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A polyamide 6,6 (PA66) fabric pre-treated with a double barrier dielectric (DBD) atmospheric plasma in
air was coated with 1 and 5 layers of an intrinsically conducting glycerol-doped PEDOT:PSS polymer
(PEDOT:PSS + GLY) with the final objective of developing a cost-competitive and temperature
controllable flexible-heating element to be used in clothing encapsulated between an outer and an
20 inner separator layer in order to provide heat-reflecting properties and uniform temperature distribution, 20
respectively. FTIR, DSC, TGA, SEM, EDS, XRD and DMA analyses show significant changes in
morphology, chemistry, enthalpy, crystallinity and glass transition temperature confirming that
PEDOT:PSS and glycerol are not only spread over the PA66 yarn surfaces but are dispersed in the bulk
facilitating relaxation and increasing structure and chain flexibility. Electrochemical and electrical
25 resistivity (p) measurements confirm that the plasma treated PA66 coated with 5 layers of PEDOT:PSS + 25
GLY presents the highest stability, resistance and capacitive behaviour, and the best capability of storing
electrical energy. This configuration needs only 7.5 V to induce a temperature change up to 38 °C at a
current density of 0.3 A g~1. The desired temperature is easily adjustable as a function of the applied
voltage and by the number of coated layers of PEDOT:PSS + GLY. Despite the need to improve the
uniformity of the coating thickness on the fabric for uniform heat generation, the observed results are 30
quite impressive since they can be compared to the temperature obtained in carbon nanotube
composites using similar voltages. This cost-competitive, safe, highly flexible and stable thermoelectric
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fabric has potential for use in large area textiles as a heating element in a wide range of applications

rsc.li/materials-c such as garments, carpets, blankets and automotive seats.
35 35

flexibility and wear resistance of textiles compared to plastics
and papers allow a wide variety of novel wearable applications

Introduction

In recent years, the integration of electronic components in a

such as strain sensors,®> ECG measurement,” electrostatic dis-

40  textile substrate, the so-called e-textiles, and the development charge (ESD) protection,” motion capture devices,® pressure 40
of textile fibres and yarns of high conductivity has become a  sensors,’” electromagnetic interference (EMI) shielding,® photo-
new paradigm in the area of smart fibres and fabrics making a  voltaic devices,” energy storage,'® supercapacitors,'’ and cool-
whole new range of applications possible.”> The higher ingand heating elements."” Initially, the use of traditional pure
metal wires for interconnections or metal coatings has been
45 @027 - Centro de Ciéncia e Tecnologia Téxtil, Universidade do Minho, Campus de demonstrated to be effective. However, they make devices very 45
O8] Azurém, 4800-058 Guimardes, Portugal heavy, rigid, uncomfortable, costly and ultimately inappropri-
b CMEMS-UMinho - Center for MicroElectromechanical Systems, Universidade do ate for textile integration.” Moreover, metal coatings on textiles
CMi"ho’ Campus de Azurém, 4800-058 Guimardes, Portugal are subjected to cracking and peeling under bending and
Departamento de Engenharia Mecdnica, Universidade do Minho, Campus de . . .
Azurém, 4800058 Guimaraes, Portugal abrasion. On the other hand, textile fibres and yarns are known
50 “ Departamento de Engenharia Téxtil, Universidade Estadual de Maringd, Av. Reitor for their light weight, porosity, high surface area and other 50
Zeferino Vaz, s/n, Campus Universitdrio, C.P. 171, 87360-000, Goioeré-Parand, properties, which perfectly meet the requirements for acting as
Brazil flexible interconnections when properly treated.'* Electrical
t Electronic supplementary informa.tion (ESI) available: Az.iditional.information conductivity in textiles may be achieved by direct coating or
about the set-up of the electrochemical cell and Joule heating experiments. SEM .. . . ..
and EDS images of the plasma treated polyamide 6,6. Additional discussion, XRD printing of a conductive pOly mer composite or by m situ pOIy :
55 and SEM about the effect of the temperature on the current drop at high voltages. merization of Conjugated POI}’ mer systems onto the textile fibre 55

See DOI: 10.1039/c7tc00486a
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surface.> Conducting organic polymers such as polypyrrole,
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polyaniline and poly(3,4-ethylenedioxythiophene) doped with
poly(styrene sulfonate) (PEDOT:PSS) have been studied to rea-
lize flexible devices for organic solar cells, printed electronic
circuits, organic light-emitting diodes, actuators, electrochro-
mic devices, supercapacitors, and biosensors without the use of
inorganic materials."®™"® Conducting organic polymers,
because of their lightweight, relatively high conductivity, stabi-
lity, and flexibility, are particularly well-suited for the fabrica-
tion of conductive textiles." Different coating techniques such
as physical evaporation and plasma-enhanced and thermally-
initiated CVD have already been exploited for developing uni-
form layers of conductive polymers on the fibre surface. How-
ever, fibres coated with conductive polymers are usually
produced by a simple dip coating technique and subjected to
drying and annealing for film formation.?’ In this fashion, the
polymer can eventually enter into the fibre structure allowing a
higher volume of intrinsically conductive material.>* PED-
OT:PSS is one of the most extensively explored conducting
organic polymers for use in thin-film conductive coatings due
to its stability, high conductivity and solution processability.>*
PEDOT is a stable conjugated polymer, which remains oxidized,
highly conductive, and water dispersible in a complex with
PSS." PEDOT:PSS water dispersions are commercially available
and used predominantly in electronic devices, electrodes in
electroluminescent displays, LED’s, antistatic coating and
organic solar cells.”® Commercially available PEDOT-coated
textile fibres such as nylon, PET and viscose are already avail-
able showing improved mechanical and electrically conductive
properties.>* Moreover, several studies demonstrate the feasi-
bility of PEDOT:PSS based textiles for antistatic finishing,
electromagnetic shielding or biomechanical monitoring.>>
Recently, the conductivity of PEDOT-PSS films has been dis-
covered to be enhanced by about two or three orders of
magnitude by adding multiple polar organic polymers, co-
solvent systems, zwitterionic surfactants, acids, polyalcohols
or high-boiling-point solvents such as dichloroacetic acid,
poly(vinylpyrrolidone), dimethyl sulfoxide (DMSO), glycerol,
sorbitol and ethylene glycol.**>° The mechanism of the con-
ductivity enhancement of these compounds is still unclear.
However, the most acknowledged model suggests that these
additives cause a rearrangement in the morphology of the
polymers upon drying, increasing the phase separation between
the insulating PSS and the conducting PEDOT.*'?> The most
impressive results have been obtained using PEDOT:PSS doped
with polyalcohols such as sorbitol or glycerol because there is no
change in optical transparency. On the contrary, conventional
oxidative doping alters the coating optical transmittance in the
visible region due to the absorption of radical cations.*®
Temperature control is one of the most important functions
in textiles. Passive heating textiles are traditionally based on the
heat-insulating properties of a combination of different layers
of fabrics. An alternative concept is the development of clothing
that actively generates heat ensuring an improved control over
the temperature gradient between the skin and the environ-
ment. Active heating textiles are applied in a wide range of
fields such as sport, leisure, medicine, the aircraft industry,
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automotive, heated floors, walls and roofs.>* The majority of
the heating elements are based on Joule’s heat principle,
according to which heat is generated when an electric current
passes through a conductive material.®® Since the mid 20th
century, metallic heating elements, graphite elements, conduc-
tive rubber and water heater systems have been used in heated
fabrics and personal heating garments such as wearing appa-
rels, blankets and gloves.*® However, these heating elements
are often not appropriate for large-area flexible thermogenera-
tors because of their cost, rigidity, increased mass of clothing,
limited abstraction of sweat and the presence of hot spots.*”
Resistive heating fabrics based on fibres coated with conductive
polymers such as PEDOT:PSS are able to dissipate the gener-
ated temperature more evenly avoiding hot spots and are more
appropriate for application near the skin because of thermal
safety and higher temperature gradients.”” However, the litera-
ture about conversion of electrical energy into thermal energy
in textile fibres coated with PEDOT:PSS is very limited since
research is focused on two-dimensional films, paper or on
using PEDOT:PSS in conjugation with metals.*®

The objective of this work was to investigate the chemical
and dynamic mechanical behaviour, electrical conductivity and
thermoelectric properties of a polyamide 6,6 (PA66) fabric
coated with glycerol-doped PEDOT:PSS (PEDOT:PSS + GLY) to
be used as a flexible heating element in clothing (winter jacket).
The design of the active clothing will be able to ensure an
appropriate distribution of temperature on the inner side and at
the same time to reduce the heat dispersion on the outer side of
the clothing by enclosing the heating element between two
different breathable and water resistant separator layers. PA66
fabric, pre-treated with a DBD atmospheric plasma in air to
enhance substrate adhesion, was dip-coated in a commercial
PEDOT:PSS dispersion doped with glycerol and annealed at
120 °C for 10 minutes. The thermal and dynamic mechanical
properties of the coated fabrics were evaluated by DSC analysis,
TGA and DMA in order to correlate the structural changes of the
fabric with PEDOT:PSS deposition. FTIR, XRD and SEM analyses
were performed in order to study the effect of electrical voltage
and heat on the coating surface chemistry and morphology.
Electrochemical and four-point resistivity measurements have
been used to gain further understanding of the influence of the
addition of glycerol and of plasma pre-treatment on the PED-
OT:PSS coated PA66. The electrical current behaviour was also
monitored under tension, bending and torsion strains to eval-
uate the flexibility and wearability of the conductive textiles.
Finally, several electrical voltages were applied at constant
electrical current and the generated Joule’s heat was evaluated
using an infrared camera enabling the measurement of tem-
perature distribution on the surface of the fabrics.

Experimental
Materials

Commercial polyamide 6,6 (PA66) fabric with a warp density of
40 threads cm ™, a weft density of 18 threads cm™ " and a weight

This journal is © The Royal Society of Chemistry 2017
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per unit area of 135 ¢ m~> was used in this study. The samples
were pre-washed with 1% non-ionic detergent at 30 °C for 30
min, then rinsed with water for another 15 min, and finally
dried before DBD plasma treatment. A commercial aqueous
dispersion of PEDOT:PSS with a PEDOT to PSS ratio of 1:2.5 by
weight was purchased from Sigma-Aldrich. All other reagents
were purchased from Sigma-Aldrich and were of analytical
grade and used without further purification.

Plasma treatment

The DBD plasma treatment was conducted in a semi-industrial
prototype (Softal Electronics GmbH/University of Minho) work-
ing at room temperature and atmospheric pressure, using a
system of a metal electrode coated with ceramic and counter
electrodes coated with silicon, with 50 cm effective width, the gap
distance fixed at 3 mm, and producing discharge at a high voltage
of 10 kV and low frequency of 40 kHz. The machine was operated
at the optimized parameters: 1 kW power, 4 m min " velocity,
5 passages corresponding to a dosage of 2.5 kW min m™> (Fig. S6
in ESIT). Plasmatic dosage is defined by eqn (1):

N-P
Dosage = —- 1
osage = —— 1)
where, N = number of passages, P = power (W), v = velocity (m
min ), and ! = width of treatment (0.5 m).

PEDOT:PSS deposition on polyamide

Commercial nylon fabrics with and without plasma treatment
were cut into pieces of 10 x 10 cm after being washed and
dried. Then, the fabrics were dip-coated in a PEDOT:PSS
dispersion with and without 5% w/w of glycerol. Up to 10 layers
were tested, however, after 6 layers the fabric starts to become
too rigid and bulky. Moreover, for each additional layer the
coating becomes more irregular. The five-layer coating was
chosen as the limit to maintain the flexibility of the textile
fabric as well as a reasonable uniformity of the coating. Two
types of fabric samples for each used dispersion were prepared:
(i) a fabric dip-coated with a single layer of PEDOT:PSS disper-
sion and (ii) a fabric dip-coated with 5 layers of PEDOT:PSS
dispersion (Fig. S7 in ESIT). After each dip coating, the sample
fabrics were annealed at 120 °C for 10 minutes. They were dip-
coated under normal lab conditions at 20 °C and 40% relative
humidity and, after annealing, dried in air. The mass loading in
the fabrics was calculated from the difference in weight before
and after coating. Samples were stored in a desiccator and
dried in an oven for 30 min at 60 °C before use. All values were
averaged over three samples.

Scanning electron microscopy (SEM) and energy dispersive X-
ray spectroscopy (EDX)

Morphological analyses and thickness measurements of fabrics
were carried out using an ultra-high resolution field emission
Gun scanning electron microscope (FEG-SEM), NOVA 200 Nano
SEM, FEI Company. Secondary electron images were recorded
at an acceleration voltage at 5 kV. Backscattering electron
images were collected at an acceleration voltage of 15 kV.

This journal is © The Royal Society of Chemistry 2017
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Samples were covered with a Au-Pd film (80-20 weight%) in a
high-resolution sputter coater, 208HR Cressington Company,
coupled with a MTM-20 Cressington high-resolution thickness
controller. The atomic composition of the membrane was
examined using the energy dispersive spectroscopy (EDS) cap-
ability of the SEM equipment using an EDAX Si (Li) detector
and an acceleration voltage of 5 kV.

FTIR-attenuated total reflection spectroscopy (FTIR-ATR)

A Nicolet Avatar 360 FTIR spectrophotometer (Madison, USA)
with a horizontal attenuated total reflectance (HATR) accessory
was used to record the FTIR-ATR spectra of the fabrics, per-
forming 60 scans at a spectral resolution of 16 cm™* over the
range 650-4000 cm '. All measurements were performed in
triplicate.

Differential scanning calorimetry (DSC)

The DSC analysis was carried out on a Mettler-Toledo DSC822
instrument (Giessen, Germany). The samples were previously
dried at 60 °C for 1 h and placed into an aluminium sample
pan. The analysis was carried out in nitrogen atmosphere with
a flow rate of 20 mL min~" and heating rate of 10 °C min~". The
DSC trace was obtained in the range 25-300 °C. The heat flow
vs. temperature graph was plotted.

Thermal gravimetric analysis (TGA)

Thermogravimetric analysis was performed on a Modulated
TGA Q500 from TA Instruments. The TGA trace was obtained in
the range 40-900 °C under nitrogen atmosphere with a flow
rate of 20 mL min~ ' with a rise of 10 °C min~". The samples
were previously dried at 60 °C for 1 h and placed into a
porcelain sample pan. The weight (percentage) vs. temperature
graph was plotted.

Dynamic mechanical analysis (DMA)

The dynamic mechanical analysis (DMA) experiments were
performed using a TRITEC 2000B DMA from Triton Technology
(UK) in tension mode. The described values for the compres-
sion modulus were collected at a frequency of 1 Hz. The
temperature dependence of the storage modulus and loss
tangent was measured in the temperature range from 30 to

200 °C at 2 °C min ™.

X-Ray diffraction (XRD)

The crystalline structure of the fabrics was characterized by
XRD using a Bruker D8 Discover diffractometer. Samples were
scanned using Cu Ko X-ray radiation (4 = 1.541 A) in 6/20 mode
at a step size of 0.04 deg min~" over a 20 range from 2° to 10°
(corresponding to a lattice spacing range between 44.14 and
8.84 A). The interlayer spacing of the coating was determined
using Bragg’s law.

Electrochemical tests

Electrochemical tests consisting of electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV) were performed
in 9 g L' NaCl electrolyte at room temperature in atmospheric
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air using a Gamry Potentiostat/Galvanostat (model Reference-
600). A conventional three-electrode electrochemical cell con-
taining 150 mL of electrolyte was used where a saturated
calomel electrode (SCE) was used as the reference electrode
(RE), a Pt electrode was used as the counter electrode (CE), and
the immersed samples having a total exposed area of 6 cm’
were used as the working electrode (WE). The EIS data acquisi-
tion was performed at open circuit potential (OCP) where the
OCP was considered stable when AE was below 60 mV h™', by
scanning a range of frequencies from 100 kHz to 10" Hz with
10 points per frequency decade and the amplitude of the
sinusoidal signal was selected as 10 mV in order to guarantee
linearity of the electrode response. Following EIS, cyclic vol-
tammetry measurements were performed between —0.5 Vgcg
and 0.4 Vgcg at a scanning rate of 1 mv st All tests were
repeated at least three times in order to ensure repeatability.

Film thickness

The fabric thickness was measured using a digital micrometer
(Mitutoyo, Japan) with an accuracy of 0.5 um. Ten thickness
measurements were taken on each test sample at different,
randomly chosen points. The mean value was used to infer the
average PEDOT:PSS coating thickness and resistivity.

Resistivity measurements and Joule heating

The electrical resistivity (p) of the samples was measured using
the conventional four-probe van der Pauw geometry, at room
temperature, and using a power generator with D. C. (Yokogawa
7651 programmable DC source) current supplies the electric
circuit that includes a multimeter (KeYsight 34410A). Joule
effect testes were carried out using samples of 7 x 6 cm
assembled between two copper electrodes, gripping the pieces
on the extremes of the upper and the lower sides (Fig. S8 in
ESIY). The orientation of the fabric piece is determined, accord-
ing to whether the warp or the weft threads are laid out
perpendicularly to the electrodes. A power generator with D.
C. (Agilent Technologies, model N5772A, 600 V, 2.6 A, 1560 W)
current supplies the electric circuit that includes a multimeter
(Agilent Technologies LXI, model 34410A 6 1/2 Digit). The
width of the sample was measured between the two external
boards of the fabric piece and the relevant length used in the
transport of the current corresponds to the gap between the
internal boards of the two copper electrodes since the sample
surfaces in contact with the electrodes do not take part in the
transport of the current because copper is a much better
conductor than nylon fabrics. This set-up allows a 6 x 6 cm
square of the sample to be measured. The stretching and the
pressure exerted on the samples are always constant. The
samples were first dried for 24 h at 60 °C in order to desorb
the water contained in the pores. For each sample, various
electrical voltages were applied (3, 4.5, 6, 7.5, 9, 10.5, 12, 15, 18,
21, 24, 30, 33, 36, 40, 43 V) at a constant current of 2 A for 10
minutes. For each sample, a test of 60 minutes was also
performed at a voltage of 12 V. Measurements were carried
out at room temperature controlled by a thermo-hygrometer
(RH Meter, model R 200). The temperature distribution on the
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fabric surface was measured using an infrared camera (TESTO
876 model). The thermographs enable the distribution of
temperature on the surface of the fabrics to be visualized with
a resolution of about 0.1 cm®. The measurement accuracy was
about 0.1 °C. Data were then represented as the average
temperature calculated by TESTO software (IRSoft Version
3.8) versus applied voltage.

Strain versus current

Fabric strain versus applied force and time was measured (at
20 °C and 65% RH) on an Instron Universal Testing Machine
(Model 4500, Instron Corporation) using a 2.5 kN load cell at a
crosshead speed of 1 mm min~'. Samples were tested in the
warp and weft directions at the maximum load of 250 N. The
current evolution as a function of the applied force was
recorded using samples of 6 x 6 cm assembled between two
copper electrodes, inserting the pieces on the extremes of the
upper and the lower grips (Fig. S9 in ESIt). A power generator
with D. C. (Agilent Technologies, model N57724, 600 V, 2.6 A,
1560 W) current supplies the electric circuit that includes a
multimeter (Agilent Technologies LXI, model 34410A 6 1/2
Digit). A test until the breaking point was also performed.
Two tests to evaluate the current behaviour under bending
and torsion strains were performed. The samples were gripped
at the extremes between two copper electrodes. Several cycles
(up to 200) of bending (90°) and torsional (180°) strain were
applied and the current evolution was recorded. The tests were
conducted using a custom-built two-point bending and twisting
device.

Results and discussion
FTIR-ATR analysis

The FTIR-ATR spectrum of untreated PA66 (Fig. 1 - Control)
showed the characteristic bands of nylon at 3286 cm %, 2931
em ' and 2854 cm ™" attributed to N-H stretching vibrations,
CH, asymmetric and symmetric stretching vibrations, respec-
tively. The absorption band at 1620 cm™" was assigned to the
amide carbonyl C—=O stretching vibration of the secondary
amide band (amide I).*° The amide II band at 1528 cm™* may

Control RN / "~
- PEDOT 1 layer
- PEDOT § layers AN /
— PEDOT+GLI 1 layer Ne

- PEDOT+GLI 5 layers

Transmittance (A.U.)

1 1 ! . 1 1
1000 1500 2000 2500 3000 3500 4000
Wavenumbers (cm')

Fig. 1 FTIR-ATR spectra of plasma treated PA66 fabric with 1 and 5 layers
of deposited PEDOT:PSS and PEDOT:PSS + 5% w/w of glycerol.
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be attributed to N-H bending motion, the band at 930 cm ™"
the crystalline peaks of the amide axial deformation C-C—=0O
and the band at 680 cm ' to the bending of the O—C-N
group.*°

After plasma treatment, a slight increase in the intensity and
broadening of the C=O stretching band as well as of the
bending of the O—C-N group were observed suggesting oxygen
addition to the fibre surface.*"*> After the deposition of PED-
OT:PSS, no significant differences can be noted between the
sample with and without plasma treatment (Fig. S2 in ESIY),
thus only the results with plasma treatment are reported in
Fig. 1. The samples with 1 and 5 layers of deposited PEDOT:PSS
showed the characteristics peaks of PEDOT but no significant
differences can be noted between the two samples. The peaks
in the spectrum at 1512 and 1280 cm ' are attributed to the
C=C and C-C bonds of the thiophene ring.** The peak at 1176
ecm ™' corresponds to the asymmetric stretching vibrations of
the -SO;~ group of PSS.** However, since the C=C stretchings
of the phenyl side groups of PEDOT and PSS have vibrations
between 1350 and 1600 cm ', they are hard to distinguish
because of the superimposition of the amide carbonyl C—=0O
stretching vibration of polyamide. The introduction of 5% w/w
of glycerol in the PEDOT:PSS solution showed remarkable
differences in the IR spectra of the coated fabric with the
growth of bands in the 800-1500 cm ™" region typical of doped
PEDOT. Especially, the appearance of a peak at 1450 cm ™"
indicates that the density of Co—Cp in the PEDOT rings has
increased, which is beneficial to obtain a low-resistance
coating.”” The broad peaks around 3200 and 2800 cm ™' are
due to the O-H and C-H stretching vibrational modes of G-,
respectively, and indicate that the annealing process at 120 °C
does not degrade the glycerol moieties in the coating.*®

The persistence of these broader peaks and the shift of
stretching vibrational modes at around 2800 cm™ ' as well as
the intensification of the peaks in the region between 800 and
1500 cm ™' indicate interactions between the O-H group of
glycerol and the SO;~ group of PSS."” This suggests that the
addition of glycerol could lead to a structural reorientation of
PEDOT:PSS chains that could increase coating stability,

to

Exo up

Heat Flow (mW)

Control

PEDOT/PSS 1 layer
PEDOT/PSS 5 layers
PEDOT/PSS+GLY 1 layer

PEDOT/PSS+GLY 5 layers
L

1 1 )
50 100 150 200 250
Temperature (°C)

Paper

intensify the number of electrostatic pairing events and pro-
mote subtle changes in the molecular ordering of the PEDOT
units, which could be responsible for the increased conductiv-
ity of the blend.*>*® The surface sheet resistance of the PED-
OT:PSS + GLY coated fabric is greatly affected by the annealing
conditions of the conducting coating. Higher current density
has been observed using annealing temperatures close to the
boiling point of glycerol (170 °C).** However, due to the
temperature-sensitive nature of textiles it is not possible to
use a higher curing temperature than 120 °C in this case.

After the chemical characterization of the PEDOT:PSS coat-
ing, one of the main objectives of the present research is to
evaluate the effect of the deposition of the conductive polymer
on the thermo-mechanical behaviour of the polyamide fabric.
The most commonly used thermal analysis techniques for the
studies of textiles are DSC, TGA, and DMA. Since textiles are
thermal sensitive materials, when heated they can lose their
main features. Thus, attesting their stability is highly required
for wearability. Moreover, it is important to characterize the
thermal and mechanical properties of textiles in order to
optimize the processing conditions, for defect analysis and
for quality assurance purposes. TGA gives important informa-
tion about fibre degradation indicating the temperature at
which mass loss starts and also provides unique features at
the molecular level of the analysed material. DSC allows rapid
detection and measurement of the physical and chemical
transformations that a material undergoes when subjected to
heating. DMA is the most sensitive technique for the measure-
ment of the glass transition and for the detection of secondary
relaxation events that are not detectable by other thermal
analysis techniques resulting in vital fabric mechanical infor-
mation such as impact resistance and toughness.

DSC analysis

DSC analysis of the second heating confirms the PEDOT:PSS
amorphous nature (Fig. 2). No glass transition peaks were
observed below the range of thermal degradation due to the
strong ionic bonding interaction between PEDOT and PSS.*
Since plasma treatment can lead to surface alteration without

100 &

Control
-« PEDOT/PSS 1 layer
PEDOT/PSS 5 layers
PEDOT/PSS+GLY 1 layer
Sreemreeen PEDOT/PSS+GLY 5 layers

80 - %
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[o - 1 L 1 L I L 1
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Fig. 2 Differential scanning calorimetry (DSC) and thermogravimetric (TGA) analyses of plasma treated PA66 fabric with 1 and 5 layers of deposited

PEDOT:PSS and PEDOT:PSS + 5% w/w of glycerol.
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Table 1 Main DSC thermal transitions, TGA weight loss temperature, residual weight and crystallinity of plasma treated fabrics

Crystallinity (%) AH(J g™ Tm (°C) T peaks of 1st derivative (°C) Residual weight (%)
Polyamide 6,6 36.7 72.3 257.7 413.5 3.4
PEDOT:PSS 1 layer 29.4 57.8 256.0 431.5; 462.2 7.0
PEDOT:PSS 5 layers 29.8 58.6 257.6 411.0; 449.4 9.2
PEDOT:PSS + GLY 1 layer 18.5 36.4 251.4 159.8; 426.1; 460.1 10.1
PEDOT:PSS + GLY 5 layers 13.8 27.1 251.8 173.1; 409.3; 450.4 11.6

modifying the bulk properties of the materials, as expected, no
significant differences between untreated and plasma treated
samples can be depicted in the DSC thermograms (Fig. S2 in
ESI+).>° Both pure and coated PA66 showed a broad endother-
mic peak at ~ 255 °C, indicating the melting of a-crystals® and
a smaller endothermic peak at ~245 °C which is more notice-
able in the control PA66 and in the PEDOT:PSS samples without
glycerol (Table 1). The presence of multiple fusion endotherms
in the case of semi-crystalline PA66 is not new and has been a
subject of extensive contradictory interpretations. Several
hypotheses have been proposed about the melting behaviour
of PA66 including the effects due to orientation, the presence of
two different crystals distributions, the presence of triclinic and
pseudo-hexagonal crystalline phases and melting of different
crystal structures including the o, B and y forms.>>** However,
no crystalline transition can be observed in the XRD patterns of
the PA66 composites and the two observed peaks corres-
ponding to the o crystal planes with no evidence of the presence
of the B phase peak (Fig. S4 in ESIt). Moreover, in PA66 the o-f3
Brill transition temperature occurs between 170 °C and 220 °C,
well below the melting temperature which is in the range of
250 °C to 272 °C.>**® Therefore, this suggests that only one
crystal structure with two different populations of thickness is
responsible for the presence of two peaks during the melting
process of PA66.°® The peak at the lower temperature seems to
originate from the melting of thinner crystallites, which in turn
could recrystallize into thicker crystallites.’” The PEDOT:PSS
coated PA66 fabrics show a slight decrease in melting point but
a significant decrease in both enthalpy and crystallinity. The
PA66 fabrics coated with 1 and 5 layers of PEDOT:PSS display a
similar crystallinity around 29%, which is almost 19% lower
than the 36.7% crystallinity of the pure PA66 (calculated based
on 100% crystalline PA66 with an enthalpy of 197 J g~ "). The
deposition of PEDOT:PSS on PA66 decreases the melting
enthalpy to an average of 58 J ¢~ from the value of 72 J g *
of pure PA66. After the introduction of glycerol in the coating
system, a further decrease in enthalpy and crystallinity as well
as in the melting point was observed. The 1-layer coating with
PEDOT:PSS + GLY displays a 50% reduction in crystallinity,
while the 5-layer coating shows a 62% reduction clearly due to
the presence of a higher amount of glycerol in the coated
material. The peak height of the enthalpies drops to 36 and
27 J ¢! for PA66 coated with 1 and 5 layers of PEDOT:PSS +
GLY, respectively. A reduction of the melting temperature of
about 6 °C is recognizable for PA66 coated with 1 and 5 layers of
PEDOT:PSS + GLY with a concomitant disappearance of the
second small endothermic peak in the DSC thermogram. It was
previously suggested that the addition of glycerol or other

6 | J Mater. Chem. C, 2017, 00, 1-16

polyalcohols could change the chemical structure of PED-
OT:PSS, increasing the number of polarons and density of the
carriers.>® Moreover, the small glycerol molecules in the PED-
OT:PSS moiety could diffuse easily on the surface of the yarns
resulting in an enhanced plasticization of the fibres with lower
melting points, enthalpy and crystallinity than pure semi-
crystalline PA66. The main factors affecting polymer enthalpy
and crystallinity are the inclusion of intermolecular bonding as
well as an increase in structure and chain flexibility.>® The
melting point decrease seems to indicate that the PEDOT:PSS +
GLY moiety significantly decreases the backbone rigidity with
the formation of a complex system that influences the thermal
parameters of the PEDOT:PSS + GLY coated PA66 fabric. The
decrease in the enthalpy of fusion and crystallinity confirms an
interaction between PEDOT:PSS and glycerol because of the
presence of ~-OH groups capable of hydrogen bonding as well as
a change in the characteristic of the treated PA66 fibres.®
These changes are important in terms of fabric application in
garments since a lower melting point could limit the opera-
tional temperature range of the heating elements. Moreover,
the enhanced plasticization of the fibres due to glycerol addi-
tion should be carefully assessed when rigidity of the system is
required because glycerol absorbs moisture and could consid-
erably decrease the properties of the composite.

TGA

Thermogravimetric curves (Fig. 2) at a heating rate of 10 °C
min~ ' showed that the degradation of the PA66 control sample
takes place in a well-defined single step due to a random chain
scission process between 350 and 460 °C with a derivative
thermogravimetric (DTG) temperature peak of 413.5 °C
(Table 1).°* Above this temperature, the weight remains con-
stant until 900 °C leading to a small residue content of 3.4%.
The thermal degradation of PA66 coated with 1 and 5 layers of
PEDOT:PSS did not apparently show significant differences
compared with the control curve in accordance with the DSC
data (Fig. 2). However, the DTG analysis reveals a two-stage
degradation with the appearance of shoulder peaks in the
curves (data not shown). PA66 coated with 1 layer of PEDOT:PSS
displays a DTG peak at 432 °C and a small shoulder at 462 °C,
while PA66 coated with 5 layers of PEDOT:PSS shows a peak at
411 °C and a noticeable shoulder at 449 °C.

The weight loss observed in the temperature range of 365-
435 °C could be attributable to the superimposing PA66 and
thiophene main chain decompositions and in the range of 435-
550 °C to the aromatic thiophene and phenyl groups.®” The
more PEDOT:PSS is coated on the PA66 fabric, the more char is
produced and the more noticeable the peak attributable to the

This journal is © The Royal Society of Chemistry 2017
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aromatic groups is. The addition of glycerol in the system
showed that the degradation takes place in three well-
differentiated steps. In the first step, the thermograms showed
a fast and significant initial degradation mainly attributed to
the evaporation of glycerol between 100 and 200 °C with a 30%
and 40% weight loss for 1 and 5 layers of PEDOT:PSS + GLY,
respectively.®> Above this temperature, the weight remains
constant until a second and third phase at the same DTG peak
temperatures as discussed earlier. A higher solid residue con-
tent at 900 °C was observed for 1 and 5 layers of PEDOT:PSS +
GLY (~10 and 12%, respectively). These results confirm the
presence of both glycerol and PEDOT:PSS in the composite
material after the curing of the samples, as confirmed by FTIR
analysis. Moreover, the increase in weight percentage corres-
ponding to the residual amount of degradation products still
present at 900 °C indicates a higher amount of coated PED-
OT:PSS when mixed with glycerol compared with PEDOT:PSS
alone. The TGA provides important information regarding the
maximum temperature that the textile-heating element can
withstand. The addition of glycerol clearly limits the tempera-
ture to 100 °C. At this temperature, the glycerol on the coated
fabric starts to degrade compromising the electric conductivity
of the system. It is clear that the heating element developed in
this work cannot be exploited for high temperature applica-
tions. In the case of textile applications that require higher
temperatures, the coating without glycerol should be consid-
ered since it can endure up to 400 °C without significant
degradation.

DMA

The dynamic mechanical thermal parameters including tan
delta and storage modulus provide important information
about the stiffness of the polymer, molecular motion, relaxa-
tion process, structural hetero groups, and morphology of the
polymer blend systems.>® Fig. 3 shows that after deposition of 1
and 5 layers of PEDOT:PSS onto the nylon fabric, the storage
modulus at 35 °C compared with 0.16 GPa in pure PA66 has
increased to 0.21 GPa and 0.25 GPa, respectively, which is an
increase of 31% and 36%. Beyond 35 °C, the storage modulus of

Control

--- PEDOT/PSS 1 layer
PEDOT/PSS § layers
PEDOT/PSS+GLY 1 layer
PEDOT/PSS+GLY 5 layers

1 1 . | 1
40 60 80 100 120 140 160 180
Temperatura (°C)

Paper

PA66 with 5 layers of PEDOT:PSS was found to be increased,
and a storage modulus peak (0.26 GPa) was observed at 50 °C.
This behaviour can be attributed to altered intermolecular
bonding that hinders the mobility of the polymer chains at
the interfaces due to the higher amount of PEDOT:PSS depos-
ited on the PA66 surface.®* Differently, PA66 with 1 layer of
PEDOT:PSS performs similar to pristine PA66, decreasing the
storage modulus with the rise in temperature. The mechanical
strength of PEDOT:PSS is attributed to the strong ionic bonding
interaction between PEDOT and PSS and to the hydrogen bonds
between inter- and intra-molecular PSS chains. Since the mod-
ification of the PEDOT chains is not temperature dependent,
the amount of water absorbed by the PSS chains in the 5-layer
deposition seems to play an important role in determining the
final mechanical behaviours of the composite.®® Different from
the DSC analysis, the evolution of the storage modulus and the
damping factor (Fig. 3), showed only the o relaxation processes
corresponding to the T, of the PA66 fabrics since PEDOT:PSS
does not have a well-defined glass transition value. In addition
to the storage modulus increase, the deposition of PEDOT:PSS
onto PA66 fabric reduces T, probably due to the higher loss
factor of PEDOT:PSS than PA66. The glass transition tempera-
ture of the fabrics was estimated as a peak in the tané curve,
which corresponds to a sharp decrease in the storage modulus.

The control PA66 displays a T, of 75 °C, while PA66 coated
with 1 and 5 layers of PEDOT showed a similar T, of 65 and
67 °C, respectively. PEDOT:PSS/PA66 composites display a
reduced T, and improved storage moduli both in the glassy
and rubbery regions compared with pristine PA66. The increase
in the storage modulus along with the reduction in T, indicates
that PEDOT:PSS acted as an antiplasticizer in PA66. Antiplasti-
cization is defined as a decrease in the glass transition tem-
perature with a simultaneous increase in the stiffness of the
polymer matrix by the addition of particular substances.®® This
could be attributed both to the decrease in the free volume in
the polymer matrix induced by antiplasticizer shrinkage due to
water vapour desorption®” and by the existence of hydrogen
bonding between the antiplasticizer and the polymer.®®®°
These results suggests that PEDOT:PSS is not only spread over

, Control

250 p~ N - PEDOT/PSS 1 layer
PEDOT/PSS 5 layers

- PEDOT/PSS+GLY 1 layer
-- PEDOT/PSS+GLY 5 layers

N
o
=]

Storage Modulus (MPa)
@
o

o
S

50

| 1 1 1 1
40 60 80 100 120 140 160 180
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Fig. 3 DMA (storage modulus and damping factor) of the plasma treated PA66 fabric with 1 and 5 layers of deposited PEDOT:PSS and PEDOT:PSS + 5%

w/w of glycerol.
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the yarn surfaces but could also be dispersed in the bulk PA66
facilitating relaxation.®®

The addition of glycerol to the system leads to a significant
decrease of the storage modulus. Fig. 3 shows that after
inclusion of glycerol into PEDOT:PSS, the storage modulus at
35 °C compared with 0.16 GPa in pure PA66 decreases signifi-
cantly to 0.074 GPa and 0.098 GPa for the 1-layer and 5-layer
coatings, which is a decrease of 46% and 61%, respectively.
Beyond 35 °C, the storage modulus of the PA66 fabric with
PEDOT:PSS + GLY was found to decrease up to 120 °C. After this
temperature, the storage modulus starts to increase progres-
sively. This was due to the fact that the glycerol impregnation
enhances the swollen state of the PA66/PEDOT:PSS composite
and promotes molecular mobility of the chain segments. As a
result, the rigidity of the material is decreased. The decrease in
the magnitude of tan & between 35 and 100 °C upon addition of
PEDOT:PSS + GLY to the PA66 fibres suggests a good interfacial
adhesion between the fibres and the coating. The reason for
this behaviour may be attributed to the limited mobility of
polymeric chains because of the interactions between the fibre
and matrix that cause a decrease in damping factor.”® The glass
transition temperature is clearly shifted to a lower temperature
when glycerol is added, also confirming its plasticizing effect
on the polymeric network.”" As seen in Fig. 3, one peak
appeared in the tan 6 curve between 130 and 140 °C for all
samples with glycerol, indicating a transition of the relaxation
process of the material.”> The DMA results reveal that there is
an increase in the stiffness of the polyamide fibres, once coated
with PEDOT:PSS, while the plasticizing effect of glycerol
increases fibre ductility. These results should be taken into
consideration in cases where the textile heating element has to
be used for applications requiring higher resistance to impact.

Electrical and electrochemical behaviour

In order to understand the contribution of the addition of
glycerol and/or plasma treatment on the conducting properties
of the different PEDOT:PSS coated samples, the electrical
resistivity (p) in the dry state was measured. The collected data
have shown that, macroscopically, the films were electrically
homogeneous. Moreover, the p values, measured when apply-
ing a constant current in both the warp and weft directions, do
not change significantly showing that there is no preferable
path for charge movement. It is clear from Table 2 that in the
PEDOT:PSS samples without glycerol, p displays the lowest
values for the 5-layer coating and when plasma is not applied
as pre-treatment. Differently, in the case of G-PEDOT:PSS the

Journal of Materials Chemistry C

plasma pre-treated samples showed the lowest value of p when
plasma was applied but the differences among the applied
layers are not as dramatic as those obtained without glycerol. In
any case, the average decrease in p provided by glycerol addi-
tion was one order of magnitude (10 times more efficient). The
effect of plasma on PEDOT:PSS conductivity after deposition
could be explained by the plasma induced chemical and
morphological changes on the fibre surface. Plasma surface
pre-treatment introduces oxygen atoms and alters the surface
topology by etching in the form of ripple-like structures of sub-
micron size.”? Plasma treatment of electrodes is routinely
performed in order to improve their wetting properties before
PEDOT:PSS solution deposition.”*”* The hydrophilic groups on
the plasma-treated surface and the effective dispersant nature
of PEDOT:PSS ensure strong bonding by n-n interaction and
electrostatic attraction between PEDOT chains and the
polymer.”® However, the highly active oxide surface sites, such
as peroxide radicals, induced by plasma treatment seem to act
as electron acceptors reducing free electrons at the PA66 inter-
face. This could explain the higher p observed after plasma
treatment. The addition of five layers of PEDOT:PSS reduces
this effect that seems to occur only at the interface between
PA66 and the first layer of PEDOT:PSS.”” Besides the extreme
increase in conductivity due to decreased humidity in PED-
OT:PSS, the addition of glycerol to the system seems to reverse
the plasma effect.”® Moreover, since plasma greatly improves
PEDOT:PSS adhesion, local strains at the interface could frac-
ture the PEDOT:PSS film destroying electrical contiguity and,
therefore increasing the resistivity.

The addition of glycerol to the system allows PEDOT:PSS grains
to reorient in the direction of the strain easily enduring tensile
deformation and improving uniform electrical conductivity.”

As stated above, the use of plasma treatment to improve
adhesion of PEDOT:PSS is widely reported in the literature.
However, this work introduces four main novelties: (i) the
plasma assisted deposition of PEDOT:PSS was performed on
textiles, while most of the literature reports metals, silica, glass
or smooth polymeric sheets as substrates; (ii) atmospheric DBD
plasma in air has never been used before to improve the
deposition of PEDOT:PSS on textiles; (iii) the plasma deposition
in this treatment does not require any expensive carrier gas,
cryogenic coil or vacuum pumping system and (iv) this plasma
technology allows continuous and uniform processing of very
large fabric surfaces.®® The effect of DBD atmospheric plasma in
air on polyamide 6,6 was previously studied by Zille et al. DBD
atmospheric pressure plasma treatment promotes polyamide

Table 2 Electric resistivity (p) and total impedance (|Z|) of PA66 coated with 1 and 5 layers of PEDOT:PSS with and without glycerol and plasma pre-

treatment

Volume p (Qm) |Z] (©)

1 layer 5 layers 1 layer 1 layer
PEDOT:PSS 14.15 £ 5.42 3.21 £ 0.28 1817 £ 823 1817 £ 823
PEDOT:PSS Plasma 30.36 = 5.59 4.38 £ 0.33 2255 + 119 2255 + 119
PEDOT:PSS + GLY 1.30 £ 0.49 0.25 £ 0.07 740 £ 112 740 £ 112
PEDOT:PSS + GLY Plasma 0.22 £ 0.05 0.14 + 0.03 779 + 115 779 + 115
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6,6 fibre etching and induces the increase of fibre surface
roughness and hydrophilicity-dependent properties through
the formation of reactive species producing new functional
groups on the polymer surface.”> DBD plasma-formed reactive
species preferentially break the C-N bonds of polyamide, increas-
ing the concentration of polar groups mainly due to the incorpora-
tion of oxygen atoms near the surface of the fabric.** In a similar
fashion as the dyes used in the previous publication, the acidic
character of the newly formed small molecules can improve the
diffusion inside the fibres allowing PEDOT:PSS to react with the
new bonds in the broken chains as well as with the exposed PA66
chain below.*” These plasma generated low-molecular weight
aliphatic chains tend, by oxidation, to form acidic and partially
soluble species and may act as a sort of PEDOT:PSS “carrier” into
the fibre resulting in widespread and even deposition on the
surface and also deep into the interior of the fibres.®!

To evaluate the electrochemical performance of the system,
cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) tests were performed in 9 g L™ " NaCl (Fig.
S1 in ESI}). Fig. 4 presents the cyclic voltammograms of the 1-
layer and 5-layer samples. It has been reported that CV curves
presenting an almost rectangular cyclic behaviour indicate
some typical capacitor-like characteristics.**®® From 1 layer
to 5 layers, the peak currents were decreased and the shape of
the curves tended to be closer to the shape of an ideal capacitor
on all samples except for PEDOT:PSS plasma, indicating a
better behaviour as a capacitor. Within the same group of
samples (1 layer or 5 layers), the addition of glycerol to
PEDOT:PSS always resulted in a decreased resistance (i.e.
increased slope of the CV curves).®” On the other hand, the
plasma treatment resulted in an increased resistance on the 1-
layer samples, whereas no significant differences were observed
on the 5-layer samples. This is an expected behaviour since the
plasma treatment is expected to directly influence only the first
layer of PEDOT:PSS that is directly in contact with the plasma
modified PA66 surface.

8x10™
—— PEDOT:PSS 1 layer
4= = PEDOT:PSS Plasma 1 layer
—— PEDOT:PSS+GLY 1 layer
6X10-4 —-— = PEDOT:PSS+GLY Plasma 1 layer,
2 4x10™
= .
2
5 2x10™
Q
04
‘ A
-2x10™ T T T T T T T T
-0.50 -0.25 0.00 0.25 0.50
E (V vs. SCE)

Fig. 4 Cyclic voltammograms of 1-layer (A) and 5-layer (B) samples.
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In addition to the CV measurements, EIS was also per-
formed in order to gain a better understanding of the electro-
chemical behaviour of the 1-layer and 5-layer surfaces. Fig. 5
shows the EIS spectra of 1-layer and 5-layer samples in the form
of Bode diagrams. The lower values observed for |Z| in the high
frequency range (10> Hz to 10> Hz) correspond to the response
of the electrolyte resistance.

On the other hand, in the low and middle frequency ranges,
the higher values of |Z|s_, correspond to the electrochemical
resistance of the textile samples. EIS is a sensitive technique
using very small signals not influencing the properties of the
samples. Among a variety of fields, EIS is also being used for
electrochemical characterization of organic coatings.*® When
the |Z| values of the 1-layer and 5-layer samples were compared,
no significant differences were observed; however, in accor-
dance with the CV measurements, the addition of glycerol
resulted in lower |Z| values for any number of layers
(Table 2). It is important to highlight that the applied electro-
chemical techniques, namely CV and EIS, are surface-sensitive
techniques. Thus, as one may expect, the effect of the plasma
pre-treatment was only distinguishable on the first layer of the
PEDOT:PSS samples which presented a more electrochemically-
stable performance. For this reason, SEM-EDS analysis and
Joule heating tests were performed only on the plasma treated
samples.

SEM and EDS

The surface coverage and morphology of the PEDOT:PSS coat-
ing onto PA66 fabric are important for determining the resul-
tant performance. The SEM images of the plasma treated
control PA66 fibre (Fig. 6A and Fig. S2, in ESIf) show that the
topography of the fibre was uniformly altered after plasma
treatment in the form of ripple-like structures of sub-micron
size that were induced by plasma etching, as previously
observed.®’® Energetic and highly reactive plasma species
attacked the fibre surface promoting fibre ablation and

8x10™
——PEDOT:PSS 5 layers
1— — PEDOT:PSS Plasma 5 layers
4 | ——PEDOT:PSS+GLY 5 layers
6x10 " -{ - — PEDOT:PSS+GLY Plasma 5 layers
< 4x10” -
=
g .
5, 4
© 2x10 "
0
-2)(10_4 T T T T T T T T
-0.50 -0.25 0.00 0.25 0.50
E (V vs. SCE)
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Fig. 5 EIS spectra of 1-layer (A) and 5-layer (B) samples in the form of Bode diagrams.

inducing an increase of the fibre surface roughness and
hydrophilicity-dependent properties. Fig. 6 shows the top-view
SEM images of PA66 fabric before (Fig. 6A) and after the
PEDOT:PSS coating treatment. The coated fabrics with 1 layer
of PEDOT:PSS showed an even and smooth covering of the fibre
surface which led to the absence of the original surface mor-
phology (Fig. 6B). Furthermore, with an increase in the number
of deposited layers the assembled composite multilayer film
was visibly detected and smoothly covered the entire fabric
surface, revealing a successful coating process (Fig. 6C). The
coated fabrics maintained flexibility being able to easily bend
and twist but could not retain the softness of the PA66 fabric.
After repeated bending, the coating deposited on the PA66
fabric seems to be damaged displaying several cracks especially
at the interlaced gap between warp and weft yarns.

Despite cracks being uniformly diffused on the entire fabric
surface, the electrical conductivity was not compromised. The
introduction of glycerol in the system reduces the cracks on the
coated surface as well as their depth due to the plasticizing
effect of the polyol (Fig. 6D and E). Moreover, glycerol seems to
enhance the amount of PEDOT:PSS deposited onto the PA66
surface with some fibres being completely covered by an even
coating. The formation of a uniform PEDOT:PSS coating on the
PA66 fibres was verified by the EDS spectra showing C, O and S
with their atomic percentages in agreement with the theoreti-
cally expected atomic composition of the polymer (Table 3).>°

The EDS spectrum of the PEDOT:PSS coated fabric indicates
that element S evenly covered the coated area suggesting the
uniform coverage of the PEDOT:PSS coating on the fabric
(Table 3 - Z1; Fig. S3 in ESIY).

The total thickness of the coated fabrics was evaluated using
a digital micrometer with an accuracy of 0.5 micron. However,
the SEM analysis of the coating of PEDOT:PSS was performed in
order to confirm the additive effect of the deposited layers. The
thickness of 1 layer of coated PEDOT:PSS is about 0.5 um
(Fig. 6F) and the 5-layer coating achieved by layer-by-layer
stacking of PEDOT:PSS shows a total thickness of about 2.5
pm (Fig. 6G) confirming that each layer of PEDOT:PSS has an
average thickness of 0.5 pm. The 5-layer coated PA66 showed
the presence of PEDOT microcrystals on the coating surface

10 | J Mater. Chem. C, 2017, 00, 1-16

(Fig. 6H) with higher sulphur and lower oxygen contents
(Table 3 - Zz2) than the surrounding PEDOT:PSS coating
(Table 3 - Z1). Usually, the strong electrostatic coupling of
entangled PSS inhibits the crystallization of PEDOT.

Thus, PEDOT does not form crystals in the core region of the
micelle in the water dispersion even after addition of co-
solvents. However, the formation of crystals during solid film
fabrication processes at the moment of evaporation of water
has been previously reported.’’>

Thermoelectric effect

Fig. 7(A) shows the current density as a function of the applied
voltage of the plasma treated PEDOT:PSS samples with and
without glycerol doping. The current values across all fabrics
were measured for 10 min when the voltage was varied from 1
to 12 V. For each selected voltage, the current in the samples
stabilized after a few seconds and the resistance remained
constant throughout the period of 10 min, with no change in
conductivity. All the configurations display a linear behaviour
and clearly indicate that the system performance is greatly
improved by about 100 times when the polymer is doped with
glycerol and the fabric coated with five layers of polymer. The
addition of glycerol to PEDOT:PSS significantly reduces the
operating voltage allowing conducting fabrics to sustain higher
current density. The most endorsed theory about the improve-
ment of conductivity of PEDOT:PSS + GLY is ascribed to the
plasticizing effect of glycerol that induces a rearrangement of
the PEDOT chains to form better connections among the
amorphous PSS.**? The increased interchain interaction and
the proposed conformational changes facilitate charge hopping
among the conductive PEDOT chains leading to a lower energy
barrier and a longer localization length of the charge.”® Since
the generated current of the undoped coated fabric is practi-
cally nominal at any tested voltage, the Joule heating experi-
ments were only performed on the PEDOT:PSS + GLY coated
fabrics. The temperature response of the plasma-treated PA66
fabrics coated with PEDOT:PSS + GLY to different applied
voltages at a current of 2 A is plotted in Fig. 7B. A quasi-
exponential increase of temperature with voltage can be
observed in both curves. However, because Joule heating is

This journal is © The Royal Society of Chemistry 2017

10

20

[\
92}

30

40

50

vl
w1



Journal of Materials Chemistry C Paper

1 1
5 5
10 10
15 15
20 20
25 25
30 30
35 35
40 40
45 45
50 50
Q9 Fig. 6 SEM images of the plasma treated polyamide 6,6 control (A); 1 layer of PEDOT:PSS (B); 5 layers of PEDOT:PSS (C); 1 layer of PEDOT:PSS + 5% w/w
glycerol (D); 5 layers of PEDOT:PSS + 5% w/w glycerol (E); the thickness of 1 layer of PEDOT:PSS (F); the thickness of 5 layers of PEDOT:PSS (G); detail of
the sample with 5 layers of PEDOT:PSS with the EDX analysis spots (H).
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Table 3 EDS analysis of weight and atomic percentages of the sample
surface with 5 layers of PEDOT:PSS (Fig. 7H)

z1 zZ2

Element Wt% At% Wt% At%

C 43.25 56.25 51.71 66.91
(6] 31.63 30.88 18.34 17.82
S 17.30 8.43 24.06 11.66
Na 4.07 2.77 3.67 2.48
Ca 2.62 1.02 0.82 0.32
Al 1.13 0.66 1.39 0.80

inversely proportional to resistance, the fabric coated with 5
layers of polymer requires a much lower voltage to reach the
same temperature.®*

The fabric coated with 5 layers of PEDOT:PSS + GLY needs
only 7.5 V to induce a temperature change up to 38 °C (higher
than human body core temperature), while for the 1-layer
coated fabric application of at least 24 V is necessary to reach
the same temperature. It is clear that the Joule heating perfor-
mance of the fabrics is strongly dependent on the PEDOT:PSS
layer thickness as well as the applied voltage which indicates
the controllability of the electric heating performance.®® A the
steady-state temperature was achieved in the first minute of the
10 min measurement confirming a fast response time.”® More-
over, the application of a relatively low voltage of 12 V up to 1
hour did not show any differences in temperature indicating
the good stability of the system.

These results confirm the higher safety and controllability of
the conducting polymers when compared to the reported
metal-wire systems that typically lasted between 10-20 min at
5 V before failure due to thermal degradation of the fabric
components.”” The low applied voltages necessary for Joule
heating do not pose a safety risk because the human skin
resistance is in the order of 10 kQ, much larger than that of the
conductive fabrics.

Fig. 8 shows the samples placed under an infrared camera
for evaluating the temperature distribution of the Joule heating
effect. The images represent the temperature profile after 60
min of applied electric current of 2 A at a voltage of 12 V. The

0.7
A
06
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Voltage (V)
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fabrics coated with 1 and 5 layer of PEDOT:PSS without glycerol
did not show any increment in the contact free temperature
displaying an average temperature of 19 °C in both the fabrics
(Fig. 8A and B). The addition of glycerol to the PEDOT:PSS
system increased the average temperature at the surface of the
fabric coated with 1 layer of PEDOT:PSS from 19 to 25 °C with
the appearance of hot-spot areas reaching 30 °C (Fig. 8C). When
5 layers of PEDOT:PSS + GLY were applied, the fabric reached
an average temperature of 64 °C with several areas reaching a
temperature above 80 °C (Fig. 8D). The general distribution of
temperature did not show uniform heat generation and ther-
mal conduction due to the non-uniformity of the PEDOT:PSS
layer thicknesses on the fabric resulting in variations of the
resistance.’®

Despite the need to improve the uniformity of the PED-
OT:PSS coating in the fabrics, the observed results are quite
impressive since they can be compared to the temperature
obtained in carbon nanotube composites using similar
voltages.”® The current irreversibly drops at voltages higher
than 46 and 21 V for 1 and 5 layers of doped PEDOT:PSS,
respectively. This effect can be associated both with the aging of
PEDOT at high voltages and with exfoliation (Fig. S5 in ESI}) of
the coating from the fibre due to high temperature.'® This
explanation is consistent with the fact that the drop in con-
ductivity coincides with the temperature of about 100 °C
achieved in both the fabrics before current disruption. The
oxygen in atmospheric air and the hygroscopic nature of the
polymer are probably the most important factors that promote
the irreversible structural modifications (further discussion
about the SEM and XRD results is available in the ESI}) of
the PEDOT:PSS chains hindering the conductivity of the coat-
ing (Fig. S4 and S5 in ESIf)."®! This indicates that a suitable
passivation must be provided to the PEDOT:PSS coated fabric
and that high-temperature applications should be avoided.'®*

The authors are working on the application of the developed
system as a heating element in a winter jacket. The design of
the active clothing will be able to ensure an appropriate
distribution of temperatures on the inner side of the clothing
and at the same time reduce the heat dispersion on the outer

100F B 5 9 [=
[=}
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, . . . . . . . .
10 15 20 25 30 35 40 45

Voltage (V)

Fig. 7 current versus voltage (A) and temperature versus voltage (B) applied for 10 min of the plasma treated PA66 fabric with 1 and 5 layers of deposited

PEDOT:PSS and PEDOT:PSS + 5% w/w of glycerol.
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Fig. 8 Thermalimages of the plasma treated PA66 fabric with 1 layer of PEDOT:PSS (A), 5 layers of PEDOT:PSS 5 layers (B), 1 layer of PEDOT:PSS + 5% w/
w glycerol (C), and 5 layers of PEDOT:PSS + 5% w/w glycerol (D) after 60 min of applied voltage (12 V).

side of the clothing. The conductive fabric will be encapsulated
between two different types of separators: an outer layer, that is
the material between the heater and the environment and an
inner layer that is the material between the heater and the skin.
The outer layer will be prepared using a breathable insulating
material able to reflect part of the heat generated by the
conductive fabric back to the interior of the garment. In fact,
it was reported that a two-fold increase in the thermal insulating
power of the outer layer is able to decrease the required heating
power by about 20%."* The inner layer will be composed of a
thin breathable and water resistant material in order to promote
a uniform temperature distribution and to avoid the entrance of
moisture in the system. Moreover, an additional air layer will be
provided between the inner layer and the skin in order to reduce
the temperature by radiation and convection phenomena in the
case of limited heat exchange between the layers.

Strain versus current

To evaluate the electrical current stability requirement for
practical wearable applications, PEDOT:PSS + GLY coated fabric
was tested under a tensile stress up to 250 N. Moreover,
bending and torsion deformation cycles were applied in order
to simulate the use of the heating element under real condi-
tions. The obtained results can be observed in the ESIt (Fig. S10
in ESIY). The tensile test of the fabric coated with 5 layers of
PEDOT:PSS with glycerol suggests that its electrical properties

This journal is © The Royal Society of Chemistry 2017

depend on the deformation of the textile material. With the
increase of the applied force the current follows a quasi-
hyperbolic decay. At the end of the test (250 N), the fabric lost
80% of its conductivity and displayed an elongation of about
4 mm. However, after 6 minutes the fabric was able to recover
its conductivity exhibiting 50% of the initial current. This
remarkable partial regain of current indicates that the conduc-
tive surface coating of PEDOT:PSS is not the only factor
responsible for the fabric conductivity, and suggests that the
conductive polymer is well spread into the fibre interior. This
assumption was reinforced by another test performed until
break (data not shown). The fabric partially broke at the load of
400 N and with an elongation of about 9 mm. Despite only part
of the fabric and some fibres still closed the circuit also in this
case the system was able to recover 50% of the initial current. It
is important to highlight that a load of 10 N is a generous
estimation of the maximum to be expected in a garment during
normal use.'®* Thus, it is expected that the application of this
heating element in a winter jacket will not cause significant loss
of conductivity.

The bending and torsion tests reveal similar patterns. It can
be seen from Fig. S10 (ESIt) that during the bending and
twisting cycles there is a reduction of 30% and 40% in current,
respectively. However, the system is able to completely recover
the initial current after the solicitation was removed. All these
deformation tests reveal an acceptable electromechanical
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stability and flexibility of the PEDOT:PSS coating required for
wearable conductive textiles.

Conclusions

The presented work shows the promising potential of this
technique for creating flexible heating elements in wearable
textiles with lower cost and ease of processing. The results
demonstrate that the addition of glycerol leads to a structural
reorientation of PEDOT:PSS chains, increasing the coating
stability and conductivity (100 times increase in current density)
of the blend as well decreasing the enthalpy, glass transition
temperature, crystallinity and melting point of the composite
fabric. The PEDOT:PSS + GLY strong interfacial adhesion to the
fibres, high mechanical scratching and bending stability and
also its dispersion in the bulk PA66 open up new routes for
conductive flexible composite materials, which may be better
than conventional metal electrodes. The resistivity, EIS and CV
tests indicate that both the plasma pre-treatment and the
glycerol addition induce more stability, higher resistance and
capacitive performances. Moreover, they demonstrate that the
Joule heating performance of the composite fabric is strongly
dependent on the PEDOT:PSS + GLY layer thickness (0.5 pm for
each deposited layer) as well as the applied voltage (only 7.5 V of
applied voltage is needed to induce a temperature higher than
the human body core temperature) confirming the higher safety
and controllability of the electric heating performance. The
heating element has also demonstrated its wearability being
able to maintain an acceptable degree of conductivity under
tension, bending and torsion deformations. A winter jacket
prototype with active heating is already in the development
phase. The conductive fabric will be encapsulated between an
outer heat-reflecting layer and an inner thin layer able to
provide uniform temperature distribution. However, more
research is needed to optimise the coating process with regard
to the homogeneity of the layer thickness and to the ageing of
PEDOT:PSS that reduces polymer conductivity with time.
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