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The Influence of Divalent Anions on the Rectification
Properties of Nanofluidic Diodes: Insights from
Experiments and Theoretical Simulations

Gonzalo Pérez-Mitta,” Alberto G. Albesa,” Maria Eugenia Toimil Molares,®

Christina Trautmann,®™ < and Omar Azzaroni*®

During the last decade, the possibility of generating synthetic
nanoarchitectures with functionalities comparable to biological
entities has sparked the interest of the scientific community re-
lated to diverse research fields. In this context, gaining funda-
mental understanding of the central features that determine
the rectifying characteristics of the conical nanopores is of
mandatory importance. In this work, we analyze the influence
of mono- and divalent salts in the ionic current transported by
asymmetric nanopores and focus on the delicate interplay be-
tween ion exclusion and charge screening effects that govern
the functional response of the nanofluidic device. Experiments
were performed using KCl and K,SO, as representative species

1. Introduction

The emergence of nanofluidics has produced a fundamental
shift in the way transport phenomena in confined geometries
is understood."™ The particular transport features of nano-
pores, nanochannels and nanotubes, which depends on their
surface characteristics pose interesting challenges both experi-
mentally and theoretically.*® Most important among these fea-
tures are concentration polarization, unipolar solutions and
ionic current rectification.”® The understanding of these issues
is of capital importance for a number of fields such as cation
exchange membranes for fuel cells, nanofiltration, lab-on-a-
chip applications and biosensors, among others.”'

Within the particular transport characteristics of nanopores,
their ability to rectify ionic current or, equivalently, to show
non-ohmic behavior, is nowadays one of the most relevant as-
pects to be understood due to its scientific and technological
implications." Up to date, several ways have been devised
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of singly and doubly charged species. Results showed that
higher currents and rectification efficiencies are achieved by
doubly charged salts. In order to understand the physicochem-
ical processes underlying these effects simulations using the
Poisson-Nernst-Planck formalism were performed. We consider
that our theoretical and experimental account of the effect of
divalent anions in the functional response of nanofluidic
diodes provides further insights into the critical role of electro-
static interactions (ion exclusion versus charge screening ef-
fects) in presetting the ionic selectivity to anions as well as the
observed rectification properties of these chemical nanodevi-
ces.

to tune this effect in order to control the magnitude and direc-
tion of the rectified current."'” Therefore, nanochannels can
be regarded as nanofluidic diodes with the distinctive advant-
age of being capable to finely tune the output current."®'
This current rectification effect has been demonstrated to
occur due to an asymmetry in the charge distribution along
the main axis of the nanopore. This asymmetry can be ob-
tained either by an asymmetric geometric shape, typically
a conical shape,®?" or by a gradient in the surface charge
density inside the pore.”? The first option is by far the most
used to obtain a non-ohmic behavior from a synthetic nano-
pore, examples of different procedures can be found else-
where in a large variety of materials such as SiN,, glass or poly-
mer foils.['>2324

Even though the incidence of geometry and surface charge
in the rectification behavior of nanopores has been thoroughly
studied, there is still a lack of understanding of fundamental
issues like the importance of the nature of the electrolyte in
the current transport. Despite existing previous works that re-
ported the use of different ions in the electrolyte solution,
most of these reports studied the effect of monovalent and di-
valent cations.”**" The analysis of those results was not so
straightforward, because the strong interactions between the
inner surface of the nanopores, normally bearing a net nega-
tive charge, and the cations, were also associated with nano-
precipitation and charge reversal effects. We believe it is neces-
sary to understand the influence of the transported ions
nature on the transport properties of the rectifying nanofluidic
devices.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1002/cphc.201600370
http://dx.doi.org/10.1002/cphc.201600370

.@’* ChemPubSoc
Brd-? Europe

In the present work, we focus our attention on the nature of
the anionic carriers using electrolytes with mono and divalent
anions, namely KCl and K,SO,. The experiments were per-
formed with negatively charged track-etched nanopores, thus
introducing a scenario in which divalent carriers are primarily
excluded from the pore. Our experimental results were simu-
lated using a continuous model based on Poisson-Nernst—
Planck (PNP) equations in order to characterize the mechanism
underlying the changes in the ionic conductance and rectifica-
tion features. Our analysis points to the interplay between ion
exclusion, the effect of reducing the concentration inside
nanopores due to strong electrostatic repulsion powered by
nanoconfinement, and charge screening effects arising from
counterions that are adsorbed over the pores surface also due
to electrostatic attraction. We propose that this interplay ulti-
mately define the dependence of the ionic selectivity and recti-
fication properties on the amount of divalent anions present in
the electrolyte. We observe that for our nanopores 0.1 M con-
centration of divalent salts is high enough to ensure that
charge screening prevails and consequently doubly charged
anions are not fully excluded at negative potentials.

Our results demonstrate that the rectification properties can
be increased at intermediate bulk ion concentrations of diva-
lent anionic species and this phenomenon arises from a combi-
nation of the electrical screening of surface charges (predomi-
nant at high concentrations) and the ion exclusion of divalent
anions from the negatively charge pore (predominant at low
concentrations). In a similar way we demonstrate that the
magnitude of ionic current flowing through the nanopore and
the rectification efficiency can be straightforwardly manipulat-
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ed by changing the composition of the mixture in the bulk
system. We consider that this combined theoretical-experi-
mental approach provides additional insights into the origin
and mechanisms lying behind the functional response of nano-
fluidic diodes in the presence of divalent anions.

2. Results and Discussion

During the different series of experiments, it was found that
the ionic currents were higher for K,SO, solutions with respect
of the solution of KCl of equivalent concentrations, especially
at V>0 (Figure 1a,c). Therefore the current rectification effi-
ciencies were also higher for nanopores measured in divalent
salt solutions, especially at lower concentrations. (Table 1)

This anion-valency-dependent behavior could have, in princi-
ple, two different contributions. The first one is related to the
concentration of cations, which is higher for the divalent salt
at a constant concentration. The second possible contribution
to these differences in the current magnitude could corre-
spond to the charge of the anions. Because the charge on the

Table 1. Rectification efficiencies calculated for each concentration from
the experimental and simulated data.

Conc. [M] KCl K,SO,
0.1 7 8
0.1(PNP) 14 18
0.05 15 28
0.05(PNP) 12 20
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Figure 1. a,c) Experimental and b,d) theoretical current-voltage curves, using a total concentration of 0.1 ™ (a) and (b), 0.05m (c) and (d).The inset shows the
electrode convention used for the experiments, the voltage was applied towards the tip whilst the electrode placed on the base side was grounded.
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sulfates is twice as high as that on the chlorides, the ionic cur-
rent transported by sulfates is higher.

To ascribe the correct importance to either contribution we
have measured current-voltage characteristics for each salt,
maintaining the ionic strength constant,®? instead of maintain-
ing the concentration constant. Results revealed that the cur-
rents at V>0 for the divalent salt were again higher with re-
spect of the monovalent salt showing the same behavior to
the experiments at constant concentration (Figure STm Sup-
porting Information). Consequently, it can be assumed as
a first approximation that the main contribution is due to the
charge of the anions instead of the difference between the
cation concentrations.

To qualitatively analyze and understand the difference be-
tween the current-voltage characteristics of the two salts in-
volved we use the Goldman constant field approximation for
a cylindrical pore, which provides a way to calculate the con-
ductivity G [nS] of a pore of radius R from the sum of the con-
ductivities of all mobile ions. These in turn are calculated using
the respective diffusion coefficients for each ion and their aver-
age concentration inside the nanopore [Eq. (1)]:

R

C(r)rdr (1)

Assuming that the average concentration inside the pores is
independent of the pore radius, and that the applied potential
is the same for the two salts, the ratio between the conductivi-
ties of divalent and monovalent salts is given by Equation (2):

z¢.D-Ce- + 2, Dso2Cso,2 (2)
 Z2.D¢ Gy +24-Dg Cq-

ldivalent

Imonovalent

where g6 IS the current transported by divalent species,
L nonovalent DY Monovalent species, z, D; and C; are the charge,
diffusion coefficient and the concentration of ion i, respective-

ly.
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Thus, if at negative potentials, the anions would be com-
pletely excluded from the nanopores, the ratio in Equation (2)
would depend only on the cation concentration. Assuming
electrical neutrality in the channel, the cation concentration
should be equal for both salts; and the ratio should be close
to one.

Figure 2 displays the Ipyaient//monovaient Fatio calculated from ex-
perimental data at negative potentials. The ionic current ratios
are close to one and show an increase with increasing ion bulk
concentration. This observation is in agreement with theoreti-
cal predictions (Figure 2b). We attribute this increase to an in-
complete exclusion of anions at negative voltages, especially
for higher concentrations. For the case of 0.1 M concentration,
there is less exclusion of doubly charged anions at negative
potentials due to a higher surface charge screening and, ac-
cordingly, the ratio between the divalent salt current and the
monovalent salt is higher as well as the rectification rates
(Table 1). The calculated ratios showed a transmembrane po-
tential dependence. This tendency is more pronounced for
a concentration of 0.1 M. We hypothesize that the higher con-
centration polarization at higher potentials can be the reason
of this behavior. At low transmembrane potentials, the few
anion carriers present inside the pores can contribute to the
transport of current but increasing the potential forces more
anions to access the channels. Since they are impeded to do
so due to electrostatic repulsion of the channel, the contribu-
tion of anions to the current decreses and the lgyaent//monovalent
ratio approaches values closer to unity.

In order to gain further inside into the mechanism underly-
ing the anion-dependent behavior of the current transport in
nanopores, we have performed computational simulations
using a continuous model based on the coupled equations of
PNP (Figure 1).%**¥, We applied the PNP formalism to model
current-voltage curves to calculate the concentration profile of
each ionic species across the pores (Figure 3).

Figure 3 shows the concentration profile of cations through-
out the pores. It can be observed that at negative transmem-
brane potentials and up to a distance of 3 um from the tip,
that is x=0, the profiles are similar for both types of electro-
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Figure 2. a) Experimental and b) theoretical results corresponding to divalent salt/monovalent salt ionic current ratios measured at different overall concentra-

tions.
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Figure 3. Concentration profiles of each ion across the length of the pore x; x=0 corresponds to the position of the tip. (a) and (b) corresponds to a bulk
concentration of 0.05m KCl and (c) and (d) to 0.05m in K,SO, (e) and (f) corresponds to a bulk concentration of 0.1 m KCl and (g) and (h) to 0.1 m in K,SO,,

lytes and for the two different concentrations, 0.05m and
0.1 M. This can be explained in terms of the electroneutrality.
Figures 3b,d show that for 0.05m concentration and V<0
there is an almost complete exclusion of anions. Under these
conditions, the main charge carriers are cations, whose con-
centration is governed by the surface charge of the pore. This
causes the cation concentration at V<0 to be approximately
the same for both cases, as seen in Figures 3 a,c.

On the other hand, at V>0 we observe an effect similar to
that described by Cervera et al.** where the electric field drags

ChemPhysChem 2016, 17, 2718 - 2725 www.chemphyschem.org

2721

the cations to the pore’s tip. Accordingly, anions are forced
toward the nanopore tip also in order to preserve the electro-
neutrality. As a consequence of this effect, the concentration
of charge carriers increases with the potential difference V,
seen in IV curves as a steep increase in the ionic current
(Figure 1).

Figures 3a,b and 3e,f display the concentration profiles for
both cations and anions in the monovalent salts at 0.05 and
0.1 ™ respectively. It is observed that the concentration values
throughout the pores are higher at 0.1 M as expected. Never-
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theless, it is interesting that this difference is not as high as in
the bulk solution were one concentration is twice as high as
the other. This effect is related to the nanoconfinement of the
solution. Since the diameter of the nanopores is small, espe-
cially towards the tip (x=0), there is a significant overlapping
of the double layer of the nanopores surface that causes that
the concentrations of species become closely related to the
surface charge of the nanopore. The concentration ultimately
depends on the surface charge instead of the bulk concentra-
tion.

At a concentration of 0.1 M, we see that there is less exclu-
sion of anions at V<0 towards the tip of the nanopores than
for a concentration of 0.05wm, for both salts. This can be ex-
pected because if the concentration is increased, the Debye
length, which is the screening length of the surface charge
produced by the counterions, decrease.

When the potential is positive, the cation concentration in
the divalent salt is higher than in the monovalent salt (Fig-
ures 3a,c). However, the divalent anion concentration is lower
as fewer anions are needed to neutralize the positive charge
into the pore (Figure 3b,d).

Despite the excellent qualitative agreement between theory
and experiments, a quantitative comparison demands much
caution due to differences between experimental and calculat-
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ed values. These differences are possibly given by the uncer-
tainties in the determination of the pore small opening (tip)
radii and the surface charge density. The major difference is for
divalent anions, being the theoretical current higher than the
experimental which is also traduced in higher rectification effi-
ciencies (Table 1). This might be caused by ion-pair formation
in the experiment, being this an effect that is not taken into
account in the theoretical model.

To analyze in more detail the contribution of the different
species to the ionic current we use PNP simulations. Figure 4
shows the current transported by only one type of ion at dif-
ferent transmembrane potentials. It was found that the contri-
bution to the ionic current of the divalent anion is almost
double than the contribution of the monovalent anion. This
fact can be analyzed taking into account that even though the
mobility of the sulfates is half that of the chloride, the term
corresponding to the anions increases with the charge and lin-
early with the diffusion coefficient [Eq. (1)].

With the aim of assessing the contributions of each ionic
carrier to the total current, namely the quantity of current
transported for each type of ion, the fractions of current trans-
ported by each ion, that is, the transport numbers (t), were cal-
culated as a function of the transmembrane potential
(Figure 5).
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Figure 4. Individual ion contribution to the ionic current. Blue curves represent the contribution of anions at a concentration of a) 0.05wm and b) 0.1 M. Red
curves represent the contribution of cations at a concentration of c) 0.05wm and d) 0.1 m.
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Figure 5. Fraction of ionic current transported, that is, transport number (t),
for anions and cations. Each curve was calculated using either K,SO, (full tri-
angles for 0.05m and full circles for 0.1 m) or KCl (empty circles for 0.05m
and crosses for 0.1 m), as electrolyte. Cartoons show the ionic transport for
positive (above the plot) or negative (below the plot) applied potentials.

The fraction of the total current was calculated with Equa-
tion (3):

|
-f
Where [Eq. (4)]:
I, = z;Fra®J; (4)

in which [, is the current transported by the ion, z is the
charge of the ion, F is the Faraday constant, a is the pore
radius and J; the ionic flux.

It can be seen in Figure 5 that for low concentrations more
than 95% of the current for V<0 is transported by cations,
either for the monovalent or the divalent salt. This is a very im-
portant point observed experimentally at V<0 where the cur-
rents are similar for both salts. Both groups of curves asymp-
totically reach the limit of t ~0.5 for positive voltages, indicat-
ing a decrease in the selectivity of the nanochannels to cat-
ions. On the other hand, at negative voltages, the nanopore
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selectivity towards cations increases, as observed from the de-
crease in t_ and the concomitant increase in t .

There are other important remarks to be made from of
these results. First, the fraction of current transported by cat-
ions at V>0 is lower for divalent salts, with the 0.1m K,SO, so-
lution having the lowest t, and the 0.05m KCl solution the
highest t,. It is important to note that the fraction of current
can be qualitatively related to the selectivity of the nanopore
towards a particular ionic species. Second, at V<0 and 0.1m
concentration, the transport number of divalent anions is
higher than that of monovalent anions, implying that in the
case of divalent salts, anions transport more current at nega-
tive voltages. However, this tendency is suppressed at lower
concentrations (0.05m KCl). This reveals that under conditions
of low ionic strength, ion exclusion has a predominant effect
on the transport number of the anionic species regardless of
the valency of the ion.

Next, in order to fully explore the influence of doubly
charged species on the rectification properties of the nano-
pore, |-V curves were measured using different proportions of
KCl and K,SO, at a fixed total concentration. In our experi-
ments we used two fixed total concentrations: 0.05m and
0.1 M. By these means, we have attained a gradual change in
rectifying properties in which the behavior observed in mono-
valent and divalent salts are the asymptotic limits (Figure 6).
These experiments proved a facile strategy to finely tune the
transport features of a nanofluidic diode without any further
chemical modification the nanopores surface as it is commonly
done in many approaches.

An estimation of the rectification efficiency (f.) for each
mixture of salts revealed a monotonic decrease upon increas-
ing the content of monovalent salt in the electrolyte (Figure 7,
empty circles). The degree of rectification (f..) is defined as the
ratio between currents measured at voltages of the same am-
plitude but opposite polarities,

For the sake of comparison all the rectification efficiencies
were normalized with respect to the current measured in the
corresponding K,SO, solution in the absence of KCl, which ex-
hibits the higher current value. Normalizing the rectification
factor allowed us to compare results with the theoretical pre-
dictions obtained from the PNP model (Figure 7, filled circles).
It can be observed from Figure 7 that there is a good agree-
ment between theory and experiment, thus reinforcing the
idea that PNP simulations not only provides a good description
of ionic transport in the nanopore system but also gives an ac-
curate depiction of the changes occurring in the rectification
efficiency as a function of the concentration of monovalent
and divalent carriers. This is important in order to design ex-
periments that require the use of more than one type of salt
and predict the outcome using the PNP theoretical framework.

It is interesting to note that the rectification efficiency de-
creases upon increasing the concentration of monovalent salt,
this effect being more pronounced under low concentration
conditions. This fact could be interpreted in the light of the ex-
perimental results described in Figure 1 and PNP simulations
results described in Figure 5. Under low-concentration condi-
tions, at negative potentials, the ionic current has a negligible
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contribution from the anions regardless of the electrolyte va-
lency (divalent or monovalent), and the cations constitute the
main carriers contributing to the ionic current. In this scenario,
the concentration of cations at negative potentials is purely
dominated by the electrostatic interaction with the pore walls
and consequently their surface charge density defines the con-
centration of cations in the interior of the nanopore. The pre-
dominance of this effect is evidenced by the ionic current
values at V< 0. Despite the fact that the bulk concentration of
K* ions is higher in 0.05 K,SO, than in 0.05wm KCl, the cationic
currents are similar, which indicates that the concentration of
cationic carries in the interior of the pore is nearly the same.
When the potential increases, the anions are allowed to enter-
ing inside the pore where they can contribute to the ionic
transport. Finally, the magnitude of this contribution is given
by the composition of the system.

When the concentration of the electrolyte mixture is higher
anions can then enter into the pore, even at negative poten-
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tials. This causes an increment in the contribution of the
anions and, consequently, the current at negative potentials
also depends of the composition of the electrolyte mixture in
the bulk. As expected, the extent of the ionic exclusion is
higher in the divalent anions than in the monovalent anions
due to the more repulsive electrostatic interactions.

3. Conclusions

In this report, we have described the effect of using salts with
divalent and monovalent anions on the ionic conductance and
rectification efficiency of asymmetrical nanopores. To this end,
solutions of different concentrations of K,SO, and KCl were
used. We observed an increase in ionic currents when electro-
lytes constituted of divalent anions are used instead of mono-
valent anions. These differences are mostly observed for posi-
tive currents, and consequently have an impact on the rectifi-
cation efficiency, i.e.: f is also increased by the presence of di-
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valent anions in the electrolyte solution. In order to have
a broader view of the physicochemical nature of this effect
theoretical simulations using the Poisson-Nernst-Planck for-
malism have been performed. It was found that the reason of
the differences in currents was related mainly to the presence
of double charged species. It was due to a larger loss of selec-
tivity of the channels both at positive and negative voltages.
Furthermore, several mixtures of both types of salts were mea-
sured finding a tendency going from the divalent behavior to-
wards a monovalent behavior. We have shown therefore that
both the magnitude of ionic current flowing through nano-
pores and the degree of current rectification can be finely ma-
nipulated in a facile way by changing the composition of the
mixture in the bulk system. These experiments and theoretical
insights shed light on the mechanisms of ionic transport in
nanopores when multivalent species are present in solution
and highlight the critical role of the interplay between ion ex-
clusion and charge screening effects in defining the ionic se-
lectivity to anions and rectification behavior of ionic diodes.

Experimental Section

Nanopores in poly(ethylene terephthalate) were fabricated using
swift heavy-ion irradiation followed by an anisotropic chemical
etching procedure to obtain highly tapered, bullet-like, nanopores.
The etching was carried out as explained by Pérez-Mitta et al.***”
As reported elsewhere, bullet-shaped nanopores present an en-
hanced non-ohmic behavior with respect to typical conical nano-
pores, mainly due to the increased aspect ratio close to the small
opening of the pores.®

In order to explore in a comprehensive manner the effect of valen-
cy of anions in the electrolyte on the ionic transport characteristics
of the nanopores, we used solutions of K,SO, and KCl of two differ-
ent concentrations, 0.05m and 0.1m, as representative divalent
and monovalent species, respectively. The pH was within the range
of 5-6 for every solution. Concentrations of both salts were the
same on both sides of the membrane for each experiment.
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