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Voltage-controlled current loops with nanofluidic
diodes electrically coupled to solid state
capacitorsy

P. Ramirez,1*@ V. Gomez, 12 J. Cervera,° S. Nasir,:° M. Ali,°® W. Ensinger, ° Z. Siwy?}®
and S. Mafe}*®

We describe experimentally and theoretically voltage-controlled current loops obtained with nanofluidic
diodes immersed in aqueous salt solutions. The coupling of these soft matter diodes with conventional
electronic elements such as capacitors permits simple equivalent circuits which show electrical
properties reminiscent of a resistor with memory. Different conductance levels can be reproducibly
achieved under a wide range of experimental conditions (input voltage amplitudes and frequencies, load
capacitances, electrolyte concentrations, and single pore and multipore membranes) by electrically
coupling two types of passive components: the nanopores (ionics) and the capacitors (electronics).
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Introduction

The use of nanodevices in chemical and biochemical applica-
tions is often difficult because of the response variability char-
acteristic of nanostructures and the need to couple them with
external equipment. These problems can be addressed by using
simple equivalent circuits where more robust conventional
components are efficiently coupled to the nanodevices. In this
case, the resulting electrochemical characteristics are based not
only on individual responses at the nanoscale, which are diffi-
cult to control in a reproducible way, but also on the robust
collective response of the equivalent circuit.

We propose to study experimentally and theoretically the
voltage-controlled current loops obtained by electrically coupling
soft matter nanofluidic diodes with solid state capacitors. The
design and characterisation of simple networks allow properties
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useful for electrochemical signal processing and energy conversion based on charge transport.

which are reminiscent of a resistor with memory using only two
passive components, ionic diodes and external capacitors. The
experimental characteristics obtained are robust and show that
different ionic conductance levels can be achieved under a wide
range of electrochemical conditions (input voltage amplitude
and frequency, load capacitance, electrolyte concentration, and
single pore and multipore membranes). The efficient coupling of
the nanofluidic diodes with the external load capacitors facili-
tates the interconversion between ionic and electronic currents.

Hysteresis and memory effects are characteristic of the
voltage-gated ion channels inserted in the bilayer lipid
membrane of biological cells."” Because of the biomimetic
nature of the nanofluidic diodes, the wide range of surface pore
functionalisations currently available,>® and the biocompati-
bility of aqueous ionic circuits with physiological salt solutions,
the results should also be of interest for signal processing with
electrically coupled biochemical and solid-state elements.”** In
particular, the external modulation of the nanofluidic rectifi-
cation by chemical (electrolyte concentration and pH), thermal,
optical, and electrical input signals®7”*>"** allows the conversion
of input signals into electric responses which can be analysed
using electronics components.'*>°

Materials and methods

Nanopore fabrication

Stacks of six polyimide foils 12.5 pm thick (Kapton50 HN,
DuPont) were irradiated under normal incidence with single
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uranium ions of energy 11.4 MeV per nucleon at the linear
accelerator UNILAC (GSI, Darmstadt). The range of the heavy
ions in polyimide under these conditions was larger than the
thickness of the foil stack and the energy loss of the ions was
well above the threshold required for homogeneous track
etching. A metal mask with a centered aperture of diameter 200
pum was placed in front of each stack for single-ion irradiation.
The ion beam was blocked promptly as soon as a single ion
passed through the foil stack and was registered by a particle
detector behind the samples. This process produced tracks in
multipore and single pore membranes which could be con-
verted to approximately conical pores by asymmetric track-
etching.”** The pores radii estimated from the steady-state
current (I)-potential (V) curves®®* were in the ranges 10-
40 nm (tip) and 300-600 nm (base). The membrane area
exposed to the solutions was 1 cm” approximately. The multi-
pore membranes used here were obtained by irradiation with
10 heavy ions per cm?, which after etching led to the pore
density of 10* pores per cm”. Fig. S1 in the ESIT shows an image
of the multipore membrane surface. The etching process
produced carboxylate residues on the pore wall surface which
were ionised at pH = 7 (these residues were in neutral form at
pH = 3, as confirmed by control I-V experiments where no
electrical rectification was observed). The solution pH was
controlled by a Crison GLP22 pH-meter before and after each
measurement.

Electrical measurements

The input voltages were applied by means of Ag|AgCl electrodes
immersed in the bathing solutions at ambient temperature.
Sinusoidal signals of frequencies in the range 3-60 mHz were
considered. A picoammeter/voltage source (Keithley 6487/E)
was used to record the I-V curves and a multimeter (Keithley
2000/E) was employed to measure the voltage across the
capacitors. Because of the conical geometry, the electric
potential is asymmetric along the pore axis (note that the
surface charge density is constant but the pore radius changes
along the axial direction of the cone). This asymmetry is
responsible for the significant electrical rectification observed:
the pore resistance was low when the current entered the cone
tip while it was high when the current entered the cone
base.?*** At low voltages, the cation flow constitutes the main
contribution to current. At high enough voltages, however, the
pores lose their selectivity for cations*® and the current is
carried by cations moving in the direction of the current and
anions moving in opposite direction to the current. Fig. S2-S5
in the ESIf show the electrochemical characterization and
stability of the multipore membranes used in the experiments.
Fig. S2 and S3f show the steady-state I-V curves of the
membranes 1 and 2 used in the half-wave multiplier of Fig. 1a
in the case of a 0.1 M KCl (pH = 7) solution. Fig. S4t corre-
sponds to the I-V curve of membrane 1 in 0.1 M KCI (pH = 7)
and 0.1 M HCI solutions. Finally, Fig. S5t shows the reversal
potential of membrane 1 for two multipore membrane posi-
tions and different KCI concentrations in the two chambers
separated by the membrane.
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Fig. 1 Scheme of the experimental set-up showing the membrane
diodes circuit acting as a half wave multiplier (a). The equivalent
electrochemical circuit for the resulting voltage doubler (b). The time
(t)-dependent applied voltage V(t) (c) and the resulting current /(t) (d).
The input signal potential is a sinusoidal wave of frequency vq = 14
mHz. The typical transient behaviour for the resulting voltage-
controlled current loops (e). The steady-state voltage-controlled
current loops (f). The experiments correspond to a KCl electrolyte
solution of concentration co = 0.1 M at pH = 7. The capacitances of the
capacitors used are C; = C, = 5 mF.

Results and discussion

Fig. 1a shows a scheme of the experimental set-up. Only one
nanofluidic diode is shown in the multipore membranes 1 and
2 for the sake of clarity. The equivalent electrical circuit with the
load capacitors acts as a half wave multiplier (voltage doubler)
when the output voltage is measured between the terminals of
capacitor C, (Fig. 1b, see ref. 24 for more details). Fig. 1¢ shows
the applied voltage V(¢) and Fig. 1d the measured current I(t) as
functions of the time ¢. The results are obtained for a KCI
electrolyte solution of concentration ¢, = 0.1 M at pH = 7. The
capacitances of the capacitors used are C; = C, = 5 mF. The
typical transient (Fig. le) and steady-state (Fig. 1f) curves
showing voltage-controlled current loops are reminiscent of
a resistor with memory* and have been obtained here using
only two types of passive components.

The reproducibility of the measurements was checked by
measuring the experimental curves several times (see ESI} for
specific examples). The transient voltage-controlled current
loops of Fig. 1e depend on the initial conditions (particularly on
the initial charge of the capacitors) but the steady-state voltage-
controlled current loops of Fig. 1f were found to be similar in all
experiments performed under a given set of experimental
conditions.
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Note that the two nanofluidic diodes in Fig. 1b are connected
with opposite polarities, which gives a negligible rectification of
the total electric current in Fig. 1f. The polarities of the diode
membranes change with time and this fact introduces different
characteristic times for the capacitors charging and discharg-
ing, leading to the observed voltage-controlled loops. If the two
diode membranes are oppositely biased, the resulting current is
small (see the central region of the curve in Fig. 1f). The current
becomes large only in the loop regions where one of the two
capacitors is discharged following the easy-current direction of
the corresponding diode membrane.

Memory effects due to history-dependent ion transport have
been observed previously in the -V curves of conical nano-
pores.” In particular, a cross-point potential separating current
loops with low and high conductivity states was explained in
terms of the finite mobility of ions within the charged nanopore
under different potentials and electrolyte concentrations.”
However, the results presented here have three important
differences with respect to those of ref. 25 for a single pore (see
also ref. 26): (i) Fig. 1e and f show non-crossing pinched curves;
(i) the current loops appear only at the ends of a central plateau
region characterised by small currents; and (iii) the different
conductance states in Fig. 1e and f do not result from slow ion
redistribution processes within an individual nanopore, which
might be difficult to control in a reproducible way and would
give only relatively small conductance changes.” On the
contrary, the plateaus and conductance transitions obtained
here are robust collective characteristics of a simple circuit
where the pores acting as nanofluidic diodes are coupled with
the load capacitors. In this sense, it is not possible to quanti-
tatively compare the significant conductance changes obtained
here with those of ref. 25 because of their different origin.

Remarkably, the conductance transitions occur at a well-
defined threshold potential and show off/on resistance ratios
Roti/Ron close to 100, which is much higher than the typical
rectification ratio obtained with nanofluidic membranes
only."®** In this way, the reliability and the operational properties
of the membrane diodes can be improved significantly by the
coupling between the ionics and electronics elements in Fig. 1a.

The stability of the multipore membranes and the reproduc-
ibility of the voltage-controlled current loops in Fig. 1e and f were
checked further by conducting the experiments several times (see
Fig. S6-S8 in the ESIt). The experimental data obtained within
a two month period using different cells and electrodes showed
a good reproducibility (see Fig. S9t). It is important to note that
there are other independent factors, which influence the current
rectification in conical nanopores and may affect the observed
voltage-controlled current loops. We consider here the voltage
amplitude, salt concentration, capacitor characteristics, and
signal frequency. Additionally, the pH of the solution may also
influence pore selectivity and rectification (see Fig. S57).

The emerging electrical characteristics can be modulated
externally in a reproducible way by using different voltage
amplitudes and electrolyte concentrations. The experimental
(Fig. 2a) and theoretical (Fig. 2b) curves show the effects of the
applied voltage amplitude on the current loops while the effects
of electrolyte concentration are shown in Fig. 2c.
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Fig. 2 Experimental and theoretical results for the electrochemical
circuit of Fig. 1 (see the ESIf for the model equations of the equivalent
electric circuits). The effect of the voltage amplitude on the current
loops (a). The theoretical current loops curves (b). The effect of the
electrolyte concentration on the current loops for the input voltage
amplitude Vo = 4 V (c). The experimental results for the case of single
nanofluidic diode membranes (d). Note the change in the order of
magnitude of the capacitances due to the different scaling in the
number of pores.

As expected, increasing the concentration ¢, produces an
increase in the absolute values of the current because of the
increase in the number of ionic carriers available and a decrease
in the extension of the low conductance region because of the
decrease in the pore rectification (Fig. 2¢). Fig. 2d shows the
significant scaling effect obtained for a membrane with only
a single nanofluidic diode. Note the different scales of the
currents and capacitances in Fig. 2d with respect of those in
Fig. 2a. The distinct scales obtained are in agreement with the
increase in the number of effective pores available for ion
transport in the multipore membrane, which should be close to
10” for the total exposed area.

To check further the efficient coupling between the different
circuit components under different electrical arrangements,
Fig. 3a corresponds to an alternative experimental set-up where
the membranes with nanofluidic diodes are coupled with the
load capacitors to give an equivalent circuit showing full wave
multiplier characteristics when the output voltage is measured
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Fig. 3 Scheme of the experimental set-up showing the membrane
diodes circuit acting as a full wave multiplier (a) and the equivalent
electrochemical circuit (b).
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between the terminals of capacitors C; and C, (Fig. 3b, see ref.
24 for more details).

The experimental current loops are obtained parametrically
in the input voltage amplitude and correspond to the cases of
balanced (Fig. 4a—c) and unbalanced (Fig. 4d) capacitances.

The reliability of the experimental approach followed here is
demonstrated using the circuit sketched in a half wave quad-
rupler circuit (Fig. 5a and b)* with four multipore membranes
producing the steady-state current loops of Fig. 5c. In this case,
the different impedance of the capacitors used in the arrange-
ment gives currents higher than those of the half wave voltage
doubler in Fig. 2a.

Finally, Fig. 6a and b show the experimental and theoretical
results obtained for the circuit of Fig. 1a at three different
frequencies. Note that the equivalent impedance due to the
capacitors in the circuit should be inversely proportional to the
product of the frequency and the capacitance: the shrinking in
the current loops observed at high frequencies in Fig. 6a is
consistent with the behaviour observed at high capacitance in
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Fig. 4 Experimental results for the electrochemical circuit of Fig. 3.
The current loop curves are parametric in the voltage amplitude. The
cases of balanced (a—c) and unbalanced (d) capacitances are shown.
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Fig. 5 Scheme of the experimental set-up showing the electro-
chemical circuit acting as a half wave quadrupler (a) and the equivalent
electrical circuit (b). Experimental results obtained with a KCl elec-
trolyte solution of concentration co = 0.1 M at pH = 7 and the input
voltage amplitude Vo = 4 V (c).
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Fig. 6 Experimental (a) and theoretical (b) results obtained for the
circuit of Fig. 1a at three different frequencies. Experimental results
obtained with a KCl electrolyte solution of concentration co = 0.1 M at
pH = 7 and the input voltage amplitude Vo =2 V.

Fig. 4a-c. The loops gradually disappear with the increase in the
signal frequency but significant membrane rectification is still
observed, suggesting that the equivalent circuit characteristics
are robust and can be achieved by using different electrical
schemes and time scales.

Conclusions

It is of current interest to design and characterise hybrid circuits
where micro and nanofluidic pores coupled with conventional
electronic elements perform electrochemical signal processing
and charge-based energy conversion tasks.**'*?* We have
described experimentally and theoretically the voltage-
controlled current loops obtained with soft matter nano-
diodes immersed in aqueous salt solutions at ambient
temperature. The coupling of these liquid state elements with
solid state capacitors gives different ionic conductance levels
under a range of input voltage amplitudes and frequencies,
capacitances, and electrolyte concentrations in the case of
single pore and multipore membranes.

Remarkably, the current loops do not result from ionic
redistribution processes within the nanopore, which should be
slow and difficult to control in practice, giving only small, non-
reproducible conductance changes. On the contrary, these
conductance states are emerging collective characteristics of
a simple circuit with only two types of elements: the nanopores
acting as nanofluidic diodes and the load capacitors. The effi-
cient coupling between the ionics (nanopores) and the elec-
tronics (capacitors) in simple electrochemical circuits allows
properties reminiscent of a resistor with memory which shows
high off/on switching resistance ratios by using only two passive
components. This coupling should facilitate interconverting
ionic and electronic currents in signal processing and charge-
based energy conversion procedures based on the external
modulation of the nanofluidic resistances.*'*%1%
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