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Polyaniline coated conducting fabrics have been obtained by chemical oxidation of aniline
by potassium peroxydisulfate on polyester fabrics. Two different acids have been employed
to carry out the synthesis (HCl and H,SO,4), obtaining the best results of conductivity with
the latter one. The conducting fabrics have been characterized chemically by means of
Fourier transform infrared spectroscopy with attenuated total reflection (FTIR-ATR), energy
dispersive X-Ray (EDX) and X-ray photoelectron spectroscopy (XPS). The morphology of

{,(Z{VZZ:S? the coatings has been observed by means of scanning electron microscopy (SEM). The
CO,f'dumng fabric conducting properties of the fabrics have been measured by means of electrochemical
Polyaniline impedance spectroscopy (EIS). The electrochemical characterization has been carried out

Electrochromism by means of cyclic voltammetry (CV) and scanning electrochemical microscopy (SECM).

SECM The conducting fabrics have also shown electrochromic properties, changing its color from

Electrochemical characterization green yellowish at —1 V to dark green at +2 V. The durability of the coating has been eval-
uated by means of washing and rubbing fastness tests.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The development of fabrics with new properties and
applications has received great attention during the last
years; one of these properties is the electrical conductivity.
Different methods have been employed to produce
conducting fabrics, such as the synthesis of conducting
polymers on the fabrics. Since the pioneering work of
Gregory et al. [1] different works have been published con-
cerning the production of polypyrrole (PPy) or polyaniline
(Pani) coated fabrics to produce conductive fabrics [2-17].
The applications of polyaniline coated fabrics are for exam-
ple as: ammonia sensor [2], electromagnetic shielding [3-
5], static charge dissipation [4], electromechanical devices
[6] or precious metals recovery [7].

Conducting polymers can be deposited on fabric sur-
faces chemically [1-7] or electrochemically [8,9]. The
chemical deposition is the most widely employed method
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since samples of higher size can be processed. During the
formation of conducting polymers such as polypyrrole
(PPy) or polyaniline (Pani), 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 electroneu-
trality principle. In polyaniline synthesis, the counter ions
employed are usually the same acids employed to produce
the acidic medium. This acid medium is needed for obtain-
ing polyaniline in its conducting form. Different textile
substrates have been coated with polyaniline, like: polyes-
ter [1,3,6,10-17], nylon 6 [1,2,7,10,14], wool [10,14], acryl-
ics [10,14], cotton [5,10,14], silica [3,4], glass [3] or quartz
[1]. In the present study, we have employed polyester
(PES) since this synthetic polymer is not damaged by the
acid media employed to carry out the synthesis.

The chemical characterization of the conducting fabrics
obtained has been performed by Fourier transform infrared
spectroscopy with attenuated total reflection (FTIR-ATR),
energy dispersive X-ray (EDX) and X-ray photoelectron
spectroscopy measurements (XPS). XPS measurements
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allow the analysis of the surface composition, as well as
counter ion content and the quantification of the doping le-
vel (N*/Nroai). Doping level is an important parameter in
conducting polymers; this parameter indicates the oxida-
tion state of the polymer. The electrical characterization of
conducting fabrics has been performed by electrochemical
impedance spectroscopy measurements (EIS). The electro-
activity of the samples has been measured employing scan-
ning electrochemical microscopy (SECM) and cyclic
voltammetry (CV). Very little has been reported about the
electrochemical characterization of conducting fabrics and
thereisalackin these field. In bibliography only a few assays
of CV have been performed on polyaniline coated conduct-
ing fabrics [18]. In the present paper we report the influence
of the scan rate in the characterization of polyaniline con-
ducting fabrics. SECMis arelatively novel (1989) and power-
ful technique that is becoming more popular among
researchers [19-28]. SECM has been employed in conduct-
ing polymers field for different purposes such as to study
ion and electron transport [23], detect degradation products
of conducting polymers [24] or produce the growth of con-
ducting polymers creating patterns [25,26] or towers [27].

This technique allows zonal analysis of electroactivity
without polarizing the sample to study. SECM has not been
widely used for the analysis of conducting fabrics, and only
our previous study is reported in bibliography [28]. In that
publication we studied polypyrrole coated conducting fab-
rics and we demonstrated that SECM is a useful technique
for the electrochemical analysis of these materials.

2. Experimental
2.1. Reagents and materials

All reagents employed were of analytical grade.

For the synthesis: aniline (CgHsNH,), sulfuric acid
(H2S04), hydrochloric acid (HCl) and potassium peroxydi-
sulfate (K,S,0g) were purchased from Merck. Normapur
acetone ((CH3),CO) was from Prolabo. Polyester fabrics
were 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 mean-
ing can be consulted in a textile glossary [29].

For the characterization: Sulfuric acid (H,SO,4), hydro-
chloric acid (HCl), sodium sulfate (Na,SO4) and sodium
hydroxide (NaOH) were purchased from Merck. Sodium
chloride (NaCl) was from Fluka. Hexaamminerutheni-
um(IIl) choride (Ru(NHs)sCl3) was used as received from
Acros Organics. When needed, solutions were deoxygen-
ated by bubbling nitrogen (N, premier X50S). Ultrapure
water was obtained from an Elix 3 Millipore-Milli-Q Advan-
tage A10 system with a resistivity near to 18.2 MQ cm.

2.2. Chemical synthesis of polyaniline on polyester fabrics

Fabrics of 6 cm x 6 cm were coated with polyaniline.
Polyester was degreased with acetone in ultrasound bath
prior to reaction. Aqueous solutions of 2 gL~ of aniline

were employed to carry out the synthesis. The oxidant to
monomer ratio employed to produce the polymerization
was the optimal found in bibliography (1.25) [30]. An acid
pH was employed to carry out the synthesis; H,SO,4 or HCI
were employed to obtain the acid medium and their con-
centration was 0.2 M. To neutralize the positive charges
created during the synthesis of polyaniline, the acids also
acted as doping counter ions. The following stage was the
adsorption of aniline and the doping acid on the fabric dur-
ing 30 min at room temperature. After this time, K,S,0s
solution (50 ml) was added drop wise and reaction elapsed
during 180 min without mechanical agitation. Adsorption
and reaction took place in a precipitates beaker. It is worth
mentioning that aniline polymerization has an induction
period [30]. This induction period depends on the concen-
tration of reactants; in the experimental conditions em-
ployed in the present work this time was around 10 min.
After the reaction time, the coated fabric was washed with
an aqueous acid solution (0.2 M H,SO4 or 0.2 M HCI) to re-
move polyaniline not joined to the fibers. An acid washing
solution is needed to avoid deprotonation of polyaniline
[31]. Polyaniline powders were obtained after filtering
the synthesis solution. Conducting fabrics and polyaniline
powders were dried in a desiccator during at least 24 h be-
fore measurements. Three samples were obtained and
their weight increase was averaged. The weight increase
for the fabrics coated with Pani/HSO, and Pani/Cl~ was
6% and 2%, respectively. Different measurements were per-
formed with each of the techniques employed (EIS, FTIR-
ATR, SEM, etc.) obtaining similar results, although only
one measurement for each sample type (PES-Pani/HSO,
or PES-Pani/Cl™) has been included in the text.

2.3. FTIR-ATR measurements

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 so-
lid samples. A prism of ZnSe was employed. Spectra were
collected with a resolution of 4 cm™! and 400 scans were
averaged for each sample.

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

A Jeol JSM-6300 scanning electron microscope was em-
ployed to observe the morphology of the samples and per-
form EDX analyses. Scanning electron microscopy (SEM)
analyses were performed using an acceleration voltage of
20 kV. EDX measurements were done between 0 and
20 keV. Samples for SEM measurements were coated with
Au employing a Sputter Coater Bal-Tec SCD 005. When EDX
measurements were carried out, samples were coated with
C to avoid the interference of Au in the EDX spectra.

2.5. X-ray photoelectron spectroscopy

XPS analyses were conducted at a base pressure of
5 x 10~ mbars and a temperature around —100 °C. XPS



J. Molina et al./European Polymer Journal 47 (2011) 2003-2015 2005

spectra were obtained with a VG-Microtech Multilab elec-
tron spectrometer by using unmonochromatized Mg Ko
(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 Cl1s line at 284.6 eV.
The N1s and Cls high resolution core level spectra for
the samples of PES-Pani/HSO, and PES-Pani/Cl~ were ob-
tained. The doping level of the polymers was calculated
from the ratio N*/Nrogar.

2.6. Electrical and electrochemical measurements

An Autolab PGSTAT302 potentiostat/galvanostat was
employed to perform electrochemical impedance spectros-
copy (EIS) analyses. EIS measurements were performed in
the 10°-10"2 Hz frequency range. The amplitude of the
sinusoidal voltage was +10 mV. Measurements were car-
ried out in a two-electrode arrangement. Two types of con-
figuration were employed to carry out the measurements.
In the first one, the sample was located between two round
copper electrodes (A=1.5 cm?). In the second configura-
tion, two rectangular copper electrodes (0.5 cm x 1.5 cm)
separated by 1.5 cm and pressed on the fabric sample were
employed. The measured area of the fabric with this con-
figuration was a square of 1.5cm so the measured
impedance modulus () was equal to the surface resistiv-
ity (Q/0O) [32].

2.7. Cyclic voltammetry measurements

An Autolab PGSTAT302 potentiostat/galvanostat was
employed to perform CV measurements in the different
pH solutions: pH~0 (0.5M H,SO04), pH~0.7 (0.1 M
H,S0,4) and pH ~ 13 (0.1 M NaOH and 0.1 M Na,SOy,). The
conducting fabric sample was located between two Ti
plates to connect the sample with the potentiostat/galva-
nostat. The measurements were performed in a three elec-
trode arrangement. The counter electrode 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 work-
ing electrode was made by cutting a strip of the polyaniline
coated conducting fabric. Potential measurements were re-
ferred to Ag/AgCl (3 M KCI) reference electrode. Oxygen
was removed from solution by bubbling nitrogen gas for
10 min and then a N, atmosphere was maintained during
the measurements. The ohmic potential drop was mea-
sured and introduced in the Autolab software (GPES). The
measurements were done between —0.2 and +0.7 V. The
characterization by means of CV has been done at different
scan rates as it has been corroborated the influence of this
parameter on the electrochemical response obtained. The
scan rates employed were 50, 5 and 1 mV s,

2.8. Scanning electrochemical microscopy

SECM measurements were carried out with a scanning
electrochemical microscope of Sensolytics. The three elec-
trode cell configuration consisted of a 100 um diameter Pt
ultra-microelectrode (UME) working electrode, a Pt wire
auxiliary electrode and an Ag/AgCl (3 M KCl) reference

electrode. The solutions selected for the measurements
were aqueous solutions of 0.01 M Ru(NH3)sCl; (redox
mediator) with 0.1 M Na,SO,4 or NaCl, for PES-Pani/HSO,
and PES-Pani/Cl~, respectively. Two different pHs were
employed to perform the measurements (2.4 and 5.4).
H,S04/NaOH and HCI/NaOH were employed to adjust the
pH solutions for the samples of PES-Pani/HSO, and PES-
Pani/Cl~, respectively. All the experiments were carried
out in inert nitrogen atmosphere. PES, PES-Pani/HSO,
and PES-Pani/Cl™~ fabrics were chosen as substrate materi-
als. The substrates were glued with epoxy resin on glass
microscope slides.

The Pt UME tip was moved in z direction and the tip
current was recorded to obtain the approach curves. Ap-
proach curves give us an indication of the electroactivity
of the surface. These curves were compared to the theoret-
ical ones (positive and negative feedback models). Then,
the electrode was positioned at the desired height to carry
out the constant-height SECM images in the plane xy. The
substrate surfaces in all the measurements were at their
open circuit potential (OCP).

2.9. Washing and rubbing fastness tests

Washing and rubbing fastness tests were performed to
test the resistance of the polyaniline coatings to physical
actions. Washing tests were performed according to the
norm ISO 105-C06-2010. The test applied was the Als
(40 °C, 30 min). Rubbing fastness tests of fabrics coated
with polyaniline were performed as explained in the norm
ISO 105-X12:2001. Each sample was abraded against cot-
ton abrasive fabric for 10 cycles. These analyses were per-
formed only for PES-Pani/HSO, fabrics, where the best
results of conductivity were obtained.

3. Results and discussion
3.1. FTIR-ATR measurements

Fig. 1 shows the FTIR-ATR spectra of Pani/Cl~ and Pani/
HSO, powders obtained by filtering the synthesis solution
after coating polyester fabrics with polyaniline. The spectra
of Pani powders were done to assign the different contri-
butions of polyaniline that may appear in the spectra of
Pani coated fabrics. As can be appreciated in Fig. 1, both
spectra are identical and present the same bands. The dif-
ferent polyaniline bands observed were:
e Band centered at 1550 cm ™!
N=Q=N [33].

e Band centered at 1465 cm™
[33].

e Band centered at 1290 cm™
ondary amines [33].

e Bands centered at 1232, 1120 and 1025 cm™!, C-H in
plane bending of 1,4-ring [33].

e Band centered at 864 cm~!, C-H out-of-plane bending
of 1,2,4-ring [33].

e Band centered at 789 cm™!, N-H out-of-plane bending
[34].

, stretching of quinoid ring

1 stretching of benzene ring

! stretching of C-N in sec-
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Fig. 1. FTIR-ATR spectra of Pani/HSO, and Pani/Cl~ powders. Resolution 4 cm™', 400 scans.

e Band centered at 690 cm~!, C-H out-of-plane bending
of 1,2-ring [33].

Fig. 2 shows the FTIR spectra of PES, PES-Pani/Cl~ and
PES-Pani/HSO,. In the spectrum of polyester, its different
bands can be observed. The most representative bands
are: 720 cm™! (out of plane vibration of benzene group)
[35]; 960 cm™! (C-0 stretching of glycol) [35]; 1014 cm ™!
(in-plane vibration of benzene) [35]; 1090 cm~! (ester
C=0 stretching) [35]; 1236 cm™! (ester C=0 stretching)
[35] and 1714cm™! (C=0 stretching of aromatic ester)
[36]. If we compare the spectra of PES and PES coated with
polyaniline, only significant differences can be found for
the sample of PES-Pani/HSO,. In the case of PES-Pani/Cl~
the thickness of the coating seems to be lesser than in
the case of PES-Pani/HSO,, so polyaniline bands cannot
be clearly observed. Weight increase measurements of
the fabrics also indicated this fact (2% for PES-Pani/Cl™
vs. 6% for PES-Pani/HSO, ). For the sample of PES-Pani/
HSO, the bands that have been observed and indicate
the presence of polyaniline are 1160 and 1031 cm~' (C-H

1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 600

in plane bending of 1,4-ring) [33] and 1550 cm™! (stretch-
ing of quinoid ring N=Q=N) [33].

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

Fig. 3 shows the micrographs of the conducting fabrics
of PES-Pani/HSO, (Fig. 3a-d) and PES-Pani/Cl~ (Fig. 3e
and f). The micrographs were obtained by secondary
electrons.

The original fibers of polyester present a very smooth
surface (figure not shown). Fig. 3a shows the PES-Pani/
HSO, fabric at low magnification. With this magnification
the polyaniline coating cannot be observed. In the forma-
tion of polypyrrole on polyester fabrics, the formation of
aggregates not joined to the fibers was noticeable [32].
However, in both polyaniline coated conducting fabrics
(PES-Pani/HSO, and PES-Pani/Cl™), no aggregates could
be found on the surface of the fibers. Fig. 3b-d show some
fibers of the PES-Pani/HSO, fabric with higher magnifica-
tion. In these micrographs the layer of polyaniline can be

100
PES-Pani/Cr

I 98

- 96

94

92

duepISURY Of

- 90

- 88

86

Wavenumbers {cm)

Fig. 2. FTIR-ATR spectra of PES, PES-Pani/HSO, and PES-Pani/Cl~. Resolution 4 cm~', 400 scans.
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Fig. 3. Micrographs of: PES-Pani/HSO, (a) 100x; (b) 1000x; (c) 3000x; (d) 5000x and PES-Pani/Cl~ (e) 2500x; (f) 5000x.

clearly observed. The coating presents a flaky and globular
morphology. Fig. 3e and f show micrographs of PES-Pani/
Cl™ fabric. It can be seen that the morphology of the coat-
ing is completely different from the previous one. In this
case the coating is quite smooth and with lower grain size.
EDX analyses were done to prove the incorporation of
the doping acids as counter ions in the Pani structure.
Fig. 4a, shows the EDX spectrum for the PES-Pani/HSO,
sample. As can be seen, the presence of a band attributed
to sulfur (SKa 2.307 keV) [37] in the EDX spectrum indi-
cates the incorporation of HSO, as counter ion in the struc-
ture of polyaniline. In the case of PES-Pani/Cl-, the
presence of the band ClKo 2.622 keV [37] indicates the
incorporation of Cl~ as doping counter ions (Fig. 4b). These
results were also confirmed by XPS measurements.

3.3. X-ray photoelectron spectroscopy

XPS measurements were performed to quantify the
amount of counter ion (HSO, and Cl7) and doping ratio

(N*/Ntota) Of the conducting fabrics of PES-Pani/HSO,
and PES-Pani/Cl". The Cls and N1s core levels spectra
were analyzed for both samples.

Fig. 5 shows the high resolution N1s spectra for the
samples of PES-Pani/HSO, (a) and PES-Pani/Cl~ (b). The
N1s spectrum of PES-Pani/HSO, was deconvoluted in
three peaks centered at 399.4, 401.54 and 403.3 eV. The
first peak at 399.4eV was attributed to the neutral
amine-like (-NH-) structure [33]. The peak at 401.6 eV
was attributed to nitrogen atoms with a positive charge,
polaronic nitrogen N* [33]. The peak at 403.3 eV has been
assigned to positively charged nitrogen atoms in a large
number of environments arising from inter and intra-chain
distribution [33]. The doping ratio can be calculated by the
ratio N*/Nroeay Obtaining a value of 0.66, value higher than
the theoretical maximum one (0.50). Such high doping lev-
els have been observed in Pani/HSO, powders and have
been attributed to the protonation of the imine nitrogens
of the emeraldine as well as the protonation of part of
the amine nitrogens [38]. These high doping levels are
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Fig. 4. Micrographs and EDX measurements of PES-Pani/HSO, (a) and PES-Pani/Cl~ (b).

produced in the presence of an excess of protonic acid [38].
The N1s spectrum of PES-Pani/Cl~ showed two contribu-
tions: 399.2 and 400.8 eV attributed to neutral amine-like
structure (-NH-) and polaronic nitrogen N, respectively.
The doping ratio (N*/Nroa) for this sample was 0.28.
Table 1 shows chemical composition and doping ratio
(N*/Nrotar) for both samples. These coatings should ideally
have the formula CgH;N(HSO, /CI™),, where “x” is the frac-
tional counter ion content obtained by S and Cl analysis.
XPS analyses showed a systematic carbon excess, which

may be due to surface hydrocarbon contamination [39].
The composition analysis showed also an oxygen excess,
maybe arising from Pani overoxidation during the synthe-
sis. For the sample of PES-Pani/Cl~, both CI~ and HSO,
were incorporated as counter ions. HCl was the doping acid
employed, however during Pani formation, peroxydisul-
phate decomposes into sulfates [30] so HSO, can also be
partially incorporated in the structure of Pani. The sum of
the content of S and Cl in the chemical composition (Table
1) was 0.30, value very close to the doping level obtained
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Table 1

Chemical composition and doping ratio (N*/Nrpoe) for PES-Pani/Cl~ and
PES-Pani/HSO,.

Sample Chemical composition Doping ratio
(N+/NTOTAL)

PES-Pani/Cl~ Co.15 NClo23(HSOZ )o.07 O1.23 0.28

PES-Pani/HSO, Ci0.04 N(HSOy )1.27 Oo36 0.66

by N*/N ratio (0.28). For the sample of PES-Pani/HSOj,
HSO, was incorporated as counter ion. The counter ion
content in this case was 1.27 (Table 1), value much higher
than that of the doping level obtained by N*/N ratio (0.66).
So there is an excess of S that has been incorporated into
the structure of Pani. This excess has been attributed to
the formation of a film of adsorbed molecular H,SO4 on
the surface of the polymer [38]. This excess of incorporated
protonic acid caused the increase of the doping level to
0.66, due to the protonation of part of the amine units.

The C1s analyses showed the presence of the different
bands for both fabrics (figure not shown). For the sample
coated with Pani/HSO, three contributions for the Cls
spectrum were obtained: 284.2, 285.7 and 287.7 eV. The
same contributions with similar binding energies were ob-
tained for the PES-Pani/Cl~ sample. The contribution at
284.2 eV was assigned to C-C [40]. The second peak at
285.7 eV is due to C-N groups of the aniline ring [40]. Fi-
nally, the third peak is attributed to C=0 or C-O-H groups
[41] that appear due to the overoxidation caused during
the synthesis by the oxidant (peroxydisulphate), that pre-
sents a standard redox potential of 2.123 V [42]. The ove-
roxidation degree can be calculated by the ratio Cyg7.7 ev/
Crotal, Obtaining a value of 9% and 10% for the samples of
Pani/HSO, and Pani/Cl™, respectively.

3.4. Electrical and electrochemical measurements

Fig. 6 shows the Bode diagrams for the samples of PES,
PES-Pani/HSO, and PES/Pani-Cl". The data shown in these
graphics were measured with the configuration where the
sample was located between two round copper electrodes.
In Fig. 64, it can be seen the impedance modulus (|Z|) at the
different frequencies for the different samples. The sample

of polyester presents a value of the impedance modulus at
low frequencies higher than 10!! Q, typical value of insu-
lating materials. When the sample of polyester was coated
with Pani/HSOy,, the value of the impedance modulus low-
ered more than nine orders of magnitude (a value of
approximately 49 Q was obtained). In the PES-Pani/HSO,
fabric there could be also a contribution to the conduction
from the H,SO,4 excess incorporated in the polymer struc-
ture (as XPS measurements revealed). However, ionic and
electronic contributions could not be discerned since both
processes were overlapped in the resistive process ob-
served in EIS measurements. When Pani/Cl~ was depos-
ited, the value of impedance modulus obtained was
496 Q. The values of surface resistivity obtained with the
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Fig. 6. Bode plots for PES, PES-Pani/HSO, and PES-Pani/Cl". Sample
located between two copper electrodes. Frequency range from 10° to
1072 Hz.
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second configuration of the copper electrodes (see Section
2) showed also lower values for the sample coated with
Pani/HSO,. The values obtained were 1500 and 19,000 Q/
O for PES-Pani/HSO, and PES-Pani/Cl™ respectively. Static
charging of the surface of fibers is excluded with surface
resistivities below 5-10° /01 [43], so the surface resistivity
obtained with both fabrics is adequate for this purpose.

In Fig. 6b, it is shown the data for the phase angle at dif-
ferent frequencies for the same samples of the first dia-
gram. Polyester has a phase angle of nearly 90°, the data
at low frequencies (1072102 Hz) is not shown since noise
due to the large values of impedance modulus was ob-
served. This value of phase angle is typical of insulating
materials that act as a capacitor. Both conducting fabrics
(PES-Pani/HSO, and PES-Pani/Cl~) showed 0° of phase an-
gle in the entire frequency range. This indicates that the
samples acted as a resistor (conducting material) with dif-
ferent resistances that were indicated previously. So poly-
ester changed its behavior from an insulating material to a
conductor one after polyaniline deposition.

3.5. Cyclic voltammetry measurements

Cyclic voltammetry measurements were performed for
the sample of PES-Pani/HSO, in different pH solutions to
test its electroactivity. The measurements were also made
at different scan rates (1, 5 and 50 mV s~!) as we have cor-
roborated the influence of the scan rate in the electro-
chemical characterization of conducting fabrics [28,44].
To compare the voltammograms in the different experi-
ments, the fifth scan is shown for all the experiments.

Fig. 7 compares the voltammograms obtained for PES-
Pani/HSO, in 0.5 M H,SO, at the different scan rates em-
ployed (1, 5 and 50 mV s~!). With the highest scan rate,
no redox processes could be observed in the voltammo-
gram and a resistive response was obtained. When the
scan rate decreased to 5 mV s~!, the form of the voltammo-
gram broadened, although the redox peaks were not
clearly defined. A higher decrease of the scan rate to
1mV s™! caused the apparition of two clear redox peaks;
a reduction peak at +0.17V and an oxidation peak at
+0.57 V. These peaks can be better observed in the voltam-
mogram presented in Fig. 8. The form of the voltammo-
gram is similar to that obtained in our previous work,
where polyaniline was electrochemically deposited on
polypyrrole coated fabrics [44]. The influence of the scan
rate in the characterization of these materials by cyclic vol-
tammetry is clear. Higher scan rates (like 50 mVs~!) do
not allow the observation of redox processes. Polyester is
an insulating material so the charge transfer is produced
along polyaniline chains. If the scan rate is too fast, there
is not sufficient time to allow the complete oxidation-
reduction of polyaniline and a resistive response is ob-
tained. When the scan rate is decreased, there is more time
to allow the transformation of the polymer and conse-
quently the redox processes can be better observed. Cyclic
voltammetry studies of conducting polymers have been
made on metallic substrates mainly, where the charge
transfer is produced between the metal-polymer interface
instantaneously. Studies on metallic substrates employing
different scan rates have demonstrated that the form of the
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voltammogram is not changed by the scan rate, only the
peak currents of the redox processes are affected [45]. If
insulating substrates are employed, the charge transfer is
not produced instantaneously, so the scan rate in this case
is an important parameter to take into account.

In Fig. 8 the voltammograms employing the lowest san
rate (1 mV s ) in the different pH solutions (0, 0.7, 13) are
presented. The lowest scan rate has been employed since it
has been demonstrated to produce the best electrochemi-
cal response. It can be seen that the same redox processes
were observed in 0.1 M and 0.5 M H,SO,4, and only small
variations of the voltammogram could be appreciated
(for example the displacement of the reduction peak to
+0.12 V in 0.1 M H,SO,4). On the other hand, the character-
ization of the fabric in the pH 13 solution showed a great
loss of electroactivity, attributed to the deprotonation of
polyaniline that takes place at pH > 4 [46]. As the pH solu-
tion increases, the electroactivity of the conducting fabric
decreases.
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Fig. 9. Images of a sample of PES-Pani/HSO, conducting fabric: (a) in the reduced form at —1V, (b) in the oxidized form at +2 V.

Moreover, PES-Pani/HSO, fabrics have shown electro-
chromic properties, changing its color with the applied po-
tential. Fig. 9a, shows the conducting fabric submitted to a
reduction process at —1 V. As it can be seen the sample ac-
quires a green yellowish color. On the other hand when the
conducting fabric is subjected to an oxidation potential
(+2 V) the sample shows a dark green color (Fig. 9b). Poly-
aniline shows different colors with the potential applied
due to its different possible oxidation states [46].

3.6. Scanning electrochemical microscopy

SECM measurements were carried out for the samples
of PES-Pani/HSO, and PES-Pani/Cl". Approach (Ir-L)
curves were recorded in the feedback mode in a 0.01 M
solution of Ru(NH;)g+ and 0.1 M Na,SO,4 or Nacl, for PES-
Pani/HSO, and PES-Pani/Cl, respectively. The electroac-
tivity of the samples was measured in different pH media
(2.4 and 5.4) since protonation is a key factor in the con-
ductivity of polyaniline. The pH of the solutions was ad-
justed with H,SO4/NaOH and HCI/NaOH for the samples
of PES-Pani/HSO, and PES-Pani/Cl-, respectively. A
100 pum Pt ultramicroelectrode (UME) held at a potential
of —0.3 V (vs. Ag/AgCl 3 M KCl) was employed as the work-
ing electrode. According to the voltammograms obtained
with the UME tip in these solutions (not shown), this po-
tential was selected to reduce the oxidized form of the
mediator, Ru(NH;)2", at a diffusion-controlled rate.

Approach curves give an indication of the electroactiv-
ity of the electrode surface. If the surface is non conductive,
when the electrode approaches the surface there is a de-
crease of the current measured (negative feedback) [20].
On the other hand, if the electrode is conductive, when
the electrode approaches the surface of the substrate the
current increases (positive feedback) [20]. Polyester sam-
ples were also measured to obtain the response of the sub-
strate material without the polyaniline coating.

In approach curves, the normalized current registered
at the UME (Ir(L)) is represented vs. the normalized dis-
tance (L). The normalized current is defined as follows:
I(L)=ifi. i is the current measured at each distance. i,
is the diffusion current defined as: i.,.=4-n-F-D-a-C,
in which: n is the number of electrons involved in the reac-
tion; F is the Faraday constant; D is the diffusion coeffi-
cient; a is the radius of the ultra-microelectrode (UME)

and C is the concentration of the reactant. The normalized
currents depend on RG (RG = Rg/a, where R, is the radius of
the insulating glass surrounding the Pt tip of radius “a”)
and the normalized distance L; where L=d/a (d is the
UME-substrate separation). The RG of the UME tip em-
ployed in this work was RG > 20. According to Rajendran
el al. [47], Pade’s approximation gives a close and simple
equation with less relative error for all distances and valid
for RG > 10. The approximate expression of the steady-
state normalized current assuming positive feedback for fi-
nite conductive substrate together with finite insulating
glass thickness is:

=

1+ 1.5647/L +1.316855/L? + 0.4919707/L° )
14 1.1234/L + 0.626395/L*
The election of the expression for the normalized tip

current assuming negative feedback was based on the
equation for a RG =20 and L range 0.4-20 [48]:

1
INS __
k"= [0.3554 +2.0259/L + 0.62832 x exp (—2.55622 /L)}
(2)

Approach curves predicted for pure positive and nega-
tive feedback calculated from Egs. 1 and 2 have been also
included in the different figures to compare the empirical
data with the theoretical models.

Fig. 10a, shows a selection of approach curves recorded
at different points randomly chosen throughout the PES-
Pani/HSO, fabric. Positive feedback was obtained for all
the curves and all of them almost followed the theoretical
model for positive feedback (continuous line). This fact
indicates that the surface of the sample presents homoge-
neous conducting areas, with fast heterogeneous kinetics
at —0.3 V. In the same figure the approach curve for poly-
ester has been represented (dotted line). It can be clearly
seen the different behavior since polyester showed nega-
tive feedback, indicating its insulating nature. In Fig. 10b,
approach curves for the sample of PES-Pani/Cl~ are shown.
The same conducting behavior than in the PES-Pani/Cl~
sample was observed.

In Fig. 11a, approach curves for the PES-Pani/HSO,
sample in the pH 5.4 solution are shown. It can be clearly
observed the change in the behavior of the material. In
the pH 5.4 solution, negative feedback has been obtained
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Fig. 10. Approach curves in pH 2.4 solutions for: (a) PES-Pani/HSO, and (b) PES-Pani/Cl". Approach curve for PES (- - -) and theoretical model for positive
feedback (—) have also been included. Approach curves obtained with a 100 um diameter Pt tip in 0.01 M Ru(NH3)3" and 0.1 M Na,SO, or 0.1 M NaCl
solution for PES-Pani/HSO, and PES-Pani/Cl™, respectively. pH adjusted to 2.4. The tip potential was -300 mV (vs. Ag/AgCl) and the approach rate was

-1

10 ums

for all the measurements. It can be seen that the curves fol-
low in part the theoretical curve for negative feedback
(continuous line). Approach curve for polyester has been
also represented (dotted line) for comparison. At pH >4
the deprotonation of polyaniline takes place with the con-
sequent loss of conductivity (10 orders of magnitude) [46].
So at pH 5.4 polyaniline is in its deprotonated and that
causes the negative feedback observed for all the approach
curves. For the sample of PES-Pani/Cl™ the same insulating
behavior was observed (Fig. 11b).

One main application of SECM technique is scanning
surfaces to obtain 2D and 3D images of the electrochemical
activity [19]. According to approach curves obtained, a
homogeneous and uniform coating of Pani on the PES fab-
ric was obtained. Therefore, the topographical features of
the textile substrate have more influence in the electro-
chemical response obtained than local differences of elec-
troactivity of coating. This is clearly observed in the 2D
and 3D SECM images of the PES-Pani/HSO, substrate
(Fig. 12). In the 2D image (Fig. 12a), it can be seen that

(a) 2.0 -

1.6 4

12 4
L)

there is an increase of the current measured in some zones
(darker zones). The more raised parts of the fabric produce
an increase of the current. The lower parts of the fabric give
smaller currents because the distance between the UME
tip and the substrate is greater and the positive feedback
influence is lower. The 3D image (Fig. 12b) exemplifies bet-
ter the influence of the fabric topography on the electro-
chemical response obtained. The holes represent an
increase of the current due to a major proximity of the sub-
strate surface to the UME and, therefore, a major positive
feedback influence.

3.7. Washing and rubbing fastness tests

Degradation of the coating after washing and rubbing
fastness tests was evaluated by means of color degradation
and color discharge according to the gray scale (ISO 105-
A02 and ISO 105-A03). Rubbing fastness test showed sig-
nificant degradation of the coating with the loss of part
of the conducting polymer. In the sample it could be
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Fig. 11. Approach curves in pH 5.4 solutions for: (a) PES-Pani/HSO, and (b) PES-Pani/Cl". Approach curve for PES (- - -) and theoretical model for negative
feedback (—) have also been included. Approach curves obtained with a 100 um diameter Pt tip in 0.01 M Ru(NH;)é+ and 0.1 M Na,SO,4 or 0.1 M NacCl
solution for PES-Pani/HSO, and PES-Pani/Cl~, respectively. pH adjusted to 5.4. The tip potential was —300 mV (vs. Ag/AgCl) and the approach rate was
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distinguished the band that had been submitted to friction.
Values of 1-2 for the color degradation and color discharge
were obtained, indicating a significant degradation of the
polyaniline layer. An increase in the resistance of the con-
ducting fabric measured between the copper electrodes
was also obtained (from 49 to 437 Q). A way to improve
the durability of the coating is plasma treatment. It has
been proposed as an alternative to increase the adhesion
between the fibers and the conducting polymer [49,50].
Plasma treatment creates reactive groups and radicals on
the surface of the fabric. These groups allow the formation
of dipolar interactions, Van der Waals forces or hydrogen
bonds between the fabric and the coating, increasing the
adhesion of the coating to the surface of the fabric [50].
Therefore, plasma treatment is a possibility that could be
explored to improve the durability of the coatings.

The washing assay of the fabric coated with Pani/HSO,
showed no degradation of the coating and values of 4-5 for
color degradation and color discharge were obtained. In
the case of the washing test, a color change of the conduct-
ing fabric from green (emeraldine salt) to blue (emeraldine
base) was observed. The soap employed produces a basic
pH of 9 and that causes the deprotonation of polyaniline
and consequently a color change in the conducting fabric.
The value of resistance measured by EIS changed from
49 Q to >10'°Q, indicating that the material behaved as
an insulating material; the phase angle also changed from
0° (conducting material) to 90° (insulating material). Poly-
aniline protonation/deprotonation is a reversible process
and the conducting form (emeraldine salt) can be obtained
again after protonation in acid media (protonic acid dop-
ing) [51]. After protonating (with 0.2 M H,SO4 solution)
the sample submitted to the washing test, the value of
resistance lowered till the initial values measured for the
as-synthesized fabric (~50 Q).

4. Conclusions
Fabrics of polyester have been coated with polyaniline

chemically synthesized. Two doping acids have been em-
ployed (H,SO4 and HCI) and the best results have been

achieved with H,SO4 media. X-ray photoelectron spectros-
copy measurements showed higher doping level (N*/N) for
PES-Pani/HSO, samples (0.66) than for PES-Pani/Cl~ ones
(0.28). This indicates a higher oxidation level of polyaniline
chains in Pani/HSO, coatings and consequently a more
conductive polymer. Electrochemical impedance spectros-
copy (EIS) measurements showed the change of the electri-
cal properties of polyester when polyaniline was deposited
on its surface. The phase angle changed from 90° for poly-
ester (indicating a capacitative behavior, typical of insulat-
ing materials) to 0° for samples coated with polyaniline
(indicating its conducting nature). Electrical measure-
ments confirmed the results obtained by XPS since Pani/
HSO, coatings were more conductive than Pani/Cl~ ones.
The values of conductivity obtained make these fabrics
suitable materials for antistatic applications. Rubbing fast-
ness tests showed an increase of the resistance of the PES-
Pani/HSO, fabric (~9 times). Washing tests showed a great
increase of the resistance of the PES-Pani/HSO, fabric due
to the deprotonation of polyaniline. However, the conduct-
ing fabric regained the initial conductivity after protonat-
ing the sample with an acid media solution.

Cyclic voltammetry (CV) measurements showed that
the best scan rate to characterize polyaniline coated con-
ducting fabrics is 1mVs~!. Higher scan rates (like
50 mV s~ ') do not allow the observation of polyaniline re-
dox processes. An increase of the measuring pH solution
produced a decrease of the current density in the voltam-
mograms due to the deprotonation of polyaniline at
pH > 4. Scanning electrochemical microscopy (SECM) mea-
surements showed that both conducting fabrics (PES-Pani/
HSO, and PES-Pani/Cl~) behave like conducting materials.
Both samples showed positive feedback and adjusted to
the theoretical positive feedback model. When conducting
fabrics were measured in pH 5.4, the electroactivity of both
samples decreased dramatically due to the deprotonation
of polyaniline. In pH 5.4, negative feedback was obtained
for both samples, indicating the loss of its electroactivity
at this pH. Conducting fabrics showed also electrochromic
properties, changing its color from a green yellowish at
—1V to a dark green at +2 V.
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