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ABSTRACT

Negative differential resistance (NDR) phenomena in nanofluidic diodes are characterized by a decrease in the electrical current with the
increase in the transmembrane potential beyond a system-dependent threshold voltage. Here, we describe the NDR due to a nanoscale salt
precipitation that occurs in a conical nanopore in contact with two highly soluble salts in the external solutions. The new experimental design
permits tunable and reproducible NDR effects that can be characterized from the I-V curves for different pairs of soluble salts reacting at
the pore tip to form the salt precipitate. The effects of pH and salt concentration on the precipitation, together with the use of electrolytes
with different temperature-dependent solubilities, provide a complete description of the chemical NDR mechanism. In addition, the good
reproducibility and stability observed over different voltage cycles suggest that the threshold potential needed for precipitation can be used

for Ca®* sensing in the range 1-1000 mM.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0255394

I. INTRODUCTION

Negative differential resistance (NDR) phenomena are charac-
terized by a decrease in the electrical current with the increase in
the transmembrane potential, V, beyond a threshold voltage, Vi,
whose magnitude is system dependent. It has been described in
electronic solid-state junctions' and, more recently, in ionic liquid-
state nanopores and membranes.” '’ Ionic NDR has been observed
in a wide variety of systems related to elastomeric effects,” diva-
lent cation-gating and oscillatory phenomena,’ pressure-induced
ionic flows," electrically modulated ionic conduction,”” water and
ionic-liquid mixtures,” pH-modulated transport,” KF solutions
at low concentration,”'” and salt precipitation phenomena with
multivalent and monovalent salts.

NDR is typically probed through recording current-voltage
curves. It is a robust property that has been reported in a range
of nanopore systems and experimental conditions, where repro-
ducible switching between high and low conductance states at the

threshold voltage was observed.”'”'”""* The high sensitivity of the
transmembrane current to even small changes in voltage around
Vi suggests the possibility of applying nanopores that exhibit NDR
to amplify weak electrical perturbations, e.g., in nanofluidic sens-
ing and actuation.”””'” In addition, the hysteresis effects observed
in current-voltage curves under particular experimental condi-
tions suggest further applications in static and oscillatory mem-
ories, memristive devices, neuromorphic computing, and hybrid
circuits.'”*

Here, we provide new physico-chemical insights of the NDR
phenomena associated with the nanoscale precipitation that occurs
at the tip of single negatively charged nanopores fabricated in
polymeric foils. In order to limit the precipitation formation to
a well-defined region inside a nanopore, a pore was placed in a
conductivity cell whose chambers were filled with different highly
soluble salts such that each salt contained either cations or anions
creating the precipitate. Consequently, the precipitation formation
was restricted to the pore volume where concentrations of both ions,
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sourced from opposite pore openings, were enhanced. We present a
general procedure that results in I-V curves showing reproducible
NDR phenomena from a series of soluble salts reacting in the
pore volume at the pore tip region and forming the precipitate. In
addition, we describe the pH and salt concentration effects on the
precipitation and consider electrolytes with different temperature-
dependent solubilities. The stability and reproducibility of the
threshold potential Vi, needed for precipitation, over multiple
repeated different cycles, allow us to define a calibration curve for
Ca®* sensing in the range 1-1000 mM. Salt solubility phenomena are
of interest to biophysical chemistry, chemical engineering, and phar-
maceutical sciences. Here, we have emphasized the case of calcium
ions in nanoscale geometries.

Il. EXPERIMENTAL

The polymeric samples with single conical nanopores have
been prepared as described previously.”*”” The approximately con-
ical pores are obtained by the track-etching technique that begins
with irradiating a 12.5 ym thick polyimide foil by single swift
heavy ions (Au or U ions at the Helmholtzzentrum fiir Schwe-
rionenforschung, Darmstadt, Germany). The resulting tracks are
developed by wet chemical etching in sodium hypochlorite, which
leads to the formation of carboxyl groups on the pore walls and
membrane surface. Consequently, the pores are negatively charged
in neutral and basic solutions.”"** The pores used in this study had
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tip and base radii in the range 4-30 and 320-480 nm, respectively,
as obtained by imaging the pore base using scanning electron micro-
scopy and fitting the nanopore I-V curves in 100 mM KCL*’ More
details about the pore characteristics are given in Table S1 of the
supplementary material. The I-V curves are measured employing a
home-made electrochemical cell with Ag|AgCl electrodes connected
to a potentiostat (BioLogic SP-200). The curves are recorded using
a minimum of three cycles of triangular potential waves at scanning
rates between 200 and 500 mV/s, depending on the amplitude of the
wave. The experimental points are presented as measured, without
averaging values in successive cycles. The cell is mounted on an anti-
vibration table (Technical Manufacturing Corporation, Peabody,
MA) and located within a double-shielded Faraday cage (Amuneal
Manufacturing, Philadelphia, PA) to eliminate mechanical and elec-
trical perturbations, respectively. The membrane exposed area is
1 cm?. Different membrane samples have been employed for the sake
of reproducibility.

Ill. RESULTS AND DISCUSSION

Figure 1 explains the mechanism of salt precipitation that
occurs at a well-defined location along the pore axis. A single con-
ically shaped nanopore is placed between two soluble salts, each
containing a cation or anion that together form a weakly solu-
ble salt in the pore volume. In our experiments, we used a wide
range of salts that create precipitates with different solubilities, as

(b) reverse polarization /<0

(d)

reverse polarization /<0

‘—
Na* _ - = cr
2 —
ca(lo), @=
®e
o e
103 e Ca*

FIG. 1. Scheme of the nanoscale precipitation process that occurs at the negatively-charged pore tip. Note that the two electrolytes in the external solutions are soluble and
show no precipitation in the bulk at the concentrations used here. (a) CaCl, (pore tip) and NalOj; (pore base) for V > 0. The cation Ca?* and the anion 103~ accumulate at
the tip pore. The resulting low solubility electrolyte Ca(IO3), precipitates at a threshold voltage Vi, thus blocking the pore and inducing the NDR reflected in the I~V curve.
(b) For V < 0, the current drives the cation Na* and the anion CI~ to the pore tip, thus forming the high solubility electrolyte NaCl. (c) NalO; (pore tip) and CaCl, (pore
base) also give NaCl at the pore tip for V > 0, and thus, no precipitation occurs. (d) On the contrary, Ca(lO3), is formed at the pore tip for V < 0. In this case, however, the
negative pore charges do not allow a high enough 103~ flux, and thus, the ionic accumulation is not sufficient to reach the minimum electrolyte concentration needed for

precipitation.”’**
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listed in Table I. Figure 1 explains our setup with CaCl, placed
at the pore tip and NalOs3 at the pore base, as an electrolyte pair
that can create the weakly soluble Ca(IO3),. Due to the ion current
rectification that conical pores exhibit, applying a forward voltage
V > 0 leads to accumulation of both the cation Ca** and the anion
105~ at the pore tip [Fig. 1(a)]. When the positive voltage reaches
a given threshold value Vy,, the local concentrations of these ions
exceed the solubility of Ca(IOs3),, and precipitates are formed. This
is observed in the I-V curve as a negative differential resistance
(NDR) leading to a step reduction in the current. At reverse volt-
age V < 0, on the other hand, the current drives the cation Na*
and the anion Cl” to the pore tip, thus forming the high solubil-
ity electrolyte NaCl in this case [Fig. 1(b)], and consequently, no
NDR is observed. When the position of the reacting electrolytes is
interchanged, as shown in Figs. 1(c) and 1(d), the high solubility
electrolyte NaCl accumulates at the pore tip for V > 0 [Fig. 1(¢)],
yielding no NDR. At V < 0, even though Ca’* and 10;™ ions are
driven into the pore [Fig. 1(d)], no precipitation or current blockage
is observed because this voltage polarity causes ionic depletion in the
pore, such that the ionic concentrations do not exceed the solubility
ofCa(IO3)2.37'1‘*

Using the experimental setup of Fig. 1, we have observed NDR
in conical nanopores for different combinations of salts listed in
Table 1. In all cases, we used different salts on both sides of the

TABLE |. Different electrolyte pairs forming weakly soluble salts (third column) that
show nanoscale precipitation phenomena similar to those of Fig. 1 for distinct cations
and anions. The respective bulk solution solubilities are indicated for qualitative
purposes only.

Base Solubility at
Tip solution solution Precipitate 20°C (g/100 ml)
RbCl RbIO; 2.6
CsCl KIO; CslO; 1.96
CaClz Ca(103)2 0.24
SrCl, NalO; Sr(103); 0.19
BaClz Ba(IO3)2 0.035
CaClz KzSO4 CaSO4 0.26
SrCl, SrSO4 0.0132
BaCl Naz504 BaSO, 244 x 1074
KCl LiClO4 KClO4 1.68
RbCl RbClO4 1.55
CsCl NaClO, CsClOs 1.60
KCl KlO4 0.42
RbCl NalO4 RblO, 0.648
CsCl CslOy4 2.2
LiCl LiF 0.127
CaCl, CaF, 1.6x107°

KF »
SrClz SI‘FZ 1.17 x 10
BaCl, BaF, 1.6x 1073
CaCl, KCl, pH basic Ca(OH); 0.173
CaCl, CaCO; 13107
BaCl Na,COs BaCO; 0.024
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membrane such that precipitates could form only in the pore vol-
ume. This is in contrast to previous studies that utilized mostly
symmetric salt conditions on both sides of the membrane."""* Our
methodology shown here has several advantages. First, the weakly
soluble salts are formed at the pore region close to the tip where
the concentration of cations and anions, sourced from the oppo-
site pore openings, is sufficiently high to exceed the solubility of the
salt. The location of the precipitates is therefore very well defined.
Second, the asymmetric salt arrangement facilitates probing precip-
itation in a broad range of electrolytes and concentrations, allowing
multiple salt combinations, as shown in Table I. Indeed, as described
below, the precipitates listed in Table I and formed inside a conical
nanopore will induce distinct changes in the pore current-voltage
curves, such as different currents and threshold voltages for NDR,
and show different dependencies on salt concentration and tem-
perature. Thus, the procedure outlined in Fig. 1 allows the design
of nanofluidic devices with tunable NDR properties. The solubility
values of various weakly soluble salts are also included in Table I
to provide a rough estimate under which experimental conditions
precipitation and NDR can appear. For our conical nanopores, the
external solution concentrations we used in each case were in the
range of 1 to 100 mM.

In order to achieve reproducible NDR through precipitation,
as a general rule, the nanopores should exhibit a high rectification
ratio in KCI and a narrow tip diameter. The high asymmetry of
current-voltage curves in KCI assures a high level of ionic enhance-
ment that enables precipitation in the presence of ions creating a
weakly soluble salt. High rectification also indicates a strong ionic
depletion for the opposite voltage polarity that helps reset the system
and clear the precipitate. A small tip opening enhances voltage-
modulation of local ionic concentrations and makes the precipitate
more localized.

Figure 2 shows the NDR phenomena observed with three dif-
ferent pore samples and five electrolyte pairs (Table I). Additional
examples with more pore samples and electrolyte pairs are included
in Figs. S1-S7 of the supplementary material. The pair CaCl, (tip)
and NalOs (base) results in the Ca(103); precipitate [Fig. 2(a)], while
the pair CaCl, (tip) and Na,SO4 (base) leads to formation of the
CaSOy precipitate [Fig. 2(b)], obtained with pore sample No. 1. The
pair LiCl (tip) and KF (base) creates the LiF precipitate [Fig. 2(c)],
measured with pore sample No. 2. Finally, the salts CsCl (tip) and
LiClOy4 (base) give rise to the CsClOy4 precipitate, while KCI (tip)
and NaClOy (base) result in the formation of the KCIO4 precipi-
tate [Fig. 2(d)], obtained with pore sample No. 3. In all cases, the
precipitate blocks the pore in the forward bias (V > 0), when con-
centrations of cations and anions are enhanced. The onset of NDR,
however, occurs at distinct Vy, and current ranges and is salt depen-
dent. Moreover, for CaSQy, LiF, KClO4, and CsClOy, the current
switches between two states of few tens of nA and nearly zero cur-
rent, respectively, achieving on/off ratios in the range 50-200. At
the reverse bias voltage, the precipitate is cleared either by disso-
lution or electrokinetic passage, and the pore conductance is reset
following a new voltage cycle. Note that even though all precipitates
in Fig. 2 have similar solubility values, each pair of salts leads to
distinct current-voltage characteristics that are remarkably repro-
ducible in the successive voltage scans. The results suggest that the
chemistry of the precipitate affects voltage and characteristics of
precipitation-induced NDR.
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in pore sample No. 2. (d) CsCl (tip) and
(c) 50 [~ -~ r A )] 200 = LiClO,4 (base) (green curves), resulting in
N ) cscl the CsClOy precipitate, and KCl (tip) and
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2 T U 2 100F e No. 3. The precipitate formation blocks
£ 20 = kel NaClo, the pore at V > 0, while its clearing at
ok 50 - 100mM @\'100 mM V < 0 allows the regenerated pore to
I F follow a new current rectification cycle.
0 0
10 Lt M e ] 1 .50 L1 . . L 1 . |
-4 2 0 2 4 -4 0 2 4
V(V) (V)

Figure 3(a) shows a set of I-V curves of pairs CCl,-NalO;
at concentrations 50-100 Mm for the divalent cations C = Mg2+,
Ca?t, Sr**, and Ba’", resulting in the respective C(IO3), precip-
itate. Due to the high solubility of Mg(I0s),, the I-V curve in
the presence of magnesium ions does not show NDR. In addi-
tion, formation of Ba(I03), and Sr(IO3), with the lowest solubility
among all IO3™ salts we studied led to a significant closure of the
current in the forward bias (V > 0), such that negative currents
became larger in magnitude than positive currents. This observa-
tion suggests that NDR with a high on/off ratio of conductance
states requires reversibility of the precipitate reaction such that the
system can reset before a new precipitate is formed. The reaction
reversibility might be easier to achieve with salts that are more sol-
uble. The huge differences in qualitative and quantitative behavior
of nanopores in contact with different salts and precipitates sug-
gest that solubility is a good control parameter to tune NDR. The
current-time (I-t) traces in Fig. 3(b) show five different voltage
cycles, illustrating the good reproducibility and stability of the NDR
observed in all C(I03), salts. The experiments of Fig. 3 revealed
an interesting relationship between the magnitude of Vi, and the
solubility of the weakly soluble salts studied. Namely, in most
cases, Vi, is high for highly soluble salts, listed in Table I. How-
ever, this rule is not universal. In the case of two salts of similar
solubility, other factors such as the shape and size of the precipi-
tates, as well as the way they interact with the fixed charges may
affect the value of Vy,. This could be the case for the pairs KCI
(tip)-NaClOy (base) to give KClO4 and CsCl (tip)-NaClOy4 (base) to
give CsClOy.

In order to verify further that the NDR phenomenon and
the concomitant current decrease are related to the salt precipi-
tation, Figs. 3(c) and 3(d) show the effect of temperature on the
I-V and I-t curves for the pair of salts CaCl,-NalOs3, respectively.

Here, four different voltage cycles are shown. As the temperature
increases, both the pore conductance and the magnitude of Vy,
increase, in agreement with our expectation based on the increase
in the Ca(IO3), solubility with temperature observed in bulk
solutions.

It is also known that solubility of Ca(OH), decreases with the
temperature increase, which is probed in nanopore samples No. 3
[Fig. 4(a)] and No. 4 [Fig. 4(b)]. To this end, we placed a neutral
pH solution of CaCl, at the tip and basic KCl (pH = 11.7) at the
pore base side, an arrangement that was expected to result in the
formation of Ca(OH); in the pore volume. Note that as the temper-
ature increased from 20° to 70 °C, the pore conductance increased
at low positive voltages, while the magnitude of Vy, decreased.
This result constitutes direct evidence of the mechanism shown in
Fig. 1 based on the voltage-controlled concentrations at the pore
tip and resulting precipitation that leads to NDR observed in the
I-V curves.

As the next step, we investigated whether NDR depends on the
type of cations that do not participate in the formation of the pre-
cipitate but are present at the base side of the pore, as shown in
Fig. 5(a). As shown in Table I, two pairs of salts CaCl,-CIOs3, with
C = Na" and K", are expected to create the same Ca(IO3), precip-
itate. According to the scheme in Fig. 1(a), the pore conduction is
dominated by the formation of Ca(IO3), for V > 0, and thus, the
curves of the two pairs are expected to coincide, which is observed
experimentally. For V < 0, however, the pore conduction is domi-
nated either by the NaCl or the KCl electrolyte ions [Fig. 1(b)], and
thus, the currents follow the cation diffusion coefficients. Figure 5(b)
shows I-V curves recorded with the same salts as before but after
changing the positions of CIO; (tip) and CaCl, (base) with respect
to the case shown in Fig. 5(a). Now, according to the scheme of
Fig. 1(c), the NaCl or the KCl electrolyte ions dictate conduction for
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V > 0, with the electric currents following again the cation diffusion
coefficients and yielding no NDR. For V < 0, the small, recti-
fied currents are mainly due to the Ca** and 105~ ions delivered
from opposite pore openings [Fig. 1(d)], and the corresponding I-V
curves tend to coincide.

Precipitation of weakly soluble salts and resulting NDR in our
system result from voltage-controlled ionic concentrations in the
pore, enabled by the pore shape and surface charge. We have there-
fore also looked at the possibility of tuning NDR by pH of the
solution that will affect the effective surface charge through the
change of carboxyl group protonation. Figure 6 shows the effects of
solution pH on the NDR phenomena for the salt pair CaCl,-NalOs.
At neutral pH [Fig. 6(a)], the pore is negatively charged, and pre-
cipitation is only observed in the case CaCl, (tip)-NalO; (base)
for V. > 0. At pH = 3 [Fig. 6(b)], the pore is almost neutral, and
the Ca(IO3); concentration at the pore tip is not sufficient to cre-
ate precipitates. Thus, neither rectification nor NDR is observed.
Finally, at pH = 2 [Fig. 6(c)], the pore is positively charged, and the
rectification reverses its direction. The roles of cations and anions

-2 0 2 4

samples.

are interchanged with respect to the case of Fig. 1(a) such that
accumulation of anions and cations occurs now for negative volt-
ages. Thus, precipitation and NDR are only observed at V < 0 for
the case NalOs (tip)-CaCl, (base). At pH = 1 [Fig. 6(d)], the pro-
tons dominate conduction in the two electrolyte configurations, and
no NDR is observed.

In the remaining part of this work, we focus on the
CaCl,-NalO; case because of the relevant role of Ca*" in multi-
ple physico-chemical processes and the remarkable stability of Vi,
over successive cycles. A nanopore in contact with the pair CaCl,
(tip)-NalO3 (base) exhibits NDR curves with stable and repro-
ducible Vy, values over several cycles. We propose that this property
could be used for Ca®* sensing over a wide concentration range.
Figure 7(a) shows the effect of CaCl, concentration on the I-V
curves for the system CaCl, (tip)-NalOs (base). For the sake of
clarity, only the data of a single cycle at voltages V > 0 and the con-
centrations of CaCl, indicated are shown. As expected, V, decreases
as the concentration of Ca* at the tip increases. Figure 7(b) illus-
trates the stability of Vi, over ten successive cycles when KIO3
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FIG. 5. (a) I-V curves of a single nanopore recorded for the salt pairs CaCl, (tip)-ClO; (base), with C = Na* (blue curve) and K* (red curve), at the concentrations shown
(insets). At V > 0, conduction is dominated by the Ca(lO3), electrolyte ions, and the two curves are similar. At V < 0, conduction is dominated by the NaCl and KCl electrolyte
ions, and the currents follow the cation diffusion coefficients. (b) -V curves obtained over a single voltage cycle by changing the position of ClO; (tip) and CaCl, (base)
electrolytes with respect to the above case. In this configuration, the NaCl and KCl electrolytes dictate ionic conduction at V > 0 and no NDR is obtained. On the contrary,
the small, rectified currents at V < 0 are due to the Ca?* and 103~ ions. All experiments were conducted with pore sample No. 1.
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or NalOs3 is present on the base side of the pore. Figure 7(c) on
the other hand, demonstrates the stability of V', over ten cycles at
four different concentrations of Ca>* ions at the tip, with NalO;
at the base of the pore. Remarkably, the values of Vi, become
more stable as the concentration of Ca®* increases, with changes
lower than 0.01 V for the 1000 mM Ca®* case over ten cycles.
Figure 7(d) shows the calibration curve obtained for Ca®* sensing
with the average values of Vy, measured over ten cycles and ten dif-
ferent CaCl, concentrations in the range 1-1000 mM. Further data
obtained with pore sample Nos. 2 and 3 confirming the reproducibil-
ity and stability of Vi, with pairs CaCl, (tip)-NalOs (base) and
CaCl, (tip)-KIOs3 (base) have been included in Figs. S7 and S8 of the

supplementary material.

To further corroborate the results of Fig. 7, Fig. 8 demonstrates
the specificity for ion sensing based on the NDR phenomena of
Fig. 1. Figure 8(a) shows the I-V curve of a single pore in contact
with the following salts: the solution mixture 10 mM CaCl, + 90 mM
KClI (tip)-100 mM NalOs (base solution). Because this electrolyte
arrangement results in the low solubility salt Ca(I03), and soluble
salt KIOs3 at the pore tip, the I-V curve shows the NDR characteris-
tics of Fig. 2(a). The precipitate formation was therefore unaffected
by the addition of KCI to the tip side of the pore. When the base
solution is changed to NaClO4 [Fig. 8(b)], the NDR is induced by
the low solubility salt KClO4 formed at the pore tip, alongside the
highly soluble Ca(ClO4); thus, the I-V curves obtained are similar
to those of Fig. 2(d).
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IV. CONCLUSION

We have described the NDR phenomena due to the nanoscale
salt precipitation that occurs in a conical nanopore in contact with
two highly soluble salts that react at the pore volume and create
precipitates. To this end, we have designed a general procedure
that leads to reproducible and tunable NDR probed through I-V
curves. The tunability stems from the choice of salts and the solu-
bility of precipitates they form. We identified pairs of salts whose
precipitates cause switching of nanopore conductance with on/off
current ratios in the range 50-200. In addition, we have studied
the effects of pH and salt concentration on the precipitation and
NDR for electrolytes with different temperature-dependent solubili-
ties. The precipitation-based NDR phenomena are reproducible, and
the threshold voltage needed for the precipitation to occur, which
marks the NDR onset, shows great stability over many voltage cycles.
Thus, we have proposed that the observed voltage thresholds could
be used for ionic sensing. The experimental system design permits
to study salt precipitation under nanoscale conditions, which should
be of interest to biophysical chemistry, chemical engineering, and

) i 5,17,29,30 . :
pharmaceutical sciences,>'”**" particularly for the case of calcium

ions. This work has focused on controlling NDR probed mostly
through current-voltage curves. Recording ion current time series
with high time resolution and the corresponding spectral analysis,
planned in future studies, will provide further insights into the fluc-
tuations of ion transport, as previously shown in biological’" " and
solid-state™ ° pores.

SUPPLEMENTARY MATERIAL

The supplementary material includes additional electrolyte
pairs giving precipitation and their I-V curves showing NDR
phenomena.
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