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Abstract
Polyaniline (Pani) has been electrochemically polymerized on conducting fabrics of
polyester covered with polypyrrole/PW12O403-, obtaining a double conducting polymer
layer. Electrochemical synthesis was performed by potentiostatic synthesis at 1 V. The
chemical characterization of the material before and after Pani polymerization was
performed by means of X-ray photoelectron spectroscopy (XPS), energy dispersive Xray (EDX) and Fourier transform infrared spectroscopy (FTIR). The morphology of the
coatings was observed employing scanning electron microscopy (SEM). The
electrochemical characterization was performed by cyclic voltammetry (CV) and
scanning electrochemical microscopy (SECM). It has been demonstrated that scan rate
is an important parameter that influences the response obtained when characterizing
conducting fabrics by CV. High scan rates do not allow the observation of redox peaks.
However if lower scan rates are employed its apparition has been reported. The
electrochemical deposit of polyaniline enhances the electroactivity of the material as it
has been demonstrated by CV. SECM measurements showed local response with
positive feedback (electroactive material) for the samples in open circuit conditions.
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XPS analysis also showed a higher doping level (N+/N), consistent with higher material
electroactivity.
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1. Introduction
The production of textiles with new properties, such as conductivity, is a new field
being investigated. The employment of conducting polymers is one of the methods that
have been used to achieve this purpose. Polypyrrole (Ppy) has been the most employed
conducting polymer when producing conducting fabrics [1-8]. The chemical
polymerization of pyrrole in the presence of textile substrates produces a layer of
conducting polymer on the fabrics. Applications of conducting polymers coated textiles
are varied and numerous; like antistatic materials [1], gas sensors [2], biomechanical
sensors [3], electrotherapy [4], heating devices [5-7] or microwave attenuation [8].
Another suitable method to produce conducting textiles is the electrochemical
deposition of conducting polymers. The electrochemical polymerization is a more
controlled method that only produces the conducting polymer on the surface of the
desired electrode. The electrochemical polymerization can be performed indirectly or
directly depending on the conductivity of the substrate employed as electrode. If the
substrate is insulating, only an indirect electrochemical deposition can be performed.
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Only few papers related to this topic can be seen in bibliography and the majority of
them perform an indirect electrochemical deposition [9-12].
One of the applications that our group aims to is the employment of conducting fabrics
in catalysis, or as a support with high surface area to electrodeposit Pt nanoparticles and
enhance its electroactivity [13,14]. For instance, conducting polymers have been
employed in environmental applications; electrodes modified with conducting polymers
have been used in Cr6+ (toxic) reduction to Cr3+ (not toxic) [15] or nitrites
electroreduction [16]. The employment of polypyrrole coated textiles in the
electrochemical removal of the textile dye C. I. Direct Red 80 has also been reported
[17]. Polyaniline/MnO2 catalyst and H2O2 as an oxidant have been employed in the
degradation of organic dyes such as Direct Red 81, Indigo Carmine and Acid Blue 92
[18,19].
In the present paper conducting textiles of polyester (PES) covered with
polypyrrole/PW12O403- have been produced to obtain a conducting substrate. Once the
substrate was conductive, a direct electrochemical deposition of polyaniline was
performed. In the end a double conducting polymer layer of polypyrrole/polyaniline
was obtained. Chemical characterization of the conducting fabrics was done by XPS,
EDX and FTIR-ATR; morphological characterization was done by means of SEM. The
electrochemical and electrocatalytic properties of the monolayer and bilayer films have
been measured by means of cyclic voltammetry (CV) and scanning electrochemical
microscopy (SECM). In bibliography only a few assays of CV have been performed on
conducting textiles [20,21]. In the present paper it is reported the influence of the scan
rate in the characterization of conducting fabrics. The electroactivity of the samples was
measured by scanning electrochemical microscopy (SECM). SECM is a relatively novel
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(1989) and powerful technique that is becoming more popular among researchers [2224]. Its employment in conducting fabrics has not been reported to our knowledge since
the most employed substrate in bibliography is Pt.

2. Experimental
2.1. Reagents and materials
Analytical grade pyrrole, aniline, ferric chloride, sulphuric acid, sodium sulphate,
sodium dihydrogenophosphate, disodium hydrogenophosphate and sodium hydroxide
were provided by Merck. Normapur acetone was acquired from Prolabo. Analytical
grade phosphotungstic acid hydrate was supplied by Fluka. Hexaammineruthenium (III)
choride (Ru(NH3)6Cl3) and potassium chloride were used as received from Acros
Organics and Scharlau respectively. Solutions were deoxygenated by bubbling nitrogen
(N2 premier X50S). Ultrapure water was obtained from an Elix 3 Millipore-Milli-Q
Advantage A10 system with a resistivity near to 18.2 MΩ cm.
Aniline was purified by distillation before use. Distillation was performed at reduced
pressure in order to avoid thermal degradation of the monomer. After distillation aniline
was stored in the dark at 0 ºC.
Polyester textile was acquired from Viatex S.A. and their characteristics were: fabric
surface density, 140 g m-2; warp threads per cm, 20 (warp linear density, 167 dtex); weft
threads per cm, 60 (weft linear density, 500 dtex). These are specific terms used in the
field of textile industry and their meaning can be consulted in a textile glossary [25].

2.2. Chemical synthesis of PPy/PW12O403- on polyester fabrics
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Chemical synthesis of PPy on polyester fabrics was done as reported in our previous
study [26]. The size of the samples was 6 cm x 6 cm approximately. Previously to
reaction, polyester was degreased with acetone in ultrasound bath and washed with
water. Pyrrole concentration employed was 2 g l-1 and the molar relations of reagents
employed in the chemical synthesis bath were pyrrole: FeCl3: H3PW12O40 (1: 2.5: 0.2).
The next stage was the adsorption of pyrrole and counter ion (PW12O403-) (V=200 ml)
on the fabric for 30 min in an ice bath without stirring. At the end of this time, the FeCl3
solution (V=50 ml) was added and oxidation of the monomer took place during 150 min
without stirring. Adsorption and reaction were performed in a precipitation beaker. The
conducting fabric was washed with water to remove PPy not joined to fibers. The
conducting fabric was dried in a desiccator for at least 24 h before measurements. The
weight increase was measured obtaining a value around 10 %.

2.3. Electrochemical synthesis of Pani on conducting fabrics of PES-PPy/PW12O403Electrosynthesis of Pani on the fabrics of PES-PPy/PW12O403- was performed using an
Autolab PGSTAT302 potentiostat/galvanostat (Ecochemie). All electrochemical
experiments were carried out at room temperature and without stirring. The counter
electrodes (CE) were made of stainless steel. The working electrode (WE) was made
cutting a strip of the conducting fabric (PES-PPy/PW12O403-) and locating it between
two Titanium plates. Potential measurements were referred to Ag/AgCl (3 M KCl)
reference electrode. Oxygen was removed from solution by bubbling nitrogen gas.
The conducting fabrics have an ohmic potential drop that needs to be compensated;
otherwise the measured potentials will not be real. Therefore, the ohmic potential drop
was measured and entered in the Autolab software.
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The electrochemical synthesis of polyaniline was performed in 0.5 M H2SO4 and 0.5 M
aniline aqueous solution, in N2 atmosphere. The conducting fabric electrode was soaked
with the solution to allow the diffusion of the monomer to the textile electrode. The
method of synthesis employed was the potentiostatic synthesis. The synthesis potential
for the potentiostatic synthesis was determined using cyclic voltammetry measurements;
1 V was selected as an adequate potential for the potentiostatic synthesis. For the
potentiostatic synthesis, the potential was risen up from open circuit potential (ocp) of
the electrode to 1 V. The electrosynthesis continued during the necessary time to
achieve the desired electrical charge (C cm-2).

2.4. FTIR-ATR spectroscopy
Fourier transform infrared spectroscopy with horizontal multirebound attenuated total
reflection (FTIR-ATR) was performed with a Nicolet 6700 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-1 and 100 scans were averaged for each sample.

2.5. X-Ray photoelectron spectroscopy
XPS analyses were conducted at a base pressure of at 5 . 10-10 mbars and a temperature
around 173 K. The XPS spectra were obtained with a VG-Microtech Multilab electron
spectrometer by using unmonochromatized Mg Kα (1253.6 eV) radiation from a twin
anode source operating at 300 W (20 mA, 15 KV). The binding energy (BE) scale was
calibrated with reference to the C1s line at 284.6 eV. The C1s, O1s and N1s core levels
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spectra were analyzed for the sample of PES-PPy/PW12O403- and the sample of PESPPy/PW12O403- + Pani.

2.6. SEM and EDX characterization
A Jeol JSM-6300 scanning electron microscope was employed to observe the
morphology of the samples and perform EDX analyses. SEM analyses were performed
using an acceleration voltage of 20 kV. EDX measurements were done between 0 and
20 keV.

2.7. Cyclic voltammetry measurements
An Autolab PGSTAT302 potentiostat/galvanostat was employed to perform CV
measurements in the different pH solutions: pH~0 (0.5 M H2SO4), pH~0.7 (0.1 M
H2SO4), pH~7 (NaH2PO4-NaH2PO4 buffer and Na2SO4 0.1 M), pH~13 (0.1 M NaOH
and 0.1 M Na2SO4). Measurements were done at room temperature and without stirring.
The CE employed was made of stainless steel; the pre-treatment consisted on polishing,
degreasing with acetone in an ultrasonic bath and washing with water in the ultrasonic
bath. The WE was made by cutting a strip of the conducting textile of PPy or the
conducting textile of PPy covered with Pani. The sample was located between two Ti
plates to perform the measurements. Potential measurements were referred to Ag/AgCl
(3 M KCl) reference electrode. Oxygen was removed from solution by bubbling
nitrogen gas for 10 min and then a N2 atmosphere was maintained during the
measurements. The ohmic potential drop was measured and introduced in the Autolab
software. For the sample of PES-PPy/PW12O403-, the measurements were done between
-0.4 V and +0.4 V. For the sample containing Pani, the potential range employed was -
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0.2 V, +0.7 V. The characterization by means of CV has been done at different scan
rates as it was corroborated the influence of this parameter on the electrochemical
response obtained. The scan rates employed were 50 mV s-1, 5 mV s-1 and 1 mV s-1.

2.8. SECM measurements
SECM measurements were carried out with a scanning electrochemical microscope of
Sensolytics. The three-electrode cell configuration consisted of a 100-μm-diameter Pt
ultra-microelectrode (UME) working electrode, a Pt wire auxiliary electrode and an
Ag/AgCl (3 M KCl) reference electrode. The solution selected for this study was 0.01
M Ru(NH3)6Cl3 in aqueous 0.1 M KCl supporting electrolyte. All the experiments were
carried out in inert nitrogen atmosphere. PES, PES-PPy/PW12O403- and PESPPy/PW12O403- + Pani (1.5 C cm-2) (0.25 cm2 geometrical area) were chosen as
substrates for the SECM measurements. The substrates were glued with epoxy resin on
glass microscope slides.
The positioning of the Pt UME tip was achieved by first carefully putting it in contact
with the substrate surface and then moving it in z direction (height of the electrode).
Once the electrode was at the desired height, the electrode was approached to the
substrate surface; the current of the UME was recorded to obtain the approach curves.
Approach curves give us an indication of the electroactivity of the surface.
The surfaces were also scanned at their open circuit potential (OCP), and hence, the
potential of the substrate was controlled indirectly by the redox couple concentration.
Scanning the surface of the fabrics, a topographic profile of the sample was obtained.
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3. Results and discussion
3.1. Electrochemical synthesis of Pani on PES-PPy/PW12O403The synthesis potential for the potentiostatic synthesis was established by cyclic
voltammetry measurements (Fig. 1). The cyclic voltammetry measurements were
carried out in the same conditions than the potentiostatic synthesis (0.5 M aniline and
0.5 M H2SO4). The potential was varied between -0.2 V and 1.1 V with a scan rate of 5
mV s-1, 5 scans were registered. It can be seen that the current density grows with the
number of scan, indicating that the Pani synthesis was being carried out. The potential
of 1 V was selected as an adequate potential to carry out the potentiostatic synthesis
because beyond this potential, the current density begin to grow sharply. As it will be
explained later, at this potential overoxidation was not observed by means of XPS
analyses.

3.2. XPS measurements
The C1s, O1s and N1s core levels spectra were analyzed for the sample of PESPPy/PW12O403- and the sample of PES-PPy/PW12O403- covered with Pani. Table 1 shows
chemical composition and doping ratio obtained by N analysis (N+/N ratio) for both
samples. The sample covered with Ppy/PW12O403- should ideally have the formula
C4H3N(PW12O403-)x, where ―x‖ is the fractional doping level obtained by W analysis.
XPS analysis showed a systematic carbon excess, which may be due to surface
hydrocarbon contamination [27]. The composition analysis also showed an oxygen
excess. This may be due to PPy ring oxidation attributed to PPy reaction with water as
synthesis solvent [28]. The doping ratio obtained by nitrogen analysis, was in good
agreement with the fractional doping level performed by tungsten analysis. The doping
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ratio represented by the (N+/NTotal) ratio was found to be 19.6%. As PW12O403- presents
3 negative charges per molecule, the PW12O403- fractional doping level would be
0.0196/3 = 0.065, close to 0.053 obtained by W analysis. For the sample covered with
Pani/HSO4-/SO42- there was a considerable difference between doping ratio estimated by
atomic ratio N+/NTotal, and doping level obtained by atomic ratio S/N. This discrepancy
can be attributed to covalently bound sulfur bonds [29]. Covalently bound sulfur bonds
belong to the polymeric structure, but they do not need positive charged nitrogen as
polarons or bipolarons to accomplish the electroneutrality principle. So, the N+ could be
lower due to a minor number of polaronic sites. Table 2 shows the C1s, O1s, N1s core
level binding energies assignments for the samples analyzed.

3.2.1. C1s analysis.
Fig. 2-a shows the deconvoluted high resolution C1s spectrum for the sample of PESPPy/PW12O403-. Three peaks appear at the following binding energies: 284.1, 285.6 and
287.4 eV. The component at the lowest binding energy is due to C-C/C-H groups. The
peak at 285.6 eV is assigned to C-N groups in the pyrrole rings [30-32]. The binding
energy peak at 287.4 eV is ascribed to carbonyl C=O groups [33,34]. The appearance of
C=O groups is mainly due to the presence of pyrrole overoxidation during chemical
polymerization in aqueous media, as commented before. It has been proved that the
polypyrrole is simultaneously degraded during the synthesis in short soluble maleimide
molecules. This degradation process may be attributed to the polymer overoxidation
which is described as a gradual polymer oxidation by water in the presence of FeCl3.
Quantitative measurements confirm that polymerization is second-order kinetics with
respect to FeCl3 while overoxidation appears to be only first order [28]. Contamination
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with particulated PPy might also be on the surface due to the formation of aggregates
and individual particles of colloidal PPy [35]. Fig. 2-a shows that C-C/C-H peak area is
significantly greater than C-N one. For the pyrrole structure, the atomic ratio (C-C/CH)/C-N must be equal to 1.0. The higher C-C/C-H contribution is coherent with a
maleimide-like structure where C=O groups appears at α positions (C-N groups). This
overoxidation might be roughly estimated as the atomic ratio C=O/CTotal, obtaining a
value around 8 %. As surface hydrocarbon contamination may be present, this is a
minimum value.
For the sample covered with Pani, Fig. 2-b shows two binding energy values for C1s
core level at 284.2 and 285.8 eV. These contributions are related to C-C/C-H and C-N
groups of the aniline ring, respectively. Peak corresponding to C=O group did not
appear in the XPS analysis; so overoxidation was not present in the polyaniline layer.
For this reason, the synthesis potential of 1 V was an adequate potential to perform the
electrochemical synthesis as it was explained previously.

3.2.2. O1s analysis.
Fig. 2-c shows the high resolution O1s spectrum for the sample of PES-PPy/PW12O403-.
The O1s core level peak was deconvoluted in two contributions centered at 530.3 and
531.7 eV. These contributions are assigned to W-O-W groups and W=O groups in the
PW12O403- counter ion respectively [36]. In Fig 2-d the high resolution O1s core level
spectrum for the sample covered with Pani can be observed. The spectrum was
deconvoluted in two peaks at 531.2 and 532.8 eV. These binding energies were
assigned to SO42- and HSO4- respectively [37], and are due to incorporated counter ion
within the polymer. The proportion between HSO4-/SO42- molecules was 1/3. Although
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the low pH of the sulfuric synthesis solution might indicate a major amount of HSO4- as
counterion, it is important to take into account that Pani is protonated in acid media
[38], being able to displace the HSO4-/SO42- equilibrium, pKa=1.9 [39], to the formation
of SO42-.

3.2.3. N1s analysis.
Fig. 2-e shows the high resolution N1s spectrum for the sample of PES-PPy/PW12O403-.
The N1s spectrum was deconvoluted into two contributions, centered at 399.7 and 401.9
eV. The peak at 399.7 eV was assigned to the neutral amine-like (–NH–) structure
which is characteristic of pyrrolylium nitrogen [30,33,40]. The peak at 401.9 eV was
attributed to bipolaronic positively charged nitrogen, =NH+ or N2+. The electrondeficient nitrogen species arise from delocalization of electron density from the
polypyrrole ring as a result of the formation of electronic defects (bipolarons) [31,40].
The doping ratio represented by the (N2+/NTotal) ratio was found to be 19.6 %. Fig. 2-f
shows the high resolution N1s spectrum for sample covered with Pani. The spectrum
was deconvoluted in three peaks centered at 398.8, 399.7 and 401.6 eV. The first peak
at 398.8 eV was attributed to deprotonated, uncharged, imine-like nitrogens (>C=N-)
[30, 41-43]. The peak at 399.7 eV was assigned to the neutral amine-like (–NH–)
structure. The peak at 401.6 eV was attributed to nitrogen atoms with a single positive
charge, polaronic nitrogen N+ [31]. The doping ratio (N+/NTotal) was 22.4 %. The atomic
ratios (>C=N-)/NTotal and (-NH)/NTotal were 31.5 and 46.1 %, respectively. The sum of
atomic ratios for imine-like nitrogen and polaronic nitrogen was 53.9 %. This value is
near to 50 % of an ideal intrinsically oxidized emeraldine structure [38]. These results
confirm that conducting textiles covered with Pani were predominantly obtained in the
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emeraldine form. As it can be seen in Table 1, when the electrochemical polymerization
of polyaniline was performed, the doping ratio suffered a noticeable increase.

3.3. SEM and EDX measurements
In Fig. 3-a it can be seen the micrograph of the sample of PES-PPy/PW12O403-. As it can
be observed, the whole fabric is covered by a layer of PPy/PW12O403-. The presence of
polypyrrole aggregates is also noticeable. When the electrochemical synthesis of Pani
was carried out, the entire surface of the fabric was covered by polyaniline. In Fig. 3-b it
is shown a micrograph of the sample covered with Pani (35 C cm-2) at low
magnification (100x). The fibers of the fabric could hardly be observed as Pani had
grown on the surface of the fibers and between the interstices of the fibers. In Fig. 3-c it
is shown a zone where Pani was grown on the surface of the fibers. If Fig. 3-a and 3-c
are compared, it can be observed the formation of a globular deposit on the surface of
the fabric fibers. Micrograph in Fig. 3-d has been enhanced to observe better the deposit
morphology. As it can be seen, Pani deposit presents a globular morphology. Similar
morphology has been obtained when Pani was deposited by potentiostatic method on
Al-Pt electrode [44]. The morphology of the Pani deposits depends on various factors,
such as: polymerization conditions, synthesis technique, acid employed as electrolyte,
etc [45,46].
EDX analyses were also performed to observe zonal composition in the samples
analyzed. The EDX spectrum of the PES-PPy/PW12O403- sample (Fig. 4-a) showed the
presence of W, this indicates that the counter ion (PW12O403-) has been incorporated in
the polypyrrole structure. The presence of Fe and Cl arise from the use of FeCl 3 as
oxidant in polypyrrole synthesis. A zonal analysis was done on the surface of a fiber
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covered with polyaniline (Fig. 4-b). The presence of S indicates the growth of the Pani
film and corroborates the incorporation of HSO4-/SO42- within the polymer matrix. W
was also detected in this zone, as Pani film was not thick enough to avoid the electron
penetration to the substrate of PES-PPy/PW12O403-. However, a zonal analysis was
performed in a zone where the substrate fibers could not be observed (Fig. 4-c). In the
spectrum only S was observed, the film was thick enough to avoid the penetration of the
electrons down to the substrate of PES-PPy/PW12O403-.

3.4. FTIR-ATR
Fig. 5 shows the spectrum for a sample of PES (a), PES-PPy/PW12O403- (b), PESPPy/PW12O403- + Pani (21.6 C cm-2) (c), and Pani powders (d). In the spectrum of
polyester (Fig. 5-a) the different characteristic bands can be observed (the most
representative are 723, 872, 960, 1014, 1090, 1236, 1338, 1408, 1505 and 1714 cm-1).
When polyester was covered with PPy/PW12O403- different bands attributed to
polypyrrole could be observed (Fig. 5-b). The most representative are: 781, 1040, 1128
and 1545 cm-1, all of them described in our previous work [26]. The different bands of
polyester are also present in the spectrum; since the layer of PPy/PW12O403- is not thick
enough to avoid the observation of the substrate bands (PES).
When Pani was electrochemically deposited on PES-PPy/PW12O403- the spectrum was
modified (21.6 C cm-2 of polymerization charge) (Fig. 5-c). To differentiate the Pani
bands from the other contributions (PPy and PES), a spectrum of Pani powders obtained
from the surface of the conducting fabric was also performed (Fig. 5-d).
The different contributions observed from the spectrum of the Pani powders were:
 Band located around 1550 cm-1, C=C stretching in quinoid rings [47-50]
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 Band located around 1450 cm-1, C=C stretching in benzenoid rings [47-50].
 Band centered at 1300 cm-1, C-N stretching in secondary amines probably
related to leucoemeraldine [47,51].
 Band centered at 1200 cm-1, C-N stretching [52].
 Bands around 1100, 1020, 900 and 800 cm-1, attributed to C-H in-plane and outof-plane bending of aniline rings [38].
The most representative band which appears in the spectrum of PES-PPy/PW12O403- +
Pani is located at 1300 cm-1 (C-N stretching in secondary amines) [47,51]. This band is
not present in the PES (Fig. 5-a) and the PES-PPy/PW12O403- spectrum (Fig. 5-b); so it
is characteristic of polyaniline and its presence confirms the presence of polyaniline.
The other bands that appear in the spectrum are overlapped with that of polypyrrole and
polyester and make the assignment of the bands more complicated. When Pani is
deposited on PES-PPy/PW12O403-, the greater thickness of the coating causes the
diminution of the polyester bands. The PES bands are not clearly observed since its
intensity has decreased.

3.5. Cyclic voltammetry measurements
Cyclic voltammetry measurements were performed for samples of PES-PPy/PW12O403and the samples of the same conducting fabric covered with Pani. Measurements were
done in different pH solutions to test the electroactivity of the conducting fabrics in
different media. The measurements were also made at different scan rates to see the
influence of this parameter on the electrochemical response. To compare the
electrochemical response, in all the figures it is shown the second scan obtained.

15

Highlighted
In Fig. 6-a it is shown the voltammograms obtained for the sample of PESPPy/PW12O403- in 0.5 M H2SO4 at the different scan rates (50, 5 and 1 mV s-1). It can be
seen that with the higher scan rate, no redox peaks were obtained and a resistive
response was obtained. When the scan rate was lowered to 5 mV s-1, the current density
was lowered and a less resistive response was obtained. At 1 mV s-1, the resistive
response was not observed. The form of the voltammogram obtained was more similar
to that obtained in bibliography since redox processes were observed [12]. As in Fig. 6a, the different voltammograms have a common scale to compare the electrochemical
response at the different scan rates, the form of the voltammogram cannot be clearly
observed. In Fig. 6-b it can be observed better the voltammogram obtained for the
lowest scan rate in 0.5 M H2SO4. Higher scan rates produce higher peak currents in the
voltammograms. In our case, it is evident that the scan rate influences the
electrochemical response of conducting fabrics obtained by cyclic voltammetry. Higher
scan rates do not allow the observation of redox processes. On the other hand, lower
scan rates permit the apparition of those processes. The explanation for these facts is
that the substrate (polyester) is an insulating material; so the charge transference has to
be produced along polypyrrole chains. The charge transfer begins from the zone below
the electric contact and extends to the other parts of the electrode. If the scan rate is too
fast (50 mV s-1), there is not sufficient time to allow the transformation of the polymer
and this is why a resistive response is obtained. When lower scan rates are employed,
there is more time to allow the transformation of the polymer so the redox processes can
be observed. This fact is clearly observed with the lowest scan rate (1 mV s-1). Cyclic
voltammetry studies of conducting polymers have been made on metallic substrates
mainly; where the charge transfer is produced between the metal-polymer interface
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instantaneously. Studies employing different scan rates have demonstrated that the form
of the voltammogram is not changed by the scan rate; only the peak current of the redox
processes is affected [53]. If insulating substrates are employed, the charge transfer is
not produced instantaneously. Therefore, the scan rate in this case is an important
parameter. As it will be explained later, the same behavior has been observed for the
sample of conducting fabric covered with Pani. In Fig. 6-b it can be observed the
voltammograms employing the lowest san rate (1 mV s-1) in different pH solutions. The
form of the voltammograms was similar in 0.5 M and 0.1 M H2SO4. In the pH 7
solution, the electroactivity of polypyrrole film was not substantially modified. In the
pH 13 solution it was found a great lost of electroactivity; which is attributed to the
deprotonation of polypyrrole that takes place at pH 10 [54]. During the formation of
conducting polymers like polypyrrole or polyaniline, positive charges which are
responsible for its electronic conduction (polarons and bipolarons) are created in its
structure. These charges are compensated by counter ions to maintain the
electroneutrality principle. The deprotonation of conducting polymers like polypyrrole
and polyaniline causes the elimination of these positive charges. Conjugation breaking
and release of doping anions are produced as a consequence [54]. When the
deprotonation of conducting polymers occurs there is an excess of negative charge in
the polymer, and the counter ion is expelled from the polymer matrix. That causes a
substantial loss of conductivity in the conducting polymers. In the case of polypyrrole
the loss of conductivity due to the deprotonation is about 3-4 orders of magnitude [54].
The PW12O403- molecule also suffers a reaction of decomposition into PO43- and WO42at pH>8.3 [55], contributing also to the loss of conductivity.
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In Fig. 7-a it can be observed the voltammograms obtained for the sample of PESPPy/PW12O403- covered with Pani (10 C cm-2). As in the case of the sample without
Pani, it was observed a resistive response at 50 mV s-1. When the scan rate was lowered
the redox processes began to appear; at 1 mV s-1 it is noticeable the appearance of
different redox peaks that can be observed better in Fig. 7-b or Fig. 8. The explanation
for this fact is the same mentioned previously. It appears one oxidation peak at 0.47 V
and a reduction one located at 0.26 V. A less resolved peak can also be observed at 0.42
V contained in the wider peak of 0.26 V. It can also be noticed that the current density
is higher than in the case of the conducting fabric without Pani. The Pani deposit
produces an increase of the material electroactivity due to the higher surface area of the
globular deposit. For the sample containing only polypyrrole, an oxidation current
density of about 0.1 mA cm-2 were reached at 0.4 V in 0.5 M H2SO4; when the Pani was
deposited on the fabric (10 C cm-2), approximately 1.5 mA cm-2 were obtained at 0.4 V.
Fig. 7-b shows the voltammograms of PES-PPy/PW12O403- + Pani (10 C cm-2) in the
different pH solutions. The voltammetric response in 0.5 M and 0.1 M H2SO4 was
similar with similar current densities. However, in the case of the 0.1 M H2SO4 solution,
the redox peaks were not clearly observed as in the case of 0.5 M H2SO4. Polyaniline
protonation influences greatly the conductivity of Pani [56-58]. In the case of
polyaniline, its deprotonation causes a loss of conductivity of about 9-10 orders of
magnitude [56]. The contact with the pH 7 solution produced a decrease of the current
density in the voltammogram. At pH 13 the decrease was greater than at pH 7. At these
two last pHs, no redox peaks were observed due to polyaniline deprotonation.
Fig. 8 shows the comparison of the voltammograms obtained for samples covered with
Pani with different polymerization charges (10 and 1.5 C cm-2). It can be seen a clear
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correlation between the current density (mA cm-2) of the voltammograms with the
polymerization charge (C cm-2). The sample with the lowest polymerization charge
showed peaks with lower current density, but the peaks observed were the same than the
obtained for the sample with higher polymerization charge.

3.6. SECM measurements
Approach (IT–L) curves were recorded in the feedback mode in a 0.01 M solution of
Ru(NH3)63+ in 0.1 M KCl, pH ~5.2, using the 100-μm-diameter Pt tip held at a potential
of -0.4 V vs Ag/AgCl (3 M KCl). According to the voltammogram in Fig. 9, this
potential was selected to reduce the oxidized form of the mediator, Ru(NH3)63+, at a
diffusion-controlled rate.
Approach curves give an indication of the electroactivity of the electrode surface. If the
surface is non conductive, when the electrode approaches the surface there is a decrease
of the current measured (negative feedback) [22]. On the other hand if the electrode is
conductive, when the electrode approaches the surface of the substrate the current
increases (positive feedback) [22].
Figure 10-a shows a selection of the experimental curves recorded at different points
randomly chosen throughout the PES-PPy/PW12O403- surface. The line scans of PESPPy/PW12O403- show different degrees of positive feedback. The positive feedback
indicates an increase of the normalized current (I) when the microelectrode comes close
to the surface, according to its conductive nature; (I = i/i∞ where i∞ = 4nFDaC in which
n is the number of electrons involved in the reaction, F is the Faraday constant, D is the
diffusion coefficient, a is the radius of the UME and C is the concentration of the
reactant). On the other hand, for the sample containing only polyester (Fig. 10-a, dotted
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line), negative feedback was obtained (I decreases with the normalized distance L = d/a
in which d is the distance between UME and surface and a is the radius of the UME).
Polyester is an insulating material and negative feedback was obtained. With this
technique it is clearly shown the different electrochemical activity of the two surfaces
analyzed.
In Fig. 10-b it is shown the electrochemical activity of PES-PPy/PW12O403- + Pani
substrate. The substrate containing Pani shows a bit less activity from L = 2 due to the
fact that Pani is less conductive than polypyrrole at pH ~ 5.2. Polypyrrole is conductive
in a wider pH range than polyaniline and maintains a good conductivity up to pH 10
[59]. The loss of conductivity after polypyrrole deprotonation is in the order of 3-4
orders of magnitude [54]. On the other hand, polyaniline conductivity is greatly affected
by pH, at pH>4 suffers a great loss of electroactivity around 9-10 orders of magnitude
[56]. The measurements were done in a solution with pH~5.2, so polyaniline was less
conductive and that explains why the feedback obtained was less positive than the case
of polypyrrole. However, the sample containing Pani continued acting as a conductor
and not as an insulator (like polyester).
One main application of the SECM microscopy is the scanning of a surface to obtain 2D
and 3D images of the electrochemical activity or topographical information [22]. In this
work, the experiments were done at constant height, so the information of
electroactivity and morphology cannot be discerned. The PES fabric topography
presents significant differences (zones more elevated than others) and the polypyrrole
coating obtained on the fabric was uniform, so topographical features of the fabric have
more influence on the electrochemical response obtained than local differences of
electroactivity. As example of this application, the 2D and 3D images of a PES-
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PPy/PW12O403- substrate are shown. In Fig. 11, it is shown the 2D and 3D images of a
conductive PES-PPy/PW12O403- substrate taken at constant height. In the 2D image, a
SEM micrograph of the substrate surface has been superposed to illustrate the
topographical influence on the response obtained. It is difficult to position the sample
during the SECM analysis, which is why the micrograph is twisted. The more raised
parts of the textile produce a higher increase of the current than the lower ones. The 3D
image exemplifies better the influence of the textile topography on the electrochemical
response obtained. The holes represent an increase of the current due to a major
proximity of the substrate surface to the UME.

4. Conclusions
The electrochemical synthesis of Pani on conducting fabrics of PES-PPy/PW12O403- has
been achieved. XPS analyses have shown the formation of Pani with a higher doping
level (N+/N) than the original conducting fabric. Overoxidation was avoided at the
synthesis potential of 1 V as C1s results showed. XPS and EDX analyses also showed
the incorporation of S to the material, confirming the presence of sulphate/bisulphate
anions as counter ions. FTIR-ATR showed the appearance of different bands attributed
to Pani. The morphology of the Pani obtained by potentiostatic synthesis was globular,
characteristic of films

obtained by potentiostatic synthesis.

Electrochemical

characterization by CV showed the improvement of the electrical properties of the
material when Pani was synthesized on the conducting fabrics. Moreover, the pH value
and the scan rate were analyzed in the voltammetric response. Higher scan rates do not
allow the observation of redox processes. Only lower scan rates produce the appearance
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of these processes. This behavior could be explained by the fact that the substrate is an
insulating material (polyester), so the charge transfer is produced across the conducting
polymer. If high scan rates are employed, there is not sufficient time to allow the
polymer transformation and then the electrochemical processes are not observed. In this
work SECM measurements have been applied for the first time to study conducting
fabrics properties. Approach curves showed negative feedback for plain polyester
(insulating material) and positive feedback (conducting material) when polypyrrole was
deposited on the surface of the fabric. Polyaniline deposit showed also positive
feedback, although less positive than polypyrrole alone. This can be attributed to a loss
of conductivity of polyaniline at the pH of measurement (~5.2). The pH range which
allows conductive behavior of polypyrrole is higher than polyaniline one. Nevertheless,
polyaniline coating maintains some degree of electroactivity. 2D and 3D images
showed the influence of the morphological features of the fabric on the electrochemical
response obtained. More work is in progress to evaluate the electroactivity of these
electrodes in the degradation of organic molecules.
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Figure captions

Fig. 1. Potentiodynamic synthesis of Pani on conducting fabrics of PES-PPy/PW12O403-.
Conditions: 0.5 M H2SO4, 0.5 M aniline, range potential: -0.2 V, +1.1 V, 5 mV s-1, 5
scans.

Fig. 2. XPS high resolution spectra for C1s, O1s and N1s: PES-PPy/PW12O403-, (a) C1s,
(c) O1s, (e) N1s; PES-PPy/PW12O403- + Pani electrochemically synthesized (68 C cm-2),
(b) C1s, (d) O1s, (f) N1s.

Fig. 3. Micrographs of: (a) PES-PPy/PW12O403- ; (b), (c), (d) PES-PPy/PW12O403- + Pani
(35 C cm-2).

Fig. 4. EDX spectra of: (a) PES+PPy/PW12O403-, (b) and (c) PES+PPy//PW12O403- +
Pani (35 C cm-2).

Fig. 5. FTIR-ATR spectrum of: (a) PES, (b) PES-PPy/PW12O403-, (c) PESPPy/PW12O403- + Pani (21.6 C cm-2), (d) Pani powders.

Fig. 6. Cyclic voltammograms of PES-PPy/PW12O403-, second scan for all
measurements: (a) 0.5 M H2SO4, 50, 5 and 1 mV s-1, (b) 1 mV s-1, pH 0, 0.7, 7 and 13.
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Fig. 7. Cyclic voltammograms of PES-PPy/PW12O403- + Pani (10 C cm-2), second scan
for all measurements: (a) 0.5 M H2SO4, 50, 5 and 1 mV s-1, (b) 1 mV s-1, pH 0, 0.7, 7
and 13.

Fig. 8. Cyclic voltammograms of PES-PPy/PW12O403- + Pani, second scan for all
measurements: 0.5 M H2SO4, comparison of 1.5 and 10 C cm-2 of polymerization
charge.

Fig. 9. Cyclic voltammogram for Pt UME 100-μm-diameter tip. The UME potential was
stepped from +100 to -700 mV (vs Ag/AgCl) in a 0.01 M Ru(NH3)63+ and 0.1 M KCl at
50 mV s-1.

Fig. 10. Approaching curves for: (a) PES (---), PES-PPy/PW12O403- (—) and (b) PESPPy/PW12O403- + PANI (1.5 C cm-2) obtained with a 100 μm diameter Pt tip in 0.01 M
Ru(NH3)63+ and 0.1 M KCl. The tip potential was -400 mV (vs Ag/AgCl) and the
approach rate was 10 μm s-1.

Fig. 11. 2D (SEM micrograph superposed) and 3D constant height SECM images of
PES-PPy/PW12O403-, 0.25 cm2 geometrical area. These images were taken with a 100
μm diameter Pt tip, in 0.01 M Ru(NH3)63+ and 0.1 M KCl at a constant height of 100
μm. The scan rate was 200 μm s-1 in comb mode; lengths of x and y lines were 1600 x
1400 μm with increments of 75 μm.
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Table captions

Table 1. XPS surface compositional data for the samples analyzed.

Table 2. XPS results for binding energies (eV) for the samples analyzed.
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Abstract
Polyaniline (Pani) has been electrochemically polymerized on conducting fabrics of
polyester covered with polypyrrole/PW12O403-, obtaining a double conducting polymer
layer. Electrochemical synthesis was performed by potentiostatic synthesis at 1 V. The
chemical characterization of the material before and after Pani polymerization was
performed by means of X-ray photoelectron spectroscopy (XPS), energy dispersive Xray (EDX) and Fourier transform infrared spectroscopy (FTIR). The morphology of the
coatings was observed employing scanning electron microscopy (SEM). The
electrochemical characterization was performed by cyclic voltammetry (CV) and
scanning electrochemical microscopy (SECM). It has been demonstrated that scan rate
is an important parameter that influences the response obtained when characterizing
conducting fabrics by CV. High scan rates do not allow the observation of redox peaks.
However if lower scan rates are employed its apparition has been reported. The
electrochemical deposit of polyaniline enhances the electroactivity of the material as it
has been demonstrated by CV. SECM measurements showed local response with
positive feedback (electroactive material) for the samples in open circuit conditions.

1

XPS analysis also showed a higher doping level (N+/N), consistent with higher material
electroactivity.

Keywords: Polyaniline, polypyrrole, conducting fabrics, cyclic voltammetry, SECM.
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1. Introduction
The production of textiles with new properties, such as conductivity, is a new field
being investigated. The employment of conducting polymers is one of the methods that
have been used to achieve this purpose. Polypyrrole (Ppy) has been the most employed
conducting polymer when producing conducting fabrics [1-8]. The chemical
polymerization of pyrrole in the presence of textile substrates produces a layer of
conducting polymer on the fabrics. Applications of conducting polymers coated textiles
are varied and numerous; like antistatic materials [1], gas sensors [2], biomechanical
sensors [3], electrotherapy [4], heating devices [5-7] or microwave attenuation [8].
Another suitable method to produce conducting textiles is the electrochemical
deposition of conducting polymers. The electrochemical polymerization is a more
controlled method that only produces the conducting polymer on the surface of the
desired electrode. The electrochemical polymerization can be performed indirectly or
directly depending on the conductivity of the substrate employed as electrode. If the
substrate is insulating, only an indirect electrochemical deposition can be performed.
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Only few papers related to this topic can be seen in bibliography and the majority of
them perform an indirect electrochemical deposition [9-12].
One of the applications that our group aims to is the employment of conducting fabrics
in catalysis, or as a support with high surface area to electrodeposit Pt nanoparticles and
enhance its electroactivity [13,14]. For instance, conducting polymers have been
employed in environmental applications; electrodes modified with conducting polymers
have been used in Cr6+ (toxic) reduction to Cr3+ (not toxic) [15] or nitrites
electroreduction [16]. The employment of polypyrrole coated textiles in the
electrochemical removal of the textile dye C. I. Direct Red 80 has also been reported
[17]. Polyaniline/MnO2 catalyst and H2O2 as an oxidant have been employed in the
degradation of organic dyes such as Direct Red 81, Indigo Carmine and Acid Blue 92
[18,19].
In the present paper conducting textiles of polyester (PES) covered with
polypyrrole/PW12O403- have been produced to obtain a conducting substrate. Once the
substrate was conductive, a direct electrochemical deposition of polyaniline was
performed. In the end a double conducting polymer layer of polypyrrole/polyaniline
was obtained. Chemical characterization of the conducting fabrics was done by XPS,
EDX and FTIR-ATR; morphological characterization was done by means of SEM. The
electrochemical and electrocatalytic properties of the monolayer and bilayer films have
been measured by means of cyclic voltammetry (CV) and scanning electrochemical
microscopy (SECM). In bibliography only a few assays of CV have been performed on
conducting textiles [20,21]. In the present paper it is reported the influence of the scan
rate in the characterization of conducting fabrics. The electroactivity of the samples was
measured by scanning electrochemical microscopy (SECM). SECM is a relatively novel
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(1989) and powerful technique that is becoming more popular among researchers [2224]. Its employment in conducting fabrics has not been reported to our knowledge since
the most employed substrate in bibliography is Pt.

2. Experimental
2.1. Reagents and materials
Analytical grade pyrrole, aniline, ferric chloride, sulphuric acid, sodium sulphate,
sodium dihydrogenophosphate, disodium hydrogenophosphate and sodium hydroxide
were provided by Merck. Normapur acetone was acquired from Prolabo. Analytical
grade phosphotungstic acid hydrate was supplied by Fluka. Hexaammineruthenium (III)
choride (Ru(NH3)6Cl3) and potassium chloride were used as received from Acros
Organics and Scharlau respectively. Solutions were deoxygenated by bubbling nitrogen
(N2 premier X50S). Ultrapure water was obtained from an Elix 3 Millipore-Milli-Q
Advantage A10 system with a resistivity near to 18.2 MΩ cm.
Aniline was purified by distillation before use. Distillation was performed at reduced
pressure in order to avoid thermal degradation of the monomer. After distillation aniline
was stored in the dark at 0 ºC.
Polyester textile was acquired from Viatex S.A. and their characteristics were: fabric
surface density, 140 g m-2; warp threads per cm, 20 (warp linear density, 167 dtex); weft
threads per cm, 60 (weft linear density, 500 dtex). These are specific terms used in the
field of textile industry and their meaning can be consulted in a textile glossary [25].

2.2. Chemical synthesis of PPy/PW12O403- on polyester fabrics
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Chemical synthesis of PPy on polyester fabrics was done as reported in our previous
study [26]. The size of the samples was 6 cm x 6 cm approximately. Previously to
reaction, polyester was degreased with acetone in ultrasound bath and washed with
water. Pyrrole concentration employed was 2 g l-1 and the molar relations of reagents
employed in the chemical synthesis bath were pyrrole: FeCl3: H3PW12O40 (1: 2.5: 0.2).
The next stage was the adsorption of pyrrole and counter ion (PW12O403-) (V=200 ml)
on the fabric for 30 min in an ice bath without stirring. At the end of this time, the FeCl3
solution (V=50 ml) was added and oxidation of the monomer took place during 150 min
without stirring. Adsorption and reaction were performed in a precipitation beaker. The
conducting fabric was washed with water to remove PPy not joined to fibers. The
conducting fabric was dried in a desiccator for at least 24 h before measurements. The
weight increase was measured obtaining a value around 10 %.

2.3. Electrochemical synthesis of Pani on conducting fabrics of PES-PPy/PW12O403Electrosynthesis of Pani on the fabrics of PES-PPy/PW12O403- was performed using an
Autolab PGSTAT302 potentiostat/galvanostat (Ecochemie). All electrochemical
experiments were carried out at room temperature and without stirring. The counter
electrodes (CE) were made of stainless steel. The working electrode (WE) was made
cutting a strip of the conducting fabric (PES-PPy/PW12O403-) and locating it between
two Titanium plates. Potential measurements were referred to Ag/AgCl (3 M KCl)
reference electrode. Oxygen was removed from solution by bubbling nitrogen gas.
The conducting fabrics have an ohmic potential drop that needs to be compensated;
otherwise the measured potentials will not be real. Therefore, the ohmic potential drop
was measured and entered in the Autolab software.
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The electrochemical synthesis of polyaniline was performed in 0.5 M H2SO4 and 0.5 M
aniline aqueous solution, in N2 atmosphere. The conducting fabric electrode was soaked
with the solution to allow the diffusion of the monomer to the textile electrode. The
method of synthesis employed was the potentiostatic synthesis. The synthesis potential
for the potentiostatic synthesis was determined using cyclic voltammetry measurements;
1 V was selected as an adequate potential for the potentiostatic synthesis. For the
potentiostatic synthesis, the potential was risen up from open circuit potential (ocp) of
the electrode to 1 V. The electrosynthesis continued during the necessary time to
achieve the desired electrical charge (C cm-2).

2.4. FTIR-ATR spectroscopy
Fourier transform infrared spectroscopy with horizontal multirebound attenuated total
reflection (FTIR-ATR) was performed with a Nicolet 6700 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-1 and 100 scans were averaged for each sample.

2.5. X-Ray photoelectron spectroscopy
XPS analyses were conducted at a base pressure of at 5 . 10-10 mbars and a temperature
around 173 K. The XPS spectra were obtained with a VG-Microtech Multilab electron
spectrometer by using unmonochromatized Mg Kα (1253.6 eV) radiation from a twin
anode source operating at 300 W (20 mA, 15 KV). The binding energy (BE) scale was
calibrated with reference to the C1s line at 284.6 eV. The C1s, O1s and N1s core levels
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spectra were analyzed for the sample of PES-PPy/PW12O403- and the sample of PESPPy/PW12O403- + Pani.

2.6. SEM and EDX characterization
A Jeol JSM-6300 scanning electron microscope was employed to observe the
morphology of the samples and perform EDX analyses. SEM analyses were performed
using an acceleration voltage of 20 kV. EDX measurements were done between 0 and
20 keV.

2.7. Cyclic voltammetry measurements
An Autolab PGSTAT302 potentiostat/galvanostat was employed to perform CV
measurements in the different pH solutions: pH~0 (0.5 M H2SO4), pH~0.7 (0.1 M
H2SO4), pH~7 (NaH2PO4-NaH2PO4 buffer and Na2SO4 0.1 M), pH~13 (0.1 M NaOH
and 0.1 M Na2SO4). Measurements were done at room temperature and without stirring.
The CE employed was made of stainless steel; the pre-treatment consisted on polishing,
degreasing with acetone in an ultrasonic bath and washing with water in the ultrasonic
bath. The WE was made by cutting a strip of the conducting textile of PPy or the
conducting textile of PPy covered with Pani. The sample was located between two Ti
plates to perform the measurements. Potential measurements were referred to Ag/AgCl
(3 M KCl) reference electrode. Oxygen was removed from solution by bubbling
nitrogen gas for 10 min and then a N2 atmosphere was maintained during the
measurements. The ohmic potential drop was measured and introduced in the Autolab
software. For the sample of PES-PPy/PW12O403-, the measurements were done between
-0.4 V and +0.4 V. For the sample containing Pani, the potential range employed was -
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0.2 V, +0.7 V. The characterization by means of CV has been done at different scan
rates as it was corroborated the influence of this parameter on the electrochemical
response obtained. The scan rates employed were 50 mV s-1, 5 mV s-1 and 1 mV s-1.

2.8. SECM measurements
SECM measurements were carried out with a scanning electrochemical microscope of
Sensolytics. The three-electrode cell configuration consisted of a 100-μm-diameter Pt
ultra-microelectrode (UME) working electrode, a Pt wire auxiliary electrode and an
Ag/AgCl (3 M KCl) reference electrode. The solution selected for this study was 0.01
M Ru(NH3)6Cl3 in aqueous 0.1 M KCl supporting electrolyte. All the experiments were
carried out in inert nitrogen atmosphere. PES, PES-PPy/PW12O403- and PESPPy/PW12O403- + Pani (1.5 C cm-2) (0.25 cm2 geometrical area) were chosen as
substrates for the SECM measurements. The substrates were glued with epoxy resin on
glass microscope slides.
The positioning of the Pt UME tip was achieved by first carefully putting it in contact
with the substrate surface and then moving it in z direction (height of the electrode).
Once the electrode was at the desired height, the electrode was approached to the
substrate surface; the current of the UME was recorded to obtain the approach curves.
Approach curves give us an indication of the electroactivity of the surface.
The surfaces were also scanned at their open circuit potential (OCP), and hence, the
potential of the substrate was controlled indirectly by the redox couple concentration.
Scanning the surface of the fabrics, a topographic profile of the sample was obtained.
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3. Results and discussion
3.1. Electrochemical synthesis of Pani on PES-PPy/PW12O403The synthesis potential for the potentiostatic synthesis was established by cyclic
voltammetry measurements (Fig. 1). The cyclic voltammetry measurements were
carried out in the same conditions than the potentiostatic synthesis (0.5 M aniline and
0.5 M H2SO4). The potential was varied between -0.2 V and 1.1 V with a scan rate of 5
mV s-1, 5 scans were registered. It can be seen that the current density grows with the
number of scan, indicating that the Pani synthesis was being carried out. The potential
of 1 V was selected as an adequate potential to carry out the potentiostatic synthesis
because beyond this potential, the current density begin to grow sharply. As it will be
explained later, at this potential overoxidation was not observed by means of XPS
analyses.

3.2. XPS measurements
The C1s, O1s and N1s core levels spectra were analyzed for the sample of PESPPy/PW12O403- and the sample of PES-PPy/PW12O403- covered with Pani. Table 1 shows
chemical composition and doping ratio obtained by N analysis (N+/N ratio) for both
samples. The sample covered with Ppy/PW12O403- should ideally have the formula
C4H3N(PW12O403-)x, where ―x‖ is the fractional doping level obtained by W analysis.
XPS analysis showed a systematic carbon excess, which may be due to surface
hydrocarbon contamination [27]. The composition analysis also showed an oxygen
excess. This may be due to PPy ring oxidation attributed to PPy reaction with water as
synthesis solvent [28]. The doping ratio obtained by nitrogen analysis, was in good
agreement with the fractional doping level performed by tungsten analysis. The doping
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ratio represented by the (N+/NTotal) ratio was found to be 19.6%. As PW12O403- presents
3 negative charges per molecule, the PW12O403- fractional doping level would be
0.0196/3 = 0.065, close to 0.053 obtained by W analysis. For the sample covered with
Pani/HSO4-/SO42- there was a considerable difference between doping ratio estimated by
atomic ratio N+/NTotal, and doping level obtained by atomic ratio S/N. This discrepancy
can be attributed to covalently bound sulfur bonds [29]. Covalently bound sulfur bonds
belong to the polymeric structure, but they do not need positive charged nitrogen as
polarons or bipolarons to accomplish the electroneutrality principle. So, the N+ could be
lower due to a minor number of polaronic sites. Table 2 shows the C1s, O1s, N1s core
level binding energies assignments for the samples analyzed.

3.2.1. C1s analysis.
Fig. 2-a shows the deconvoluted high resolution C1s spectrum for the sample of PESPPy/PW12O403-. Three peaks appear at the following binding energies: 284.1, 285.6 and
287.4 eV. The component at the lowest binding energy is due to C-C/C-H groups. The
peak at 285.6 eV is assigned to C-N groups in the pyrrole rings [30-32]. The binding
energy peak at 287.4 eV is ascribed to carbonyl C=O groups [33,34]. The appearance of
C=O groups is mainly due to the presence of pyrrole overoxidation during chemical
polymerization in aqueous media, as commented before. It has been proved that the
polypyrrole is simultaneously degraded during the synthesis in short soluble maleimide
molecules. This degradation process may be attributed to the polymer overoxidation
which is described as a gradual polymer oxidation by water in the presence of FeCl3.
Quantitative measurements confirm that polymerization is second-order kinetics with
respect to FeCl3 while overoxidation appears to be only first order [28]. Contamination

10

with particulated PPy might also be on the surface due to the formation of aggregates
and individual particles of colloidal PPy [35]. Fig. 2-a shows that C-C/C-H peak area is
significantly greater than C-N one. For the pyrrole structure, the atomic ratio (C-C/CH)/C-N must be equal to 1.0. The higher C-C/C-H contribution is coherent with a
maleimide-like structure where C=O groups appears at α positions (C-N groups). This
overoxidation might be roughly estimated as the atomic ratio C=O/CTotal, obtaining a
value around 8 %. As surface hydrocarbon contamination may be present, this is a
minimum value.
For the sample covered with Pani, Fig. 2-b shows two binding energy values for C1s
core level at 284.2 and 285.8 eV. These contributions are related to C-C/C-H and C-N
groups of the aniline ring, respectively. Peak corresponding to C=O group did not
appear in the XPS analysis; so overoxidation was not present in the polyaniline layer.
For this reason, the synthesis potential of 1 V was an adequate potential to perform the
electrochemical synthesis as it was explained previously.

3.2.2. O1s analysis.
Fig. 2-c shows the high resolution O1s spectrum for the sample of PES-PPy/PW12O403-.
The O1s core level peak was deconvoluted in two contributions centered at 530.3 and
531.7 eV. These contributions are assigned to W-O-W groups and W=O groups in the
PW12O403- counter ion respectively [36]. In Fig 2-d the high resolution O1s core level
spectrum for the sample covered with Pani can be observed. The spectrum was
deconvoluted in two peaks at 531.2 and 532.8 eV. These binding energies were
assigned to SO42- and HSO4- respectively [37], and are due to incorporated counter ion
within the polymer. The proportion between HSO4-/SO42- molecules was 1/3. Although
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the low pH of the sulfuric synthesis solution might indicate a major amount of HSO4- as
counterion, it is important to take into account that Pani is protonated in acid media
[38], being able to displace the HSO4-/SO42- equilibrium, pKa=1.9 [39], to the formation
of SO42-.

3.2.3. N1s analysis.
Fig. 2-e shows the high resolution N1s spectrum for the sample of PES-PPy/PW12O403-.
The N1s spectrum was deconvoluted into two contributions, centered at 399.7 and 401.9
eV. The peak at 399.7 eV was assigned to the neutral amine-like (–NH–) structure
[30,33,40]. The peak at 401.9 eV was attributed to bipolaronic positively charged
nitrogen, =NH+ or N2+. The electron-deficient nitrogen species arise from delocalization
of electron density from the polypyrrole ring as a result of the formation of electronic
defects (bipolarons) [31,40]. The doping ratio represented by the (N2+/NTotal) ratio was
found to be 19.6 %. Fig. 2-f shows the high resolution N1s spectrum for sample covered
with Pani. The spectrum was deconvoluted in three peaks centered at 398.8, 399.7 and
401.6 eV. The first peak at 398.8 eV was attributed to deprotonated, uncharged, iminelike nitrogens (>C=N-) [30, 41-43]. The peak at 399.7 eV was assigned to the neutral
amine-like (–NH–) structure. The peak at 401.6 eV was attributed to nitrogen atoms
with a single positive charge, polaronic nitrogen N+ [31]. The doping ratio (N+/NTotal)
was 22.4 %. The atomic ratios (>C=N-)/NTotal and (-NH)/NTotal were 31.5 and 46.1 %,
respectively. The sum of atomic ratios for imine-like nitrogen and polaronic nitrogen
was 53.9 %. This value is near to 50 % of an ideal intrinsically oxidized emeraldine
structure [38]. These results confirm that conducting textiles covered with Pani were
predominantly obtained in the emeraldine form. As it can be seen in Table 1, when the
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electrochemical polymerization of polyaniline was performed, the doping ratio suffered
a noticeable increase.

3.3. SEM and EDX measurements
In Fig. 3-a it can be seen the micrograph of the sample of PES-PPy/PW12O403-. As it can
be observed, the whole fabric is covered by a layer of PPy/PW12O403-. The presence of
polypyrrole aggregates is also noticeable. When the electrochemical synthesis of Pani
was carried out, the entire surface of the fabric was covered by polyaniline. In Fig. 3-b it
is shown a micrograph of the sample covered with Pani (35 C cm-2) at low
magnification (100x). The fibers of the fabric could hardly be observed as Pani had
grown on the surface of the fibers and between the interstices of the fibers. In Fig. 3-c it
is shown a zone where Pani was grown on the surface of the fibers. If Fig. 3-a and 3-c
are compared, it can be observed the formation of a globular deposit on the surface of
the fabric fibers. Micrograph in Fig. 3-d has been enhanced to observe better the deposit
morphology. As it can be seen, Pani deposit presents a globular morphology. Similar
morphology has been obtained when Pani was deposited by potentiostatic method on
Al-Pt electrode [44]. The morphology of the Pani deposits depends on various factors,
such as: polymerization conditions, synthesis technique, acid employed as electrolyte,
etc [45,46].
EDX analyses were also performed to observe zonal composition in the samples
analyzed. The EDX spectrum of the PES-PPy/PW12O403- sample (Fig. 4-a) showed the
presence of W, this indicates that the counter ion (PW12O403-) has been incorporated in
the polypyrrole structure. The presence of Fe and Cl arise from the use of FeCl 3 as
oxidant in polypyrrole synthesis. A zonal analysis was done on the surface of a fiber
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covered with polyaniline (Fig. 4-b). The presence of S indicates the growth of the Pani
film and corroborates the incorporation of HSO4-/SO42- within the polymer matrix. W
was also detected in this zone, as Pani film was not thick enough to avoid the electron
penetration to the substrate of PES-PPy/PW12O403-. However, a zonal analysis was
performed in a zone where the substrate fibers could not be observed (Fig. 4-c). In the
spectrum only S was observed, the film was thick enough to avoid the penetration of the
electrons down to the substrate of PES-PPy/PW12O403-.

3.4. FTIR-ATR
Fig. 5 shows the spectrum for a sample of PES (a), PES-PPy/PW12O403- (b), PESPPy/PW12O403- + Pani (21.6 C cm-2) (c), and Pani powders (d). In the spectrum of
polyester (Fig. 5-a) the different characteristic bands can be observed (the most
representative are 723, 872, 960, 1014, 1090, 1236, 1338, 1408, 1505 and 1714 cm-1).
When polyester was covered with PPy/PW12O403- different bands attributed to
polypyrrole could be observed (Fig. 5-b). The most representative are: 781, 1040, 1128
and 1545 cm-1, all of them described in our previous work [26]. The different bands of
polyester are also present in the spectrum; since the layer of PPy/PW12O403- is not thick
enough to avoid the observation of the substrate bands (PES).
When Pani was electrochemically deposited on PES-PPy/PW12O403- the spectrum was
modified (21.6 C cm-2 of polymerization charge) (Fig. 5-c). To differentiate the Pani
bands from the other contributions (PPy and PES), a spectrum of Pani powders obtained
from the surface of the conducting fabric was also performed (Fig. 5-d).
The different contributions observed from the spectrum of the Pani powders were:
 Band located around 1550 cm-1, C=C stretching in quinoid rings [47-50]
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 Band located around 1450 cm-1, C=C stretching in benzenoid rings [47-50].
 Band centered at 1300 cm-1, C-N stretching in secondary amines probably
related to leucoemeraldine [47,51].
 Band centered at 1200 cm-1, C-N stretching [52].
 Bands around 1100, 1020, 900 and 800 cm-1, attributed to C-H in-plane and outof-plane bending of aniline rings [38].
The most representative band which appears in the spectrum of PES-PPy/PW12O403- +
Pani is located at 1300 cm-1 (C-N stretching in secondary amines) [47,51]. This band is
not present in the PES (Fig. 5-a) and the PES-PPy/PW12O403- spectrum (Fig. 5-b); so it
is characteristic of polyaniline and its presence confirms the presence of polyaniline.
The other bands that appear in the spectrum are overlapped with that of polypyrrole and
polyester and make the assignment of the bands more complicated. When Pani is
deposited on PES-PPy/PW12O403-, the greater thickness of the coating causes the
diminution of the polyester bands. The PES bands are not clearly observed since its
intensity has decreased.

3.5. Cyclic voltammetry measurements
Cyclic voltammetry measurements were performed for samples of PES-PPy/PW12O403and the samples of the same conducting fabric covered with Pani. Measurements were
done in different pH solutions to test the electroactivity of the conducting fabrics in
different media. The measurements were also made at different scan rates to see the
influence of this parameter on the electrochemical response. To compare the
electrochemical response, in all the figures it is shown the second scan obtained.
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In Fig. 6-a it is shown the voltammograms obtained for the sample of PESPPy/PW12O403- in 0.5 M H2SO4 at the different scan rates (50, 5 and 1 mV s-1). It can be
seen that with the higher scan rate, no redox peaks were obtained and a resistive
response was obtained. When the scan rate was lowered to 5 mV s-1, the current density
was lowered and a less resistive response was obtained. At 1 mV s-1, the resistive
response was not observed. The form of the voltammogram obtained was more similar
to that obtained in bibliography since redox processes were observed [12]. As in Fig. 6a, the different voltammograms have a common scale to compare the electrochemical
response at the different scan rates, the form of the voltammogram cannot be clearly
observed. In Fig. 6-b it can be observed better the voltammogram obtained for the
lowest scan rate in 0.5 M H2SO4. Higher scan rates produce higher peak currents in the
voltammograms. In our case, it is evident that the scan rate influences the
electrochemical response of conducting fabrics obtained by cyclic voltammetry. Higher
scan rates do not allow the observation of redox processes. On the other hand, lower
scan rates permit the apparition of those processes. The explanation for these facts is
that the substrate (polyester) is an insulating material; so the charge transference has to
be produced along polypyrrole chains. The charge transfer begins from the zone below
the electric contact and extends to the other parts of the electrode. If the scan rate is too
fast (50 mV s-1), there is not sufficient time to allow the transformation of the polymer
and this is why a resistive response is obtained. When lower scan rates are employed,
there is more time to allow the transformation of the polymer so the redox processes can
be observed. This fact is clearly observed with the lowest scan rate (1 mV s-1). Cyclic
voltammetry studies of conducting polymers have been made on metallic substrates
mainly; where the charge transfer is produced between the metal-polymer interface
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instantaneously. Studies employing different scan rates have demonstrated that the form
of the voltammogram is not changed by the scan rate; only the peak current of the redox
processes is affected [53]. If insulating substrates are employed, the charge transfer is
not produced instantaneously. Therefore, the scan rate in this case is an important
parameter. As it will be explained later, the same behavior has been observed for the
sample of conducting fabric covered with Pani. In Fig. 6-b it can be observed the
voltammograms employing the lowest san rate (1 mV s-1) in different pH solutions. The
form of the voltammograms was similar in 0.5 M and 0.1 M H2SO4. In the pH 7
solution, the electroactivity of polypyrrole film was not substantially modified. In the
pH 13 solution it was found a great lost of electroactivity; which is attributed to the
deprotonation of polypyrrole that takes place at pH 10 [54]. During the formation of
conducting polymers like polypyrrole or polyaniline, positive charges which are
responsible for its electronic conduction (polarons and bipolarons) are created in its
structure. These charges are compensated by counter ions to maintain the
electroneutrality principle. The deprotonation of conducting polymers like polypyrrole
and polyaniline causes the elimination of these positive charges. Conjugation breaking
and release of doping anions are produced as a consequence [54]. When the
deprotonation of conducting polymers occurs there is an excess of negative charge in
the polymer, and the counter ion is expelled from the polymer matrix. That causes a
substantial loss of conductivity in the conducting polymers. In the case of polypyrrole
the loss of conductivity due to the deprotonation is about 3-4 orders of magnitude [54].
The PW12O403- molecule also suffers a reaction of decomposition into PO43- and WO42at pH>8.3 [55], contributing also to the loss of conductivity.

17

In Fig. 7-a it can be observed the voltammograms obtained for the sample of PESPPy/PW12O403- covered with Pani (10 C cm-2). As in the case of the sample without
Pani, it was observed a resistive response at 50 mV s-1. When the scan rate was lowered
the redox processes began to appear; at 1 mV s-1 it is noticeable the appearance of
different redox peaks that can be observed better in Fig. 7-b or Fig. 8. The explanation
for this fact is the same mentioned previously. It appears one oxidation peak at 0.47 V
and a reduction one located at 0.26 V. A less resolved peak can also be observed at 0.42
V contained in the wider peak of 0.26 V. It can also be noticed that the current density
is higher than in the case of the conducting fabric without Pani. The Pani deposit
produces an increase of the material electroactivity due to the higher surface area of the
globular deposit. For the sample containing only polypyrrole, an oxidation current
density of about 0.1 mA cm-2 were reached at 0.4 V in 0.5 M H2SO4; when the Pani was
deposited on the fabric (10 C cm-2), approximately 1.5 mA cm-2 were obtained at 0.4 V.
Fig. 7-b shows the voltammograms of PES-PPy/PW12O403- + Pani (10 C cm-2) in the
different pH solutions. The voltammetric response in 0.5 M and 0.1 M H2SO4 was
similar with similar current densities. However, in the case of the 0.1 M H2SO4 solution,
the redox peaks were not clearly observed as in the case of 0.5 M H2SO4. Polyaniline
protonation influences greatly the conductivity of Pani [56-58]. In the case of
polyaniline, its deprotonation causes a loss of conductivity of about 9-10 orders of
magnitude [56]. The contact with the pH 7 solution produced a decrease of the current
density in the voltammogram. At pH 13 the decrease was greater than at pH 7. At these
two last pHs, no redox peaks were observed due to polyaniline deprotonation.
Fig. 8 shows the comparison of the voltammograms obtained for samples covered with
Pani with different polymerization charges (10 and 1.5 C cm-2). It can be seen a clear
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correlation between the current density (mA cm-2) of the voltammograms with the
polymerization charge (C cm-2). The sample with the lowest polymerization charge
showed peaks with lower current density, but the peaks observed were the same than the
obtained for the sample with higher polymerization charge.

3.6. SECM measurements
Approach (IT–L) curves were recorded in the feedback mode in a 0.01 M solution of
Ru(NH3)63+ in 0.1 M KCl, pH ~5.2, using the 100-μm-diameter Pt tip held at a potential
of -0.4 V vs Ag/AgCl (3 M KCl). According to the voltammogram in Fig. 9, this
potential was selected to reduce the oxidized form of the mediator, Ru(NH3)63+, at a
diffusion-controlled rate.
Approach curves give an indication of the electroactivity of the electrode surface. If the
surface is non conductive, when the electrode approaches the surface there is a decrease
of the current measured (negative feedback) [22]. On the other hand if the electrode is
conductive, when the electrode approaches the surface of the substrate the current
increases (positive feedback) [22].
Figure 10-a shows a selection of the experimental curves recorded at different points
randomly chosen throughout the PES-PPy/PW12O403- surface. The line scans of PESPPy/PW12O403- show different degrees of positive feedback. The positive feedback
indicates an increase of the normalized current (I) when the microelectrode comes close
to the surface, according to its conductive nature; (I = i/i∞ where i∞ = 4nFDaC in which
n is the number of electrons involved in the reaction, F is the Faraday constant, D is the
diffusion coefficient, a is the radius of the UME and C is the concentration of the
reactant). On the other hand, for the sample containing only polyester (Fig. 10-a, dotted
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line), negative feedback was obtained (I decreases with the normalized distance L = d/a
in which d is the distance between UME and surface and a is the radius of the UME).
Polyester is an insulating material and negative feedback was obtained. With this
technique it is clearly shown the different electrochemical activity of the two surfaces
analyzed.
In Fig. 10-b it is shown the electrochemical activity of PES-PPy/PW12O403- + Pani
substrate. The substrate containing Pani shows a bit less activity from L = 2 due to the
fact that Pani is less conductive than polypyrrole at pH ~ 5.2. Polypyrrole is conductive
in a wider pH range than polyaniline and maintains a good conductivity up to pH 10
[59]. The loss of conductivity after polypyrrole deprotonation is in the order of 3-4
orders of magnitude [54]. On the other hand, polyaniline conductivity is greatly affected
by pH, at pH>4 suffers a great loss of electroactivity around 9-10 orders of magnitude
[56]. The measurements were done in a solution with pH~5.2, so polyaniline was less
conductive and that explains why the feedback obtained was less positive than the case
of polypyrrole. However, the sample containing Pani continued acting as a conductor
and not as an insulator (like polyester).
One main application of the SECM microscopy is the scanning of a surface to obtain 2D
and 3D images of the electrochemical activity or topographical information [22]. In this
work, the experiments were done at constant height, so the information of
electroactivity and morphology cannot be discerned. The PES fabric topography
presents significant differences (zones more elevated than others) and the polypyrrole
coating obtained on the fabric was uniform, so topographical features of the fabric have
more influence on the electrochemical response obtained than local differences of
electroactivity. As example of this application, the 2D and 3D images of a PES-

20

PPy/PW12O403- substrate are shown. In Fig. 11, it is shown the 2D and 3D images of a
conductive PES-PPy/PW12O403- substrate taken at constant height. In the 2D image, a
SEM micrograph of the substrate surface has been superposed to illustrate the
topographical influence on the response obtained. It is difficult to position the sample
during the SECM analysis, which is why the micrograph is twisted. The more raised
parts of the textile produce a higher increase of the current than the lower ones. The 3D
image exemplifies better the influence of the textile topography on the electrochemical
response obtained. The holes represent an increase of the current due to a major
proximity of the substrate surface to the UME.

4. Conclusions
The electrochemical synthesis of Pani on conducting fabrics of PES-PPy/PW12O403- has
been achieved. XPS analyses have shown the formation of Pani with a higher doping
level (N+/N) than the original conducting fabric. Overoxidation was avoided at the
synthesis potential of 1 V as C1s results showed. XPS and EDX analyses also showed
the incorporation of S to the material, confirming the presence of sulphate/bisulphate
anions as counter ions. FTIR-ATR showed the appearance of different bands attributed
to Pani. The morphology of the Pani obtained by potentiostatic synthesis was globular,
characteristic of films

obtained by potentiostatic synthesis.

Electrochemical

characterization by CV showed the improvement of the electrical properties of the
material when Pani was synthesized on the conducting fabrics. Moreover, the pH value
and the scan rate were analyzed in the voltammetric response. Higher scan rates do not
allow the observation of redox processes. Only lower scan rates produce the appearance
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of these processes. This behavior could be explained by the fact that the substrate is an
insulating material (polyester), so the charge transfer is produced across the conducting
polymer. If high scan rates are employed, there is not sufficient time to allow the
polymer transformation and then the electrochemical processes are not observed. In this
work SECM measurements have been applied for the first time to study conducting
fabrics properties. Approach curves showed negative feedback for plain polyester
(insulating material) and positive feedback (conducting material) when polypyrrole was
deposited on the surface of the fabric. Polyaniline deposit showed also positive
feedback, although less positive than polypyrrole alone. This can be attributed to a loss
of conductivity of polyaniline at the pH of measurement (~5.2). The pH range which
allows conductive behavior of polypyrrole is higher than polyaniline one. Nevertheless,
polyaniline coating maintains some degree of electroactivity. 2D and 3D images
showed the influence of the morphological features of the fabric on the electrochemical
response obtained. More work is in progress to evaluate the electroactivity of these
electrodes in the degradation of organic molecules.
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Figure captions

Fig. 1. Potentiodynamic synthesis of Pani on conducting fabrics of PES-PPy/PW12O403-.
Conditions: 0.5 M H2SO4, 0.5 M aniline, range potential: -0.2 V, +1.1 V, 5 mV s-1, 5
scans.

Fig. 2. XPS high resolution spectra for C1s, O1s and N1s: PES-PPy/PW12O403-, (a) C1s,
(c) O1s, (e) N1s; PES-PPy/PW12O403- + Pani electrochemically synthesized (68 C cm-2),
(b) C1s, (d) O1s, (f) N1s.

Fig. 3. Micrographs of: (a) PES-PPy/PW12O403- ; (b), (c), (d) PES-PPy/PW12O403- + Pani
(35 C cm-2).

Fig. 4. EDX spectra of: (a) PES+PPy/PW12O403-, (b) and (c) PES+PPy//PW12O403- +
Pani (35 C cm-2).

Fig. 5. FTIR-ATR spectrum of: (a) PES, (b) PES-PPy/PW12O403-, (c) PESPPy/PW12O403- + Pani (21.6 C cm-2), (d) Pani powders.

Fig. 6. Cyclic voltammograms of PES-PPy/PW12O403-, second scan for all
measurements: (a) 0.5 M H2SO4, 50, 5 and 1 mV s-1, (b) 1 mV s-1, pH 0, 0.7, 7 and 13.
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Fig. 7. Cyclic voltammograms of PES-PPy/PW12O403- + Pani (10 C cm-2), second scan
for all measurements: (a) 0.5 M H2SO4, 50, 5 and 1 mV s-1, (b) 1 mV s-1, pH 0, 0.7, 7
and 13.

Fig. 8. Cyclic voltammograms of PES-PPy/PW12O403- + Pani, second scan for all
measurements: 0.5 M H2SO4, comparison of 1.5 and 10 C cm-2 of polymerization
charge.

Fig. 9. Cyclic voltammogram for Pt UME 100-μm-diameter tip. The UME potential was
stepped from +100 to -700 mV (vs Ag/AgCl) in a 0.01 M Ru(NH3)63+ and 0.1 M KCl at
50 mV s-1.

Fig. 10. Approaching curves for: (a) PES (---), PES-PPy/PW12O403- (—) and (b) PESPPy/PW12O403- + PANI (1.5 C cm-2) obtained with a 100 μm diameter Pt tip in 0.01 M
Ru(NH3)63+ and 0.1 M KCl. The tip potential was -400 mV (vs Ag/AgCl) and the
approach rate was 10 μm s-1.

Fig. 11. 2D (SEM micrograph superposed) and 3D constant height SECM images of
PES-PPy/PW12O403-, 0.25 cm2 geometrical area. These images were taken with a 100
μm diameter Pt tip, in 0.01 M Ru(NH3)63+ and 0.1 M KCl at a constant height of 100
μm. The scan rate was 200 μm s-1 in comb mode; lengths of x and y lines were 1600 x
1400 μm with increments of 75 μm.
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Table captions

Table 1. XPS surface compositional data for the samples analyzed.

Table 2. XPS results for binding energies (eV) for the samples analyzed.
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