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Inspired by functionalized biological ion channels, artificial channels were prepared to mimic the natural
ones. The key concept behind the rectifying phenomena in nanochannels is the construction of
asymmetric restrictive nanochannels. Here, we prepared nanoporous oxidized polyvinyl alcohol (PVA)
and WOz composite coatings on hourglass-shaped anodic aluminum oxide (AAO) nanochannel surfaces.
Accordingly, a special “ion pool” is formed between the homogeneous junction in the middle of the AAO
and the nanoporous PVA/WOs film-covered AAO surface and its two ends are greatly nano-confined.
lon enrichment and ion depletion occur in the “ion pool” and are dependant on the applied voltage
polarity. A rectification ratio of 458, which is in accordance with the highest value found in previous

Received 1st November 2019 reports, was obtained from the cooperative effects of the two small open ends of the "ion pool".
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Furthermore, this value is enhanced to about 2000 under constant voltage. An excellent pH-sensitive

DOI: 10.1035/c9ra09006a rectification property, with a single rectification direction from acidic to basic conditions, has also been
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Introduction

Various biological ion channels or biological semipermeable
membranes play important roles in cell material exchange,
signal transduction, energy conversion etc.** Inspired by the
structure and function of protein channels, researchers began
to prepare artificial nanochannels to mimic natural channels
for biosensing, energy conversion, and smart gating.*>*® Organic
polyethylene terephthalate (PET) conical channels and inor-
ganic AAO nanochannel arrays are the most widely studied.”**
Until now, one of the most important discoveries in the field of
electrolyte ion transport by artificial solid nanochannels is the
unidirectional ion rectification characteristics that originate
from asymmetric systems."*™* However, artificial channels still
have many deficiencies compared with the highly functional-
ized ion channels in living organisms. For example, artificial
PET channels were prepared via an expensive track etching
method.'**® The sizes of the ion channels in nature are usually
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similar to that of the ions or molecules that are being trans-
ported, while the diameters of AAO channels are usually dozens
of nanometers.”*>* Other types of nanochannels, such as
nanofluidic crystals, are densely packed nanoparticles
produced by numerous interconnected three-dimensional gaps
that form nanochannels.”*** New types of dynamic curvature
nanochannels have also been made such as dynamic curvature
nanochannels.”® Each type of nanochannel has its own unique
characteristics due to their respective structural features.****

In recent years, the preparation of heterogeneous structures
on AAO surfaces has become a research hotspot in the field of
artificial ion channels because the asymmetric structure may
produce new functions. Mesoporous carbon, anatase TiO,,
amphiphilic block copolymers, and many other functional
materials have been used in combination with the AAO nano-
channels.”*** The asymmetric structure and charge distribution
produce a strong ion rectifying effect and rectification ratios of
up to 449 and 489 were obtained in AAO nanochannels
combined with mesoporous carbon or an amphiphilic block
copolymer, respectively.***® However, in these asymmetric
nanochannel structures, ionic and molecular transport is only
governed by one or two tip sides and ion enrichment and
depletion are induced by a polar surface charge in the confined
symmetric space.

The key concept of rectifying phenomena in nanofluids is
that the construction of asymmetric structure or asymmetric
surface charge distribution with nano-confined restrictive
channels.* Inspired by this, we creatively designed heteroge-
neous nanochannels of nanoporous PVA/WO;3; composite
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coatings and covered hourglass-shaped AAO via a facile spin
coating method. The heterogeneous junction greatly reduced
the opening size of the surface nanochannels, while the
homogeneous junction in the middle region also greatly
reduced the size of the AAO channels. A special “ion pool” with
long dimensionality is formed between the two junctions with
both ends being greatly nano-confined. Compared with the
previous reports on heterogeneous nanochannels, this study
not only forms an asymmetric structure, chemical components,
and surface charge distribution but also greatly enhances the
nano-confined effect. Ionic selective transportation control
across the “ion pool” depends on the cooperative effect of the
two small open ends and the long nano-confined pathway,
which can dramatically enhance the ion enrichment and ion
depletion performance of the system, leading to a high rectifi-
cation ratio of 458. Furthermore, this value is greatly enhanced
to about 2000 under the constant voltage. Also, an excellent pH-
sensitive rectification property, with a single rectification
direction from acidic to basic conditions, has been demon-
strated because the components have different isoelectric
points. This concept of making additional nano-confined
interspaces on the basis of the existing nanochannels has
great potential for the preparation of advanced functional
nanomaterials.

Experimental section

Fabrication of the symmetric hourglass-shaped AAO
nanochannels

The symmetric hourglass-shaped AAO nanochannels were
fabricated using the two step anodization method combined
with an in situ pore opening process. An aluminium foil of
0.1 mm in thickness was used as the anode, while a stainless
plate was used as the counter electrode in the anodization
process. First, a clean foil was electrically polished in a mixed
solution of HCIO, and ethanol (1 : 4 in volume ratio) under a DC
voltage of 17 V at 0-5 °C. Then, the foil was anodized for 2 h in
a 0.3 mol L™ " oxalic acid solution under a DC voltage of 50 V at
0-5 °C as the first anodization process. The foil was then
exposed to an aqueous solution of phosphoric acid (6 wt%) and
chromic acid (3.5 wt%) at 90 °C for 1 h. The second anodization
process was conducted under the same conditions as the first
anodization process until the anodized current decreased to 0 A.
Finally, an in situ pore opening procedure was performed for
30 min to form symmetric hourglass-shaped alumina
nanochannels."*

Fabrication of the asymmetric rectifying system

First, 0.36 g of polyvinyl alcohol (MW = 22 000) was fully dis-
solved in a 5 mL water and 5 mL ethanol mixed solution at
70 °C. PVA-modified hourglass-shaped AAO was prepared via
spin coating the former solution on one side of the blank
hourglass-shaped AAO at 3000 rpm for 20 seconds. For the AAO-
PVA/WO; sample, 0.64 g of WO; nanoparticles (Aladdin) with an
average diameter of 50 nm were added to the former solution,
followed by mechanical agitation and ultrasonication for 20
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minutes each. This dispersal process was conducted three
times. After standing for 12 hours, the upper suspension was
used for spin coating. All samples were heat-treated at 300 °C for
30 min in a muffle furnace at a heating rate of 3 °C min . After
natural cooling, these samples were used for characterization
and ion current measurements.

Characterization

Surface and cross-sectional images of the hourglass-shaped
AAO and the oxidized PVA or PVA/WO; covered hourglass-
shaped AAO were characterized via a JSM 7500F scanning
electron microscope (SEM).

Ion current measurements

The ion transport characteristics of the hourglass-shaped AAO
and the oxidized PVA or PVA/WO; covered hourglass-shaped
AAO were characterized by measuring the ion current. The
electrolyte was a KCl (Beijing Chemical Factory) aqueous solu-
tion of different concentrations. Ion current was measured
using a Keithley 6487 picoammeter (Keithley Instruments,
Cleveland, OH). Two Ag/AgCl electrodes were used as the elec-
trodes for apply voltage and conducting ion current because of
their good stability and high sensitivity. The unmodified side of
the hourglass-shaped AAO was always facing the negative elec-
trode. I-V curves were recorded with a transmembrane voltage
varying from —2 V to +2 V. KCl solutions with different pH
values were adjusted using HCI or KOH. For constant voltage
mode measurements, the voltage was fixed at +2 V or —2 V.

Results and discussion
Characterization studies

Anodized alumina is one of the most important materials that
has been widely studied for constructing a variety of smart arti-
ficial nanochannel systems. Herein, we selected a special struc-
tural anodic alumina channel, namely hourglass-shaped AAO as
the substrate supporter, which provided the desired trans-
membrane environment and possesses a very narrow tip channel
that is localized inside the nanochannels to effectively control the
ion transport.**> As shown in Scheme 1a, the AAO-PVA/WO;
heterogeneous structure was prepared by spin coating a mixed
solution, containing the WO; nanoparticles, PVA, water, and
ethanol onto one side of the hourglass-shaped AAO nano-
channels. This was followed by 30 minutes of heat-treatment at
300 °C for the moderate oxidation of PVA and immobilization of
WO; nanoparticles onto the surface of the AAO nanochannels.
From the SEM images in Scheme 1b-d confirmed that PVA/WO,
was successfully immobilized onto the surface of the hourglass-
shaped AAO. PVA is a commercialized organic chain material
with hydroxyl groups and it can increase the dispersion of WO;
nanoparticles in a solvent, thus making the coating more
uniform during the spin coating process. As seen in the photo-
graph of a PVA/WO;-covered hourglass-shaped AAO in Fig. S1,1
the surface of the AAO turns yellow in color after heat treatment.
This simple heat treatment moderately oxidized the PVA, which
greatly reduced the number of hydroxyl groups in the PVA and
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Scheme 1 (a) A flow chart of the facile fabrication of AAO-PVA/WOs3
nanochannels. The nanoparticles aggregate onto the channel surfaces
represent the nanoporous PVA/WOs surface coating. (b) SEM image of
a cross-section of the as-prepared PVA/WO3-AAO, the sale bar is 10
um. (c) SEM image of the surface heterojunction, the scale bar is
100 nm. (d) SEM image of the middle homogeneous junction of the
hourglass-shaped AAO, the scale bar is 100 nm.

prevented the dissolution of the PVA/WO; coating in the aqueous
solution. Finally, PVA also enhanced the stability of the AAO-PVA/
WO; nanochannels during the subsequent ion transport
investigations.

As is shown in Fig. 1(a), the average pore diameter of the
hourglass-shaped AAO surface was determined to be 30-40 nm,
while the thickness of the hourglass-shaped AAO is 90-110
microns. From Fig. 1(b), we can see that the opening of the AAO
nanochannel surfaces covered with oxidized PVA is slightly
blocked to a certain extent but the PVA does not make a complete
film on the surface. Further, a thin nanoporous structure con-
sisting of PVA/WO; nanoparticles is formed on the surface of the
hourglass-shaped AAO, forming the heterogeneous AAO-PVA/
WO; nanochannels, as shown in Fig. 1(c) and (d). Here, the
oxidized PVA connects the WO; nanoparticles and the AAO
surface together to form a thin coating with a thickness of only
about 100-150 nm. Compared with oxidized PVA-modified AAO
nanochannel surfaces, the openings of the PVA/WO;
nanoparticle-coated AAO surfaces are more clogged. Due to the
irregular shape of the nanoparticles, small gaps exist between
adjacent nanoparticles, which form the nanochannels for ion
transport.

Ion transport characteristic of the asymmetric system

Ion current rectification is one of the key parameters in the
study of artificial ion channels.***® Typically, ion current recti-
fication can be realized by channels with asymmetric surface
charges, structures or electrolyte concentrations.*»** In order to
realize the asymmetry of the channel, previous reports mainly
focused on the various modifications of the inner surface of the
channels.**® Here, oxidized PVA and the thin nanoporous PVA/
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WO; film decorated hourglass-shaped AAO nanochannels also
make the whole channel structure asymmetric. In order to fully
study the ion transport properties of the asymmetric structure,
ionic current-voltage curves (I-V) were measured under
different KCI concentrations and pH values and at a constant
voltage maintained with Ag/AgCl electrodes.

The I-V curve of the blank hourglass-shaped AAO in a 10 mM
KCl solution is linear, as shown in Fig. 2(a), while the AAO
modified with oxidized PVA or PVA/WO; shows significant
rectification. In general, the rectification ratio is defined as the
absolute value of the current ratio at +2 Vand —2 V. Here, as the
structure of the hourglass-shaped AAO is completely symmet-
rical, it exhibits non-rectifying properties, while the rectification
ratio of the oxidized PVA-modified AAO in a 10 mM KClI solution
is 9.8. When the hourglass-shaped AAO nanochannels were
completely covered via a nanoporous PVA/WO; thin film, the
ionic current at —2 V is just —5.13 nA and the ionic current is
2.35 pA at +2 V, so the rectification ratio reached 458, which is
similar to the highest value reported in the field of nanofluid
rectification.” Thus, these heterogeneous nanochannels can be
used as one of the candidates for the future practical applica-
tions as diodes in electronic circuits because the fabrication
method is very simple and the cost of production is very low. As
the nanochannels have the channel size in the nanoscale, the
concentration of the electrolyte has an obvious influence on the
ionic conductivity.?***° As is shown in Fig. 2(c), the conduc-
tance of the naked hourglass-shaped AAO, modified with
oxidized PVA or a PVA/WO; thin film in a 0.1 M KCI solution, is

Fig. 1 SEM images. (a) Surface of the AAO nanochannels. (b) Surface
of the PVA-modified AAO nanochannels. The opening of the nano-
channels were slightly blocked. (c) Surface of the PVA/WO3 covered
AAO nanochannels, showing that nanoporous structures were
formed. (d) A cross-section of the PVA/WQO3 coating, showing that the
opening of the nanochannels are covered with WOz nanoparticles
immobilized by oxidized PVA. The scale bar is 100 nm.
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Fig. 2 Characterization of the ionic rectification. (a) /-V curve of the
hourglass AAO, AAO-PVA, and AAO-PVA/WO= measured in a 10 mM
KCl solution under neutral conditions. (b) Histogram of the rectifica-
tion ratio calculated from the /-V curves of (a). (c) The ionic
conductance of hourglass AAO, AAO-PVA, and AAO-PVA/WOs at
different KCl concentrations. The dashed line is the conductance of
the bulk solution. (d) The rectification ratios of AAO-PVA/WOs at
different KCl concentrations.

much higher than that of the bulk solution, which is one of the
characteristics of nanochannels, including one-dimensional
and two-dimensional nanochannels, and three-dimensional
porous channels.?®**** This phenomenon arises from ion
transportation controlled by the surface charge of the channels
and it also has a significant influence on ion rectification. The
rectification ratios of the PVA/WO; thin film-modified
hourglass-shaped AAO nanochannels under different KCl
concentrations are shown in Fig. 2(d) and the maximum recti-
fication ratio is at a 10 mM KCl solution. The rectification ratios
decreased at other concentration conditions. This phenomenon
is consistent with previous theoretical and experimental reports
that state that a rectifying system usually has the highest
rectification ratio at a certain concentration.>*?5-

The ion enrichment and depletion effects of nanochannel
structures are considered the most important mechanisms for
ion rectification in artificial ion channels.***”** They can also be
used to explain the rectifying phenomenon in this study. The
nanochannels have a great influence on ion transport due to the
small channel size that is dependent on the tip region of the
hourglass-shaped AAO and the gap channel within the nano-
porous PVA/WO; film. The PVA/WO;-modified hourglass-
shaped AAO has a heterogeneous structure, where the main
asymmetrical functional part is half of the hourglass-shaped
AAO. One end can be seen as a homogenous Al,O; junction
with extremely small nanochannels, while the other end can be
seen as a thin nanoporous PVA/WO; layer covered with AAO
nanochannels, as shown in Scheme 2. Half of the AAO nano-
channels with lengths between 45-55 microns can be seen as
the “ion pool”. When the surface of a nanochannel is positively
or negatively charged, it tends to be more favorable for the
transport of ions with the opposite charge.***® The isoelectric
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Scheme 2 Mechanism diagram of the rectifying effect under neutral
condition of the PVA/WO3 covered hourglass-shaped AAO. The “ion
pool” is between the dashed line. (a) The equilibrium states. (b) lon
depletion state: when a negative bias is applied, both K* and Cl~ would
migrate to the external solution. (c) lon enrichment state, when
a positive bias is applied, both K* and Cl~ would migrate to the “ion
pool” area.

point of alumina oxide is located at 8-9, so its surface is posi-
tively charged under acidic or neutral conditions, which means
it tends to transport negatively charged Cl~ ions.** On the
contrary, the moderate oxidation of PVA results in carbonyl
groups on the surface, thus the adsorption of hydroxyl ions on
the surface makes it negatively charged under neutral and
alkaline conditions. Also, the isoelectric point of WOj; is located
at 0-1, it also tends to be negatively charged under neutral and
alkaline conditions. As a result, when both ends of the AAO-
PVA/WOj; nanochannels are in a KCI solution of pH 7, oppo-
sitely charged ion enrichment occurs on the nanochannel inner
surface. K" ions stay on the PVA/WOj; side, while Cl™ ions are
located on the hourglass-shaped AAO side. This equilibrium
state will be broken when an external voltage is applied to the
system. As is shown in Scheme 2b, when a negative voltage is
applied to the system, both CI~ and K" ions will migrate from
the “ion pool” to the external solution, leading to ion depletion
in the “ion pool” between the homogenous junction of the
hourglass-shaped AAO and the heterogeneous junction of the
PVA/WO; film covered AAO opening. The ion conductivity
decreases due to ion depletion, as shown in the I-V curves of
which the current under negative voltage is very small. On the
contrary, when the voltage is reversed, the surface enriched
ions, CI~ and K', both migrate into the “ion pool” across the two
junctions, thus causing ion enrichment in the “ion pool” area,
as is shown in Scheme 2c. The ion enrichment greatly enhanced
the conductance of the “ion pool”, which is reflected in the I-V
curves where the current is relatively high under a positive
voltage. Ionic selective transportation across the “ion pool”
depends on the cooperative effect of the two small open ends
and the long nano-confined pathway of the “ion pool”. More-
over, the dramatically enhanced ion enrichment and ion

This journal is © The Royal Society of Chemistry 2020
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depletion performance lead to the observed high rectification
ratio.

In aqueous solutions, the surface electricity of a metal oxide
or an oxygen atom rich surface is related to the pH value due to
the adsorption or desorption of protons or hydroxide ions.*>*”**
The I-V curves of the PVA/WO; covered hourglass-shaped AAO
nanochannels were measured under different pH conditions in
a 10 mM KCl solution, as shown in Fig. 3(a). Here, solutions at
pH 3, pH 7, and pH 11 represent acidic, neutral and alkaline
conditions, respectively. The rectification ratio shows the
highest value under neutral solution, and the rectification ratio
is greatly reduced at pH 3, as is shown in Fig. 3(b). The
isoelectric points of the components are different under neutral
conditions, the AAO side is positively charged, while the PVA/
WO; side is negatively charged. This asymmetric structure and
surface charge distribution results in the high rectification
ratio. Under acidic conditions, the surface of the PVA/WO; side
is almost electrically neutral, which lowers the selective
enrichment of the ions, thus the asymmetry of the system is
greatly reduced, resulting in the lowest rectification effect.
Under alkaline conditions, the active sites of the PVA/WO;
surface are all activated with a high negative charge density,
which results in the maximum ion current under a positive
voltage when compared to either acidic or neutral conditions.
However, the rectification ratio of the system under alkaline
conditions decreased because the surface of the AAO side is also
negatively charged, which would reduce the asymmetric charge
distribution in the system. The surface charge conditions are
shown in Scheme S1.} Overall, sensitivity across a wide-range of
pH values is observed in this study, of which a single rectifica-
tion direction is activated from acidic to basic conditions. This
result is similar to our previously reported organic/inorganic
hybrid nanochannels.*® However, simultaneously, a higher pH
selectivity is first developed in this work because the maximum
rectification ratio occurred at the opposite surface charge state,
which shows a better coupling effect.

The rectified I-V curve of the ion channels is usually
compared to the curve of the semiconductor diode in an
integrated circuit. These two structures represent the recti-
fying of the electrons and ions; however, the volume of the
ions in the solution is much larger than that of the electron in
the solid. The concentration of ions within the enrichment
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Fig. 3 Characterization of the ionic rectification in a 10 mM KCl
solution at different pH values. (a) /-V curves of the AAO-PVA/WOs3
nanochannels measured at pH 3, pH 7, and pH 11. (b) Histogram of the
rectification ratios calculated from the /-V curves.
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and depletion areas varies with the applied voltage in the I-V
test and the ion enrichment and depletion processes require
time. Here, in order to better prove that the “ion pool” strategy
plays a vital role in the high rectifying property of our as-
prepared AAO-PVA/WOj3; nanochannels, we used the constant
voltage mode of the picoammeter to measure the change in
ion current. In this case, ion enrichment and ion depletion
increased with time. As shown in Fig. 4, under constant
voltage, the ion current of the oxidized PVA-modified AAO
nanochannels at +2 V gradually increased from 5.3 pA to 8.5
pA, while the ion current at —2 V gradually decreased to —0.36
pA. The corresponding rectification ratio increased from 9.1 to
23.8. For the PVA/WO; covered AAO nanochannels, the ion
current at +2 V gradually increased from 2.1 pA to 5 pA, while
the ion current at —2 V gradually decreased to just —2.65 nA,
thus producing a rectification ratio of about 1900-2000. At
a constant voltage, the rectification ratio is about 4 times
larger than the rectification ratio obtained using a scanning
voltage from —2 V to +2 V. Compared with the data of the I-V
curve in the fast scanning from —2 V to +2 V, we think that this
enhanced rectification ratio comes from the longer response
times of the ion enrichment and depletion under the constant
voltage mode, which was caused by the “ion pool” structure
with long dimensionality in our fabricated heterogeneous
nanochannels. The special ends of the “ion pool” produce
a large reduction in the opening area of the channels and
results in a strong ion transport restrictive effect. That is,
under a negative constant voltage, the ions would be contin-
uously removed from the “ion pool” without being supple-
mented by the external solution, which results in a gradual
decrease in the conductance, as is reflected by the gradually
decreased in the ion current. When it comes to the positive
constant voltage, both CI~ and K" would be continuously
transported to the “ion pool”, causing an increase in
conductance, as is reflected in the gradually increasing ion
current in Fig. 4. It is important to note that the increase in the
rectification ratio under constant voltage is larger than that of
the PVA modified AAO nanochannels, probably because the
plugged openings in the nanoporous PVA/WO; cause a more
nano-confined “ion pool”, producing stronger restrictions on
ion transport and a more noticeable enhancement of
rectification.
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Fig. 4 Characterization of the ion current and the corresponding
rectification ratio in a 10 mM KCl solution at constant voltage. The red
and black squares represent the ion current at +2 V and -2 V,
respectively, and the blue represent the corresponding rectification
ratios. (a) PVA modified hourglass-shaped AAO. (b) PVA/WOs3 covered
hourglass-shaped AAO.
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Conclusions

We have successfully prepared thin nanoporous PVA/WO;
covered hourglass-shaped AAO nanochannels using the facile
spin coating method. The preparation method combines the
advantages of the nanochannels and provides a stronger nano-
confined effect. The nanoporous thin coating greatly reduced
the opening size of the AAO nanochannels, forming an “ion
pool” with one end. There is a homogenous junction in the
middle of the hourglass-shaped AAO, while the other end has
a heterogeneous structure. The PVA/WO; covered hourglass-
shaped nanochannels display an extremely high rectifying
performance in neutral KCl solution, which comes from ion
enrichment and ion depletion of the “ion pool”. The rectifying
effect performance is greatly enhanced under constant voltage
due to cooperative effects between the two small open ends and
the long dimensionality of the “ion pool”. The rectifying effect is
sensitive to the pH value of the electrolyte solution and a single
rectification direction is activated from acidic to basic condi-
tions. This simple preparation method and nano-confined
strategy can be extended to other material fields.
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