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ABSTRACT: Solid-state nanochannels have attracted substantial
attention of the scientific community due to their remarkable
control of ionic transport and the feasibility to regulate the
iontronic output by different stimuli. Most of the developed
nanodevices are subjected to complex modification methods or
show functional responsiveness only in moderate-ionic-strength
solutions. Within this project, we present a nanofluidic device with
enhanced ionic current rectification properties attained by a simple
one-step functionalization of single bullet-shaped polyethylene
terephthalate (PET) nanochannels with polyaniline (PANI) that
can work in high-ionic-strength solutions. The integration of PANI
also introduces a broad pH sensitivity, which makes it possible to
modulate the ionic transport behavior between anion-selective and
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cation-selective regimes depending on the pH range. Since PANI is an electrochemically active polymer, ionic transport also
becomes dependent on the presence of redox stimuli in solution. We demonstrate that PANI-functionalized single-nanochannel

membranes function as an efficient salinity gradient-based energy

conversion device even in acidic concentrated salt solutions,

opening the door to applications under a variety of novel operating conditions.

KEYWORDS: nanochannels, polyaniline, nanofluidic diodes, hypersaline compatibility, salinity gradient power, salinity gradient power,

osmotic power generation

B INTRODUCTION

Scaling down to the nanometric range reveals several
phenomena that do not operate on a micrometric scale. For
this reason, and exploiting technological advances in nano-
fluidics, the study of solid-state nanochannels (SSNs) has
attracted much attention in recent years."> The accurate
control of ionic transport in confined geometries combined
with fascinating size-dependent properties have promoted the
design of SSN with different applications such as biosensing,
energy conversion, and filtration, among many others.>™”
Furthermore, fully abiotic nanochannels offer some advantages
over ion biological channels, such as tailored size and chemical
stability, which allows, for example, the exposition of
nanochannels to a wide range of experimental conditions:
extreme pH electrolyte values, high ionic concentrations, high
temperatures, organic solvents, etc. Among the various
techniques employed to produce SSNs, ion-track technology
enables the reproducible fabrication of polymer nanochannels
with tailored geometries and well-adjusted size.®” Moreover,
the chemical etching of the ion-tracks exposes carboxylate
groups on the inner walls of the resulting nanochannels, which
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facilitates subsequent chemical modifications. This, in turn,
enables the intentional integration of a variety of specific
chemical functionalities to the polymer nanochannels, resulting
in nanofluidic platforms for which the ionic transport is
modulated by several stimuli such as light, temperature, pH,
and specific chemical moieties, among others, in a similar way
to biological ion channels.'”~"* In this context, the exploration
of new strategies to integrate functional systems to solid-state
nanochannels is a task of significant relevance.””

In addition, the ability to easily obtain ionic current
rectifying devices in fully abiotic nanochannels is a very
interesting feature of the ion-track-etching method.'* The ionic
current rectification (ICR) implies that the ionic flux is favored
at one polarity voltage (diode-like transport). Rectifying
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nanochannels have I—V curves characterized by a low-
conductance branch and a high-conductance branch. Devices
with this asymmetric transport have been widely studied for a
variety of applications such as nanofluidic diodes and chemical
sensors.”" Rectification is based on the rupture of electric
potential symmetry, which can be achieved using different
approaches.'”'® Usually, this non-ohmic transport is obtained
by the design of asymmetric-shaped charged nanochannels. In
these cases, the narrow aperture (tip) must have a comparable
dimension to the Debye length."”~"" This fact introduces
limitations to both the fabrication and operation of the device:
nanometer-sized channels and moderate salt concentrations
are required. Referring to the first issue, Siwy and co-workers
have recently emphasized the importance of developing
rectifyin$ devices with a high tip diameter/Debye length
ratio.”””" They obtained a rectifying device in moderate ionic
strength using a conical microchannel with the tip region filled
with high-molecular-weight poly-L-lysine. Concerning the issue
related to the salt concentration in operation solutions, the
nanometric-sized channels usually lose their rectifying behavior
or show only low rectification efficiency in symmetric KCI
concentrations greater than 1 M, i.e., where the Debye length
is drastically decreased. This condition limits the application of
nanofluidic diodes to high-salt-concentration solutions.””** To
overcome this limitation, two main strategies have been
proposed: decreasing the small tip opening of the nano-
channels below 10 nm (which is a challenge for the fabrication
and reproducibility of the process) or employing complex
multistep modification methods.”*~*° Another common way to
design rectifier devices is the asymmetric modification of
nanochannels.">*”*® The synergism between asymmetric
modification and asymmetric geometry has been introduced
previously. Vlassiouk and Siwy developed a bipolar diode
based on a modified conical nanochannel by exposing only the
tip side of the nanochannel to the reaction mixture."”” They
obtained a nanochannel with a patterned surface, which
conferred high rectification efficiency. This design approach is
very versatile as the modification with appropriate functional
systems allows incorporating other interesting progerties, such
as zwitterionic behavior, gating, and selectivity.29"0 However,
the loss of rectification at high ionic strength was still a critical
issue.

Related to the ionic current rectification behavior, an
interesting application of SSNs is their use in ion-selective
membranes to generate an energy of low environmental impact
via reverse electrodialysis, which is an attractive approach to
global problems associated with energy generation and
pollution.”*"** Several works have evidenced the capability
of track-etched nanochannels to achieve this goal.”"**~*
Nevertheless, the exploration of new modification methods
that allow the development of salinity gradient power (SGP)
generators is still scarce. In addition, SGP systems are effective
at pH conditions that ensure an appreciable surface charge
(typically pH > 6), and, generally, the applications are limited
to solutions with moderate ionic strength.’*** In this sense,
the design of SGP systems able to operate under different
conditions could allow the e:g;)loitation of diverse salinity
wastes for energy generation.3 To tackle these goals, the
authors have proposed different approaches such as the
functionalization with highly charged molecular systems and
interfacial design. On one side, the rational choice of a
modifying agent is crucial since its nature determines the
operative conditions of the SGP generator. On the other hand,

in the past years, the interfacial design has been shown to be a
key factor to achieve a successful scaling-up from single-pore to
multipore systems.*”

In our project, we focus on surface modification of
nanochannels with polyaniline (PANI), which is a widespread
electroactive polymer obtained by either electrochemical or
chemical oxidation of aniline.* According to the experimental
conditions, PANI can exist in three redox states: leucoemer-
aldine (LE), emeraldine (E), and pernigraniline.”’ The redox
states are defined by different ratios of secondary amine and
imine groups, with different associated acid—base equilibria.
Thus, the ionic charge of PANI can be tuned by changing the
pH of the solution and the concentration of redox agents. The
coupling between acid—base and redox processes in PANI***
has been recently exploited for the construction of a redox-
responsive iontronic device based on the electropolymerization
of PANI on Au-sputtered single-pore track-etched nano-
channels. In this system, variations in the PANI electrostatic
charge, caused by both pH changes and applied potential,
affected the iontronic behavior, as revealed by changes in the
I-V iontronic response.44 In contrast, in the present work, we
developed a functionalization method that avoids both
previous metallization and electropolymerization steps and
allows the integration of a PANI film directly on track-etched
polyethylene terephthalate (PET) foils by chemical synthesis,
which greatly reduces the complexity of the whole-membrane
fabrication process. We show that this simple modification
method of bullet-shaped single-nanochannel membranes with
PANI provides pH- and redox-responsive nanofluidic channels
with significant rectification properties even when operating in
high-ionic-strength solutions (up to saturated KCl solutions).
This one-step chemical functionalization of track-etched PET
foils allowed creating asymmetric membranes with enhanced
performance as an energy conversion system based on reverse
electrodialysis in high-salt-concentration media by combining
the advantages of the bullet-shaped nanochannels in terms of
rectification and energy-harvesting ability with the appropriate
interfacial design for producing enhanced SGP generation.

Results and Discussion. PANI Functionalization and
Membrane Characterization. PET membranes (12 ym thick)
were irradiated with a single high-energy heavy ion (2.2 GeV
Au ions) at the UNILAC accelerator of the GSI Helmholtz
Centre for Heavy Ion Research. In polymer foils, each
individual ion of such high energy produces a so-called ion
track, a cylindrical damage trail, a few nanometers in diameter
and several tens of micrometers in length. Under appropriate
conditions, the tracks in the irradiated foils can be dissolved
and converted into a bullet-shaped channel with a nanometric
tip diameter (more details are described in the Supporting
Information (SI)).*> After etching, the membranes exhibit a
cation-driven rectification due to the negative charge of surface
carboxylate groups created during the etching. This response is
typical of an asymmetric channel with a nanometric tip
diameter (dg, ~ 70 nm; Figure S1) and negatively charged
walls (Figure 1). The low current of the nonmodified channel
is explained by the low ratio of the carboxylate groups
dissociated at pH = 4. For PANI functionalization, the tip side
of the foil was exposed to a mixture of ammonium persulfate
(APS) and aniline in 0.5 M H,SO, for 3 h (Figure 1A). Under
these conditions, a PANI film was formed on the tip side of the
PET membrane.* Scanning electron microscopy (SEM) was
applied to investigate the configuration of the PANI film
modification. In contrast to the electropolymerization of PANI
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Figure 1. (A) Scheme of an etching cell, which also serves for the
asymmetric modification of the single-nanochannel membrane with
PANI, by adding the polymerization mixture on the tip side. (B)
Scheme of the asymmetric membrane with the bullet-shaped
nanochannel coated by PANI on the tip side (green) (top) and
SEM image of PANI film (bottom). (C) Typical I-V curves of the
PET foil with a single nanochannel before (blue) and after (green)
PANI modification recorded in 0.1 M KCl, pH = 4 (symmetrical).
The high rectification in PET/PANI is ascribed to the charged state of
the protonated PANI (pK, > 4). (D) I-V curve of a PANI-modified
foil recorded under asymmetrical electrolyte conditions (tip side: 0.1
M KCI, low concentration Cy; base side: 1 M KCl, high concentration
Cy) at pH = 3.5.

on Au-sputtered membranes in which the generation of a
polymer film from the metallized walls produces a decrease of
the nanochannel diameter,"* the present chemical synthesis
leads to the formation of a dense PANI film on top of the
membrane (Figures 1B and S1). Moreover, the synthetic
approach developed here ensures that the nanochannels are
not filled with the polymer as aniline is not transported
through the track-etched PET nanochannels under acidic
conditions (pH < 6).*” Instead of depositing polymer on the
walls of the nanochannel, our functionalization approach leads
to the coating of the tip side of the PET foil with a PANI film.

After modification, the iontronic output recorded under
symmetrical electrolyte conditions (KCl = 0.1 M) shows a high
anion-driven rectification (rectification triggered by positive
surface charge) at pH = 4, which is attributed to the high-
positive-charge state of PANI (pK, > 4) (Figure 1C). Earlier
studies and PNP simulations ascribed the ionic rectification in
SSN to the combination of surface charge and asymmetric
geometry (e.g., bullet-shaped nanochannels), yielding accamu-
lation or depletion of ions depending on the polarity of the
transmembrane voltage. This fact explains the low- and high-

conductance branches in the -V curves. Our approach tackles
both criteria, surface charge and geometry of the nanochannel,
by a simple one-step chemical synthesis on the tip side,
providing a system with outstanding rectification performance.
On the other hand, the iontronic output recorded under
asymmetrical electrolyte conditions (0.1 M KCl at the tip side;
1 M KClI at the base side) shows a shift of the curve from the
origin, which is originated by the anion selectivity of the PANI
film (Figure 1D). This behavior is crucial in the development
of SGP generators, and, for this reason, it will be addressed in
more detail in the Blue Energy Harvesting Performance
section.

The etched PET foils and the PANI-modified PET (PET/
PANI) foils were further characterized by UV—vis, Raman, and
X-ray photoelectron spectroscopies (XPS) and contact angle
measurements. The results are summarized in Figure 2. The
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Figure 2. Characterization results of a PET membrane with and
without PANT modification. (A) UV/vis spectrum of a PET/PANI
membrane at pH = 3. The film thickness was determined from the
absorbance value at 4 = 400 nm. (B) XPS spectrum of PET/PANI in
the region of the N 1s binding energy. The peak was deconvoluted
into four components. (C) Raman spectra of PET (blue) and PET/
PANI foils (red). (D) Contact angle images of PET and PET/PANI
foils.

UV—vis spectrum of a representative PET/PANI foil in acidic
KCI solution shows absorption bands at 400 and 800 nm, in
agreement with the green color of the film (Figure 2A). By
using an equation previously reported,” it is possible to
estimate the PANI film thickness (d;) from the absorbance at
400 nm (Auonm = 54 X 1073*d; (in nm)). Finally, the
thickness of the PANI film was estimated to be around ~0.3
um.
The PET/PANI XPS spectrum presents a peak at a binding
energy of ~400 eV (Figure 2B). This position is explained by
the electrons emitted from the 1s orbitals of the nitrogen
atoms in PANIL Furthermore, deconvolution of the N 1s peak
revealed the presence of the characteristic PANI contributions:
amino groups (—NH—) (~399.5 €V), imino groups (=N-—)
(~398.2 eV), and charged nitrogen moieties (~400.8 and
4022 eV).*
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Figure 3. (A) I-V curves at different pH values of a nanochannel in a PET foil modified with PANL (B) Dependence of the conductance on the
pH of the medium. The red and blue curves correspond to the conductance at transmembrane voltages of 1 and —1 V, respectively. (C)

Dependence of the rectification efficiency on the pH of the medium. The system shows a zwitterionic behavior. All measurements were carried out
in a 0.1 M KClI solution.
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Figure 4. (A) I-V curves of a PANI-modified membrane recorded in the presence of different concentrations of ascorbic acid (0—200 yM). The
control experiment in the inset shows the currents of the nanochannel with and without PANI in the presence of 100 M AA, which reinforces the
idea that this behavior is due to the reduction of the PANI film. (B) Variation in the rectification factor due to the presence of ascorbic acid. All

curves were recorded in 0.1 M KCI at pH = 3.5.

The Raman spectrum of the bare foil shows the main PET
bands: C=C stretching (1610 cm™"), C=0 stretching (1724
cm™'), and stretching of C—C (ring) and C—O (1286 cm™)
(Figure 2C). Thus, the bands of C=N stretching of the
quinoid ring (1484 cm™), C—N stretching (1215 cm™), and
C—H bending of the quinoid ring (1160 cm™) in the Raman
spectrum of the modified foil give evidence of the successful
synthesis of PANI This spectrum presents the characteristic
signals reported in previous works.””"

Water contact angle measurements provided values of 68 +
3 and SS + 6° for PET and PET/PANI, respectively (Figure
2D). The modification with PANI obviously increases the
wettability due to the higher hydrophilicity of PANI in
comparison with that of PET. The average and standard
deviation were obtained from five measures on different foil
regions.

lontronic Response of PANI-Functionalized PET Mem-
branes. Acid—base equilibrium involves changes in the state of
charge of PANI; therefore, the ionic transport of the PET/
PANI membrane was studied as a function of pH. Figure 3A
shows the I-V curves of a PET/PANI membrane recorded at
different pH values. The I-V curves reveal that it is possible to
vary the ion transport from anion-driven rectification to cation-
driven rectification by changing the solution pH. Additionally,
the iontronic output exhibits a nonrectifier behavior at pH =
6.3, which can be ascribed to the cancellation of the positive
charge of PANI with the negative charge of nanochannel walls.
Specifically, the high-positive-charge state of the PANI film at
acidic pH causes a depletion (accumulation) of ions in the tip
region for positive (negative) V, leading to a low (high)
conductance with a predominant contribution of anions
(Figure 3B). On the other hand, at basic pH values, PANI
gets deprotonated and the effect of the negative charges on the

28151

surface of the tip operates. In this case, the negative surface
charge provided by the carboxylate groups is responsible for
the depletion (accumulation) of ions at negative (positive) V,
values, and the current is mainly transported by cations. The
appearance of a cation-driven behavior at high pH is consistent
with the heterogeneous membrane configuration achieved by
the chemical functionalization approach. Contrarily, a non-
selective ohmic behavior is attained at high pH when
metallized membranes are modified by electropolymerization
as PET chemical groups are inaccessible after Au sputtering,**
To quantify the rectification efficiency, the rectification factor
(frec), defined as the ratio between the maximum currents in
the high- and low-conductance branches (If,.| > 1) (eq 3), is
analyzed. This parameter is of relevance because it provides a
direct relation to the surface charge density, as evidenced in
previous studies on ionic transport in SSN.'”** Our
asymmetric membranes exhibited a highly positive f,.. at
acidic pH (Figure 3C). Taking into account that in the absence
of redox agents emeraldine is expected to be the predominant
state of PANI, the f,. sign can be attributed to the high ratio of
the protonated imine groups in the PANI film.>* There is a
wide range of pK, values reported for the emeraldine state (é)Ka
~ 4—8),”" which is affected by the synthesis conditions.”™*® Al
pH = 3.5, a highly positive rectification is observed, whereas for
pH > 3.5, the rectification decreases rapidly. This fact can be
explained by both the deprotonation of PANI imine groups to
uncharged moieties and the deprotonation of PET carboxyl
groups to form negatively charged carboxylate groups. For pH
= 6.3, the f,.. is around 1 owing to the partial compensation of
the charges of the PANI and PET surfaces. This pH region is
commonly called the “isoelectric region”.>* Finally, for pH >
6.3, the system shows a rectification of f,.. < —1, which became
more negative as pH increases. This effect is due to the
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Figure S. (A) I-V curves of a PANI-modified nanochannel membrane at different concentrations of KCL. (B) Rectification factor and Debye length
at different concentrations of KCl. The PANI-functionalized single-pore membranes show good rectification efficiency even at high ionic strength.

All curves were recorded in acidic media (pH ~ 3).

prevalence of PET carboxylate charges because of complete
PANI deprotonation. In all cases, the system showed good
reversibility and signal stability (Figure S2). The analysis of the
anion-driven conductance (Figure 3B) allows us to determine
an effective pK, (& 6) for PANI in this system, which is
consistent with the values reported for PANI films in other
experimental configurations.”*

Redox Responsiveness. Taking into account that PANI
ionic charge is influenced by the redox state, we also
investigated the changes in the ionic transport in the presence
of a reducing agent.*””” [-V curves were recorded at different
ascorbic acid (AA) concentrations in 0.1 M KCl at pH = 3.5
solution (Figure 4A). Concentrations greater than 100 uM AA
yield an ohmic behavior with low currents. Figure 4B shows a
great diminution of f,.. as the AA concentration increases. This
change in iontronic behavior is not observed for the
nonmodified PET membrane (inset in Figure 4A) and can
be ascribed to the low ionic charge of the reduced
leucoemeraldine (pK, < 1.5)."* On the other hand, the
presence of AA under highly acidic conditions (pH ~ 1.5)
reduces f.. but does not lead to the complete loss of the
rectifying behavior. This can be explained by the partial
leucoemeraldine protonation at this lower pH, which is near
the pK, value of this redox form of PANI (Figure S3).>*

Rectification Behavior at High Salt Concentration.
Usually, asymmetric nanochannels exhibit rectification if the
tip diameter is comparable to the Debye length.'® Increasing
the ionic strength (or salt concentration) leads to a decrease in
the Debye length, which in turn reduces the rectification
behavior. Thus, an increase of KCl concentration above 0.05 or
0.1 M usually produces a drop in rectification efficiencies.'® As
a result, nanochannel-based nanofluidic devices do not
efficiently rectify the ionic currents under symmetrical
conditions of high ionic strength (e.g, in 1 M KCI). Based
on the high rectification factors of the as-prepared PANI-
functionalized PET membranes, we studied their rectification
performance at different ionic strength values.

Figure SA shows I-V curves of a PANI-modified nano-
channel membrane at different KCl concentrations between 50
and 4000 mM. As expected, the increase in KCI concentration
above 50 mM produces a diminution of f,.. (Figure SB), but
the rectifying values are surprisingly high with f,.. ~ 20 for 1 M
KCI and the behavior is still non-ohmic at KCl concentrations
as high as 3 and ~4 M. For qualitative comparison, the Debye
length calculated for each KCl solution is added in Figure SB.
The Debye length is commonly used to characterize the
electrical double layer (EDL) length. In the ionic transport
across the nanochannels, a thicker EDL allows a more efficient
co-ion exclusion and counterion enrichment, and therefore, a
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surface charge governed the transport. In nanochannels with
asymmetric geometries, the drop of the Debye length at high
electrolyte concentration (>0.1 M) usually produces a loss of
selectivity and, concomitantly, in the rectifying behavior.
However, in this system, the rectifying behavior is preserved
even at low Debye length values of ~0.17 nm. This means that
the chemical modification with PANI promotes ionic current
rectification even in pores with tip diameters greater than 400
times of the Debye length (4, ~ 0.17 nm in KCl ~ 3 M)
(Figure S4). To the best of our knowledge, rectification at such
high-ionic-strength solutions has not been reported previously
in single-pore systems.

Furthermore, the rectification efficiency can be even
improved by increasing the transmembrane voltage window
(Figure 6). At 10 mM KCl, the PANI-functionalized
membrane reached an f,.. (£S5 V) of ~1350, while for SO
mM KC], the f,.. (5 V) exceeded 900. These values by far
exceed most of the previously reported rectification values.’®
For high KCl concentrations, f,.. was triplicated by extending
the transmembrane potential window to +2 V. These results
support the application of PET/PANI heterogeneous mem-
branes as a simple and suitable option for the robust design of
high-ionic-strength nanofluidic diodes.

Surprisingly, the PANI-functionalized single-pore membrane
keeps the zwitterionic behavior even at a high salt
concentration of 1 M KCl (Figure 7). Thus, the system
shows a pH-tunable ionic selectivity at high ionic strength
(Figure 7A). At acidic pH, the system presents anionic
selectivity due to charged PANI groups. Then, at pH ~ §, the
system exhibits nonselective (ohmic) behavior, which can be
ascribed again to the compensation of the effects due to the
positive and negative charges contributed by PANI and PET,
respectively. Finally, at basic pH, the system shows cationic
selectivity, probably due to the predominance of PET
carboxylate groups. Concomitantly, the system allows turning
the rectification from anion-driven rectification to cation-
driven rectification by changing the solution pH even at high
ionic strength (Figure 7B,C). This behavior, together with the
great reproducibility and robustness (Table S1), makes the
PET/PANI membranes even more interesting for the design of
versatile platforms with accurate control of ion transport in a
wide range of environmental conditions.

Blue Energy Harvesting Performance. Propelled by these
interesting nanofluidic properties and taking into account the
great interest in the development of new ways of low-cost
environmentally friendly energy production, the performance
of the PET/PANI membrane as an ion-selective membrane in
reverse electrodialysis was evaluated. When a permselective
membrane is placed as a separator between two salt solutions
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nature of the membrane.’”°" Additionally, the charge

misbalance generates a diffusion voltage (Egg). This fact
makes it possible to generate electrical energy from nanofluidic
devices using a salt concentration gradient. Having this
application in mind, a bullet-shaped nanochannel foil modified
with PANI was mounted in a two-chamber electrolytic cell.
The two chambers were filled with KCl solutions of different
concentrations (Figure 8). In all cases, the membrane was
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Figure 6. Rectification factor f,.. as a function of the transmembrane
voltage for different KCl concentrations: 10 mM (black), SO mM
(blue), 100 mM (green), and 1000 mM (red) at pH ~ 3. The
dependence of f,.. follows a voltage power law with an exponent
between 1.33 and 1.55. The complete experimental data of the I-V
curves are shown in Figure SS.

with different activities, an osmotic current (iy) is generated,
which is dominated by one ion species due to the ion-selective
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Figure 8. (A) Scheme of the conductivity cell where the left chamber
contained a fixed high KCl concentration of Cy = 1 M and the
chamber facing the membrane with the small, PANI-modified
nanochannel was filled with different KCl concentrations C;, between
0.001 and 0.1 M. (B) I-V curve for a nanochannel exposed to a
concentration gradient of Cy = 1 M and Cp, = 0.1 M. Values for iy, R,,
and V,,, (Egq) are indicated. The electric circuit equivalent to the
experimental setup is shown too.

placed with the large pore opening toward the chamber with
the KCl solution of high concentration (Cy) (fixed at 1 M
KCI), whereas the membrane surface with the small channel
tip with the PANI film was in contact with the KCI solution of
low concentration of KCI (C;) (variable from 107> to 0.1 M)
(Figure 8A). As shown earlier, this configuration provides
better performance.’”®> The conductometric measurements
are characterized by the shift of the I-V curve with respect to I
=0 and V = 0 (Figure 8B). This effect is described as follows
(see the reference for further details)*>°’

V=V, +IR, (1)

rev

where the zero-volt current (I;y), the channel resistance (R.),
and the open-circuit voltage (V,,,) values were obtained from
the I-V curves recorded under asymmetric concentration
conditions (Figure 8B).

It should be noted that the potential drop of the two Ag/
AgCl electrodes (E,.4,) due to the contact with different KCl

concentrations could contribute to V,..”* Thus, commonly,

A . 8) 20 + . c
(A 15 s PH12 ) (8) Cation-driven (©
Wi rectification b .
10 ] =% »
% -~ / 10
‘:- 5 pHs 1 & 12} ;.-/ 1 .4
G0 e 1 E 4 s *e
s 2 g i o]
5 -5 4 3 of L]
o 2 4 °
c / K
-10 4 106 o
3 | "ot 1 o
i e =
B " KCl 1M t————; — 1MKcl i
1 05 0 05 1 ¢ ] & 10 1z T4 6 & 10 iz
Potential vs Ag/AgCl / V pH pH

Figure 7. (A) I-V curves of a PANI-modified nanochannel membrane at 1 M KCl for different pH values. (B) Dependence of the conductance on
the pH of the medium. The red and blue curves correspond to the conductance at transmembrane voltages of 1 and —1 V, respectively. (C)
Variations of the rectification factor at different pH conditions. The system keeps the zwitterionic behavior even at high ionic strength. All
measurements were carried out in 1 M KCL
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Figure 9. (A) I-V curve under a 1000-fold gradient concentration across a PET/PANI single nanochannel. (B) Power P versus voltage curve
under a 1000-fold concentration gradient. The PANI-functionalized single-channel membrane exhibits excellent performance as an energy
conversion system. (C) Maximum power P,,, as a function of the applied concentration gradient (log(Cy/Cy)). All curves were recorded using

KCI electrolyte at pH = 3.5.

the latter contribution is subtracted to obtain only the
contribution of the ionic selectivity of the nanochannel
(Eqg). However, in this work, both Ag/AgCl electrodes were
immersed in 3 M KCI solutions (salt bridge), yielding
negligible E,.q,, and liquid junction potential contribution.”"*>
It is still necessary to subtract the contribution coming from
differences in the reference electrodes. However, this value was
lower than S mV and did not depend on the KCI
concentration, so we considered V., ® Eg¢ and I,y = i,
(Figure 8B).

The energy conversion performance was evaluated by the I—
V curves recorded in KCl (pH ~ 3.5). At this pH condition,
PANI is found in a high ionic charge state, and therefore, the
nanofluidic transport is selective to anions (high IEggl). Under
this condition, the gradient concentration will promote the
generation of ionic flux from the base side (high concen-
tration) to the tip side (low concentration), but the anion
selectivity of the modified nanochannel will partially avoid
cation transport. Figure 9 shows the energy conversion
performance of the PANI-functionalized single-pore mem-
brane. As previously mentioned, the I-V curve exhibits a
closed-circuit current produced by the ionic flux from the base
side to the tip side and, concomitantly, an open-circuit
potential different from 0 (Figure 9A).

Usually, the performance of energy conversion systems is
evaluated by means of the power (P). This parameter is
defined as P = V*I. Taking into account that the maximum
power is obtained when V = 0.5 Eg the maximum power
(Pho) is defined as (see the references for further de-
tails) 21356+

2
_ Eag
4R, )

max

The power—voltage curve presented in Figure 9B shows a
maximum of P, = 15 pW at about 37 mV under a 1000-fold
gradient difference and pH = 3.5. Figure 9C presents the
maximum power obtained by eq 2 for different concentration
gradients. The performance of the nanofluidic energy
conversion system can obviously be optimized by increasing
the gradient concentration. A higher concentration difference
between the half cells produces a higher ionic flux and also
increases the Egg (Figure $6).°%%* This maximum power
exceeds those obtained for similar systems at acidic pH (Table
S2). Furthermore, our values are in the order of those
previously reported at neutral and basic pH using track-etched
nanochannels (Table $2)*"*"**** and could be even improved
by adjusting the opening diameters, the salt nature, and the
shape of the pore, among other design parameters.” %%

However, in contrast to previously reported systems based on
the negatively charged PET, the present design allows
operating in an acidic medium, which, considering the wide
spectrum of solutions available for reverse electrodialysis
operation, is an interesting way of exploiting industrial acidic
waste.”” This effect can be ascribed to the combination of
bullet-shaped geometry and a highly charged PANI film (Table
S2 and Figure S7). On one side, the bullet-shaped geometry
promotes an increment in P, due to the maximization of the
effective size and its concomitant maximization of i;. On the
other side, the inclusion of the PANI film on the tip side via
chemical synthesis promotes an increment of 100% in terms of
P in relation to that obtained for a nonmodified bullet-
shaped nanochannel (Figure S7). Besides these interesting
results, the challenge is to transfer our laboratory array to a
macroscale system, which is not a trivial task.’”%® In the recent
past, researchers have obtained attractive results by transferrin
energy conversion systems to multipore track-etched foils.™
Therefore, taking into account that ion-track-etching allows
generating a great number of nanochannels in a small area (for
example, 10° channels per cm?), this design is a suitable option
for a new generation of renewable energy in microsystems.

Experimental Section. Chemicals. Aniline and APS were
purchased from Sigma-Aldrich, and KCl, NaOH, H,SO,, and
HCI were from Anedra. All chemicals were of analytical grade.
All experiments were carried out using Milli-Q water (~18
MQ cm).

Etching. Bullet-shaped nanochannels were obtained by the
ion-track-etching method, as reported in detail elsewhere.*>%
Poly(ethylene terephthalate) (PET) foils were irradiated with a
single-high-energy Au ion (energy of ~2.2 GeV) at the linear
accelerator UNILAC of the GSI Helmholtz Center for Heavy
Ion Research, Darmstadt, Germany. Then, an asymmetric
surfactant-assisted chemical etching was performed to convert
the ion track into a bullet-shaped nanochannel.®” For this, one
side of the foil was exposed to 6 M NaOH (base side), whereas
the other side was exposed to a mixture of 6 M NaOH and
surfactant Dowfax 2al 0.05% (tip side). The addition of a
surfactant leads to a bullet-like geometry of the small tip of the
nanochannel. The etching time and temperature were 6 min
and 60 °C, respectively. Under these conditions, channels with
a tip diameter of ~70 nm and a base diameter of ~300 nm are
obtained (Figure S1).

Modification. Bullet-shaped nanochannels were function-
alized onto the tip side of the PET foil with polyaniline
(PANI). The chemical synthesis was performed by exposing
the foil to an aqueous solution of aniline (5 mM) and APS (S
mM) in 0.5 M H,SO, for 3 h at room temperature.
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Membrane Characterization. Raman spectra were re-
corded using a BW465-785S model Raman spectrometer (i-
Raman, BWTek) with an excitation laser of 785 nm. Contact
angles were measured using a Ramé-Hart contact angle system
(Model 290) by dispensing 1 uL droplets of Milli-Q. UV—vis
absorption spectra were acquired with a Perkin-Elmer Lambda
35 UV-—vis spectrometer. X-ray photoelectron spectroscopy
(XPS) was performed using a SPECS SAGE HR 100 system
spectrometer with a Mg Ka (1253.6 eV) X-ray source at 12.5
kV and 10 mA.

Current—Voltage (I-V) Measurements. Conductometric
measurements were performed using a four-electrode arrange-
ment connected to a Gamry Reference 600 potentiostat:
working Pt, reference 1: Ag/AgCl immersed in a solution of 3
M KCJ; counter-electrode Pt, reference 2: Ag/AgCl immersed
in a solution of 3 M KCI. The four-electrode array allowed us
to correlate I-V curve variations to changes of the nano-
channel.”’

Routine measurements were performed in KCI with a scan
rate of 100 mV/s and a transmembrane voltage limit of +1 V,
unless otherwise indicated. The working electrode was placed
on the tip side of the membrane. KCI solutions were adjusted
to the desired pH by adding diluted solutions of HCl and
KOH.

The energy conversion performances were evaluated by
applying concentration gradients of KCI solutions. The low
concentration was placed on the tip side, whereas the high
concentration was fixed at 1 M on the base side. These
solutions were fixed at pH ~ 3.5 by adding the HCI solution.
Transmembrane voltage routines were performed with a scan
rate of 10 mV/s and potential limits of 0.15 and —0.15 V.

Rectification Factor (f,). The rectification efficiency was
characterized by means of the rectification factor. This was
calculated as the ratio of the absolute currents in high- and
low-conductance states (eq 3).”° If the high-conductance state
was found at positive potentials, the f,.. was multiplied by —1.
This allowed us to relate the f,.. sign with the charge polarity
of the nanochannel walls

N li (high conductance)|

f;‘EC

" li (low conductance)| (3)

Conclusions. In summary, we have developed a chemical
approach for producing a membrane system with enhanced
current rectification properties by means of a one-step PANI
functionalization of the tip of a single bullet-shaped nano-
channel in PET foils. This simple modification approach allows
the control of ion transport by both pH and redox effectors.
The whole system exhibits zwitterionic behavior even at high
ionic concentrations (1 M KCl) as a consequence of the
simultaneous influence of the charges on the etched nanopore
wall and the PANI film deposited on the tip face of the
membrane. This particular configuration allows achieving an
anion-driven rectification at pH < S, a nonrectifying behavior
at about pH 6, and a cation-driven rectification at pH > 7.
Furthermore, the presence of ascorbic acid leads to the
chemical reduction of PANI, causing a decrease of the surface
net charge and decreasing ionic rectification. The system
displays very high rectification factors and tunable ionic
transport even in solutions with high salt concentrations. In
addition, the PET/PANI asymmetric membrane worked as an
efficient salinity gradient-based energy conversion device even
in acidic concentrated salt solutions, opening the door to

applications under severe acidic operating conditions. The
current challenge involves the transference of this single-
nanochannel design to the macroscale using foils with high
channel densities (e.g. 10°—10" channels/cm?®). We believe
that the improved ionic transport features achieved by the
PANI functionalization method will propel its implementation
in other nanofluidics applications such as filtration, energy
conversion, and nanoelectronics.
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