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Abstract

In this study, effect of PEDOT:PSS content on structure and properties of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/poly(vinyl alcohol)
(PVA) composite conducting fiber was systematically investigated for the first time.
PEDOT:PSS/PVA composite conducting fibers with various PEDOT:PSS load-
ings were successfully fabricated via wet-spinning technique. Correlation between
PEDOT:PSS loading and performance of composite fibers was investigated by ana-
lyzing changes in chemical constitution, morphology, thermal property, conductiv-
ity, and tensile property of composite fibers. Formation of hydrogen bonding inter-
actions was observed between PVA matrix and PEDOT:PSS conducting filler, and
the interaction was enhanced with increasing PEDOT:PSS loading. As PEDOT:PSS
loading increased in composite fiber, fiber conductivity increased monotonically,
and surface morphology of composite fibers became regularly circular. Young’s
modulus and tensile strength of composite fibers also increased with increasing
PEDOT:PSS loading, while elongation at break decreased. In addition, thermal sta-
bility of composite fibers improved with increasing PEDOT:PSS loading.
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Introduction

Development of conducting polymer fibers based on conjugated polymers has
played an important role in the realization of flexible electronic devices and smart
electronic textiles [1]. They have been widely studied due to their inherent elec-
trical conductivity, electrochromic property, [2] charge storage capabilities [3],
and excellent processibility to be fabricated by wet-spinning technique. These
properties provide for a wide range of utility in applications such as flexible dis-
play devices [2], energy-storage electrodes [4], and electrochemical actuators [5]
which could be potentially integrated as flexible smart components of multifunc-
tional textiles [3].

Various conjugated polymers have been successfully produced into fibers such
as polyaniline, polypyrrole, and polythiophene. Polyaniline fiber stands out for
its high conductivity and ability to be easily processed with relatively low cost
[6, 7]. However, it needs an acid environment to retain high conductivity [8],
and the presence of benzidine moieties in polymer chain might yield toxic and
carcinogenic products during degradation [6, 9], which limited its development.
Polypyrrole and polythiophene are more environmentally friendly and biocom-
patible, being suitable and potential for various utility of applications, though dis-
advantages of being insoluble and infusible made it difficult for bulk production.
Therefore, researchers made unremitting efforts to develop various polythiophene
derivatives to overcome these problems.

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), as one
of the most commercially successful polythiophene derivatives, featuring high con-
ductivity, superior thermal and environmental stability, especially excellent processi-
bility from aqueous dispersions, has been widely used in many fields [10, 11]. It has
been successfully spun into microfibers from its aqueous solution by wet-spinning
technique. PEDOT:PSS fibers are favored by many researchers due to their advan-
tages over films. Okuzaki et al. [12] reported successful preparation of PEDOT:PSS
fiber and improved fiber conductivity by EG dipping method. Jalili et al. [3] reported
that continuous PEDOT:PSS fiber with high electrical conductivity was successfully
fabricated with a simple one-step wet-spinning technique. Although PEDOT:PSS
fibers have high conductivity, their poor mechanical property due to inherent stiff-
ness and brittleness resulted from high modulus usually caused failure in weaving
process. Thereby, it is intensively required that some other organic polymers such
as polyvinyl alcohol (PVA), polyurethane (PU), and polyacrylonitrile (PAN) be
blended with PEDOT:PSS to improve mechanical property of PEDOT:PSS fibers
simultaneously to reduce preparation cost for broader applications.

As PVA is water soluble and the spinning process is relatively simple and envi-
ronmentally friendly, we choose PVA to blend with PEDOT:PSS for preparing
composite fiber that is expected to have good mechanical property. As far as I
know, there has no article reported about study on the effect of PEDOT:PSS load-
ing on structure and properties of PEDOT:PSS/PVA composite fibers.

Therefore, in this study, we systematically investigated for the first time the
effect of PEDOT:PSS loading on structure and properties of PEDOT:PSS/PVA
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composite fibers. We demonstrated an environmentally friendly method to pre-
pare continuous PEDOT:PSS/PVA microfibers with good mechanical properties
simultaneously ensuring relatively high conductivity by wet-spinning technique.
This preparation process could be scaled up to industrial production. And then
we systematically investigated the correlation between PEDOT:PSS loading
and structure and properties of PEDOT:PSS/PVA composite fibers by analyzing
changes in chemical structure, morphology, thermal property, electrical conduc-
tivity, and tensile property.

Experimental
Materials

PEDOT:PSS aqueous solution(Clevios P) was purchased from HC Starck, Inc. The
99.9% hydrolyzed PVA (DP=3500) samples were provided by Kuraray Co. Ltd,
Tokyo, Japan. Water used in the system was distilled water. All reagents used in the
experiment were of analytically pure grade.

Preparation of composite spinning formulations

PVA was dissolved into distilled water to prepare PVA solution with a concentra-
tion of 100 mg mL~!. PEDOT:PSS dispersions were mixed with PVA solution at
various volume fractions to obtain composite spinning formulations with different
PEDOT:PSS loadings which varied from 0 to 15 mg mL™" (specific composite spin-
ning formulations are shown in Table 1). Mixed spinning formulations were then
homogenized at 3000 rpm (Wiggens WB3000-D) for 6 h at a constant temperature
of 90 °C (IKA) to prepare homogeneous spinning formulations for subsequent wet-
spinning process.

Preparation of composite fibers with various PEDOT:PSS loadings

Spinning formulations were injected into the syringe and then extruded into methyl
alcohol coagulation bath through the needle (20 gauge) with a blunt tip. The

Table 1 PVA/PEDOT:PSS Sample No. PVA (mgmL~') PEDOT:PSS  PEDOT:PSS

corm?f)site spinning formulations (mg mL~") content (wt%)
at different PEDOT:PSS
contents 1 100 0 0

2 100 2 1.96

3 100 3 291

4 100 5 4.76

5 100 10 9.09

6 100 15 13.04
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Wet-spun fibers

Spinning formulation

Coagulation bath

Fig. 1 Schematic of wet-spinning apparatus

schematic of the wet-spinning apparatus used in this study is shown in Fig. 1. Extru-
sion process was carried out using a syringe pump (KD Scientific) exploring flow
rate of 3.6 mL h™!. Composite fibers that came out of coagulation bath were then
collected onto a heated winding spool at 60 °C for drying. Linear speed of the wind-
ing spool was set at 0.9 m min~'. Thus, six groups of composite fibers with different
PEDOT:PSS loadings were successfully prepared. Drying fiber samples were then
used for tests and characterizations.

Characterization

Chemical structures and constitutions of composite fiber were characterized using
FT-IR spectrometer (Nicolet iS 10, Thermo Fisher Scientific) in the frequency range
of 500-4000 cm~!. Surface morphology of composite fiber was observed using
scanning electron microscope (SU1510, Hitachi, Japan). Mean value of fiber diam-
eter was calculated using ImagelJ analysis software with at least ten points taken on
each fiber. Melting behavior and degree of crystallization of composite fiber were
measured using differential scanning calorimeter (Q200, TA Instruments, USA).
Samples were heated from 30 to 220 °C at a heating rate of 5 °C/min under nitro-
gen atmosphere. Mechanical stability of composite fibers under dynamic force at
rising temperatures was characterized by dynamic mechanical analyzer (Q800, TA
Instruments, USA) in the tension mode at a frequency of 1 Hz and in the tempera-
ture range from 20 to 150 °C at a heating rate of 3 °C min~!. Thermogravimetric
analysis (TGA) and differential thermogravimetric analysis (DTG) were performed
using a TGA analyzer (Q500, TA Instruments, USA) in the temperature range of
40-800 °C at a heating rate of 10 °C min~' to evaluate thermal stability of compos-
ite fibers. Electrical resistance of composite fiber was measured at room temperature
using a high resistance meter (Keithley 6517B, Tektronix Company). Electrodes
on fiber were made by connecting a gold thread to fiber surface with silver epoxy.
The distance between two contacts was 10 mm. For each sample, ten different seg-
ments with same length in a roll of fibers were randomly taken and conductivities
were separately measured under same environmental condition. Tensile property of
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composite fibers was measured using a tensile testing instrument (EZ-LX, Shimadzu
Corporation, Japan) at a constant strain rate of 10% min~'. Samples were fixed on
paper cards (20 mm length window) with adhesive tape. Young’s modulus, yield
stress, tensile strength, and elongation at break were measured with mean value and
standard deviations averaged from 10 tests.

Results and discussion
FT-IR spectra analysis

Effect of PEDOT:PSS loading on chemical structure of composite fibers and
bonding interaction between PEDOT:PSS and PVA were characterized using
FT-IR spectra. Figure 2 shows FT-IR spectra of pure PVA, pure PEDOT:PSS,
and PEDOT:PSS/PVA composite fibers with various PEDOT:PSS loadings.
In the spectrum of pure PVA, a broad band at 3300 cm~! corresponds to O-H
stretching band of hydroxyl group; peak at 2931 cm™! is ascribed to C—H sym-
metrical stretching vibration. Peaks at 1421, 1327, and 1092 cm~! are assigned
to CH-OH bending vibration, C-H in-plane bending vibration, and C-O stretch-
ing vibration, respectively [13, 14]. Peaks at 917 and 842 cm™' are related to
skeletal stretching vibration of carbon chains [15, 16]. In the spectrum of
pure PEDOT:PSS, absorption band at around 2100 cm™' between 2300 and
1900 cm™" is due to the vibration of CO, molecules [17-19]. Peak at 1640 cm™"
is attributed to stretching vibrations of C=C bonds from aromatic rings of PSS
[20]. Peaks at 1495 and 1271 cm™! are assigned to C=C and C-C stretching of
quinoid structure originated from thiophene ring [21, 22]. Peaks at 1162 and
1122 cm™! are corresponding to symmetrical vibration of sulfonic acid group in
PSS [20, 23]. Peaks at 1063 and 1040 are attributed to C—O—C bond stretching
vibration [24]. And peaks at 947, 863, and 715 cm~! are related to C—S bond
vibration of thiophene ring in PEDOT [20, 21, 23, 24]. Characteristic peaks

Fig.2 FT-IR spectra of
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Scheme 1 Schematic of interactions between PVA and PEDOT:PSS in PEDOT:PSS/PVA composite
fiber
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Fig. 3 a Storage modulus and b tan § versus temperature curves of PVA/PEDOT:PSS composite fibers at
various PEDOT:PSS loadings

of both PVA and PEDOT:PSS are observed from spectra of PVA/PEDOT:PSS
composite fibers, indicating successful synthesis of composite fibers. More
importantly, it was observed from spectra of composite fibers that the hydroxyl
peaks shifted to smaller wave numbers and peak intensity gradually became
stronger with increasing PEDOT:PSS loading. This indicated that the hydroxyl
groups of PVA interacted with oxygen-containing functional groups (SO; H™)
of PEDOT:PSS through hydrogen bonding as illustrated in Scheme 1 [25,
26]. Formation of hydrogen bonding interaction will lead to better miscibility
between two components [25] and lead to improvement in fiber properties.
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DMA analysis

DMA measurement was carried out to investigate mechanical stability of composite
fibers under dynamic force at rising temperatures. Figure 3 shows storage modulus
(E') and tan 6 of composite fibers at different PEDOT:PSS loadings. It was clearly
observed that storage moduli of composite fibers were higher than those of pure
PVA fiber. Storage modulus of composite fiber with 1.96 wt% PEDOT:PSS load-
ing was enhanced by around 15% compared to pure PVA fiber. And storage modu-
lus of composite fibers increased with increasing PEDOT:PSS loading. Addition of
13.04 wt% PEDOT:PSS enhanced E’ by 344% compared to pure PVA fiber. These
observations indicated that addition of PEDOT:PSS significantly reinforced the
plasticity of pure PVA. Unlike storage modulus, tan o,,,, gradually decreased with
increasing PEDOT:PSS loading. Decrease in peak value of tan é was attributed to
enhanced stiffness of composite fibers resulted from addition of PEDOT:PSS intro-
ducing hard segments into polymer chains of composite fibers. Also, it could be
observed from tan § versus temperature curve that the tan 6 peak shifted to higher
temperature region with increasing PEDOT:PSS loading, indicating increase in
glass transition temperature (Tg) [26, 27]. This was because the chemical bonding
interactions between hydroxyl groups of PVA and oxygen-containing functional
groups of PEDOT:PSS restricted mobility of macromolecular chains of composite
fibers and thus improved the 7, value.

DSC analysis

Effect of PEDOT:PSS loading on thermal property of PEDOT:PSS/PVA compos-
ite fiber was characterized by DSC measurement. Figure 4 shows DSC plots of
PEDOT:PSS/PVA composite fibers at different PEDOT:PSS loadings. From Fig. 4,
glass transition temperature (7,) of pure PVA fiber was observed at 72.21 °C, which
gradually increased and reached 78.83 °C for 13.04 wt% PEDOT:PSS loading. Vari-
ation tendency in 7, values was consistent with that in DMA analysis, indicating

Fig.4 DSC curves of
PEDOT:PSS/PVA composite
fibers with various PEDOT:PSS
loadings
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Table 2 Glass transition
temperature (7,), melting
enthalpy (AH,,), and
crystallinity (y.) of PVA/

Sample No. PEDOT:PSS T‘g °C) AH, J g_l) Xe (%)
content (wt %)

. 1 0 72.21 58.20 42.00

PEDOT:PSS composite fibers at
different PEDOT:PSS contents 2 1.96 73.62 59.21 42.72
3 291 75.70 62.32 44.96
4 4.76 76.74 63.24 45.62
5 9.09 77.91 61.26 44.20
6 13.04 78.83 61.92 44.68

that PVA chains were stiffened by the hydrogen bonding interactions due to increas-
ing PEDOT:PSS loading [25]. Melting enthalpy (AH,,) calculated from area under
melting peak and corresponding crystallinity (y,) calculated on the basis of the fol-
lowing equation are tabulated in Table 2.

X. = AH,,/AH,, 1)

where AH, is standard melting enthalpy of pure PVA (138.6 J ¢~') [28]. From
Table 2, no obvious change was observed in crystallinity of composite fibers com-
pared to that of pure PVA fiber, indicating that addition of PEDOT:PSS did not
influence crystallinity of PEDOT:PSS/PVA composite fibers.

TGA analysis

Thermal stabilities of composite fibers at different PEDOT:PSS loadings were char-
acterized by TGA analysis. Figure 5 shows thermogravimetric (TGA) and differen-
tial thermogravimetric (DTG) plots of composite fibers. It was observed from TGA
plots that all composite fibers revealed three weight loss regions. The first region,
from 60 to 150 °C, was due to evaporation of bound water; the second region, from
200 to 350 °C, was attributed to degradation of side chains of PVA; the third region,
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Fig.5 a TGA and b DTG plots of PEDOT:PSS/PVA composite fibers with various PEDOT:PSS load-
ings
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from 370 to 470 °C, was caused by decomposition of C—C backbone of PVA [43].
With increase in PEDOT:PSS loading, total weight loss decreased from 96.5% (for
pure PVA fiber) to 88.0% (for PVA/PEDOT:PSS composite fiber with 13.04 wt%
PEDOT:PSS loading). Degradation peaks of composite fibers became less intense
and shifted to higher temperatures as PEDOT:PSS loading increased, indicating that
thermal stability of composite fibers was enhanced. From DTG plots, we determined
that peak decomposition temperature increased from 438 °C (for pure PVA fiber) to
457 °C (for PVA/PEDOT:PSS composite fiber with 13.04 wt% PEDOT:PSS load-
ing), indicating that hydrogen bonding interactions led to enhancement in intermo-
lecular forces between PEDOT:PSS and PVA, thus enhancing thermal stability of
composite fibers. Moreover, area under major degradation peak was measured less
for all PEDOT:PSS/PVA composite fibers than that for pure PVA fiber. These obser-
vations revealed that increase in PEDOT:PSS loading significantly improved ther-
mal stability of PEDOT:PSS/PVA composite fibers.

Electrical conductivity

Change in conducting filler content will significantly influence electrical conductiv-
ity of composite fiber. Therefore, effect of PEDOT:PSS loading on electrical con-
ductivity of PEDOT:PSS/PVA composite fibers was investigated as shown in Fig. 6.
It was observed that beginning of conductivity occurred at 2.91 wt% PEDOT:PSS
loading, with conductivity of 0.41 S cm~!. Above this loading, conductivity
increased monotonically with PEDOT:PSS loading and reached 11.32 S cm™' at
13.04 wt% PEDOT:PSS loading. Changes in electrical conductivity indicated that
there existed a minimum content of conducting filler to form a continuous conduct-
ing path inside an insulating matrix [29]. When filler loading is below percolation
threshold, no conducting path is formed and charge carrier transport cannot be
realized [29]. By increasing filler content, distance between filler particles can be
reduced and when the distance is below a certain threshold, charge carrier transport
will occur via tunneling or hopping between neighboring filler particles [29-31].
Continuously increasing filler content will bring contact between filler particles

Fig. 6 Electrical conductivity 16f
of PEDOT:PSS/PVA composite
fibers at different PEDOT:PSS
loadings ~ 12k =213 (4- 0.024)"”
2 \
@
%2
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z 8
z
=
@
S 4f
=
S
©
o}
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and therefore create conducting paths, improving conductivity. On the other hand,
hydrogen bonding interactions between PVA and PEDOT:PSS are favorable for
charge carrier transport due to reducing charge migration barrier [32], thus improv-
ing electrical conductivity of composite fiber. In addition, our experimental data fit
well with the following equation:

o =o0y(p— ), )

where o is conductivity of composite fibers; ¢, is proportionality coefficient; ¢ is
volume fraction for each PEDOT:PSS loading; ¢, is percolation threshold; and t
is critical exponent [30]. We estimated volume fraction (¢) for each PEDOT:PSS
loading on the basis of assumption that densities of both PVA and PEDOT:PSS
are 1.2 g cm™ [33]. According to Eq. 2, a percolation threshold of 2.40 wt% (cor-
responding to ¢.=0.024) PEDOT:PSS loading was derived from the fit which is
consistent with experimental PEDOT:PSS loading for beginning of conductivity
(2.91 wt%) [29]. Valuation method for ¢, was referred to Seyedin et al. [29]. The
t value was estimated to be 1.33 according to theoretical value for two-dimensional
networks [30, 34]. And proportionality coefficient (5,) was found to be 213 S cm™"
in our case. This value was comparable to conductivity of pure PEDOT:PSS fiber,
indicating that PEDOT:PSS conducting filler dispersed homogenously in PVA
matrix [29].

Fiber morphology

SEM images of PEDOT:PSS/PVA composite fibers are shown in Fig. 7 to investi-
gate the effect of PEDOT:PSS loading on surface morphology of composite fibers.
It was observed that fiber morphology changed from an irregular shape to a regu-
larly circular shape with increasing PEDOT:PSS loading. Composite fiber got a cir-
cular shape when PEDOT:PSS loading reached 13.04 wt%. Morphological changes
were attributed to difference in mass transfer rate resulted from various spinning

©

Fig.7 SEM images of PEDOT:PSS/PVA composite fibers with various PEDOT:PSS loadings
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formulation compositions [29, 35]. In wet-spinning process, fibers tend to have
irregular shape when the diffusion rate of coagulating solvent (into the spinning for-
mulation) is not equivalent to the extraction rate of spinning formulation (into the
coagulation bath) [29]. This process is the so-called mass transfer rate difference.
Increase in PEDOT:PSS loading gradually changed mass transfer rate differences
and facilitated formation of circular shape of composite fiber. In other words, phase
transformation from viscous spinning formulation to solid fiber occurred at different
rates for different PEDOT:PSS loadings. In the case of pure PVA wet spinning, fiber
formed with solid skin and viscous core. Solid skin tended to collapse into irregu-
lar shape when remaining solvent continuously extracted. However, when increased
PEDOT:PSS loading in spinning formulation, coagulation rate gradually became
slower and facilitated fiber formation with a thinner skin which was favorable for
maintaining relative circular shape of fiber.

Tensile property

Tensile test was carried out to investigate the effect of PEDOT:PSS loading on ten-
sile properties of composite fibers, and results are shown in Fig. 8. It was observed
that Young’s modulus and tensile strength of composite fibers increased with
PEDOT:PSS loading, while elongation at break decreased.

Young’s modulus of composite fibers increased exponentially with PEDOT:PSS
loading from 2.95 GPa (pure PVA fiber) to 12.25 GPa (composite fiber with
13.04 wt% PEDOT:PSS loading). Increase in Young’s modulus was due to the addi-
tion of PEDOT:PSS, which introduced hard segments into composite fibers. Poly-
mer chain structure of PVA is soft C—C polymer backbones including hydroxyl
groups in side chains [36], while polymer backbone of PEDOT:PSS is continuously
connected stiff thiophene ring. Addition of PEDOT:PSS introduced hard segments
into composite fibers, therefore enhancing Young’s modulus of composite fibers,
which had also been proved by DMA analysis previously. Experimental value of
Young’s modulus matched up well with the Mooney’s equation [37-41], as shown
below:

kg

E = E,x %), 3)

where E is the Young’s modulus of composite; ¢ is volume fraction of fillers; E
is Young’s modulus of polymer matrix; kg is Einstein coefficient; and s represents
crowding factor [29, 38]. In our case, the s value was calculated by fitting experi-
mental modulus value with Eq. 3, in which Ep was 2.95 GPa for pure PVA fiber.
Fitted s value was found to be 1.70, indicating that PEDOT:PSS filler particles uni-
formly dispersed within PVA matrix [38]. And kg has also been calculated to be
7.61 for non-spherical fillers (PEDOT:PSS in our case) which have an aspect ratio
of 6.35 [42].

Besides Young’s modulus, tensile strength of composite fiber was also observed
increased with PEDOT:PSS loading. Addition of PEDOT:PSS induced formation
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Fig.8 Tensile properties of
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of hydrogen bonding interactions between oxygen-containing functional groups
of PEDOT:PSS and hydroxyl groups of PVA. This interaction enhanced intermo-
lecular forces between two components and led to better miscibility between two
components, favorable for reducing structural defects of composite fibers, and
finally improved tensile strength of composite fibers. On the other hand, increasing
PEDOT:PSS loading facilitated fiber formation with regularly circular shape. This
uniform structure can dissipate tensile loadings better than irregular shape, therefore
enhancing tensile strength of composite fibers.

Unlike Young’s modulus and tensile strength, elongation at break was observed
to decrease with PEDOT:PSS loading. Addition of PEDOT:PSS introduced rigid
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segments into composite fibers, which disrupted extension of soft segments in PVA
at high elongation, and therefore resulted in earlier breakage of composite fibers.

Conclusions

In conclusion, this work systematically investigated the effect of PEDOT:PSS load-
ing on structure and properties of PEDOT:PSS/PVA composite fibers. Addition
of PEDOT:PSS induced hydrogen bonding interactions between PEDOT:PSS and
PVA, and this interaction was enhanced with increasing PEDOT:PSS loading. Elec-
trical conductivity of composite fibers increased monotonically with PEDOT:PSS
loading. The Young’s modulus of composite fibers increased with PEDOT:PSS
loading due to introduction of hard segments into macromolecular chains. Tensile
strength of composite fibers was also improved due to increasing hydrogen bonding
interactions between PEDOT:PSS and PVA. Increase in PEDOT:PSS loading also
influenced the mass transfer rate difference and therefore facilitated formation of cir-
cular shape and smooth surface of composite fibers. Thermal stabilities of compos-
ite fibers were also improved as PEDOT:PSS loading increased.
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