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Abstract—In this letter, we present a novel approach for the fabrication of a fully printed poly(3,4
ethyldioxythiophene)poly(styrenesulfunate)-based organic electrochemical transistor (OECT) on textile substrates,
that serves as a selective cation sensor, thanks to the combination of both OECT and electrochemical impedance
spectroscopy (EIS) response. In particular, the selectivity achieved relies on discerning ion diffusion dynamics at low
frequencies during EIS measurements and coupling these with the variations in OECT response associated with ion
concentration. Unlike existing literature, our sensor is fabricated using cost-effective techniques, is planar, integrated
directly onto textiles, and operates without external gate electrodes. Employing the same device configuration for both
OECT and EIS measurements (both methods with a high coefficient of correlation R?> = 89% and R?> > 94%, respectively),
we demonstrate its efficacy by characterizing the sensor across three different concentrations of potassium chloride
and sodium chloride, establishing a comprehensive 3-D calibration space to extract the electrolyte composition in a
concentration between 1.25 and 100 mM.

Index Terms—Sensor phenomena, bioimpedance, flexible sensor, organic electrochemical transistor (OECT), PEDOT, PSS, stretchable

sensor, sweat analysis, wearable electronics.

[. INTRODUCTION

In recent years, wearable transistor-based biosensors [1], [2], offer-
ing noninvasive and continuous monitoring capabilities, have emerged
as promising device platforms in various applications, ranging from
environmental monitoring to personalized healthcare. Traditional ion
sensors rely on membrane-based systems [3], [4], which typically
complicate the fabrication process and require long conditioning
steps [S] or output signal post-processing [6], while at the same time
increasing the overall cost of fabrication. To address these challenges,
researchers have explored membrane-less sensing platforms based
on organic electrochemical transistors (OECTs) taking advantage of
their unique signal amplification and electrochemical functionalities,
thus enabling sensitive detection of a wide range of analytes based
on different ion dynamics approaches. An interesting material, which
serves as channel for OECT, is represented by poly(3,4 ethyldioxythio-
phene)poly(styrenesulfunate) PEDOT:PSS. The working principle of
a PEDOT:PSS-based OECT is based on the dedoping of the semi-
conducting channel, caused by the penetration of the cations due to
the application of a positive gate voltage [7]. The literature provides
different approaches for membrane-less ion selective OECT sensors,
either employing multiple devices configuration [8] or expensive
and not scalable manufacturing processes on rigid substrates [9].
Tseng et al. [10] introduced the concept of combining electrical
impedance spectroscopy (EIS) with OECT Vg analysis to obtain in-
formation on diffusion dynamics by analyzing low-frequency spectral
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data and thus discern ionic species without the need of a membrane.
This concept was nevertheless also shown on a rigid substrate and
with the use of an external gate electrode. These aspects prevent the
use of the device as a wearable sensor to be incorporated into smart
clothing.In this work, we propose to overcome existing limitations
in the field, by utilizing a simple and scalable fabrication solution
for the integration of PEDOT:PSS-based OECTs onto textiles, with
the final aim of allowing ion-selective sensing in smart garments.
Our approach involves printing OECTs on thermoplastic polyurethane
(TPU) that are able to provide small features and consistent electrode
spatial references [11]. To achieve selectivity, our sensing platform is
based on different ion diffusion dynamics, allowing discrimination of
target ions without additional membrane layers. This simplifies device
fabrication and operation, making it suitable for widespread adoption
in wearable technology.

II. MATERIALS AND METHODS
A. OECT Fabrication

The fabrication process flow, the schematic of the OECT, and a
picture of the real device are shown in Fig. 1. Before printing, the
TPU (Micromax Intexar TE-11 C) substrates were subjected to a
thorough cleaning process using an air gun to remove leftover particles,
followed by a preheating step at 130 °C for 30 min, which is crucial
to induce thermal stress on the substrate before subsequent printing
steps. A screen printing process was employed for the fabrication of
the gate using Ag/AgClink (LOCTITE EDAG PE409), followed by the
simultaneous printing of source, drain, and channel using a
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Fig. 1. Textile PEDOT: PSS OECT-based sensor. (a) Schematic of
the structure. (b) Printed dimensions. (c) Picture of device while being
characterized with a probe station and a parameter analyser.

PEDOT:PSS ink (5.0 wt.%, conductive screen printable ink from
Sigma, film thickness ca. 2 wum), where the quality of the alignment be-
tween subsequent layers defines the channel gate distance, nominally
1 mm. The samples were cured in oven at 120 °C for 15 min after
each printing step. Following, to integrate the TPU substrate onto the
textile Crono (AP) (TEXmarket Srl), a heat press transfer method was
employed [12], ensuring optimal conformal contact and stability. In
the final step of fabrication, the channel area was defined by applying
another layer of TPU as encapsulation.

B. Diffusion Characterization

One of the most used techniques for assessing the characteristic of
an electrochemical system is cyclic voltammetry (CV). For the mea-
surements, the PEDOT:PSS channel served as the working electrode
(with source and drain electrodes short-circuited), a platinum wire
as the counter electrode, and a Ag/AgCl electrode as the reference
electrode, to decouple undesired interference from the other printed
components. The ferricyanide/ferrocyanide ([Fe(CN)g]*~~) redox
couple is the most common reversible redox system involving one
electron transfer, which makes it an ideal redox couple for investigating
the diffusion of redox species into the PEDOT:PSS channel [13]. Here,
5 mM of Fe[(CN)g]*~"*~ in 0.1 M potassium chloride (KCI) (at 25 °C)
and applying different scan rates of 10, 20, 30, 40, 50, 60, 70, 80,
and 90 mV/s, was used to investigate the diffusion phenomena of
electroactive species in the PEDOT:PSS layer, as proposed in [14].

C. OECT Characterization

The OECT device underwent comprehensive electrical characteri-
zation through transfer characteristic measurements, in two different
electrolyte solutions, namely, KCI and sodium chloride (NaCl) in wa-
ter, each of them in three different concentrations (1, 10, and 100 mM).
The transfer characteristics were recorded sweeping the gate-source
voltage Vgs, 4 from —0.1 to 1 V, while maintaining the drain-source
voltage Vpg, constant at —0.1 V. From the transfer characteristics, the
response of the OECT to different Vgs was calculated as the variation
of the drain current Ipg from the current Ipgy at Vgs = 0.1 V, namely,
(Ips - Inso) Inso, as described in [ 15]. Specifically, the responseat a Vg
of 0.5 V was analyzed due to its significance in the device operation. At
this working point, the PEDOT:PSS in the channel remains partially
dedoped by the cations, leading to a measurable response that decreases
with increasing ion concentration.
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Fig. 2. Electrochemical behavior of PEDOT:PSS channel. CV re-
sponses in 5 mM of [Fe(CN)s]>~/#~ solution containing 0.1 M of KCI
at different scan rates (10 to 100 mV/s), as well as linear correlation
between the oxidation peak currents and the square root of the scan
rates (inset).

D. EIS Characterizazion

For the EIS measurements, sinusoidal excitation of 50 mV amplitude
was applied around the same operational point utilized for the OECT
response analysis, employing a dc voltage of —0.5 V, at logarithmically
spaced frequencies between 0.1 mHz and 10 kHz. The EIS measure-
ments were performed employing the same NaCl and KCl solutions
employed for the OECT characterization using the PEDOT:PSS as
working electrode and the Ag/AgCl electrode as counter and reference,
as in a two electrodes EIS measurement. To address the intrinsic
variability in device dimensions arising from the printing process,
the Nyquist plots obtained from EIS measurements were normalized,
with reference to minimum and maximum values. The EIS data is
typically modeled by using a Randles circuit including a Warburg
element to model the diffusion process. To avoid the complexity of
nonlinear data fitting, the resistance (RY;,), as an indicator of different
ion dynamics [10], was calculated from the intercept of the real
component of the normalized impedance plot frequencies below 1 Hz.
If ideal diffusion is considered (i.e., no double layer effects), this point
of intersection indicates the diffusion resistance of the electrolyte [16],
offering indications of both ion concentration and diffusion. Assuming
the nonideality of the system, the value of Ry, remains dependent on
the ion concentration and includes the ion-specific details associated
with diffusion constant [10].

[ll. RESULTS AND DISCUSSION

A. Diffusion Analysis

The PEDOT:PSS channel was studied in a standard redox system
performing CV to investigate which phenomena affects the mass
transfer process. In CV, the scan rate affects the kinetics of the redox
reactions and the diffusion of species to and from the electrode surface.
At higher scan rates, the diffusion layer becomes thinner [17], which
facilitates faster mass transport, allowing electroactive species to reach
the electrode surface more frequently and more quickly, resulting in
elevated currents [18]. Such phenomenon is visible in Fig. 2, where
increasing scan rates leads to higher peak currents. As shown in the
graph, a good linear proportionality between the oxidation peak current
and the square root of the scan rate is established (i.e., R? = 99.76%,
shown in the inset in Fig. 2), underlining that mass transfer is controlled
by the diffusion [19].
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Fig. 3. OECT response toward (a) different KCI concentrations, (b) different NaCl concentrations, and (c) OECT related calibration curves. Nyquist
lot toward different (d) KCI, (e) NaCl concentrations, and (f) EIS related calibration curves. Ry, indicates intercept of the real component of the

ormalized impedance plot frequencies below 1 Hz. EIS performed at logarithmically spaced frequencies between 0.1 mHz and 10 kHz.

B. OECT Response

During the “dedoping process,” due to the cations permeating in the
channel with the positive gate voltage applied, a notable decrease in
the magnitude of the drain current is visible. Consequently, an increase
in the absolute value of the response was observed. The process
reproducibility was investigated by channel resistance measurement
(Rsp = 1.67kSQ2 £ 81 ), with an increase of ca. 6% post transfer. For
both KCl and NaCl electrolyte solutions, the observed modulation in
drain current was found to be directly proportional to the concentration
of cation species present in the solution [see Fig. 3(a) and (b)].
This finding aligns with existing literature data [15], validating the
consistency of our experimental results with established trends in the
field. To asses the stability of the device, in the view of employing
them as sensors, we repeated transfer characteristic (acquired every
10 min) in 0.1 MKCI. The result shown a good stability of the device
with less than 4% changes between the previous measurements, in-
dicating the applicability of the device as a sensor. In order to work
before the saturation of the channel conductivity (estimated at Vg
= 0.85 V), the relationship between device response and electrolyte
solutions concentration at a fixed gate voltage 0.5 V was leveraged to
establish a linear fitting, serving as a calibration curve Fig. 3(c). This
calibration curve provides a quantitative framework for determining
ion concentrations based on the observed device response, down to
1.25 mM, where the calibration curves intercept.

C. EIS Analysis

Analysis of the Nyquist plot, in Fig. 3(d) and (e), at high frequencies
unveiled the expected decrease in the resistance of the electrolyte
as the ion concentration increased, consistent for both NaCl and
KCI electrolyte solutions, depicted by the decrease in diameter of
the semicircle. This observation aligns with theoretical expectations,
where a reduction in ion concentration leads to a higher resistance
within the electrolyte. Notably, also the values of Ry, extracted for
both solutions demonstrated a clear proportional relationship with the
ion concentration, as shown in Fig. 3(f), as R}, carries information
about both ion concentration diffusion. In addition to this, comparing

the extracted R¥; for the two tested analytes, the values for the same
concentration are higher in the case of NaCl solution. The relation
from the experimental data R nac1 > R, kc1 1s in accordance with the
principle of discrimination of ions based on their diffusion dynamics,
considering both the mobility of ions py,+ < pg+ at 298 K [20] and
the proportionality between diffusion D oc pu [21] and R§, oc 1/cD [16],
where c is the concentration of ions in the electrolyte.

D. 3-D Calibration Space

The calibration curves derived from the OECT response and EIS Ry,
against concentration do not intersect within the range between 1.25
and 100 mM, creating a 3-D calibration space as shown in Fig. 4(a).
In particular OECT and EIS express higher sensitivity at high and low
concentrations, respectively. This divergence highlights the distinct
sensitivities of the two methods toward electrolyte components. On
the other hand, through the combined utilization of both techniques,
it becomes feasible to discern the two ion species, as well as their
respective concentrations within an unknown electrolyte. As a numer-
ical example, the OECT response for the 0.01 mM KCI solution is
—0.75, but by using only the OECT measurement is not possible to
distinguish the ion species, since the same response can be related to a
25 mM NaCl solution. Employing the EIS indicator R}, = 0.4 related
to the 0.01 mM KCI, which in turn leads to the alternative electrolyte
compositions 0.01 mM KCl or 55 mM NaCl, it is possible to identify
only one possible electrolyte fulfilling both conditions: OECT and
EIS response. By leveraging the complementary information provided
by OECT and EIS, a comprehensive understanding of the electrolytic
composition can be attained.

IV. CONCLUSION

In this letter, we have successfully realized a wearable OECT-based
sensor directly on a textile substrate, enabling selectivity without the
employment of traditional membranes or recognition elements. Both
methods enable to achieve high coefficient of correlation R* = 89% for
OECT and above 94% for EIS, between response and concentration.
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The electrochemical characterization of the PEDOT:PSS confirms
that the mass transfer is controlled by diffusion. The device was
characterized as both an OECT and as a two terminal EIS system,
as described in Fig. 4(b) to extract the ion concentration and identify
ion species in KCl and NaCl electrolytes, based on the combination
of current response due to the PEDOT:PSS dedoping and the EIS
response at low frequency representative of ion diffusion dynamics.
The developed wearable OECT sensor on textile employed for EIS
analysis holds promise for extension to encompass a broader array of
ion species without dedicated membranes.
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