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Abstract

Poly(3,4-ethylenedioxythiophene)-polystyrene sulfonate (PEDOT-PSS) nanofiber-based materials represent
advanced solutions for application in wearable electronics due to their biocompatibility, lightweight,
permeability and improved sensitivity related to their large surface area. Since PEDOT is a conductive polymer,
the electrospinning process for manufacturing thin, flexible nonwovens made of homogeneous nanofibers is
not well-studied yet. In this research, we have investigated the fabrication and characterization of electrospun
conductive nanofibers composed of varying concentrations of PEDOT-PSS mixed with poly(ethylene oxide)
(PEO). The electrospinning technique was employed to produce these conductive nonwovens, and their
morphological properties were evaluated using scanning electron microscopy (SEM). To enhance the water
resistance of nanofibers, a thermal treatment was applied to remove excess PEO. The resulting samples
demonstrated significant improvements in water stability, whereas untreated samples dissolved in pure water
almost immediately. Electrical characterization of conductive nhonwovens was performed, revealing resistivity
in several hundreds of Ohmem. To further investigate the electrical response and electrochemical behavior of
the material when in contact with specific compounds, we conducted electric impedance spectroscopy (EIS)
and cyclic voltammetry (CV). The EIS measurements provided insights into the impedance characteristics,
while the CV analysis highlighted the occurrence of reversible faradaic reactions. Our findings suggest that the
optimized PEDOT-PSS/PEO nanofibers exhibit promising electrical and electrochemical properties, making
them suitable for applications in flexible electronics and wearable sensors. This study contributes to the
understanding of the relationship between the fabrication process, structural morphology, and functional
performance of electrospun conductive nonwovens with the potential to significantly impact the wearable
technology field.
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1. INTRODUCTION

The production of nanofibers has become a highly active area of research due to their unique properties and
broad applications in various fields such as biomedicine, energy storage, textiles and flexible electronics, and
environmental science [1—-3]. Nanofibers are characterized by their high surface area-to-volume ratio, flexibility,
and the ability to be tailored for specific applications, making them particularly versatile materials for diverse
industrial and scientific uses. Among the different techniques for nanofiber fabrication, electrospinning has
emerged as one of the most widely used and effective methods due to its scalability, versatility, and ability to
produce nanofibers with customizable properties. Electrospinning involves the application of a high-voltage
electric field to a polymer solution or melt, which causes the formation of a thin jet that elongates and solidifies
into continuous nanofibers as the solvent evaporates and the polymer solidifies [4]. These nanofibers typically
have diameters ranging from a few nanometers to several micrometers, exhibiting excellent uniformity and
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purity. The primary advantage of electrospun nanofibers lies in their high surface area-to-volume ratio, which
enhances their interaction with surrounding environments. Additionally, the properties of electrospun
nanofibers can be fine-tuned by adjusting various parameters, including polymer concentration, solvent type,
applied voltage, and collection distance [5]. The scalability and cost-effectiveness of electrospinning further
enhance its industrial viability, as the process is relatively simple yet capable of producing high-quality, uniform
nanofibers on a large scale. This has made electrospinning an attractive technique for various fields,
particularly those requiring large-scale nanofiber production.

In recent years, conductive polymers have also gained significant attention due to their combination of
electrical conductivity, mechanical flexibility, and processability [6]. These properties open up new possibilities
for the development of advanced electronic devices and energy storage systems. Among the various
conductive polymers, materials such as polyaniline, polypyrrole, and polythiophenes have been extensively
studied. However, one of the most promising conductive polymers is poly(3,4-ethylenedioxythiophene)
(PEDOT), which stands out for its exceptional conductivity, environmental stability, and ease of synthesis.
PEDOT belongs to the polythiophene family and is characterized by a 1r-conjugated structure that imparts high
electrical conductivity. The conductivity of PEDOT, measured at approximately 4380 S/cm, approaches that of
indium tin oxide, a commonly used conductive material in electronic applications [7]. Unlike many other
conductive polymers, PEDOT remains stable when exposed to air, moisture, and UV radiation, making it
particularly well-suited for applications requiring long-term durability, such as organic electronic devices and
biosensors. In addition to its stability, PEDOT’s electrical and optical properties can be finely tuned through
chemical doping and structural modifications. In recent years, PEDOT has found widespread use in a variety
of fields, including organic electronics, energy storage, biomedicine, and wearable technology [1,2,8].
PEDOT’s compatibility with flexible substrates and its biocompatibility make it an attractive candidate for
flexible electronics, implantable medical devices, and bioelectronic interfaces.

Electrospinning has proven to be a valuable technique for fabricating PEDOT nanofibers, as it allows the
production of nanofibers with high surface area-to-volume ratios, precise control over fiber diameter and
alignment, and the ability to create complex three-dimensional structures. By electrospinning PEDOT,
researchers can create bioactive interfaces with enhanced conductivity, mechanical properties, and
biocompatibility, which are critical for the development of advanced biomedical devices such as biosensors,
neural implants, and drug delivery systems. Significant advancements have been made in the fabrication of
PEDOT nanofibers, particularly in terms of improving their conductivity and mechanical properties. Early
techniques involved electrospinning insulating polymers followed by vapor-phase polymerization of PEDOT,
resulting in high conductivity and resistive heating capabilities [9]. In the 2010s, researchers introduced new
techniques such as oxidative polymerization and blending PEDOT with other polymers for solution-based
electrospinning. These methods have further enhanced the structural stability, conductivity, and flexibility of
PEDOT nanofibers [10].

In this paper, we investigate the spinnability conditions of PEDOT solutions for the fabrication of nonwoven
materials. Furthermore, we characterize the electrochemical response and stability of nanofiber-based
nonwovens for potential applications as wearable sensors and biosensors. In fact, one of the major limitations
in the production of electrospun PEDOT-based nanofibers is related to the conductive nature of PEDOT.
Therefore, being able to identify the best processing conditions for the reliable and repeatable production of
nanofibers is of upmost importance in terms of industrial adoption of these materials.

2. MATERIALS AND METHODS

PEDOT:PSS PH1000 water dispersion at 1.3% (from Heraeus) was mixed with Polyethylene oxide 600 kDa
(PEO, from Sigma Aldrich). The amounts of reagents used for the preparation of PEDOT-PEO starting
solutions are reported in Table 1.
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Table 1 Preparation of starting solutions made of PEDOT:PSS and PEO in deionized water

Volume of

ID Pigal—i:;ss Mas?rr(])gf)PEO dei\cﬁ?]:lzjgieve;ter CorFl)::EeDn?r;tio Con:tfn?ratio

i) (ml) (mM) (M)
1 10.0 0.6 0.0 23.2 91.7
2 5.0 0.6 5.0 15.5 61.1
3 5.0 0.3 0.8 20.0 79.0
4 5.0 0.3 1.6 17.6 69.4
5 2.2 0.2 6.5 5.9 38.3
6 11.0 0.6 6.0 15.0 61.5
7 7.5 0.4 0.8 211 76.0
8 6.6 0.6 9.0 9.8 64.6
9 9.0 0.3 1.0 20.9 50.0
10 4.0 04 2.0 15.5 111.0

A Linari RT Advanced electrospinner has been used for the fabrication of nonwoven samples. Using the roll-
to-roll configuration, 4 ml of PEDOT-PEO starting solution have been loaded in a plastic syringe, with a working
distance between Al foil collector and syringe needle of 15 cm. The voltage has been set to 17 kV, and the
flow rate to 0.1 ml/h. After 6 hours, the electrospinner has been stopped and the sample has been left overnight
to completely dry before characterization.

2.1. Characterization technigues

Rheological analysis was performed using an DSR500-CP-4000-plus rheometer (Lamy rheology, France). The
starting solutions were subjected to increasing and decreasing shea rate ramps from 10 to 500 s for the
evaluation of the viscosity. Images of nonwoven samples after the electrospinning fabrication have been
collected using a scanning electron microscope (Zeiss Germany). Electrochemical characterization was
performed in a naturally aerated aqueous 0.1 M sodium chloride solution (VWR, AnalaR NORMAPUR, purity
>99.5%) at room temperature. Experiments were performed using a proprietary three-electrode cell suitable
for exposing a fixed area of 1 cm2 of a sample. The cell configuration consisted of a sample connected as a
working electrode (WE), a reference electrode (RE) of Ag/AgCI (KCI 3 M), and a platinum wire as a counter
electrode (CE) in a volume of 0.250L of test solution under static conditions. The electrochemical
characterization has been carried out using a Palmsens4 potentiostat (Palmsens BV, The Netherlands).

3. RESULTS AND DISCUSSION

3.1. Solution Optimization

Figure 1a shows the results of the electrospinning tests with the PEDOT-PEO prepared starting solutions. As
can be seen, when the concentration of PEO and PEDOT is relatively low the nanofiber production is
successful, while if the concentrations are increased the spinning process fails. The spinnability region of
starting solutions is limited on the right side due to high concentrations of PEO, which causes a marked
increase of viscosity; while on top side it is limited by high concentrations of PEDOT which, being a conductive
polymer, causes the electrospinning process to fail due to the disruption of the electric field between needle
and collector. Figurelb and ¢ show the quality of obtained nanofibers, with a uniform large area and a mean
fibers diameter of 180 +40 nm. The rheological behavior of starting solution is typical pseudoplastic, with a
decrease of viscosity with increase shear rate, as shown in Figureld. Using small needle size with the same
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flow rate, therefore, is beneficial as the viscosity of the solution is reduced and the spinning process is
promoted. Therefore, the spinnability region can be extended towards the right side of the PEO concentration
recurring to smaller needles and high local fluxes, an interesting observation for increasing the output
production (and, therefore, the process yield) of PEDOT-based nanofibers in industrial environments.
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Figure 1 Characterization of the PEDOT-PEO nonwoven samples. A) spinnability as a function of PEDOT
and PEO concentrations in the starting solution. B) 250X and C) 10000X SEM images of the nonwoven
samples, SE 20 kV and WD 8 mm. D) Viscosity as a function of the shear rate for solution number 4 in

Table 1.

3.2. Electrochemical Characterization

Cyclic voltammetry is a widely used technique for studying the charge/discharge process of PEDOT by
measuring the current as a function of applied potential at a fixed scan rate (mV-s™). Throughout the repeated
charge/discharge process, the nonwoven material undergoes physical changes, such as swelling, shrinkage,
and cracking, due to the reaction of charge carriers with the conductive polymer. The ability to maintain its
mechanical integrity and preserve the cyclic voltammetry profile (Figure 2a) without degradation over
successive testing indicates the durability of the material during measurements in aqueous media, for example
for sensing applications.
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Figure 2 A) Cyclic voltammetry at different scan rate and B) linear trend of the absolute value of main current
peaks

In a cyclic voltammetry experiment, the presence of symmetric peaks in the oxidizing and reducing regimes
suggested the occurrence of reversible electrochemical reactions. By plotting the intensity of the main current
peak as a function of the potential scan rate (Figure 2b) a linear relationship has been obtained, indicating the
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presence of a surface-controlled process, rather than a diffusion-controlled one. This behavior is characteristic
of a reaction where the redox species are adsorbed on the electrode surface rather than being freely diffusing
in the bulk solution. In fact, when a redox species is adsorbed on the electrode surface, the number of available
molecules for electron transfer is constant and does not depend on their diffusion from the solution to the
electrode. In this case, the peak current is proportional to the scan rate, as the faster the scan rate, the more
electrons are transferred per unit time. The observed linear relationship between peak current and scan rate
indicates that the rate-limiting process is electron transfer at the electrode surface or adsorption/desorption of
the species. Since the redox species are adsorbed, the process does not rely on diffusion from the bulk
solution, and the current increases directly with the rate of potential change (scan rate). This is consistent with
the very nature of nonwoven samples: nanofibers display a large surface-to-volume ratio, meaning that
conducting species can easily move within the materials structure and interact at the surface of nanofibers,
therefore diffusion does not represent the limiting step in the process.

4, CONCLUSION

The electrospinning experimental campaign revealed that successful nanofiber production occurs at lower
concentrations of PEO and PEDOT, while higher concentrations hinder the process due to increased viscosity
and disruption of the electric field. The obtained nanofibers showed uniformity with an average diameter of 180
1+ 40 nm, and the starting solution exhibited pseudoplastic behavior, with viscosity decreasing as shear rate
increased. By using smaller needle sizes and higher local fluxes, the spinnability region can be extended,
offering a promising approach to enhance PEDOT-based nanofiber production for industrial applications.
Furthermore, CV is a valuable tool for assessing both the mechanical and electrical stability of PEDOT
nonwoven samples, making it particularly useful in evaluating the long-term performance and durability of
nonwovens. The observed linear trend in peak current as a function of scan rate indicates that the cyclic
voltammetry experiment is based on a surface-confined redox process, where the limiting process is electron
transfer of the adsorbed species, not diffusion from the bulk solution. These findings indicate the PEDOT-
based nonwoven samples are viable materials for the development of biological sensors and wearable
electronics.

ACKNOWLEDGEMENTS

Funded by the European Union—NextGenerationEU and by the Ministry of University and Research
(MUR), National Recovery and Resilience Plan (NRRP), Mission 4, Component 2, Investment 1.5,
project “RAISE—Robotics and Al for Socio-economic Empowerment” (ECS00000035). E.A. Slejko, G.
Carraro, and M. Smerieri are part of RAISE Innovation Ecosystem. We also acknowledge financial
support under the National Recovery and Resilience Plan (NRRP), Mission 4, Component 2, funded
by the European Union — NextGenerationEU - Project Title “SMART non-woven fabrics for
multifUnctional wearable haPtic devices (SMART_UP)” - CUP B53D23008810006.

REFERENCES

[1] Y1, H.; PATEL, R.; PATEL, K.D.; BOUCHARD, L.S.; JHA, A.; PERRIMAN, A.W.; PATEL, M. Conducting Polymer-
Based Scaffolds for Neuronal Tissue Engineering. Journal of Materials Chemistry B. 2023, vol. 11, pp. 11006—
11023. Available from: https://doi.org/10.1039/d3tb01838e.

[2] SEITI, M.; GIURI, A.; CORCIONE, C.E.; FERRARIS, E. Advancements in Tailoring PEDOT: PSS Properties for
Bioelectronic Applications: A Comprehensive Review. Biomaterials Advances. 2023, vol. 154, pp. 213655.

[3] KEIROUZ, A.; WANG, Z.; REDDY, V.S.; NAGY, Z.K.; VASS, P.; BUZGO, M.; RAMAKRISHNA, S.; RADACSI, N.
The History of Electrospinning: Past, Present, and Future Developments. Advanced Materials Technologies.
2023, vol. 8, pp. 2201723. Available from: https://doi.org/10.1002/admt.202201723.



https://doi.org/10.1039/d3tb01838e
https://doi.org/10.1002/admt.202201723

2024
NAN OCON® October 16 - 18, 2024, Brno, Czech Republic, EU

[4]

[5]

[6]

[7]

(8]

(9]

[10]

LONG, Y.-Z.; YAN, X.; WANG, X.-X.; ZHANG, J.; YU, M. Electrospinning: Nanofabrication and Applications.
Norwich: William Andrew Publishing, 2019.

VERPOORTEN, E.; MASSAGLIA, G.; CIARDELLI, G.; PIRRI, C.F.; QUAGLIO, M. Design and Optimization of
Piezoresistive PEO/PEDOT:PSS Electrospun Nanofibers for Wearable Flex Sensors. Nanomaterials. 2020, vol.
10, pp. 2166. Available from: https://doi.org/10.3390/nan010112166.

SLEJKO, E.A.; CARRARO, G.; HUANG, X.; SMERIERI, M. Advances in the Fabrication, Properties, and
Applications of Electrospun PEDOT-Based Conductive Nanofibers. Polymers. 2024, vol. 16, pp. 2514. Available
from: https://doi.org/10.3390/polym16172514.

KIM, N.; KEE, S.; LEE, S.H.; LEE, B.H.; KAHNG, Y.H.; JO, Y.; KIM, B.; LEE, K. Transparent Electrodes: Highly
Conductive PEDOT:PSS Nanofibrils Induced by Solution-Processed Crystallization. Advanced Materials 2014,
vol. 26, pp. 2109-2109. Available from: https://doi.org/10.1002/adma.201470088.

BABAIE, A.; BAKHSHANDEH, B.; ABEDI, A.; MOHAMMADNEJAD, J.; SHABANI, I.; ARDESHIRYLAJIMI, A,;
MOOSAVI, S.R.; AMINI, J.; TAYEBI, L. Synergistic Effects of Conductive PVA/PEDOT Electrospun Scaffolds and
Electrical Stimulation for More Effective Neural Tissue Engineering. European Polymer Journal. 2020, vol. 140,
pp. 110051. Available from: https://doi.org/10.1016/j.eurpolymj.2020.110051.

LAFORGUE, A.; ROBITAILLE, L. Production of Conductive PEDOT Nanofibers by the Combination of
Electrospinning and Vapor-Phase Polymerization. Macromolecules. 2010, vol. 43, pp. 4194-4200.

PARK, H.; LEE, S.J.; KIM, S.; RYU, HW.; LEE, S.H.; CHOI, H.H.; CHEONG, |.W.; KIM, J.-H. Conducting
Polymer Nanofiber Mats via Combination of Electrospinning and Oxidative Polymerization. Polymer. 2013, vol.
54, pp. 4155-4160. Available from: https://doi.org/10.1016/].polymer.2013.05.072.



https://doi.org/10.3390/nano10112166
https://doi.org/10.3390/polym16172514
https://doi.org/10.1002/adma.201470088
https://doi.org/10.1016/j.eurpolymj.2020.110051
https://doi.org/10.1016/j.polymer.2013.05.072

