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Abstract

The aim of this study was to design and prepare multifunctional PPy/PW ;040>
membranes useful for the development of smart textile fabrics and wastewaters
treatments based on the application of electrochemical techniques. These
PPy/PW,04°> membranes have been characterized by means of electrochemical
impedance spectroscopy by using electrochemical cells with different configurations
based on the use of two-, three-, or four-electrode experiments. The activation energy of
the films in the temperature range 35-70°C was 170 meV. It has been demonstrated that
after measuring the PPy films in different NaCl solutions, both the rate of ionic
exchange and the diffusion processes through the membrane are faster for more
concentrated solutions. lonic exchange and diffusion were very prevented with a large
cation as tetramethylammonium. The impedance spectra obtained with
metal/polymer/electrolyte configuration show that the electrical conduction developed

through coatings in strong acid solution is controlled by finite-length diffusion



processes with reflective boundary conditions. At pH 13, the electrical response

proceeds through the oxide layer (Fe and Cr oxides) and the steel/electrolyte interface.
In this case, the polymeric coating is very porous due to the counter-ion disintegration.
The decomposition of the counter-ion was corroborated by means of energy dispersive

X-ray and Fourier transform infrared spectroscopy.
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1. Introduction

A great diversity of conducting polymers such as polyacetylene, poly(p-phenylene),
poly(p-phenylenevinylene), polypyrrole, polyaniline, polythiophene or polyfurane, have
been studied during the last three decades due to their promising properties as
revolutionary materials [1]. The present study is focussed on polypyrrole because it can
be electropolymerized as thick films and maintains good conductivity up to pH 10 [2].
Polyoxometalates (POMs) can be possible candidates to be used as conter-ions in these

polypyrrole polymerization processes. POMs are small oxide clusters whose size and



solubility have caused them to be traditionally considered within the framework of
molecular chemistry. They are indeed complex molecules with several metallic ions
coordinated by shared oxide ions, forming a highly symmetrical metal oxide cluster [1].
POMs present the possibility to produce a hybrid material when combined with
conducting polymers such as polypyrrole.. The phosphotungstic acid, H;PW 204, has
been the polyoxometalate chosen in this work as a counter-ion to be immobilized within
the polymeric matrix in order to get compact and hard hybrid material. The molecular
structure of phosphotungstic acid can be observed in the reference [3]. An idealized
scheme of the structure of the molecular material formed between polypyrrole and
phosphotungstate anion can be seen in [4,5]. The new material polypyrrole/PW 204>
has higher density and conductivity than polypyrrole alone [6]. The presence of ionic
active species immobilized in the polymeric matrix forces the cations instead of the
anions present in the medium to diffuse through the polymer structure when an
oxidation or a reduction reaction occurs. In addition, POMs are anions of high volume
and charge, so their diffusion coefficient is low, and the exchange with anions present in
the solution is negligible.

Electrochemical impedance spectroscopy (EIS) is a powerful technique that can provide
information about charge transfer and ionic transfer processes within the film. A
symmetrical configuration metal/polymer/metal can provide information about
electronic transport. On the other hand the symmetrical configuration
solution/polymer/solution provides information about the ionic transport. The
asymmetrical configuration metal/polymer/solution provides information about both

phenomena; electronic and ionic transport.



The solution/polymer/solution configuration has been employed to study the
electrochemical properties of PPy/PW ;04> free-standing films in different solutions.
Different studies have been published about this topic. Ehnrenbeck et al. [7] studied the
ion conductivity and permselectivity of polypyrrole in dependence of the oxidation
state. By oxidation or reduction of the polymer backbone, the membrane could be
switched between anion or cation permselectivity. Ehnrenbeck et al. [8] also carried out
EIS measurements of polypyrrole in 0.1 M KCIl solution. The impedance of the
membrane was measured as function of the film thickness and the redox potential. The
data were analyzed with a theory of a macroscopically homogeneous porous membrane.
¥ Tietje-Girault et al. [9] obtained free-standing polypyrrole membranes from films on
stainless steel. The membrane resistivity of the reduced films in 0.5 mol dm™ KCl(aq) at
295 K was ~ 1-10° Q cm, while the resistivity of the oxidized membrane was 2700 Q
cm. C. Deslouis et al. [10,11] modeled the impedance response of free-standing
membranes taking into account the effect of the diffusion coefficients, charge-transfer
resistance, and double layer capacitance at the interfaces. It was thus shown how some
ambiguities of the impedance to either the polymer/electrode or polymer/electrolyte
interfaces may be eliminated by this comparison. They also studied the polypyrrole film
behavior by ac impedance spectroscopy both in a free-standing membrane and in a
modified electrode arrangement. The experimental results allowed to obtain both
transport (diffusion coefficients, and ion concentration and electron-exchanging sites)
and interfacial parameters (charge transfer resistances and double layer capacitances).
C. Deslouis et al [12,13] also prepared free-standing polypyrrole membranes to obtain
experimental current-potential characteristics and impedance diagrams in the presence

of electrolytes containing redox couples. They also studied the impedance of redox



reactions. However polyoxometalates have not been employed as counter-ions in
electrosynthesis processes of conductive polymers that to the best of our knowledge
have not been reported before.

Two of the main purposes of our research group are (i) to design smart textile fabrics
from porous materials, with conductive properties or working as electrical barriers
depending of the pH of the media [14-25] and (ii) to develop new wastewaters
treatments by electrochemical techniques [26-31]. Our research group has performed
the synthesis of PPy/PW ;04> organic-inorganic hybrid material on polyester yarns
and subsequent weaving to obtain smart conductive fabrics. Smart textile fabrics with
LED’s mounted in different fabrics and circuits embroidered in leather have been
obtained [32]. An important goal in these research fields is to know the behavior of
membranes and electrocatalytic electrodes coated with thin films able to work in both
strong acid and basic media. For this purpose, PPy/PW 204> free-standing membranes
and PPy/PW,04> coated stainless steel samples were immersed in pH~0 and pH~13
solutions to evaluate their electrical response by EIS and to check their possible

applicability in these fields.

2. Material and methods

2.1. Reagents and materials

Analytical grade pyrrole, acetonitrile, sulphuric acid, sodium sulphate and sodium
hydroxide were purchased from Merck. Analytical grade phosphotungstic acid hydrate
and sodium chloride were supplied by Fluka. Normapur acetone was from Prolabo.
Tetramethylammonium chloride was purchased from Panreac. Ultrapure water was

obtained from an Elix 3 Millipore-Milli-Q Advantage A10 system with a resistivity near



to 18.2 MQ-cm. Where necessary, solutions were deoxygenated by bubbling nitrogen

(N2 premier X508S).

2.2. Electrochemical synthesis of polypyrrole/PW ;040> on stainless steel
Electrosynthesis was performed using an Autolab PGSTAT302 potentiostat/galvanostat.
All experiments were conducted at room temperature and in non-stirred solutions.
Electropolymerization of pyrrole was performed on stainless steel electrodes (plates of 2
cm X 3 cm x 0.1 cm); the chemical composition in weight (%) was: C <0.050, Si 0.750,
Mn<2.000, P 0.040, S 0.015, Cr 18-19, Cu 8.5-9. Before the electrosynthesis, stainless
steel electrodes were degreased with acetone, mechanically polished to obtain a smooth
surface and then, cleaned with ultrapure water in an ultrasonic bath. The counter
electrodes were also made of stainless steel and the same pretreatment was applied to
them. All potentials were referred to the Ag/AgCl (3 M KCI) reference electrode.
Oxygen was removed from the synthesis solution by bubbling N, gas and then a N,
atmosphere was maintained.

For the electropolymerization process, the pretreated electrode was immersed in a 0.01
M H3;PW,,040 + 0.2 M pyrrole solution (acetonitrile medium). A potentiostatic
polarization was started between —0.29 V and +0.86 V, staying the working electrode at
+0.86 V during the necessary time to achieve the desired electrical charge (0.5 C cm™).
In this way, stainless steel coated with polypyrrole was obtained. To obtain PPy free-
standing films (membranes), the films were detached from the metallic substrate by
using a sharp level. The estimated thickness of both films and membranes was

approximately 3.8 um (see section 3.1).



2.3. Electrochemical impedance spectroscopy characterization

Electrochemical impedance spectroscopy (EIS) measurements were performed in the
10* to 10~ Hz frequency range by using an Autolab PGSTAT302
potentiostat/galvanostat. The amplitude of the sinusoidal voltage was + 10 mV. Each
measurement was carried out at a constant imposed potential equal to the stabilized
open circuit potential at the beginning of the experiment.

The electrical characterization of dry polymer pellets at variable temperature was
carried out in the temperature range 35-70 °C [18]. A furnace Carbolite CTF 12/65/550
was employed to control the temperature with the Settemp 3.0 software. A temperature
cell GF-800 was employed to carry out EIS measurements based on the use of two
electrode experiments, in which the pellet sample was located between two Pt plates and
a symmetrical metal/polymer/metal configuration (platinum/polymer/platinum) was
used. The area of the Pt plates was 0.8 cm”.

The electrical characterization of dry polymers at room temperature was also carried out
placing a drop of mercury on a PPy/PW,04” film electrosynthesized on stainless steel
plate using in this case an asymmetrical metal/polymer/metal configuration
(mercury/polymer/stainless steel) [2,33]. The area of the PPy/PW 1,040 film/stainless
was 0.8 cm’.

The electrochemical characterization of polymer/stainless steel systems immersed in
electrolytic solutions was carried out by impedance spectroscopy (EIS), adopting a
standard three-electrode configuration [10]. The working electrode was the stainless
steel sample coated with the researched polypyrrole/PW 1,040 film. The reference and
the counter-electrode were a saturated calomel electrode (SCE) and a large size graphite

sheet, respectively. The area of the PPy/PW 204> film/stainless was 0.8 cm’.



The electrochemical characterization of the polypyrrole/PW1,04> membranes was
performed by impedance spectroscopy (EIS), adopting a four electrodes configuration
[10]. In this set-up, the polypyrrole/PW ;04> membrane was clamped between two
identical chambers into a Hittorf cell. On both sides of the membrane the chambers
were filled with identical volume of electrolytic solution at the same concentration. Two
electrodes were introduced in each one of the chambers, consisting in a saturated
calomel electrode (SCE) used as reference electrode and a platinum electrode as
secondary electrode, completing in this way the four electrodes symmetric set-up. The

area of the PPy/PW,04°” membrane was 0.8 cm”.

Different solutions were employed to study the electrochemical behavior of the films:

1) The influence of the concentration of the salt in the EIS spectra was determined by
using different concentrations of NaCl (10'1, 5 10'2, 10'2, 5 10‘3).

2) Two cations of very different size were employed to observe the influence of this
parameter in the EIS spectra. Solutions of the chloride salts of Na" and (n-Me),N" were
employed.

3) The influence of strong acid and strong basic solutions was studied by using two
different solutions: 0.5 M H,SO4 (pH~0) and 0.1 M NaOH + 0.1 M Na,SO4 (pH~13).
To analyze quantitatively the behavior of the films investigated, the experimental results
were fitted using a non-linear least squares fitting minimization method by ZView

software (version 2.7).

2.4. Cyclic voltammetry measurements



Cyclic voltammetry (CV) measurements of polypyrrole free-standing films were
performed with an Autolab PGSTAT302 potentiostat/galvanostat. A four-electrode
arrangement with two Ag/AgClI (3 M KClI) reference electrodes and two stainless steels

rods was employed.

2.5. Scanning electron microscopy and energy dispersive X-ray characterization

A Jeol JSM-6300 scanning electron microscope was employed to observe the
morphology of the samples and perform EDX measurements. SEM analyses were
performed using an acceleration voltage of 20 kV. EDX measurements were obtained

between 0 and 20 keV.

2.6. FTIR-ATR spectroscopy

Fourier transform infrared spectroscopy with horizontal multirebound attenuated total
reflection (FTIR-ATR) was performed with a Nicolet Magna 550 Spectrometer
equipped with DTGS detector. An accessory with pressure control was employed to
equalize the pressure in the different solid samples. A prism of ZnSe was employed.
Spectra were collected with a resolution of 4 cm™, and 100 scans were averaged for

each sample.

3. Results and discussion
3.1. Electrochemical synthesis of polypyrrole/PW 204> on stainless steel
Fig. 1 shows the current density transient curve for the potentiostatic synthesis of

PPy/PW120403' on stainless steel. It can be seen that in the first stage the current density



grows until reaches a maximum, and then decreases slowly until a nearly constant value
is reached. In this electrosynthesis, 0.5 C cm™ of electrosynthesis charge were achieved.
The thickness (e) of the electrosynthesized hybrid material was estimated from the
following equation [34]:

e = Q(Mpy + (y/3)Mrom)/(pF(2 + y))
Where Q is the consumed electrical quantity per unit area used with a coulombic
efficiency of 50% (obtained comparing consumed charge and mass of several hybrid
material specimens). Mp, and Mpoy are respectively the masses of a pyrrole repeating
unit in the polymer (loss of 2 H' per pyrrole ring) and the counter-ion PW 204> ; 65 and
2877 g mol ' respectively. y is the doping ratio estimated by X-ray photoelectron
spectroscopy (XPS) analyses (N'/N atomic ratio) (0.5) [33]. p is the hybrid material
density, 2.95 g cm ™ [35]; and F is the Faraday constant (96485 C mol™). The calculated
thickness of the film obtained was approximately 3.8 pm.
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Fig. 1. Current transient curve for potentiostatic synthesis of PPy/PW,0,> on stainless
steel. Acetonitrile medium, 0.01 M H3PW,04, 0.2 M pyrrole. Start potential: -0.289 V,

synthesis potential: +0.86 V, Q = 0.5 C cm™.
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3.2. Electrochemical impedance spectroscopy characterization with temperature
Electrochemical impedance spectroscopy measurements with temperature showed that
as the temperature increased, the impedance modulus lowered in the Bode plots. The
phase angle obtained at the different temperatures was mainly 0°. This value of phase
angle indicates that the material acts as a resistor. The equivalent circuit employed to
adjust the data values was a single resistance (R). The data were adjusted with the
Zview software and the resistance of the film at the different temperatures was obtained.
The electrical conductivity (S cm™) of the film at the different temperatures was
calculated with the data of resistance obtained previously, thickness of the film (3.8
um) and measured area (0.8 cm?). The electrical conducitivity of the PPy/PW1,040>
film increases with temperature as it was commented before. In general, the electrical
conductivity of conducting polymers increases with the increase of temperature
(semiconducting nature), as thermal excitation is needed to move charge carriers [36].
The opposite behavior (metallic conduction) only has been reported in ordered
polyaniline [37]. The electrical conductivity behavior with temperature of conducting
polymers can be explained using different models. In this work we have applied the

Arrhenius model [38-40] (1).

Where o is the conductivity (S cm™) at each temperature, oy is the conductivity at room
temperature, £, (eV) is the carrier activation energy, k is the Boltzmann constant
(8.61734:10° eV K ™) and T is the temperature (K). The plot of Ln(c) vs 1000/T is
shown in Fig. 2. It can be seen that the representation of these data gives a straight line,

so the data adjust to the Arrhenius model. The slope of the adjust is equal to E,/1000 k,
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so the activation energy can be calculated from the value of the slope obtained by the
linear adjust. The activation energy obtained was 170 meV; similar values have been
obtained in bibliography for polypyrrole pellets obtained by chemical polymerization
[38]. In an our previous work [18] we synthetized chemically PPy/PW 204> on
polyester fabrics. A value of 44.4 meV was obtained for the activation energy. The little
difference between these two values could be due to the synthesis procedure and the
substrate. In the present article, we obtained free-standing films of PPy/PW120403'. In
the previous article, the PPy/PW,040°" polymer was obtained on polyester fabric. In
addition, in the previous article the PPy/PW ;04> film was chemically synthesised,
while in the present work the free-standing film was obtained electrochemically and on
an stainless steel plate. In the present article, we used electrosynthesized PPy/PW 1,040
films due to their higher electrical properties as we dicussed in a previous article [19].
PPy/PW 204> electrochemically synthesized films showed by cyclic voltammetry
experiments better electroactivity. The surface resistivity for these films was 17-20
Q/square in comparison with 400-500 Q/square for chemically synthesized ones.

1000/T (K1)
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2,8 2,9 3 3,1 3,2 3,3 3,4
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~N

-17,2
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Fig. 2. Plot of Ln(c) vs. 1000/T for the film of PPy/PW 204"

3.3. Impedance response of PPy/PW 204> free-standing films in NaCl solutions of
different concentration

When a free-standing film is placed in symmetrical configuration between two ionic

solutions and an ac voltage is applied, the electrical response is due to the following

phenomena:

- Rs: electrolyte resistance.

- Ws: diffusion of counter-ions in bulk polymeric film. Ws-R: Diffusion resistance. Ws-

T: /D (s), 1: length of the diffusion layer, D: binary electron—ion diffusion coefficient.

Ws-P: Warburg exponent.

- Wredox: diffusion of redox species from solution to polymeric film.

- Rredox: interfacial charge transfer resistance of redox species between polymeric film

and solution.

- Credox: interfacial capacitance associated in parallel with Rredox. Wredox, Rredox

and Credox are negligible since there are not redox couples in solution (Na', CI).

- Rffs: ionic exchange resistance between solution and PPy/PW ;04> membrane.

- Cfls: capacitance associated with the interface PPy/PW 1,040’ membrane/solution

where the ionic exchange occurs.

Taking into account the physical phenomena commented before, and the bibliography

about polypyrrole free-standing films [7-13,41], the electrical circuit proposed to

analyze the impedance response is showed in Fig. 3.
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Fig. 3. Electrical circuit for free-standing films in symmetrical configuration

solution/membrane/solution

To study the electric properties of the PPy/PW,040°” membranes in relation to
electrolyte concentration, four different NaCl solutions were prepared with the
following concentrations: 0.1, 0.05, 0.01 and 0.005 M. Fig. 4. shows the Nyquist plot
for a PPy/PW,049” membrane immersed in symmetrical configuration in 0.1 M NaCl
solution. Two loops appeared in the diagram due to two relaxation processes. The first
loop at high-middle frequencies is related to the ionic exchange between PPy/PW ;040>
membrane and the solution. The diagram shows a second loop at low frequencies. This
time constant is due to the counter-ion diffusion in the bulk polymeric film. This
diffusion presented transmissive boundary conditions, since a resistive behavior at very
low frequencies is shown in the Nyquist plot. Experimental data were very close to

fitting data, with an error less than 4 %.
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Fig. 4. Nyquist plot for PPy/PW,049” membrane in 0.1 M NaCl solution. Exposed
electrode area: 1 cm”. Frequency range from 10* to 10 Hz. « Experimental data. —

Fitting data.

Fig. 5 shows the Bode plots for PPy/PW ;04 membranes that were immersed in NaCl
solutions with different concentrations: 0.1, 0.05, 0.01 and 0.005 M. Nyquist plots are
not shown because the shape was very similar to Fig. 4. Two time constants can be
appreciated in the plot phase vs. frequency for all the assays. The high-middle
frequency range (10000-10 Hz) corresponds to the ionic exchange between membrane
and solution, as it was commented before. This time constant changed to lower
frequencies when the NaCl solution was more diluted. The middle-low frequency range
(10-0.01 Hz) is due to diffusion of counter-ions in the polymeric membrane. Also in this
case, the time constant changed to lower frequencies when the NaCl solution was more
diluted. Seeing the impedance modulus vs. frequency plot, the impedance modulus
increased when the membrane was immersed in more diluted solutions for all the

frequencies analyzed. Therefore, the two relaxation processes (ionic exchange and

15



diffusion) were slower when the NaCl concentration was lower. These facts can be
checked in Table 1 where the fitting data were obtained taking into account the
electrical circuit of Fig. 3. The ionic exchange resistance (Rf/s) increased when the
PPy/PW ;04> membranes were immersed in NaCl solutions more diluted. Capacitance
values were slightly higher for more concentrated solutions. The diffusion resistance
(Ws-R) of counter-ions increased when the polymeric membranes were immersed in
solutions more diluted. Obviously, the electrolyte resistance increased when the
concentration of NaCl decreased.

To analyze the effect of the size of counter-ions, the PPy/PW,049" membrane was
immersed in 0.1 M (CH3)4N" solution. PPy/PW,04)" membrane mainly exchanges
cations with the electrolyte since PW ;04" is a great anion entrapped within the
polymeric matrix [1]. Table 1 shows how both ionic exchange resistance and diffusion
resistance increased significantly for 0.1 M (CH3)4;N" solution in comparison to 0.1 M

NacCl one.
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Fig. 5. Bode plots for PPy/PW,04p" membranes in different NaCl solutions. Exposed

electrode area: 1 cm”. Frequency range from 10* to 10™ Hz.
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Table 1. Results of the fitting of impedance data of PPy/PW,04)" membranes in

different solutions. Exposed electrode area: 1cm®. Frequency range from 10* to 10~ Hz.

PPy/PW 1,040 NaCl NaCl NaCl NaCl (CH3),N"
membranes 0.1 M 0.05M 001 M 0.005 M 0.1 M
Rs (Q-cm?) 105 237 1022 1837 98
Rf/s (Q-cm?) 20 39 88 124 128
Ct/s (F/cm?) 1.27-10° 1.10-10° 0.92:107 0.88-107 0.4:107
Ws-R (Q-cm?) 303 506 1025 1452 15970
Ws-T (s) 1.7 2.6 5.4 8.0 17.0
Ws-P 0.5 0.5 0.4 0.4 0.4

3.4. Voltammetry measurements: ionic dc conductivity

Voltammetry of the polypyrrole free-standing film was performed in the 4-electrode
arrangement. The measurements were done in 0.5 M H,SO4 and the potential range (-
0.2V, +1 V) was employed. The same measurements were done by using the same
configuration but removing the polypyrrole film. With the latter experiments the
resistance of the experimental arrangement was measured. This resistance is determined
by the configuration of the electrodes and the resistance of the electrolyte employed.
Fig. 6 shows the CV measurements for the system with and without the polypyrrole
free-standing film. As can be seen, the experiments show an ohmic behavior. From the
slope of the blue line (without membrane), the resistance of the arrangement can be
calculated, which was about 7.1 Q-cm®. Black line in Fig. 6 shows the voltammogram
for the system with the polypyrrole film; as it can be observed, it presented also an
ohmic behavior. In this case, the resistance obtained was 29.7 Q-cm?. The resistance

due only to the membrane is the difference between 29.7 Q-cm” and 7.1 Q-cm?, 22.6

18




Q-cm’. Taking into account equation (2) and the thickness of the membrane (3.8 um),

the ionic dc conductivity of the PPy/PW,049" membrane was: 1.7-107 S-cm™.

_ Jd
AoM

(%)

Where ois the ionic dc conductivity, j the current density, d the thickness of the

membrane and A¢), the potential drop across the membrane.

160 -

E/V (Ag/AgCl)

Fig. 6. Cyclic voltammograms obtained in a 4-electrode arrangement in 0.5 M H,SO4
solution; scan rate: 50 mV-s™'. — Without PPy/PW,04°” membrane; — with

PPy/ PW120403- membrane.

3.5. SEM and EDX measurements
Fig. 7 presents different micrographs as well as the corresponding EDX spectra of films
of PPy/PW,04>". The films were detached from stainless steels plates and Fig 7-a

shows the morphology of the surface directly in contact with the metallic surface. Fig.
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7-c shows the morphology of the surface in contact with the electrolytic solution during
the electrosynthesis. The film of Fig. 7-a presents a smooth surface with the presence of
some tubules. This surface was in contact with the metallic surface and that is why
presents this morphology. The surface of the film that was not in contact with the metal
can be observed in Fig. 7-c and as it can be observed, it presents globular morphology.
Fig. 7-a shows the EDX spectrum in the zone indicated in the attached micrograph. It is
noticeable the presence of different bands attributed to W, arising from the counter-ion
(PW120407).

Fig. 7-b and 7-c show the EDX spectrum for the PPy/PW ;04> film after treatment in
basic solution (pH 13). As it can be observed, W is no longer detected. The counter-ion
has been decomposed and expulsed from the polymer matrix. PW ;04> suffers a
decomposition reaction into PO,>” and WO,*" at pH>8.3 [42]. It can also be noticed the
appearance of Na and S peaks, indicating that SO4> and Na" arising from the pH 13
solution (NaOH 0.1 M and Na,SO4 0.1 M) have been incorporated into the polymer
matrix. The decomposition of the PW,040>” would cause the apparition of a more
porous structure with channels. These channels cannot be observed by means of SEM
with higher magnification. We have to take into account that the size of this counter-ion

is approximately 10 A [43], so it is difficult to observe these channels.
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Fig. 7. EDX spectra and micrographs of: (a) PPy/PW 1,040, (b) and (c) PPy//PW ,040>

+ 1 h contact with pH 13 solution.

3.6. FTIR-ATR spectroscopy
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Fig. 8 compares the spectra for the film of PPy/PW,04¢° and the film treated during 1
h in the pH 13 solution. When the sample is soaked during 1 h in the pH 13 solution, the
PW,049> decomposes and it is removed from the polypyrrole structure as it was
commented previously. The comparison of both spectra, allows the assignation of the
bands attributed to polypyrrole (present in both spectra) and to the counter-ion (present
only in the PPy/PW 204> spectrum). In the spectrum of PPy/PW 204>, different bands
attributed to polypyrrole could be observed, such as: bands around 1500 cm™ assigned
to C=C stretching vibration and the bands around 1427 cm™ could be assigned to C-C
stretching vibration [44,45]. The bands around 1030 and 1140 were attributed to
bending vibration of polypyrrole [44,45]. The band around 1270 cm™ was assigned to
C-N stretching [44,45]. Another band at 871 cm™ was assigned to =C-H in plane
vibration [46]. Two bands can be assigned to the counter-ion: 963 and 1070 cm™. The
band around 1070 cm'' is attributed to P-O stretching vibration [47-49]. Another band
assigned to W-O stretching vibration could also be observed at 963 cm™ [48,49]. The
treatment with the pH 13 solution showed the elimination of the bands attributed to the
counter-ion (1070 and 963 cm™). The bands attributed to polypyrrole showed small
shifts in the wavenumbers due to the basic treatment. The results obtained by FTIR

confirm the removal of the counter-ion as EDX analyses also showed.

22



PPy/PW,,0,,*

1%T

L ) I I J
1800 1600 1400 1200 1000
Wavenumbers (cm-)

Fig. 8. FTIR-ATR spectrum of PPy/PW 204> and PPy/PW,040> + 1 h pH 13.

Resolution 4 cm'l, 100 scans.

3.7. EIS response in asymmetric configuration metal/polypyrrole/solution

Fig. 9 shows the Nyquist plots for symmetric configurations (ionic and electronic
pathway) and asymmetric one. The first loop at high-middle frequencies (on the left) for
0.5 M H,SO4/PPy/0.5 M H,SO4 configuration was quite similar to the first loop for
metal/PPy/0.5 M H,SOj4 configuration. On the contrary, the loop for metal/PPy/metal
configuration was very different (very greater size) in comparison to metal/PPy/0.5 M
H,SO, one. Therefore, the fist loop for asymmetric configuration can be associated to

the ionic pathway. The second loop at lower frequencies (on the right) for 0.5 M
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H,SO4/PPy/0.5 M H,SO4 was due to the diffusion of counter-ions in the bulk polymeric
film, as it was commented in previous section (see Fig. 4). This diffusion was
characterized by transmissive boundary conditions. However, the metal//PPy/0.5 M
H,SO, configuration showed at low frequencies diffusion by reflective boundary
conditions (capacitive behavior at very low frequencies). Taking into account these
comments, a similar electrical circuit to Fig. 3 one was proposed to model the
asymmetric configuration. In this case, Warburg diffusion with reflective boundary

conditions was used.
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Fig. 9. Nyquist plots for PPy/PW ;040> films in different configurations: *
Metal/PPy/0.5 M H,SOy; © 0.5 M H,SO4/PPy/0.5 M H,SO4; « Metal/PPy/Metal.

Exposed electrode area: 1 cm”. Frequency range from 10 to 10 Hz.
The impedance response for stainless steel coated by PPy/PW,040> immersed in 0.1 M

NaOH + 0.1 M Na,SO4 (pH~13) solution was very different. Fig. 10 shows the Bode

plot for symmetric and asymmetric configurations. Two relaxations appeared in the
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asymmetric configuration. These two relaxations presented time constants very different
to the symmetric configuration ones. In this case, ionic transfer resistance and electronic
resistance could not be attributed to the relaxations in asymmetric configuration.
Previous sections indicated how PW 204> suffers decomposition (EDX and FTIR
analysis) at pH~13. In this way, PPy matrix presents a very porous structure. Our
previous paper [33] treated about corrosion protection in carbon steels coated by
PPy/PW,040”". The solution used was 0.05 M NaOH. Electrode material and solution
was similar to the present work. Taking into account that research, the electrical circuit
proposed is shown in Fig. 11. In this case, Rs corresponds to the electrolyte resistance +
ion-ion exchange resistance + electronic resistance. Roxide and Coxide are the
resistance and capacitance due to the layer of Fe and Cr oxides placed between the
stainless steel and the PPy/PW ;040> polymer. Rtc and Cdl are the resistance and
capacitance due to the stainless steel/electrolyte interface at the base of the pores of the
Fe and Cr oxide layer, related to the charge transfer reaction of the stainless steel
corrosion. Table 2 shows the results of the fitting for metal/PPy/solution configuration
at pH~0 and pH~13. The electrical phenomena were very different for these two
systems. At pH 13, the electrical response obtained is mainly due to the metal/oxide
material due to the very porous coating. On the contrary, at pH 0, the electrical response
is mainly due to the PPy/PW,04¢° coating. Moreover, table 2 shows how the
resistances obtained for the pH 0 solution are lower than the pH 13 ones. Rf/s at pH 0 is
due to polymer/electrolyte interface, while a higher value for Rox is due to metal/oxide
interface. In this way, the ionic transfer is better for the polymeric coating instead of
oxide one. The diffusion of species through the coating is faster than the ion-electron

transfer on the steel/electrolyte interface. At pH 13, the proton conductivity of
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PW 1,040 disappears, since this anion decomposes and it is not present in the coating.
In our previous paper [18] we deposited PPy/PW ;040> on textile fabrics and values for
the film electronic conductivity could be obtained. With the increase of pH, the film
electronic conductivity decreased. In this paper, as polypyrrole is in de-doped state (pH
13), the electronic conductivity decrease significantly in comparison with pH 0.

These results are very interesting from the point of view of applying these
PPy/PW,04¢> coated electrodes to treat textile wastewaters. Textile wastewaters
treatment by electrocatalytic methods is one of our main research lines. More work is in
progress in order to elucidate the best conditions for these electrodes in electrochemical

treatments of textile wastewaters.
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Fig. 11. Electrical circuit for stainless steel electrode coated of PPy/PW ;04> in 0.1 M

NaOH + 0.1 M Na,SO4 (pH~13) solution.

Table 2. Results of the fitting of impedance data of metal/PPy-PW ;04> /solution
configuration in 0.5 M H,SO4 (pH~0) and 0.1 M Na,SO4 + 0.1 M NaOH (pH~13)

solutions. Exposed electrode area: 1cm®. Frequency range from 10* to 10 Hz.

pH~0 pH~13

Rs (Q-cm?) 13 Rpol (Q-cm?) 36
Rf/s (Q-cm?) 9 Rox (Q-cm?) 3328
Cf/s (F/cm?) 0.9:107 Cox (F/cm?) 3.1-107
Wo-R (Q-cm?) 64 Rt (Q-cm?) 32732
Wo-T (s) 0.7 Cd (F/em?) 0.0028
Wo-P 0.5

4. Conclusions

PPy/PW120403' membranes deliver higher ionic exchange rates when they are
immersed in more concentrated NaCl solutions. The counter-ion diffusion within the
membrane is also faster in more concentrated solutions.

Counter-ions of great size hinder the ionic exchange and the counter-ion diffusion in
the PPy/PW ;040" membranes.

PPy/PW ;040> free-standing films obtained electrochemically present semiconducting
nature and the activation energy by Arrhenius model was 170 meV. PPy/PW,040™
films chemically deposited on polyester fabric present also semiconducting nature. The
activation energy by the same model was 44.4 meV.

EDX and FTIR-ATR analysis show the decomposition of PW,04> at pH 13.
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The electrical conduction developed through coatings in strong acid solution (0.5 M
H,S0,) is controlled by finite-length diffusion processes with reflective boundary
conditions. The behavior changes completely when the same coated electrode is
immersed for 1 hour in strong basic solution. The proton conductivity of PW ;040>
disappears, since this anion decomposes at pH 13 and it is not present in the coatings. In
addition, the film electronic conductivity decreases considerably in comparison with pH
0. In this case, the coating structure is very porous and the electrical signal mainly goes
through the oxide layer (Fe and Cr oxides) and the stainless steel/electrolyte interface
(at the base of the pores of the oxide layer).

In this initial study, multifunctional PPy/PW,04> membranes with different electric
pathways via pH modulation have been prepared. This opens the way to design organic-
inorganic membranes to yield both smart textiles fabrics and new materials to
wastewaters treatment by electrochemical techniques. Our research group has already
obtained smart textile fabrics with LED’s mounted in different fabrics and electronic

circuits embroidered in leather.
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Figure captions

Fig. 1. Current transient curve for potentiostatic synthesis of PPy/PW,0,> on stainless

steel. Acetonitrile medium, 0.01 M H3PW,04, 0.2 M pirrol. Start potential: -0.289 V,

synthesis potential: +0.86 V, Q = 0.5 C cm™.

Fig. 2. Plot of Ln(o) vs. 1000/T for the film of PPy/PW 204"
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Fig. 3. Electrical circuit for free-standing films in symmetrical configuration

solution/membrane/solution

Fig. 4. Nyquist plot for PPy/PW,049” membrane in 0.1 M NaCl solution. Exposed
electrode area: 1 cm”. Frequency range from 10* to 10 Hz. « Experimental data. —

Fitting data.

Fig. 5. Bode plots for PPy/PW,040> membranes in different NaCl solutions. Exposed

electrode area: 1 cm”. Frequency range from 10* to 10 Hz.

Fig. 6. Cyclic voltammograms obtained in a 4-electrode arrangement in 0.5 M H,SOy;
scan rate: 50 mV-s™'. — Without PPy/PW ;04> membrane; — with PPy/PW 1,040

membrane.

Fig. 7. EDX spectra and micrographs of: (a) PPy/PW 1,040, (b) and (c) PPy//PW ,040>

+ 1 h contact with pH 13 solution.

Fig. 8. FTIR-ATR spectrum of PPy/PW ;040> and PPy/PW,04,> + 1h pH 13.

Resolution 4 cm'l, 100 scans.

Fig. 9. Nyquist plots for PPy/PW ;040> films in different configurations: *

Metal/PPy/0.5 M H,SOy; © 0.5 M H,SO4/PPy/0.5 M H,SO4; « Metal/PPy/Metal.

Exposed electrode area: 1 cm”. Frequency range from 10* to 10~ Hz.
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Fig. 10. Bode plots for PPy/PW ;040" films in different configurations: « Metal/PPy/pH
13 solution; * pH 13 solution/PPy/pH 13 solution; * Metal/PPy/Metal. Exposed

electrode area: 1 cm”. Frequency range from 10* to 10™ Hz.

Fig. 11. Electrical circuit for stainless steel electrode coated of PPy/PW ;04> in 0.1 M

NaOH + 0.1 M Na,SO4 (pH~13) solution.

Table captions

Table 1. Results of the fitting of impedance data of PPy/PW,04)" membranes in

different solutions. Exposed electrode area: 1cm®. Frequency range from 10* to 10 Hz.

Table 2. Results of the fitting of impedance data of metal/PPy-PW ;04> /solution
configuration in 0.5 M H,SO4 (pH~0) and 0.1 M Na,SO4 + 0.1 M NaOH (pH~13)

solutions. Exposed electrode area: 1cm®. Frequency range from 10* to 10” Hz.
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