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Organic Mixed Ionic Electronic Conductor Nanochannels
for Vertical Electrochemical and Ionic Transistors

Chenhong Zhang, Lorenzo Margotti, Francesco Decataldo, Alberto Piccioni,
Hongzhi Wang, Beatrice Fraboni, Yaogang Li,* and Tobias Cramer*

Thin films of organic mixed ionic electronic conductors (OMIECs) constitute
the functional layer in organic electrochemical transistors (OECTs), organic
bioelectronic transducers and other ionic-electronic devices. The thin-film
configuration constrains devices to be fabricated on impermeable substrates
in the form of 2D microstructures with lateral electrodes to drive an electronic
current through the thin film. In order to alleviate such constraints, novel
OMIEC deposition methods are needed that produce alternatives to thin-film
devices and that are compatible with permeable substrates and electronic
transport in the vertical direction. Here OMIECs filled nanoporous
membranes are introduced as functional layer in devices with mixed ionic
electronic transport. Electropolymerization of ethylenedioxythiophene (EDOT)
monomers is used to fabricate OMIEC filled nanochannels. Electronic and
ionic transport through such nanochannels are investigated and modulation
of electronic as well as ionic carrier density by action of a third gate electrode
is demonstrated. The novel OMIEC nanochannels enable the fabrication of
vertical OECTs with high transconductance and organic ionic transistors
using only additive fabrication methods.

1. Introduction

Microelectronic devices and circuits that integrate ionic and elec-
tronic current transport[1] are currently at the focus of research
due to their relevance for bioelectronic sensors and actuators[2]
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and high transconductance transistors.[3]

A widely studied example are organic
electrochemical transistors (OECTs)[4]

that rely on a thin film of organic
mixed ionic and electronic conductor
(OMIEC) such as the polymer poly(3,4-
ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS). The thin film
constitutes the so-called transistor chan-
nel and is in contact with an ionically
conducting electrolyte forming the tran-
sistor gate. Changes in gate potential
caused by externally applied voltage,
ionic currents or electrochemical Nernst
potentials, alter the OMIEC electronic
carrier concentration and hence also the
OECT channel conductivity. Accordingly,
OECTs work as an amplifier as small
ionic or electrochemical signals in the
gate can cause a large electronic current
response in the transistor channel.[5,6]

Optimized OECT response depends on
the properties of the OMIEC channel

material (electronic and ionic mobility, volumetric capacitance)
and the OECT device geometry.[7] State-of-the-art performance
with high transconductance and fast response is obtained in
thin-film devices with micrometric channel dimensions.[8] How-
ever, such a thin-film device configuration has some drawbacks.
First, it relies on micrometric patterning by photolithography that
is difficult to integrate with low-cost printing based fabrication
techniques. Second, it requires impermeable substrates for the
OMIEC thin film deposition and generally imposes a 2D geome-
try to OECT devices. To overcome these limitations and to provide
novel perspectives for OECTs, alternative fabrication techniques
and channel geometries such as vertical transistor designs[9] are
needed. The goal is to achieve micrometric OMIEC based tran-
sistor channels with sustainable additive fabrication methods.

Electropolymerization is a well-established additive technique
to deposit thin films of OMIECs from solutions containing
conjugated monomers such as ethylenedioxythiophene (EDOT)
or polypyrrol (Py) and anions that enter the growing film as
dopants.[10] The polymerization is driven by charge transfer from
a metallic electrode allowing electrical control on the position
and the amount of deposited polymer.[11] Electropolymeriza-
tion has been exploited to fabricate the channel of macroscopic
OECTs in planar[12] and recently also in vertical devices.[13,14]

The technique is chemically versatile allowing for the incorpo-
ration of different doping anions[15] or selective binding sites
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Figure 1. Concept of OMIEC nanochannel devices with electronic and ionic transport. a) Electronic transport in a vertical electrochemical transistor
with open (VG = 0 V) and closed (VG < 0 V) nanochannel. The source-drain current Ih

+ relies on electronic hole carriers in the OMIEC channel. b) Ionic
transport in a vertical ionic nanochannel transistor with gate-dependent ionic conductivity. Source and drain electrodes are salt bridges and permit only
ionic source-drain currents INa

+.

in biosensors.[16] During electropolymerization, OMIEC films
grow along the monomer concentration gradient which makes
it difficult to obtain thin, high-performance OECT channels
covering a dielectric substrate. Directed growth during elec-
tropolymerization was demonstrated with bipolar deposition
techniques[17] or by template-based growth in confined geome-
tries such as nanoporous aluminum oxide to yield conducting
polymer nanotubes.[18,19]

Here we exploit electropolymerization to introduce a novel
OECT channel geometry that provides an alternative to the thin
film approach. We fabricate OMIEC nanochannels by EDOT elec-
tropolymerization into a nanoporous polycarbonate membrane.
For different OMIEC compositions, we demonstrate the elec-
tronic and ionic conductivity of the nanochannels. With appro-
priate source and drain electrodes, the filled nanoporous mem-
branes enable micrometric, vertical OECT structures fabricated
without lithography showing state-of-the-art transconductance.
The permeability of the nanochannels for ions and water is fur-
ther exploited in novel device functionalities. As an example, we
demonstrate the gating of ionic currents by an electronic gate po-
tential in a device that we call an organic ionic transistor.

2. Results

2.1. Concept of Electronic and Ionic Transistors with Nanopore
Channels

The structure and the modulation principle of the proposed verti-
cal electronic and ionic transistors are introduced in Figure 1a,b.
Both devices exploit as the key element a nanoporous membrane
containing pores filled with OMIECs such as PEDOT:PSS or PE-
DOT:Cl. The two device types distinguish only in how the source
and drain contacts are realized. In the electrochemical transistor
the polymer channel conducts electronic hole carriers that are in-
jected and extracted by the source and drain electrodes made of
evaporated gold layers deposited on both sides of the nanoporous
membrane. The electronic current is gated by ions entering the
nanopore channel. At negative gate potential, cations accumu-
late in the nanopore channel and replace electronic hole carriers
eventually switching off the electronic transistor current.

The vertical ionic transistor relies on an ionic current that
passes through the nanopore (Figure 1b). Accordingly, source
and drain electrodes correspond to electrolyte reservoirs present
on both sides of the membrane. A potential difference between
the reservoirs causes drift-diffusion of ions through the channel.
We hypothesize that also in this case the ionic conductivity of the
channel could be modulated by the electronic potential applied
to the conducting polymer nanopore as it controls the number
of mobile ions in the nanopore channel. For example for a PE-
DOT:PSS channel, a positive potential could cause the depletion
of mobile cations, reducing the channel’s ionic conductivity. In
the following we describe first the fabrication of the OMIEC filled
nanopores and then the two different measurement configura-
tions to access electronic and ionic transport through the pores.

2.2. Electrodeposition of the Conducting Polymer Nanochannels

The fabrication of the OMIEC nanochannels relies on track-
etched polycarbonate membranes with precisely controlled
nanopore diameter and density as template.[20] Figure 2a intro-
duces the fabrication procedure developed to obtain the vertical
channel transistor structures. In the first step, a layer of gold with
chromium adhesion layer is evaporated on one side of the in-
sulating nanoporous membrane. The next steps realize the fill-
ing of the nanopores with conducting polymer using electropoly-
merization of EDOT. To guide the electropolymerization into the
pores, the nanoporous membrane was laminated with the gold
side onto a polydimethylsiloxane (PDMS) substrate. A low-power
plasma treatment is used to render the nanopore membrane
more hydrophilic. Subsequently, the membrane is put into con-
tact with an aqueous solution containing the EDOT monomer
and the ionic dopant (NaPSS or NaCl). Due to the laminated
PDMS substrate, the solution enters only from the top side into
the pores. The filling of the nanopores with solution is facilitated
by ultrasound and elevated temperature (30 °C). The electropoly-
merization is driven by a potentiostat using the laminated gold
layer as working electrode with Ag/AgCl reference and Pt-wire
counter electrode. Conducting polymer deposition starts at the
bottom of the nanopore where the edge of the gold layer is in
direct contact with the EDOT containing electrolyte as shown
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Figure 2. Fabrication of OMIEC filled nanoporous membranes by electrodeposition. a) Illustration of the sequence of fabrication steps b) Scheme
showing the electropolymerization of PEDOT:PSS into the nanopore. c) Electrode current (red line) and accumulated charge (blue line) during elec-
trodeposition of PEDOT:PSS into the nanoporous membrane. d,e) Electrical impedance spectroscopy of the nanoporous membrane before (blue) and
after (pink) electropolymerization: d) magnitude and e) phase angle of impedance.

in Figure 2b. The electropolymerization is controlled by run-
ning voltammetry cycles (−0.3 to 1.2 V vs Ag/AgCl) as shown
in Figure 2c. Such curves allow to monitor the progress of the
electrodeposition in real time. The successful deposition of the
conducting polymer shows a strong increase in current in the
CV cycle at potentials > 1 V (Figure S1, Supporting Information).
During each cycle a constant amount of charge is deposited caus-
ing a steady filling of the pores. Failures in membrane sealing or
excessive polymer formation outside of pores are reported by a
sudden increase in the deposited charge.[19] We found that the
cut-off charge Qc required to fill the nanopores can be estimated
with the formula:

Qc =
Veff 𝜌EDOT

MEDOT
e NA (1)

Where 𝜌EDOT is the density of EDOT, MEDOT is the molar mass of
EDOT, e is the elementary charge, and NA is Avogadro’s number.
Here, Veff =As *𝜌p*Ap*l is the effective pore volume to be filled, As
is the area of membrane surface in contact with solution (circular
shape of 5 mm in diameter), 𝜌p is the number density of the pores
per area Ap is the area of a single pore, l is the thickness of the
membrane.

Additionally, nanopore filling is monitored with electro-
chemical impedance spectroscopy (EIS). Figure 2d,e report the
impedance modulus and phase spectra obtained before and af-
ter PEDOT:PSS electrodeposition combined with the equivalent
circuit model and its fit to the data. One observes a significant re-
duction in impedance as a consequence of the PEDOT:PSS depo-
sition. Only at high frequencies the impedance response is dom-
inated by the ionic transport through the electrolyte. At lower fre-
quencies, the capacitive interaction prevails and is combined in
the model with a constant phase element to account for time con-
stant dispersion due to transport through the nanopore. From
the fit, we obtain specific capacitances of 16.3 ± 2.5 μF cm−2

for the gold surface and 39.4 ± 5.7 μF cm−2 for the filled PE-
DOT:PSS pores. The latter value translates into a volumetric ca-
pacitance of 39.4 ± 5.7 F cm−3 when taking the thickness of the
nanoporous membrane into account and the pore density. The
value agrees with the volumetric capacitance reported previously
for PEDOT:PSS thin films.[21]

2.3. Morphology of the Conducting Polymer Nanopore Channels

Microscopic characterizations were performed to investigate the
morphology of the nanopores filled with conducting polymer.
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Figure 3. Morphological characterization of the porous membrane. AFM topography of a) the pristine membrane and b) the membrane deposited with
PEDOT:PSS, the insets show the zoom of a single nanopore in each membrane. SEM images of the cross section of c) the pristine membrane and d)
the membrane deposited with PEDOT:PSS, inset shows the EDX mapping analysis of sulfur.

Figure 3a,b compare the atomic force microscopy (AFM) topog-
raphy of the gold covered nanoporous membrane before and
after electrodeposition of PEDOT:PSS. The pristine membrane
shows nanopore openings of 800±50 nm randomly distributed
resulting in a density of 28 ± 0.7 pores per 100 μm2. After elec-
trodeposition, one observes that most of the nanopores are filled
with polymer. No signs of polymer deposition could be detected
outside the pore region. The occasional occurrence of empty
nanopores is attributed to the presence of air bubbles at the bot-
tom of the nanopore that inhibits contact between the solution
and the gold electrode. Further confirmation of complete pore
filling is obtained by scanning electron microscopy (SEM) per-
formed on cross sections of pristine and filled membranes as re-
ported in Figure 3c,d. The SEM images demonstrate the presence
of additional material that fills the pores throughout the mem-
brane thickness after electroplymerization. The inset shows the
data from energy-dispersive X-ray (EDX) analysis confirming the
presence of the element S throughout the membrane, which is
unique to PEDOT:PSS and absent in the pristine polycarbonate
of the membrane (detailed EDX data in Figure S2 and Table S1,
Supporting Information).

2.4. Investigation of Electronic Transport through the OMIEC
Filled Nanopores

Following the device concept reported in Figure 1a, the elec-
tronic transport through the nanopores is investigated in a ver-
tical OECT structure. Fabrication of such a vertical OECT is com-
pleted by depositing a second gold layer on the top side of the
membrane after the electrodeposition process. In this way, the
device contains two gold layers that sandwich the nanoporous

membrane acting as source and drain electrode. The device is
put in contact with 0.1 m phosphate buffered saline (PBS) as
electrolyte. A chlorinated silver wire is used to set the electri-
cal potential of the electrolyte with respect to the membrane act-
ing as a gate electrode in the OECT. The setup to measure the
nanochannel current ID as function of the gate potential VG is
reported in Figure 4a. The transfer characteristics obtained with
this setup are shown in Figure 4b for different drain potentials.
In all cases, the sweep of gate potential from −0.6 V to 0.8 re-
sults in a significant modulation of the drain current. At positive
potentials the current is suppressed as electronic hole carriers in
the organic semiconductor are replaced by cations entering the
nanopore from the electrolyte (output characteristics in Figure
S3, Supporting Information).

The reversible ionic gating of the nanopore electronic cur-
rent is confirmed by the transients of drain current shown in
Figure 4c. Applying rectangular potential pulses of 0.3 V to the
gate causes a transient reduction in drain current that follows
an exponential sawtooth shape with a characteristic time con-
stant of 𝜏 = 0.39 ± 0.02 s. The time constant is in agreement
with the RC time constant predicted from the EIS experiment
(C = 1.1 ± 0.2 mF, R = 809 ± 60 Ω). We note that the slow re-
sponse here is mainly attributed to the large capacitance of the
device caused by the large area of the source and drain electrodes
that contact many nanopores in parallel. Reducing the size of the
evaporated electrodes would reduce the response time.

A significant advantage of the short and parallel nanochan-
nels is the large transconductances of the vertical OECT as re-
ported in Figure 4d as a function of different drain voltages. The
maximum value of 5.6 mS at VD = 0.7 V is comparable to val-
ues that were obtained in optimized thin film devices fabricated
with photolithography.[5] Here transconductance is high due to
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Figure 4. Investigation of electronic transport in OMIEC filled nanopores: a) Schematic of the vertical OECT based on the nanoporous membrane, the
evaporated Au/Cr layers are used as the source and drain, and the PEDOT:PSS filled nanopores constitute the channel. The length (L) of the channel
is equal to the thickness of the membrane, and the cross section area of the OECT channel is given by the sum of all the PEDOT:PSS nanochannels A
contacted by the electrodes. b) Transfer characteristics measured at different drain voltages (VD), including the curves of gate current (IG) and drain
current (ID). c) Transients of drain current at VD = −0.1 V. d) Transconductance with various drain voltages. All the measurements were carried out in
the PBS electrolyte, an Ag/AgCl electrode was applied as the gate.

the channel geometry and we note that the charge transport prop-
erties of the nanochannels do not match to the thin film behavior
observed in planar OECTs. From the transfer characteristics, we
estimate an electronic mobility of (5.1 ± 0.42) x 10−3 cm2 V−1 s−1

at VD = −0.7 V for hole carriers in the nanochannels (Deter-
mination of mobility see Section S1, Supporting Information).
In addition, one observes a maximum in transconductance at
intermediate gate voltages and a reduction in transport occurs
at negative gate voltages when strong accumulation occurs in
the channel. These findings show that the transport is well de-
fined in the nanochannels, but polymer morphology and con-
tact properties can be further improved to maximize device
properties.

2.5. Investigation of Ionic Transport through the OMIEC Filled
Nanopores

The OMIEC filled nanoporous membrane enables experiments
where the electrolyte is present on both sides of the membrane
and the transfer of ions through the pores can be investigated as
schematically shown in Figure 5a. We use salt bridges to inject
and extract the ionic current from the electrolyte reservoirs above
and below the membrane to not alter the ionic concentrations
(see Experimental Section for details). For a sourced ionic cur-

rent, we measure the voltage drop across the membrane with a
four-point probe measurement scheme. A voltage source is used
to apply the gate potential to the evaporated gold film contacting
the OMIEC filled nanopores in the membrane that separates the
two electrolyte reservoirs. The obtained current-voltage character-
istics for PEDOT:PSS filled nanopores are shown in Figure 5b.
For comparison the I–V characteristics of the membrane with
empty pores are also presented. One observes that in all cases
the membrane remains permeable for ionic currents. However,
the presence of PEDOT:PSS increases the slope of the curves: for
a given current, a higher voltage drop across the membrane is
observed. Accordingly, the ionic conductivity is reduced for PE-
DOT:PSS filled nanopores. The application of a gate potential
does not alter the slope of the current voltage curves and only con-
tributes a small offset that is attributed to gate leakage currents.
We conclude that the ionic conductivity is not significantly modu-
lated in PEDOT:PSS nanopores although electronic hole charges
are replaced by cations. We suggest that this finding is caused
by the high ion concentration in PEDOT:PSS due to the polyan-
ion PSS. Already at 0 V gate, only a smaller part of the anionic
charges is counterbalanced by hole charges while the majority of
PSS is coordinated to sodium ions in the polymer. Accordingly
at all gate potentials, a large amount of sodium ions is present
in the pores and the smaller modulation due to gating has no
significant effect on ionic conductivity.
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Figure 5. Investigation of ionic transport in OMIEC filled nanopores. a) Scheme showing the measurement circuit of the ionic transistor. A single metal
layer is used to contact the OMIEC nanopores as a gate; a 4-point-probe circuit is installed for measuring the potential difference across the membrane
while an ionic current is sourced through the nanopores using salt bridges acting as source and drain electrodes. b,c) Measured voltage drop V4pp across
the membrane as a function of ionic current ID for different gate potentials. PEDOT:PSS b) and PEDOT:Cl c) were used as OMIEC channel material.
d) Channel conductance Gi of PEDOT:Cl and PEDOT:PSS as a function of gate potential. For PEDOT:Cl a significant modulation is observed and the
differential ionic mobility of Cl− ions is calculated (inset).

A different observation is made in PEDOT:Cl filled
nanoporous membranes which were prepared by using NaCl
as electrolyte salt during the electrodeposition process (see
data on PEDOT:Cl filled nanoporous in Figure S4, Supporting
Information). This OMIEC material includes fewer ions during
the electrodeposition. The measured ionic current characteris-
tics are shown in Figure 5c (the comparisons of the different
OMIECs-filled membranes are present in Figure S5, Supporting
Information). Now, one observes a significant effect of the gate
potential on the slope of the ionic current – voltage curves.
At 0 V applied to the gate, the pores show a steep I–V curve
demonstrating a low ionic conductivity. When the gate potential
is changed to positive values, a reduction in slope is observed
that demonstrates an increase in conductivity. The increased
conductivity is explained by chloride anions entering the channel
to counterbalance the hole charges induced with the positive
gate potential on the PEDOT chains. The semiconducting poly-
mer is doped (oxidized) and the concentration of chloride ions
increases, giving rise to a higher ionic carrier concentration with
a measurable increase in ionic conductivity. The data demon-
strates that the third electrode in our measurement (the gate)
allows to modulate the ionic transport through the nanochannel.
Accordingly, we term such a device an ionic transistor. However,
we note, that the gate action does not permit to fully switch-off
the ionic transport as would be possible in a normal electronic
field effect transistor.

From the gating effect on the ionic conductivity Gm, we can
estimate the ionic mobility μi following a formalism similar to
volumetric gating in OECTs (see Section S2, Supporting Infor-
mation). The linear ionic current curves confirm that the linear
channel approximation is valid and Figure 5d shows the obtained
conductivities Gm as a function of gate voltage. From the slope of
this curve, we calculate the ionic differential mobility with

𝜇i =
L2

C
d G
d VG

(2)

in which C is the capacitance determined with EIS and L the
thickness of the nanoporous membrane. A maximum value
of μi = 3 × 10−4 cm2 V−1 s−1 is observed that is compara-
ble to the ionic mobility of chloride anions in pure water as
5.7 × 10−4 cm2 V−1 s−1 [22] and hence underlines the good ionic
transport properties of the OMIEC material. However, we note
that the conductivity does not show a linear increase with gate
voltage and also it is not possible to inhibit completely the ionic
conductivity through the nanochannel by applying negative gate
voltages. Such differences from the ideal transistor behavior rely
on the physical-chemical nature of ionic transport: In contrast
to the bandgap in semiconductors, there is no energy interval in
the electrochemical potential in which ions are forbidden to enter
the OMIEC channel. Even though there is no electrostatic driving
force, a smaller concentration of cations and anions will always
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enter from the electrolyte due to entropic reasons. Another crit-
ical effect regards electroswelling. The increase in cationic con-
centration causes the uptake of water and swelling of the OMIEC
material. The increase in water volume inside the pore is likely
to enhance ionic conductivity explaining the superlinear increase
of gate voltage.

3. Conclusion

In this work we present the fabrication of OMIEC filled
nanochannels by the electropolymerization of EDOT monomers
inside a nanoporous polycarbonate membrane. We use the
method to build a novel vertical nanochannel OECTs. The ap-
proach provides an alternative to the common thin film ap-
proach used in OECT fabrication and introduces a template-
based fabrication scheme to obtain microstructured OECTs.
The vertical nanochannel OECTs with a channel length of
10 μm show a high transconductance of 5.6 mS comparable
to state-of-the-art thin film devices.[5,23] The hole carrier mo-
bility of (5.1 ± 0.42) x 10−3 cm2 V−1 s−1 is below values ob-
tained in thin film OECTs,[24] but is comparable to values ob-
tained in self-organized electrochemical transistors based on
electropolymerization.[14,25] Our template based approach is an
additive process and compatible with wet and printing based fab-
rication steps allowing to avoid photolithography for low-cost and
large area applications.

The unconventional nanoporous, vertical OECT architecture
enables to exploit ionic as well as electronic transport properties
of OMIEC materials. It allows to prepare OECT channels that are
permeable to ions and water. We exploit the effect to demonstrate
a novel type of ionic transistor in which the ionic conductivity of
the nanochannel is gated by an electrical potential applied to the
nanopore membrane. In literature, a similar gating effect was ob-
served in nanofluidic diodes covered with a conducting polymer
layer.[26] Interest in such ionic devices is emerging as they emu-
late properties of voltage gated ion-channels found in biological
membranes. In our device we achieve the gating effect in a sym-
metric design relying on the modulation of the ion concentration
in the channel. The developed ionic transistor enables to quantify
ionic differential mobilities inside the active channel thus provid-
ing a novel tool to investigate ionic transport in OMIEC materi-
als. For future research, we envision that the nanoporous OMIEC
channels will open novel pathways towards mixed ionic and elec-
tronic circuits, that are fabricated without photolithography and
that can be stacked to yield 3D architectures.

4. Experimental Section
Materials and Solutions: The electrodeposition solution was pre-

pared by dissolving 10 mm 3,4-ethylenedioxythiophene (EDOT, Sigma
Aldrich) with 0.1 mm poly(sodium 4-styrenesulfonate) (NaPSS, average
Mw≈70 000, Sigma Aldrich) for PEDOT:PSS or 0.1 m NaCl for PEDOT:Cl
in deionized water, and stirred 1 h to obtain a homogeneous transparent
solution.

Electrodeposition of Polymer Nanochannels: The nanoporous mem-
branes (ion track-etch membrane, Cytiva) used as the substrates were
based on polycarbonate, the size of nanopores is 800 nm, and the diameter
of the membranes is 13 mm. Before the conductive polymer electrodeposi-
tion, 30 nm of Cr (to enhance the attachment of Au to the membrane) and

50 nm layer of Au were deposited on one side of the membranes by thermal
evaporation. The membranes were fixed by sticking their Au/Cr coated side
on the flat PDMS layer. In order to define the deposited area of the poly-
mers on membrane, each membrane was shielded with another PMDS
film having a 5 mm window where the membrane contact the electrodepo-
sition solution. All the membranes were treated with air plasma to enhance
the hydrophilicity and mounted in an electrochemical cell; then, the mem-
branes were sonicated in the electrodeposition solution at 30 °C. These
operations facilitated the solution to enter the nanopores in the mem-
branes. Before electrodeposition, the nitrogen was fluxed for 15 min in
the sealed electrochemical cell to remove the oxygen. The electropolymer-
ization was carried out with Autolab potentiostat AUT50662 (Metrohm)
controlled by NOVA software, and the Ag/AgCl wire and Pt wire were used
as the reference electrode and the counter electrode, respectively. For the
electrodeposition of PEDOT:PSS, the cyclic voltammetry was executed be-
tween −0.3 and 1.2 V at a scan rate of 0.025–0.05 V s−1. PEDOT:Cl pores
filling was performed through a fixed voltage (1.2 V) coulometric proce-
dure. After electrodeposition, the membranes were rinsed with DI water
to remove the residual electrolyte.

Electrochemical Characterization: The electrochemical data for the
charge, cyclovoltammetry, and electrochemical impedance spectroscopy
(EIS) were recorded in the electrodeposition solution with the Autolab po-
tentiostat AUT 50 662 (Metrohm) controlled by NOVA software.

Morphology Characterization: The morphology of both sides was an-
alyzed by AFM (Park NX10 AFM) with tapping mode in the atmosphere.
The morphology of the cross section and EDX mapping analysis was ob-
served with SEM (Cambridge Stereoscan 360). The accelerating voltage
was 20 kV, the cross section samples were obtained by cracking the mem-
branes while they were frozen in liquid nitrogen.

Electrical Characterization of OECTs: To characterize the electronic
transport, another layer of Au/Cr was evaporated on the other side of
the membrane, this couple of electrodes were employed as the source
and drain. The electrical characterizations of the transfer, output, ID (t)
measurements were performed with the source measure unit B2912A
(Keysight). The evaporated Au/Cr on both sides were the source and drain,
the PBS solution was used as the electrolyte, and the Ag/AgCl electrode
pellet (1.0 mm, E205, Warner) was employed as the gate.

Characterization of Ionic Transistors: The OMIEC filled nanoporous
membrane was inserted in a measurement cell and on both sides in con-
tact with 1x PBS electrolyte (details of the measurement are provided in
Figure S6, Supporting Information). The area in contact with the elec-
trolyte was confined by a silicone O-ring of 5.0 mm diameter. A source
measure unit (SMU, Keysight B2912) was used to source a current through
the membrane using PBS/agarose salt bridges. The voltage drop across
the nanoporous membrane was measured with a 4-point-probe configu-
ration using two Ag wires coated with AgCl. The potential of the OMIEC
filled membrane was controlled with the 2nd SMU channel connected with
a copper wire and silver paste to the gold coating of the membrane. To
characterize the membranes, the SMU was programmed to sweep the cur-
rent from −100 to 100 μA and back while measuring the voltage drop. The
measurement was repeated for different gate voltages.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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