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A fundamental understanding of ion transport at the nanoscale is critical to the development of efficient chemical
separation membranes, catalysts, ionic/bio-inspired materials, and its scale up into multi-functional ionic devices.
Electrochemical imaging using scanning probe microscopy hardware has provided a method to visualize and un-
derstand processes that occur at the surface of ionic active materials. The suite of scanning probe microscopy
techniques developed over the last few years are limited to imaging surface-level phenomena and have not been
applied to investigate transmembrane properties of synthetic and natural membranes with high spatial and temporal
resolution. In this article, we demonstrate the application our recently developed ‘surface-tracked scanning ion
conductance microscopy’ technique to characterize voltage-regulated ion transport in an ionic redox transistor. The
ionic redox transistor exhibits controlled transmembrane ion transport as a function of its electrochemical redox
state. The technique presented in this article uses shear force measured between the nanopipette and ionic substrate
to image topography of the porous substrate and simultaneously characterize topography-correlated transmembrane
transport through the ionic redox transistor. The transmembrane conductance measured across an array of pores
within the ionic redox transistor varies from 0.004 pS/cm (OFF state) to 0.015 pS/cm (ON state). We anticipate that
the spatial correlation of transmembrane ion transport in the ionic redox transistor would result in a scale up into

smart membrane separators for energy storage, neuromorphic circuits, and desalination membranes.

1. Introduction

Characterization of transmembrane ion transport through porous
substrates at the nanoscale is critical to integrating membrane separators
in drug delivery [1], gating circuits [2], and batteries [3]. The suite of
existing scanning probe microscopy techniques are limited to investi-
gating ion transport as a surface phenomena and do not provide an
insight into the fundamental mechanisms of ion transport within the
material under investigation. In a recent article, we introduced ‘surfa-
ce-tracked scanning ion conductance microscopy’ as a high-resolution
microscopy technique to quantitatively characterize transmembrane
ion transport across porous substrates [4]. The objective of this paper is
to extend the aforementioned technique to enhance our understanding of
ion transport across an electrochemical arrangement referred to as an
‘lonic redox transistor’. An ionic redox transistor is a device that was
developed previously [5] to regulate transmembrane transport and
mitigate thermal runaway in commercial Li-ion batteries.

Conducting polymers such as polypyrrole (PPy) doped with anions
such as dodecylbenzenesulfonate (DBS ™), polystyrenesulfonate (PSS™)
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and dodecylsulfate (DS™) are attractive candidates for regulating ion
transport due to insertion/expulsion of cations into/out of the polymer
backbone during the reduction/oxidation [6]. The concept of using
conducting polymers as an ‘ionic gate’ was first proposed by Murray and
Burgmayer [7,8]. It was noted that the membrane switches between an
ON-OFF state during reduction/oxidation of the polymer, thus resulting
in controlled ion transport. Price and coworkers extended this principle
to develop ion-transport systems for separating various metal ions from
aqueous solutions [9]. They showed that the application of a pulsed
potential waveform to the conducting polymer results in higher ionic
flux. Misoska and coworkers investigated permeability characteristics of
polypyrrole doped with bathocuproinedisulfonic acid (BCS™) to transi-
tion metal ions such as Co®*, Ni%*, Zn?* [10]. To achieve pulsatile drug
delivery, Santini and coworkers fabricated a porous microchip on which
a thin film of Au was sputtered [11]. The application of an electric field
resulted in expulsion of chemicals across the porous channels in the de-
vice. Abidian and coworkers synthesized poly(3,4-ethylene dioxythio-
phene) nanotubes for transporting dexamethasone as a function of
electrochemical state of the polymer [12]. Jeon and coworkers fabricated
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a nanoporous membrane consisting of polypyrrole deposited on anodized
aluminum oxide for transporting isothiocyanate-labeled bovine serum
albumin as a function of redox state of the polymer [13]. It should be
mentioned that the conducting polymer was deposited such that the
equivalent pore size of the membrane increased/decreased when PPy
was oxidized/reduced, thus resulting in greater/lower flux of ions
through the nanoporous columns in the substrate. Recently, Hery and
Sundaresan fabricated an ionic redox transistor which consists of poly-
pyrrole spanning across the pores of a polycarbonate track-etch mem-
brane [5]. The application of an electric potential to the polymer resulted
in bi-directional transport of Li" ions across the porous membrane due to
hopping pathways created in the polymer backbone. The ionic redox
transistor was used as a smart membrane separator in a Li" battery to
regulate ion transport at elevated temperatures and prevent thermal
runaway [14].

Despite aforementioned advances in using conducting polymers for
various technologies such as gas filtration [15], gating channels [16] and
membrane separators [17], ion transport at the nanoscale in conducting
polymers is poorly understood. Although there are a plethora of research
articles which have quantified transmembrane properties of synthetic
membranes [18,19] using ion conductance microscopy, literature on
in-situ imaging of transmembrane ion transport across a membrane
separator which can regulate ionic current as a function of its electro-
chemical signature is limited to a report which investigates increase in
equivalent pore size of nanoporous channels deposited with PPy using
atomic force microscopy (AFM) [13]. While AFM images of the under-
lying substrate depicted a change in equivalent pore size as a function of
redox state of the polymer, no information was revealed on the variations
in ionic flux across the polymer membrane. Further, Laslau and
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coworkers reported the need for advances in ion conductance micro-
scopy, primarily for the purpose of distinguishing variations in ionic flux
of conducting polymers from volumetric expansion due to ion ingress
[20]. To address the need for an imaging technique that can quantita-
tively image ion transport across conducting polymers, this article uses
surface-tracked scanning ion conductance microscopy using shear-force
(SF) imaging as a technique to investigate kinetics of ion transport in
ionic redox transistors.

2. Materials and methods
2.1. Chemicals and apparatus

Aqueous solutions were prepared using deionized water (H2O,
resistivity = 18.2 MQ cm at 298.15 K, MilliporeSigma, Burlington, MA).
A solution of 0.1 M sodium chloride (NaCl, >99.5%, MilliporeSigma) was
degassed under vacuum in a biichner flask and used as the supporting
electrolyte for SICM experiments. Sodium hypochlorite (NaOCl, 10%-—
15% active chlorine, MilliporeSigma) was used without any modification
to prepare Ag/AgCl electrodes (vide infra).

2.2. Membrane and nanopipette characterization

Highly ordered microporous Si wafers (62 pm thickness) were pur-
chased from Smart Membranes GmBH, Germany and used as a membrane
separator. The pore diameter was estimated from scanning electron mi-
croscopy (SEM, FEI Helios Nanolab 600 FIB, Nanosystems Laboratory) as
2.5 pm and is shown in Fig. 1a. Nanopipettes were pulled from borosil-
icate capillaries as described in the Supplementary Information. The inner

__Front side

Fig. 1. SEM image of (a) front and back side of the porous Si wafer, (b) anatomy, (c) end-on view, (d) lateral view of the tip.



V. Venkatesh et al.

Pipette electrode (Ag/AgCl)

Dither

100 MM PPy(DBS)
NaCl deposited
Receiver on porous Si

\

AC

B
“T

QRCE (Ag/AgCl)

Normalized current

100 mM NaCl

Advanced Sensor and Energy Materials 1 (2022) 100026

690
670 <
E
©
650 g
-
=
630 <
L
(]
610
150 300 450 600

z Distance (nm)

Fig. 2. (a) Schematic representation of the experimental setup, and (b) simultaneously recorded current and SF approach curve over the Si wafer. The set-point
voltage at the receiver (645 mV, shown as a symbol on the SF curve) was tracked using a control algorithm to maintain constant SF between the tip and substrate
during a raster scan over the substrate for measuring localized transmembrane currents over the Si wafer at various membrane potentials.

radius (ry) and outer radius (r,) of the tip were estimated as 0.32 pm and
0.450 pm, respectively, while the half-cone angle () was measured as
10° from the SEM images presented in Fig. 1(b-d).

2.3. Experimental setup

The experimental setup for characterizing transmembrane transport
across the ionic redox transistor is shown in Fig. 2a. The Si wafer was
sputtered with 40 nm Au and PPy(DBS) was electropolymerized on the
Au-sputtered Si substrate as outlined in the Supplementary Information.
The ionic circuit was set up using the membrane as a septum in a
bicameral device containing 0.1 M NaCl in each chamber. PPy(DBS)
spans the pores of the Si wafer and forms a barrier for ion transport be-
tween the cis and trans chamber of the bicameral device. The Ag/AgCl
electrode within the nanopipette (pipette electrode) was biased at a
transmembrane potential (Vac) with respect to a Ag/AgCl quasi-
reference counter electrode (QRCE) in the bottom chamber. The sput-
tered Au-layer between the Si wafer and PPy(DBS) allows for application
of an independent electric field to PPy(DBS) (Vy,) with respect to the
QRCE.

2.4. Imaging experiments

An ELP3 EIProScan scanning electrochemical microscope hardware
equipped with an SFU 3 SF sensing unit (HEKA Elektronik Dr. Schulze
GmbH, Germany) was used to image ion transport across ionic redox
transistors at various membrane potentials. The dither and receiver

piezoelectric wafers were mounted onto the nanopipette at a parallel
orientation as reasoned elsewhere [21,22]. The sensitive frequency for
stimulation was determined from SF characteristics of the nanopipette as
described in the Supplementary Information. A stimulation voltage of
50 mV was applied to the dither at the sensitive frequency. The nano-
pipette was positioned in solution bulk and the tip current was recorded
along with SF at the receiver. A transmembrane characterization exper-
iment was subsequently performed to demonstrate active ion transport
across the membrane separator. The PPy(DBS) membrane was stimulated
at increasing reduction potentials (V; = 0 V to —1 V) and the resulting
transmembrane current across the membrane (Iac) was recorded as a
function of the gate voltage applied to the membrane (Vy,). This pro-
cedure was repeated at various transmembrane potentials
(Vac = 0.1 V-1 V).

The tip was then lowered to approach the Si wafer at a speed of
0.5 pm/s. The z-approach was stopped when the SF measured at the
receiver decreased by approximately 50 mV. Simultaneously, the tip
current decreased by approximately 20% of the value recorded in solu-
tion bulk as shown in Fig. 2b. The sense-length for SF was lower than that
for current response which allows for mapping surface topography of the
porous Si membrane along with transmembrane currents at the tip dur-
ing a raster scan over the membrane [23]. The tip was lifted by 3 pm and
a reduction potential (V) was applied to the polymer. Localized trans-
membrane currents over an array of pores was recorded using the
surface-tracked three-dimensional scan algorithm developed by our
group previously [4]. A slope value of 1.1 x 10% mV/pm was used as a
feedback gain for regulating the tip at the set point value (645 mV, see
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Fig. 3. (a) Typical transmembrane current response (Ixc) for a 0.6 C/ cm? PPy(DBS) polymer in 0.1 M NacCl at different membrane potentials (Vy,). The transmembrane
potential (Vac) was kept constant at 0.25 V. In the oxidized state (Vy, = 0 V), Ixc = 0, and Ixc increases with an increase in Vy,. (b) Hysteresis in transmembrane gain in
reducing and oxidizing directions, and (c) variations in transmembrane gain with Vac.
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Fig. 4. (a) Equivalent circuit representation of the setup used to characterize ionic redox transistors, and (b) cyclic voltammogram recorded with the tip positioned in
solution bulk when the polymer was kept in the oxidized state (V,, = 0 V). The total resistance of the system was computed from the voltammogram as 19.42 MQ.

Table 1
Resistive elements used in the equivalent circuit diagram in Fig. 4a.
Resistive element Symbol Formula Value Units
Pipette resistance [27] Rpipette 1 /nKntan © 4.90 MQ
Access resistance at the tip [28] Riip, ace §10g (rj) 0.05 MQ
2 i
nKt
Access resistance at the end of a pore [29] Rpore, acc 1 0.20 MQ
4Ka
Pore resistance [30] Rpore L 12.76 MQ
nKa?
PPy(DBS) resistance in the oxidized state Rppy(DBS), V=0 Riotal — Ryipetie — Riip.ace — Rpore.acc — Rpore 1.51 MQ
Total resistance Riotal Obtained from voltammogram 19.42 MQ

Fig. 2a). The tip was raster scanned across a 100 pm? area over the Si
membrane at a scanning speed of 1.25 pm/s to simultaneously record
surface topography and localized transmembrane currents.

3. Results and discussion
3.1. Transmembrane characterization

Fig. 3a depicts the temporal response in transmembrane current (Ixc)
across the ionic redox transistor as a function of reduction potential (Vy,)
applied to PPy(DBS). The transmembrane potential across the ionic redox
transistor was kept constant at 0.25 V. We note that transmembrane
currents are negligible (Ioc~0) till the onset of a threshold reduction
potential (Vi < —0.4 V) and the membrane is in the OFF state. Beyond
this reduction potential, the electroneutrality of the polymer changes and
a net negative charge gathers on the polymer. Cations from the

@
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ac (

electrolyte (Na™) ingress into the DBS™ dopant sites in the polymer to
maintain electroneutrality [24]. These dopant ions serve as ‘hopping
sites’ in the polymer bulk and facilitate ion transport across PPy(DBS)
[25]. Consequently, the transmembrane current (Iac) begins to increase
as the applied membrane potential decreases beyond this threshold
reduction potential and the membrane reaches its ON state. When the
applied potential to the membrane decreases beyond the peak reduction
potential (Vy, < —0.7 V), the transmembrane current reaches a steady
state value due to saturation in the number of hopping sites in the
polymer. Due to the functional similarities with a field effect transistor,
this arrangement has been referred to as an ‘ionic redox transistor’ in
literature [5].

Fig. 3b shows peak-to-peak transmembrane gain from the temporal
response plotted as a function of the applied potential to PPy(DBS). The
transmembrane gain (f) is computed by scaling the measured trans-
membrane current in the reduced state (Iac, v,) to the transmembrane
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Fig. 5. (a) Cyclic voltammogram recorded at various membrane potentials (V,,,), (b) Specific conductance (oy,,) of PPy(DBS) as a function of the potential applied to

the membrane (V).
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Table 2
Resistance of PPy(DBS) (Rppy (pss), v,,) as a function of the potential applied to the polymer (Vy,). The transmembrane potential was swept between —100 mV and 100 mV
(see Fig. 5).
Potential (Vy,) (V) 0 -0.3 -0.5 -0.7 -0.9 -1.1
Resistance of PPy(DBS) (M) (Rppy(pss), v,,) 1.517 1.346 0.829 0.435 0.431 0.437

current in the OFF state (Iac, v, o). Thus,

m=

_ Iac v a
Inc, v—o0

We note that the polymer switches between its fully OFF and fully ON
state as the reduction potential (Vy,) applied to PPy(DBS) increases from
0 to —0.7 V. This indicates that transmembrane transport through
PPy(DBS) can be regulated between a minimum value and a maximum
value in real-time. Further, Fig. 3b depicts a hysteresis in transistor
characteristics as a function of Vy,. This unintended, yet useful outcome
demonstrates that the conductance of the ionic redox transistor for an
applied potential V;, switches between two discrete memory states
depending on whether the polymer was initially oxidized/reduced. This
functionality makes the ionic redox transistor as an attractive candidate
for interesting applications such as neuromorphic computing and mem-
ristive circuitry [26].

The effects of transmembrane potential (Vac) on ionic redox tran-
sistor characteristics are plotted in Fig. 3c. While the variations in tran-
sistor characteristics are negligible for higher transmembrane potentials
(Vac > 0.25 V), an abnormally high transmembrane gain is obtained
when the applied transmembrane potential equals 0.1 V. The reader is
advised not to confuse the transmembrane gain computed in this
experiment with the ‘amplification factor’ coined by Hery and Sundar-
esan [5] due to differences in the equivalent circuit configuration (see
Section 3.2).

3.2. Equivalent circuit configuration

The equivalent circuit configuration of the system is shown in Fig. 4a.
The total resistance of the system was estimated from cyclic voltamme-
try. The tip was positioned in solution bulk (~2 pm) above a pore. Fig. 4b
presents the cyclic voltammogram recorded between —100 mV and 100
mV (scan rate = 25 mV/s) with the PPy(DBS) in the oxidized state (Vy, =
0 V). The total resistance of the system was estimated as 19.42 MQ and
can be described by the circuit elements shown in Fig. 4a. It is to be noted
that the PPy(DBS) membrane deposited on the substrate serves as a
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Fig. 6. Topography of the porous Si wafer mapped during SICM-SF. The tip
regulates about the set point value (645 mV) during a raster scan over
the membrane.

variable resistor and its resistance is dependent on the reduction poten-
tial applied to the membrane. Mathematically, the total resistance of the
system can be computed from the pore length in the Si wafer (L = 62 pm),
conductivity of 0.1 M NaCl (K = 9.9 x 1077 S/um at 298.15 K), pore
radius (@ = 1.25 pm (see SEM image in Fig. S1(c)), distance of the tip
above a pore (t = 2 pm), inner radius (r; = 0.372 pm), outer radius (r, =
0.450 pm), and half-cone angle (¢ = 10°) of the nanopipette using
analytical expressions presented in Table 1.

The resistance of the PPy(DBS) membrane is obtained from the
analytical expression presented in Table 1 as 1.51 MQ. The specific
conductivity of the polymer in the oxidized state (ov,,—o) can be calcu-
lated as
Oy,—0 = S — 2

Apore Rppy(DBS), V=0

where t, is the thickness of PPy(DBS) in the oxidized state (3 pm, see Fig.
S2) and Apore is the pore area. The conductance of the polymer in the
oxidized state computed from Equation (2) was 0.004 pS/cm.

3.3. Transistor characteristics

Transmembrane characteristics of the ionic redox transistor was
estimated from the cyclic voltammogram shown in Fig. 5a. The voltam-
mogram depicts variations in total resistance of the system (Riotal) as a
function of the redox potential applied to the polymer (Vy,). Although the
total resistance of the system (Riota]) changes by approximately 1 MQ, the
change in resistance is barely noticeable due to the dominant effect of
pore/pipette resistance. The resistance of PPy(DBS) (Rppy(pss), v,,) as a
function of the potential applied to the polymer (Vy,) is computed using
the approach presented in the previous Section and is shown in Table 2.
The conductance of the polymer as a function of its redox state (oy, ) can
be computed as

oy, = — U+ 3)

Apore Repy(DBS), V=0

where ¢ is the strain produced in PPy(DBS) due to cation ingress. The
strain produced in the polymer was obtained from mechanoelec-
trochemistry experiments presented in the Supplementary Information.
Fig. 5b shows the conductivity of PPy(DBS) as a function of its redox
state. Note that ionic conductance of PPy(DBS) increases as the reduction
potential applied to the membrane (Vy,) increases, fittingly exhibiting a
transistor-like behavior. The change in ionic conductivity between
oxidized and reduced states as measured from this experiment is
consistent with the trend reported in literature [5].

3.4. Analysis of localized currents using SICM-SF

3.4.1. Topography characterization

SICM-SF was used to map localized transmembrane currents over an
array of pores at different membrane potentials (Vy,). Fig. 6 shows topog-
raphy of the Si wafer mapped during a 100 pm? scan area above the
membrane. The tip exhibits a reproducible descent-ascent into and out of
each pore while regulating about the set point value (645 mV, see Fig. 2a).
The total time taken to scan the surface at a speed of 1.25 pm/s (31 line
scans) was estimated using Equation (4) and was approximately 5 min.
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Fig. 7. Localized transmembrane currents measured over each pore at various membrane potentials (Vy,). The transmembrane potential (Vac) was kept constant

at 0.1 V.

le=— (€]

Sx

3.4.2. Interpretation of localized transmembrane currents

Localized transmembrane currents over each pore was recorded at
various membrane potentials (Vy,) using surface-tracked SICM and is
shown in Fig. 7. The transmembrane potential in this experiment was kept
constant at 0.1 V. As the tip moves into and out of each pore, note that
local transmembrane currents over a pore increase with an increase in V.
This increase in local transmembrane currents is of the order of 1 nA and
can be attributed to an overall increase in resistance between the pipette
electrode (PE) and QRCE. According to the Goldman-Hodgkin-Katz
(GHK) Equation described in our earlier work [4], the ionic current
(i*(x)) measured at the nanopipette over a pore can be described by

2t +
Hx):F(L"D <4 V2

>tan’]
L 2
\/ (w+2-a2) +\/ (wr2a-a2) +4da;

+ ot ,—TA
<Cl Cre ) )

l—e<a

where F is the Faraday constant, a;, is the pore radius from the line
scan, DT is the diffusion coefficient of the cation/anion, z* is the
charge on cation/anion, A is the potential drop between the PE and
QRCE, L is the length of the pore, x is the horizontal distance of the tip
from the center of a pore, d is the height of the tip above a pore, C is
the electrolyte concentration in the trans (lower) chamber, and C* is
the electrolyte concentration in the cis (upper) chamber. The local
transmembrane currents measured at the tip (Ipc) is computed from
Equation (5) as

Inc(x) = e(z it (x) +27i (x)) (6)

As the PPy(DBS) polymer is stimulated at increasing reduction po-
tentials Vi), the total resistance of the polymer decreases (see Table 2).

This decrease in total resistance of the system increases the potential

difference between the QRCE and PE according to the relation

@ = —Rpore Vg /R , which consequently results in an increase in A. This
sys

increase in A increases the absolute magnitude of local transmembrane
currents over each pore according to Equation (5) and Equation (6).

4. Conclusions

In this article, surface-tracked scanning ion conductance microscopy
is used to investigate bi-directional ion transport across an ionic redox
transistor. It was shown that an application of a reduction potential to
PPy(DBS) (V) under a constant transmembrane potential (Vac) facili-
tates ion ingress into redox sites in the polymer and drives trans-
membrane transport. The transmembrane current increases as the
potential applied to PPy(DBS) (V) increases, thus switching the tran-
sistor from its OFF state to its ON state. An equivalent circuit model of the
system was developed and it was shown that the transmembrane current
was a result of an increase in conductivity of the polymer under a
reduction potential. Finally, surface-tracked scanning ion conductance
microscopy was used to map topography and topography-correlated
transmembrane transport over an array of pores. The increase in local
transmembrane currents was attributed to a higher potential drop be-
tween the PE and QRCE, and was quantified using a modified Goldman-
Hodgkin-Katz (GHK) Equation. It is anticipated that surface-tracked
scanning ion conductance microscopy would serve as a tool to charac-
terize transmembrane ion transport across various ionic devices used in
chemical separation, gas filtration drug delivery, and desalination.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.asems.2022.100026.
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