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Abstract: The development of wearable technology has promoted the research of new power supply
sources to feed wearable devices without the need of batteries. Wearable thermoelectric generators
(wTEGs) can generate energy using the thermal gradient between the human body and the ambient
temperature. The most comfortable way to adapt wTEGs to the human body is by using textiles, which
are flexible and breathable. In this work, we have developed a method to coat textiles with conductive
polymers by electrodeposition on fabrics previously coated with multi-walled carbon nanotubes
(MWCNT). The results show that the fabrics coated with polyaniline: sulfuric acid (PANI:H2SO4)
present a very low thermal stability, and the variation of the electrical conductivity under wearable
stress is not suitable for their use in smart textiles. However, the fabrics coated with poly (3,4-
ethylenedioxythiophene: perchlorate) (PEDOT:ClO4) and polypyrrole: perchlorate (PPy:ClO4) show
a good thermal stability, positive evolution of the electrical conductivity as a function of the twist
angle, bending cycles, and bending radius, demostrating their potential use in practical wearable
applications to coat fabrics by electrochemical deposition.

Keywords: conductive polymers; electrochemical deposition; textiles; PEDOT; PANI; polypyrrol

1. Introduction

The concept of the internet of things (IoT) has promoted extensive research on portable
electronics, such as smart fabrics, implantable medical devices, and sensors that can moni-
tor daily human activities [1,2]. Most of these devices need a power supply, being batteries
the preeminent source due to their readiness and high-power bandwidth. However, the
need of batteries to be recharged periodically and, eventually, replaced prevents them from
being the ideal candidate. Hence, the key challenge is the design of suitable and sustainable
power sources for wearable electronic devices. The daily activities of the human body can
provide continuous energy, with an estimated generation of 100 W of power through breath-
ing, heating, blood transport, and walking [3]. Therefore, converting part of the power
generated by the human body into useful energy through triboelectric nanogenerators
(TENGs) [4,5], piezoelectric nanogenerators [6], and thermoelectric generators (TEGs) [7]
can be the key to supply consistent and uninterrupted energy for portable devices. For the
development of wearable electronics, a self-powered direct-current (DC) power supply is
needed, and only TEGs can produce DC power permanently [8,9]. Wearable TEGs (wTEGs)
conduct the direct conversion from heat energy to electricity using the dissipated human
heat when the generator is placed on the skin.

In an ideal scenario, thermoelectric materials (TE) used in the manufacturing of wTEGs
must have an excellent figure of merit (zT) and excellent mechanical properties at room
temperature. From the point of view of the zT value, an ideal TE material should have
high Seebeck coefficient (α) to ensures a large thermovoltage, high electrical conductivity
(σ) to minimize the Joule heating effect, and low thermal conductivity (κ) to create a
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large temperature gradient [10]. From the point of view of wearability, TE materials
should be stable above 30% mechanical strain in order to meet the dynamic motions of the
human body (bending, stretching, and folding) [11]. Generally, inorganic TE materials are
rigid and hard to be used in wearable devices. Therefore, it is necessary to look for new
strategies to improve their mechanical properties and comfort [12,13]. In contrast, organic
TE materials present better mechanical properties, lower production cost, less toxicity, and
easy modification when compared with their inorganic counterparts [14].

The integration of organic thermoelectrics—such as conductive polymers—in textiles
represents a good alternative due to the flexibility, breathability, usability, and comfortable
sensation of fabrics [15–17]. So, applying coatings of conducting polymers by electrodepo-
sition on textile fabrics to obtain wTEG is favored in comparison to other methodologies
due to obvious advantages from the processing point of view. The elasticity and plasticity
of conductive polymers are similar to those of ordinary yarns, which should prevent de-
lamination and fragmentation when bending or twisting coated textiles [16]. Nevertheless,
not all the coating methods for textiles with conductive polymers offer the same stability
against use. Dip coating of textiles is the most widely used method of deposition of conduc-
tive polymers on textiles because of its simplicity and low cost. However, this technique
produces non-uniform areas in which the conductive polymer agglomerates. These areas
can be long-term points of debonding and delamination during textile processing or daily
use [15,18]. Another way to coat textiles with conductive polymers is by in situ polymer-
ization. Although this method is simple, it is difficult to control the mass transport during
the polymerization reaction. As a consequence, control over the growth of the conductive
coating is lost, resulting in a low degree of coating uniformity. The loss of uniformity has
consequences on the stability of the coating on the textile fibers and the electric properties
of the final textile [15].

In this work, we developed a method for coating textiles based on electrodeposition of
three conductive polymers, namely, poly (3,4-ethylenedioxythiophene) (PEDOT), polypyr-
role (PPy), and polyaniline (PANI), and their properties were compared. This work provides
a new angle of knowledge to improve the stability of the conductive polymer coatings
on textiles fabrics by optimizing the electrodeposition conditions. We provide a compre-
hensive study of the conductive fabrics as a function of the polymerization conditions,
establishing structure—property relationships from the structural, thermal, morphological,
and thermoelectric analysis.

2. Materials and Methods
2.1. Materials

Aniline 99.5%, pyrrole 98%, poly(diallyl dimethylammonium chloride) (PDADMAC,
Mw = 105 g mol−1, 20 wt% in water) and sodium deoxycholate (DOC, ≥97% by titration)
were purchased from Sigma-Aldrich (Madrid, Spain). 3,4-Ethylenedioxytiophene (EDOT),
97% lithium perchlorate (LiClO4), and acetonitrile (ACN) were purchased from Alfa Aesar.
Multiwalled carbon nanotubes (MWCNTs, 12−15 nm outer and 4 nm inner wall diame-
ter, >1 µm length, C ≥ 95 wt%) were obtained from Bayer MaterialScience (Leverkusen,
Germany). Sulfuric acid 96% was obtained from VWR Chemicals. Felt fabric (made by
polyester fibers), with a grammage 140 g m−2 and 0.8 mm thickness, was purchased from
MW Materials World (Barcelona, Spain). Felt fabric has been used due to its chemical
stability against sulfuric acid and organic solvents. In addition, the thickness of felt fabric
is higher than other natural fabrics, and this is very important to establish a higher thermal
gradient for the thermoelectric generator. So, applying coatings of conducting polymers
with conductive polymers to obtain wTEG is favored in comparison to other methodologies
due to obvious advantages from the processing point of view. All chemicals except felt
fabric were used as received. The fabric was washed with ethanol in an ultrasound bath for
15 min.
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2.2. Fabrics Preparation

Two MWCNT dispersions (0.05 wt%) were prepared in an aqueous medium using
PDADMAC (0.25 wt%) as a cationic stabilizer and DOC (0.25 wt%) as an anionic sta-
bilizer [19]. First, the weighed quantity of carbon nanotubes and surfactant, together
with 1 mL of low conductivity water, were introduced into a ball mill mortar, and a pre-
dispersion was carried out by ball-milling for 30 min, obtaining a mixture with a paste
texture. Next, the paste was introduced into a beaker containing the rest of the water and
homogenized in an ultrasound bath for 15 min. Then, the dispersions were ultrasonicated
(10 min, 1/2-inch tip, 90% amplitude, 1.0/0.1 s pulse/pause sequence, BRANSON SFX 550
(Branson Ultrasonics, Brookfield, CT, USA) to obtain a homogeneous dispersion of the
nanotubes in the aqueous medium. After preparation of the nanotube dispersions, the
fabrics were dipped in a solution of MWCNT/PDADMAC for 2 min, and the fabric was
then washed with water and drained. The MWCNT coating on the felt fabric is produced
thanks to the electrostatic interaction between functionalized carbon nanotubes with pos-
itive and negative charges. Therefore, the coating degree will depend on the number of
charges to neutralize. In the optimization prior to this work, we studied different dipping
times and observed that 2 min was the optimal time for all the positive (negative) charges
to be neutralized by the negative (positive) charges of the next layer. Shorter times led
to excessively high electrical resistance, and longer times led to a too long layer-by-layer
process without noticeable improvements in the electrical conductivity of the final felt
fabric [20]. Afterward, the fabric was immersed in a solution of MWCNT/DOC, and the
non-attached substance were removed by several washing steps and drained. These two
sequential depositions of MWCNTs, schematically depicted in Figure 1, correspond to one
cycle called bilayer (BL).
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Figure 1. Schematic process of layer-by-layer (LbL) coating of felt fabrics with MWCNT.

The synthesis of poly (3,4-ethylenedioxythiophene) (PEDOT) and polypyrrole (PPy)
on MWCNT–fabrics was carried out by electrochemical polymerization applying a constant
current intensity of 6 mA up to 2 h [20]. In contrast, the electrosynthesis of polyaniline
(PANI) was carried out using a constant voltage of 2 V. Accordingly, the composition of the
solutions for the electrosynthesis of the different conductive polymers is different. For the
electrodeposition of PEDOT, a 0.01 M solution of EDOT and 0.1 M of LiClO4 in acetonitrile
were used. For the electrodeposition of PPy, the concentration of the monomer, pyrrole,
was 0.1 M, and the dopant, LiClO4, 0.1 M, in acetonitrile as solvent. The electrodeposition
of PANI was carried out in an aqueous medium with a concentration of 0.5 M of aniline
and 1.0 M of H2SO4. Three electrodes formed the electrochemical cell: a counter electrode
(platinum), a reference electrode (Ag/AgCl), and the MWCNT–fabric as the working
electrode. Two clamps have been designed to hold the carbon nanotube coated textile to
avoid contact between the electrochemical solution and the copper electrodes. For the
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electrodeposition of PEDOT and PPy, the MWCNT–fabric was placed between two pieces
of polyethylene terephthalate–indium tin oxide (PET–ITO), one of them connected to a
copper tape. Then, PET–ITO sheets with the fabric were held with a clamp, as shown
in Figure 2a. In the case of PANI electrodeposition, it was not possible to use this clamp
because of the presence of sulfuric acid damages the ITO layer [21]. For this reason, for
the electrosynthesis of PANI, the MWCNT-fabric was placed between two stainless steel
sheets (Figure 2b), which, on their external part, have an insulating coating that inhibits
polymerization and, therefore, electrochemical polymerization only occurs in the part of
the steel that is in contact with the fabric. After polymerization, the MWCNT–fabric coated
with conductive polymer was rinsed several times with acetonitrile and ethanol to remove
the monomers that had not reacted.
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2.3. Characterization

Electrical conductivity was evaluated using the Van der Pauw method. In this tech-
nique, the electrical conductivity is obtained from the measurement of four-point resistance
in two different geometries of the contact arrangement, as shown in Figure S1. For the
first resistance measurement, a current IAB was driven from two contacts, A and B. The
potential difference VCD between the other contacts, C and D, was measured, obtaining the
resistance R1. The second resistance, R2, was determined by driving the current from A to
C, IAC, and measuring the voltage between B and D, VBD. According to the Ohm law, the
voltage and current values were plotted, giving a linear trend. The electrical conductivity
of the sample was obtained by solving the van der Pauw equation [22]:

e−πdR1σ + e−πdR2σ = 1 (1)

where d is the sample thickness previously measured, and σ is the electrical conductivity. A
Keithley 2400 Source Meter was used as a driving source and voltage measurer.

The Seebeck coefficient has been determined using a homemade device. This device
consists of a Peltier as a heater and a copper block cooled by water flow, which acts as a
cooler. The sample is placed between these moduli, creating a temperature difference, and
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the resulting voltage is recorded. The Seebeck coefficient can be determined as the ratio
between the electrical potential, ∆V, and the temperature difference, ∆T:

S = −∆V
∆T

, (2)

A lakeshore 340 was used as temperature controller. Two PT100 detectors were used
to accurately measure the temperature. To record the potential data, an Agilent 34401A
Multimeter (Agilent Technologies, Santa Clara, CA, USA) was employed. Both instruments
are controlled together using LabView Software (version 2013). Figure S2 shows a schematic
of the homemade setup developed for the Seebeck coefficient measurements.

ζ-potential was measured in a Zetasizer Nano ZS (Malvern Instruments, Madrid,
Spain) equipment to determine the surface charge of carbon nanotubes. The solutions were
diluted to 0.1% by volume with 0.1 mM KCl to keep the ionic strength constant.

Scanning electron microscopy (SEM) images were recorded in a Hitachi S4800 electron
microscope (Tokyo, Japan) at an accelerating voltage of 10 kV and a working distance of
15 mm. Tiny sample pieces were placed in the sample holder with carbon adhesive tape
and were metalized with Au–Pd coating before observation.

Raman scattering measurements were carried out at room temperature in a backscat-
tering configuration using a Horiba MTB XPlora spectrometer (Horiba Scientific, Kyoto,
Japan) coupled to a confocal microscope. An Ar/Kr laser provided the excitation line of
514.53 nm focused onto the sample using a 100x microscope objective. With this technique,
we can identify the vibrational modes of carbon nanotubes and conducting polymers.

TGA measurements were performed on a TGA 550 (TA Instruments, Cerdanyola del
Valles, Spain) from TA Instruments using platinum pans under a 50 mL min−1 flow of air.
The fabrics were tested from room temperature until 700 ◦C with a ramp of 10 ◦C min−1.

3. Results and Discussion

In this work, we have developed a method for coating textiles with conductive poly-
mers by electrodeposition. The adhesion of conductive polymers to flexible substrates is
generally low [23] and, therefore, we first coated the fibers with carbon nanotubes (CNTs)
using the layer-by-layer (LbL) technique. Compatibilizing agents used to disperse carbon
nanotubes help to firmly adhere CNTs to textile fibers [24]. After coating with carbon
nanotubes, the fabric can be used as a working electrode and conductive polymers can be
electrodeposited.

The felt fabric was coated with multiwalled carbon nanotubes (MWCNTs) by layer-by-
layer deposition (LbL) to obtain a conductive material. Since the LbL technique is based
on the electrostatic interaction between a positive and a negative charge, it is necessary
to functionalize the surface of the carbon nanotubes to optimize the coating process. The
functionalization of CNT can be of two types: covalent (chemical functionalization), which
is based on the covalent bonding of the carbon nanotube with functional groups in the end
caps or defects in their sidewalls [25–27]; and non-covalent (physical functionalization),
which is capable of modifying the interfacial properties of carbon nanotubes through π–π
or hydrophobic interactions [25,28,29]. Generally, chemical functionalization degrades
the conjugated structure of the nanotubes since they tend to modify the hybridization of
sp2 to sp3 and, therefore, decrease the electronic performance of the nanotubes [25]. For
this reason, for the functionalization of nanotubes with positive and negative charges,
a non-covalent method was chosen, using cationic and anionic surfactants, respectively.
Furthermore, for a better tensioactive–nanotube interaction, a mechanochemical method
has been used to disperse the carbon nanotubes in water [30].

Two MWCNT dispersions (0.05 wt%) were prepared in an aqueous medium using
PDADMAC (0.25 wt%) as a cationic stabilizer and DOC (0.25 wt%) as an anionic sta-
bilizer. The ζ-potential values measured for the dispersions of MWCNT/PDADMAC
and MWCNT/DOC were (+32.6 ± 0.8) mV and (−45.2 ± 1.1) mV, respectively. These
ζ-potential values indicate that the carbon nanotubes with PDADMAC have a positive
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surface charge due to the cationic polyelectrolyte, while the MWCNTs with DOC have a
negative surface charge due to the coating with the anionic surfactant. This difference in
surface charge allows the layer-by-layer method to coat textiles with MWCNT as a result of
the electrostatic interaction between MWCNT/PDADMAC and MWCNT/DOC.

The assembly of MWCNT bilayers (BLs) is controlled by the electrostatic interaction
between PDADMAC and DOC. The electrical conductivity was evaluated as a function
of the number of bilayers (from 10 to 30) deposited on the fabrics. Figure 3 shows the
electrical conductivity as a function of the number of MWCNT on the felt fabric. The
electrical conductivity increases until 20 BLs and reaches a plateau at a value around
1.5 × 10−7 S cm−1, due to a saturation of the fabric with MWCNTs. Since no significant
improvement in the conductivity was observed after 20 BLs, we used this value in the
subsequent electrodeposition experiments.
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During electropolymerization, an electric current of known potential or intensity is
passed through a solution containing the monomer, the dopant, and the solvent, inside
an electrolytic cell. The coating of the conductive polymer is generated simultaneously by
applying an anodic current that polymerizes the monomer over the working electrode. By
controlling the synthesis parameters (potential, intensity, concentration), it is possible to
control the quantity of polymer produced and obtain a high reproducibility of the proper-
ties [31]. The prepared fabric-MWCNTs were coated with different conductive polymers by
electropolymerization. For the case of the PEDOT and PPy deposition, chronopotentiome-
try was used, while chronoamperometry was used to synthesize PANI. The homogeneity
of the fabrics coating with conductive polymers and their thermoelectric properties will
depend on the polymerization time. It was therefore necessary to determine the optimal
value. For this purpose, the electrical conductivity, the Seebeck coefficient, and the polymer
mass deposited as a function of the polymerization time were followed. The corresponding
results are shown in Figure 4.

In general, the mass of conductive polymer deposited on the MWCNT-fabric increases
rapidly in the first moments of polymerization and eventually stabilizes. This stabilization is
explained because the new generated polymeric chains do not remain attached to the fabric,
but in the solution. Regarding electrical conductivity, a similar trend can be observed, with
a rapid increase at the initial steps of the polymerization and a stabilization after 30 min,
although the mass of polymer deposited increases. The Seebeck coefficient also changes
with the polymerization time with an initial value of 7 µV K−1, which corresponds to the
Seebeck coefficient of the fabric coated with MWCNTs. However, at higher polymerization
times, the Seebeck coefficient achieves a stable value of around 15 µV K−1, corresponding
to a highly doped conductive polymer [32].
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The optimal polymerization time was decided to be once the electrical conductivity
and Seebeck coefficient are maximum with the minimum mass of conductive polymer
deposited. These conditions are important because, at high amounts of conductive polymer
coating, the felt fibers can worsen the mechanical properties of the final fabric [33]. For
the case of PEDOT:ClO4 and PPy:ClO4 coatings, the values of electrical conductivity and
Seebeck coefficient stabilize after 60 min of electrochemical polymerization. Although
the amount of mass deposited on the fabric increases at longer polymerization times,
the thermoelectric properties remain the same. Therefore, an optimal value is reached
after 60 min of deposition with an electrical conductivity of 0.1 S cm−1 and a Seebeck
coefficient of 14.5 µV K−1 for the PEDOT:ClO4 coating and electrical conductivity of
0.05 S cm−1 and Seebeck coefficient of 16.4 µV K−1 for the Ppy:ClO4 coating. A similar
trend is found in the case of the electrochemical deposition of polyaniline. In this case, after
20 min of polymerization, a plateau is reached in the thermoelectric properties despite the
deposited mass of PANI increases. The electrical conductivity was 0.08 S cm−1, and the
Seebeck coefficient was 12.3 µV K−1. Therefore, the highest thermoelectric efficiency is for
PEDOT:ClO4 with a power factor (P = S2σ) of 2.1 10−3 µW m−1 K−2.

The scanning electron microscopy (SEM) images, presented in Figure 5, indicate that
the pristine fabric has a practically smooth surface. After deposition of multiwalled carbon
nanotubes by LbL, the surface of the fibers becomes rougher. Even at higher magnifications,
small threads can be observed, which correspond to the MWCNTs and amorphous agglom-
erates due to the interaction between the PDADMAC and DOC. Once the fabric fibers are
coated with MWCNTs, the fabric acquires a certain electrical conductivity, as shown in
Figure 3 and, therefore, it is possible to electropolymerize conductive polymers on the fibers.
After the electrodeposition of PEDOT:ClO4, it is observed that the polymer is distributed



Coatings 2023, 13, 383 8 of 15

around the felt fibers coated with MWCNTs with a globular morphology, typical of con-
ductive polymers obtained by electrochemical deposition [34,35]. The electrodeposition of
Ppy:ClO4 also takes place around the fibers of Felt-MWCNTs, but a lower degree of coating
can be seen since a greater number of uncoated areas are observed. Similar to PEDOT:ClO4,
polypyrrole also depicts a globular morphology. After the electrochemical deposition of
PANI:H2SO4, it is observed that the coating of the fibers is not homogeneous, and some
exfoliation of the layer of MWCNTs deposited on the felt yarn was found. This may be due
to the presence of sulfuric acid during the electrochemical polymerization process, which
remove the compatibilizing agents that allow the adhesion of MWCNT to the felt fiber, and
therefore, the MWCNTs are no longer uniformly attached to the fiber surface.
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Raman spectroscopy was conducted to obtain information about the composition of
the felt fibers coating. Figure 6 shows the Raman spectra of the pristine fabric and the fabric
with the different coatings. The main peaks of each sample have been marked with points.
The assignation of peaks is detailed in Table 1.
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Raman spectra of the felt fabric present the typical peaks of polyester, including an
aromatic ring in its monomeric unit since two intense peaks appear at 1604 and 1720 cm−1,
corresponding to the stretching of the aromatic ring and the carbonyl group, respectively.
When the fibers are coated with MWCNTs by LbL, the corresponding Raman spectra show
the D and G bands. The first is related to the disorder in sp2-hybridized carbon systems,
and the second is related to sp2 vibrations of the graphite crystal and associated with an
ordered graphitic structure [36]. However, small peaks related to some felt fibers are also
observed. This indicates that the coating with MWCNTs does not cover completely the
fibers. After the electrodeposition of PEDOT:ClO4, the residual peaks of the felt fabric
decrease in intensity, and practically only the peaks related to the PEDOT polymer chain
are observed, see Table 1. On the other hand, after the electrodeposition of Ppy:ClO4, the
peaks corresponding to the polypyrrole polymer chain are observed, together with some
residual peaks of felt and MWCNTs. For the case of the felt fibers-MWCNTs coated with
PANI:H2SO4, the Raman spectrum shows the peaks corresponding to the PANI polymeric
chains and numerous peaks corresponding to the felt fibers indicating a poor coverage of
the felt fabrics.

These results suggest that the electrochemical coating of the fibers with PEDOT is
the most homogeneous since the presence of peaks derived from the felt fabric is residual.
On the other hand, the electrodeposition of PANI on the fibers is the one that gives the
worst result since the presence of felt peaks is detected. Furthermore, these results agree
with the SEM images in Figure 5. Therefore, this methodology is more suitable for the
electrochemical coating of felt fibers with PEDOT and PPy, but not for PANI.

Another important parameter is the thermal stability of the fabrics obtained. This pa-
rameter was studied through thermogravimetric analysis (TGA) of the felt and the felt after
the different coatings. Figure 7 shows the thermograms of the different samples studied.
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Table 1. Assignation of Raman modes for each material.

Material Raman Shift (cm−1) Assignation

Felt

610 C–C aliphatic chain stretching
840 Symmetric C–O–C deformation

1082 Asymmetric C–O–C deformation
1274 C–C aliphatic chain stretching
1604 Aromatic ring stretching
1720 C=O stretching of the ester group

MWCNT
1297 D-band
1597 G-band

PEDOT:ClO4

420 oxyethylene ring stretching
560 oxyethylene ring stretching
690 symmetric C–S–C deformation
980 oxyethylene ring stretching

1120 symmetric C–O–C deformation
1247 Cα–Cα (inter-ring) stretching
1356 Cβ–Cβ stretching
1431 Symmetric stretching of Cα= Cβ(–O)
1486 Asymmetric stretching of C=C
1524 Asymmetric stretching of C=C

PPy:ClO4

918 Ring deformation of bipolarons
985 Ring deformation of polarons
1040 C–H in-plane deformation
1240 C=C stretching
1323 Ring-stretching mode
1405 C–N stretching
1557 Symmetric stretching of aromatic C=C ring

PANI:H2SO4

410 In-plane bending of benzenoid ring
700 In-plane bending of quinoid ring
984 C–H in-plane bending of benzenoid ring

1168 C–H bending deformation of benzenoid ring
1352 C–N+ stretching
1412 C–N stretching amine
1497 C=N stretching imine
1577 C=C stretching of quinoid structure

The pristine felt shows an abrupt drop at 450 ◦C due to the decomposition of the
polymeric chains [37]. After coating the fibers with multiwall carbon nanotubes, the
thermal stability of the textile increases slightly since the temperature at 5% loss weight
(T5%) increases practically 10 ◦C (Table 2) [38]. The electrochemical coating of felt-MWCNTs
fibers with conductive polymers decreases the thermal stability of the fabric. Coating the
fibers with PEDOT:ClO4 and PPy:ClO4 reduces the decomposition initiation temperature
by approximately 100 and 130 ◦C, respectively, compared to the pristine fabric. These
results suggest that electrosynthesis reduces its thermal stability by coating felt fabrics
with PEDOT:ClO4 and PPy:ClO4. However, the decomposition starting temperature of the
fabrics coated with these conductive polymers is above the range in temperature that these
fabrics are used as thermoelectric materials.

The coating with PANI:H2SO4 drastically reduces the initial decomposition tempera-
ture to 92 ◦C. This result and the exfoliation observed in the SEM images (Figure 5) indicate
that the felt fabric is partially degraded during the PANI:H2SO4 electrochemical deposition
process [15,39]. In addition, the decomposition initiation temperature is just at the limit of
the range of applicability of these fabrics as thermoelectric materials.



Coatings 2023, 13, 383 11 of 15Coatings 2023, 13, 383 12 of 17 
 

 

 
Figure 7. TGA curves of pristine felt fabric and the felt fabric coated with MWCNT, PEDOT:ClO4, 
PPy:ClO4, and PANI:H2SO4. 

The pristine felt shows an abrupt drop at 450 °C due to the decomposition of the 
polymeric chains [37]. After coating the fibers with multiwall carbon nanotubes, the 
thermal stability of the textile increases slightly since the temperature at 5% loss weight 
(T5%) increases practically 10 °C (Table 2) [38]. The electrochemical coating of felt-
MWCNTs fibers with conductive polymers decreases the thermal stability of the fabric. 
Coating the fibers with PEDOT:ClO4 and PPy:ClO4 reduces the decomposition initiation 
temperature by approximately 100 and 130 °C, respectively, compared to the pristine 
fabric. These results suggest that electrosynthesis reduces its thermal stability by coating 
felt fabrics with PEDOT:ClO4 and PPy:ClO4. However, the decomposition starting 
temperature of the fabrics coated with these conductive polymers is above the range in 
temperature that these fabrics are used as thermoelectric materials. 

Table 2. Weight loss temperature at different percentages and residue percentages at 700 °C of 
pristine felt fabric and the felt fabric coated with MWCNT, PEDOT:ClO4, PPy:ClO4, PANI:H2SO4. 

 Felt Felt + 
MWCNT 

Felt + MWCNT 
+ PEDOT:ClO4 

Felt + MWCNT 
+ PPy:ClO4 

Felt + MWCNT 
+ PANI:H2SO4 

T5% (°C) 367.65 376.85 262.22 234.39 91.87 
T10% (°C) 387.51 393.02 334.41 324.54 251.39 
T20% (°C) 402.33 406.45 389.81 365.05 355.95 
T30% (°C) 411.02 414.41 404.90 387.32 387.70 
T40% (°C) 417.45 420.40 413.88 401.99 401.25 
T50% (°C) 422.87 425.65 420.59 412.31 410.09 
T60% (°C) 427.91 430.68 426.71 420.69 417.00 
T70% (°C) 433.93 436.84 434.19 429.13 423.59 
T80% (°C) 452.84 453.28 457.64 451.20 437.39 
T90% (°C) 479.08 486.04 480.68 527.04 480.87 
T95% (°C) 487.97 530.56 488.68 498.77 482.07 

Residue % 
(700 °C) 0 0 0.56 2.068 0.669 

Figure 7. TGA curves of pristine felt fabric and the felt fabric coated with MWCNT, PEDOT:ClO4,
PPy:ClO4, and PANI:H2SO4.

Table 2. Weight loss temperature at different percentages and residue percentages at 700 ◦C of pristine
felt fabric and the felt fabric coated with MWCNT, PEDOT:ClO4, PPy:ClO4, PANI:H2SO4.

Felt Felt +
MWCNT

Felt +
MWCNT +

PEDOT:ClO4

Felt +
MWCNT +
PPy:ClO4

Felt +
MWCNT +

PANI:H2SO4

T5% (◦C) 367.65 376.85 262.22 234.39 91.87
T10% (◦C) 387.51 393.02 334.41 324.54 251.39
T20% (◦C) 402.33 406.45 389.81 365.05 355.95
T30% (◦C) 411.02 414.41 404.90 387.32 387.70
T40% (◦C) 417.45 420.40 413.88 401.99 401.25
T50% (◦C) 422.87 425.65 420.59 412.31 410.09
T60% (◦C) 427.91 430.68 426.71 420.69 417.00
T70% (◦C) 433.93 436.84 434.19 429.13 423.59
T80% (◦C) 452.84 453.28 457.64 451.20 437.39
T90% (◦C) 479.08 486.04 480.68 527.04 480.87
T95% (◦C) 487.97 530.56 488.68 498.77 482.07
Residue %
(700 ◦C) 0 0 0.56 2.068 0.669

Bending and torsion tests are vital to evaluate their potential use in practical applica-
tions since their reliability during daily use must be guaranteed. Therefore, the evolution
in the electrical conductivity was evaluated as a function of the twist angle, bending cycles
on a 15 mm diameter cylinder, and bending radius. In the first study, the fabric was fixed
with two clamps, one fixed and one freely rotating. Electrical conductivity was evaluated
every 30◦ of rotation. Figure 8a–d shows the evolution of the electrical conductivity as a
function of the twist angle for the fabrics coated with MWCNT and different conductive
polymers. The observed trend indicates that, as the twist angle increases, the electrical
conductivity increases due to a higher degree of compaction between the felt fibers, which
causes greater electrical contact between the coated fibers. As a consequence, the electron
mobility through the fabric improves, reaching higher electrical conductivity. On the other
hand, the electrical conductivity slightly decreases after each torsion cycle, probably due to
the stress caused on the fibers. After performing the each cycle, the stress caused on the
fibers during the torsion generates distension when they return to the original state (0◦
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twist angle), increasing the free space between the fibers. The fabrics coated with MWCNT,
PEDOT:ClO4, and Ppy:ClO4 have a high torque capacity since the electrical conductivity
decreases around 10% of the initial value. However, the fabric coated with PANI:H2SO4
presents a higher decrease in the electrical conductivity after the cycles performed. This
fact agrees with the exfoliation observed in the SEM images.
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Figure 8. Variation of normalized electrical conductivity, σ/σ0, as a function of twist angle of: (a) felt
+ MWCNT, (b) felt + MWCNT + PEDOT:ClO4, (c) felt + MWCNT + PPy:ClO4, and (d) felt + MWCNT
+ PANI:H2SO4 fabrics. (e) Variation of electrical conductivity as a function of the number of bends,
and (f) variation of the electrical conductivity as a function of the bending radius for the different
coated felt fabrics.

For the second study, the results are shown in Figure 8e, in which the variation of
the normalized electrical conductivity is plotted as a function of the number of bending
cycles. The graph shows that the electrical conductivity slightly decreases with the number
of bending cycles, reaching a 3% loss after 3000 bending cycles for the fabrics coated wirh
MWCNT, PEDOT:ClO4, and PPy:ClO4. In the case of the fabric coated with PANI, the
electrical conductivity decreases near 20% of the intial value. Figure 8f shows the electrical
conductivity as a function of the bending radius. In this case, it is also observed that
the fabrics coated with MWCNT, PEDOT:ClO4, and PPy:ClO4 present a similar electrical
conductivity variation. Overall, the results indicate that the electrochemically coated fabrics
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with PEDOT:ClO4 and PPy:ClO4 have an enormous potential for wearable applications
since the electrical conductivity remains practically the same after the different torsion and
bending tests. However, the electrochemical coating of fabrics with PANI:H2SO4 do not
show the same performance.

4. Conclusions

This work presents a methodology to obtain textiles electrochemically coated by
conductive polymers. The method involves coating textile fibers with carbon nanotubes
by using the layer-by-layer technique, so that the MWCNT-coated textile can be applied
as a working electrode on which different conductive polymers can be electrodeposited.
The variation of the electrodeposition time allowed us to determine the adequate times
for optimizing the electrical conductivity and the Seebeck coefficient: 60 min for PEDOT
and PPy and 30 min for PANI. The quality of the different coatings was evaluated by SEM
and Raman spectroscopy. The results indicate that the coating of the textile fibers with
MWCNTs, PEDOT, and PPy were very homogeneous, unlike those of PANI. In addition,
the thermal stability study carried out by TGA showed that the felt fabric coated with
PANI:H2SO4 is the least stable. Finally, the evolution of the electrical conductivity as a
function of the twist angle, bending cycles, and bending radius demostrated the potential
use of the coated fabrics in practical wearable applications. The results showed that the
fabrics coated with PEDOT:ClO4 and PPy:ClO4 are the best candidates to coat fabrics by
electrochemical deposition.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings13020383/s1, Figure S1: Contacts configurations to
measure electrical resistance R1 and R2; Figure S2: Scheme of the homemade setup to measure
Seebeck coefficient.
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