key
ide) and poly(styrene sulfonate) as templates for nano-thin film factor in determining the redox behaviour of conducting polymers.
applications. Syth Met 179:10-17 ‘ T Solid State Electrochem 19(9):2891-2896
48. Lyutov Y’ Eﬁm"v L, Bund A, T_Sakov? v (201‘_‘) Electrochemical 66. Savva A, Wustoni S, Inal S (2018) Ionic-to-electronic coupling
polymerization of 3,4-ethylenedioxythiophene in the presence of efficiency in PEDOT:PPS films operated in aqueous electrolytes.
dodecylsulfate a.nd polysulfonic anions—an acoustic impedance J Mater Chem C 6(44):12023-12030
study. Electrochim Acta 122:21-27 67. Paik W, Yeo I-H, Suh H, Kim Y, Song E (2000) Ion transport in
49. Bund A, Pejlpma.nn R (2(_)08) Application of PEDOT la)./ers for the conducting polymers doped with electroactive anions examined by
elect.rograv1metr1f: detection of sulphate and phosphate in aqueous EQCM. Electrochim Acta 45(22-23):3833-3840
media. Electroc@m Acta 331 1):377273.778. . 68. Henderson MJ, Hillman AR, Vieil E (2000) Chronoamperometric
50. Bund A, Schwitzgebel G (2000) Investigations on metal deposi- . . e .
tions and dissolutions with an improved EQCMB based on quartz resolution of ion and so}vent transfers at a poly(o-toluidine) “T"dl'
crystal impedance measurements. Electrochim Acta 45(22-23): fied electrode by combined electrochemlc.al quartz crystal fmuero-
balance (EQCM) and probe beam deflection (PBD). Electrochim
3703-3710 Acta 45(22-23):3885-3894
51. Sauerbrey G (1959) Verwendung von Schwingquarzen zur ’
Wigung diinner Schichten und zur Mikrowédgung. Z Phys 155(2):
206-222 Publisher’s note Springer Nature remains neutral with regard to jurisdic-
52.  Buttry DA, Ward MD (1992) Measurement of interfacial processes tional claims in published maps and institutional affiliations.

at electrode surfaces with the electrochemical quartz crystal micro-
balance. Chem Rev 92(6):1355-1379

@ Springer



	Cation exchange behavior during the redox switching of poly (3,4-ethylenedioxythiophene) films
	Abstract
	Introduction
	Experimental
	Chemicals and electrolytes
	Electrochemical setup
	EQCM gravimetry and acoustic impedance measurements

	Results and discussion
	Influence of SDS on electropolymerization of PEDOT
	Cation exchange behavior

	Conclusions
	References


