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ABSTRACT: Stimuli-responsive nanochannels have attracted extensive attention in
various fields owing to their precise regulation ability of ionic transportation. However,
the poor controllability and functionality as well as responding to only one type of external
stimulus still impede the development of the smart nanochannels. Here, we demonstrate a
novel heterogeneous membrane composed of ordered mesoporous titania nanopillar-
arrays/anodic aluminum oxide (MTI/AAO) using an interfacial superassembly strategy,
which can achieve intelligent light and pH multimodulation ion transport. The MTI/AAO
membranes are generated through the self-assembly of templates, followed by interfacial
superassembly of micelles on AAO, and then the nanostructure and phase transformation
of titania. The presence of the MTI layer with anatase crystal endows the heterogeneous
membrane with an excellent light-responsive current density of 219.2 μA·cm−2, which is
much higher than that of a reported traditional light-responsive nanofluidic device.
Furthermore, the MTI/AAO heterogeneous membranes with an asymmetric structure
exhibit excellent rectification performance. Moreover, pH-regulated surface charge polarity leads to a reversal of current rectification
polarity. This light and pH multiresponsive membrane realizes efficient, sensitive, and stable ion regulation, extending the traditional
nanochannel from single modulation to smart multimodulation.

■ INTRODUCTION

Ion transport through cell membranes is precisely regulated by
biological ion channels in organisms in response to external
stimuli, which play a vital role in human physiological
activities.1 Inspired by biological ion channels, various artificial
nanochannels with different functions emerge as a fascinating
research field.2−6 At present, various single-responsive artificial
nanochannels that can respond to the external stimuli such as
pH,7−10 voltage,11−13 temperature,14−18 and light19−25 have
been reported. Thus, it is particularly important to develop
novel nanochannels that can respond to multiple external
stimuli. Success in this endeavor will give artificial nano-
channels greater controllability and functionality, a significant
step closer to biological ion channels. In particular, light- and
pH-responsive ion channels have received wide and increasing
attention due to their noninvasive external field control and
intelligent ion response characteristics.26−28 Therefore, it is
significant to develop a nanofluidic device to make innovations
in light and pH dual-functional ion channels.
Heterogeneous membranes composed of different materials

are conducive to the construction of multi-stimulus-responsive
nanochannels, because each component can be designed to
respond to one external stimulus. A semiconducting membrane
is considered as a potential candidate for the construction of
photoresponsive ion channels due to its photoinduced surface

charge and excellent photoregulated ion transport perform-
ance.29,30 Titanium dioxide as a semiconducting material has
received wide attention in recent years due to its excellent
chemical stability and sensitive photoresponsive properties,
which are conducive to mass diffusion and bring a sensitive and
rapid response.31 For example, Zhai et al. used Pt-nanoparticle-
decorated TiO2 nanotubes as photoresponsive ion channels,
which generated a 385 nA·cm−2 of photocurrent under UV
light with an irradiance of 8.4 mW·cm−2.32 An ordered
mesoporous membrane composed of titania nanopillar-arrays
has abundant and connected ion transport channels and not
only provides three-dimensional (3D) ion transport channels
but also increases the interaction interface between the ions
and channel wall, which is expected to bring a higher
responsive current. To our knowledge, there is no study that
applies mesoporous titania nanopillar-arrays to light-responsive
ion channels. In addition, anodic aluminum oxide (AAO) is an
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amphoteric compound, which not only shows different charge
polarities at different pH values but also displays robust
mechanical properties and good stability.33 For instance, Zhou
et al. employed AAO to prepare a pH-sensitive nanochannel
for salinity gradient power generation.34 Therefore, the
integration of mesoporous titania and AAO is expected to
construct light and pH dual-responsive nanochannels.
Compared with a single external stimulus, the multi-stimulus-
responsive nanochannels significantly improve the sensitivity of
the ion channels and have stronger functionality and
controllability.
Here, a unique structural transformation process is used to

obtain a smooth MTI/AAO heterogeneous membrane with
ordered structure and good stability. Then, a thin and smooth
titania nanopillar-array membrane with a inverse mesoporous
structure is successfully assembled on AAO (MTI/AAO) via
an interfacial superassembly strategy. The MTI/AAO asym-
metric heterogeneous membranes combine the properties of
MTI and AAO, leading to the light-gated and the pH-
adjustable ion transport properties as well as the diode-like
rectified ion transport. Anatase titania with an ordered
mesoporous structure and good crystallinity provides sensitive
photoelectric response properties. The asymmetric chemical,
electrostatic, and geometric composition endow the heteroge-
neous membranes with rectification performance, which can be
regulated by light- and pH-induced surface charge. Further-
more, the abundant ion transport channels and high
interaction interface provided by the MTI layer lead to a

high light-responsive current density of 219.2 μA·cm−2, which
is much higher than that of the reported light-responsive
nanofluidic device (Table S1). This multi-stimulus-responsive
nanochannel combines the unique photoelectronic properties
of mesoporous titania and the advantages of the the high
mechanical properties of AAO membranes, exhibiting excellent
stability, reversibility, as well as sensitivity, and is expected to
be used in seawater desalination and biosensing fields.

■ RESULTS AND DISCUSSION

The MTI/AAO asymmetric heterogeneous membrane is
constructed by an interfacial superassembly method with the
assistance of hydrogen bonds and oxygen bridge bonds
between MTI and AAO as shown in Figure 1.33,35 To prevent
the titania precursor solution from penetrating into the pores
of AAO, poly(methyl methacrylate) PMMA was first spin-
coated on the surface of AAO as a sacrificial layer (Supporting
Information, Figure S1). The MTI precursor, which consists of
a mixture of a titanium source (titanium tetraisopropoxide
(TTIP)), hydrochloric acid, a template (Pluronic P123), and a
solvent (alcohol), was coated on the AAO, and then, the
ordered MTI was synthesized by evaporation-induced self-
assembly (EISA) (Figure S2).36 During the removal of the
surfactant template by calcination, the MTI will undergo a
structural transformation from a 3D hexagonal structure to
mesoporous titanium dioxide pillar channels, which is expected
to provide abundant 3D ion transport channels and interaction

Figure 1. Schematic illustration of MTI undergoing structural transformation on the top surface of AAO nanochannels during the formation of
heterogeneous MTI/AAO nanochannels by the interfacial superassembly method.
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interfaces between the ions and channel wall, thus leading to
superior ion transport.37−39 TEM images of the MTI
membrane at lower calcination temperatures demonstrate the
formation of a 3D hexagonal structure with an ABAB stacking,
and the appearance of elliptically shaped pores is caused by the
contraction of the films (Figure S3).40 In order to obtain the
optimal structure, we prepared five different MTI membranes
by calcination in the temperature range from 300 to 500 °C.
The removal of the template P123 is confirmed by
thermogravimetric (TG) analysis (Figure S4). The results of
X-ray diffraction (XRD) indicate the crystallization of the
amorphous titania framework to anatase, and the crystallinity
becomes higher with the increase of temperature (Figure S5).
The morphology of the MTI/AAO heterogeneous membrane
was characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). When the temper-
ature is lower than 400 °C, MTI can undergo structural
transformation, resulting in poor mesospace order (Figures
S6−S8). When the temperature is higher, the mesoporous
structure collapses due to the crystallization of titanium dioxide
(Figure S9).41 The samples annealed at 400 °C represent the
best balance between mesostructure and crystallinity and were
employed in the following studies.
The cross-sectional SEM imagines show that the MTI/AAO

asymmetric heterogeneous membrane is composed of a 180
nm thick layer of an ordered mesoporous titania layer atop an

AAO substrate (Figure 2a,b). The surface SEM image verified
that MTI/AAO membrane has no defects and exhibits a highly
regular honeycomb arrangement over the entire top surface
(Figures 2c and S10). The ordered mesoporous channels can
be further verified by TEM (Figures 2d,e and S11). In
addition, high-resolution transmission electron microscope
(HRTEM) images (Figure 2f) and the corresponding selected
area electron diffraction pattern shown in the inset indicate
that the crystal lattice is indexed to anatase. The XRD
diffraction peaks of the calcined membrane can be perfectly
matched to the anatase phase, further demonstrating the
formation of the anatase phase (Figure 2g).42 The nitrogen
adsorption desorption isotherms of MTI depict the represen-
tative type IV curve featuring a hysteresis loop, which further
confirms the uniform mesoporous materials (Figure 2h).43 The
pore size of MTI calculated by the Barrett−Joyner−Halenda
(BJH) model is as large as ∼6.43 nm (Figure 2i). The
corresponding UV−vis absorption spectrum and the FT-IR
spectrum of MTI are shown in Figures S12 and S13. The UV
absorption intensity of MTI decreases sequentially at the
wavelengths of 350, 365, and 380 nm, representing a
controllable light-gated effect that can be achieved by the
above wavelengths. In addition, the FT-IR spectrum indicates
that there are abundant oxygen-containing functional groups in
the MTI layer, which could supply abundant interaction
interfaces between the ions and the channel wall.

Figure 2. Characterization of the MTI/AAO heterogeneous membrane. (a,b) Cross-sectional and magnified SEM images of the MTI/AAO
heterogeneous membrane. (c) Surface SEM image of the MTI/AAO heterogeneous membrane. (d−f) HRTEM images of ordered mesoporous
TiO2 at 97k, 195k, and 690k (the inset is the corresponding selected area electron diffraction pattern). (g) XRD pattern of the mesoporous TiO2.
(h) Nitrogen adsorption/desorption isotherms. (i) Corresponding pore size distribution of mesoporous TiO2.
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As shown in Figure 3a, the MTI/AAO heterogeneous
membrane was installed between two electrochemical
chambers filled with KCl solutions. The UV light was
irradiated to the TiO2 side through a quartz window, and a
picoammeter was used to measure the ion current and
conductance. Figure 3b illustrates the I−V curves of pure AAO
and MTI/AAO heterogeneous membranes. Pure AAO has a
linear I−V curve due to its symmetrical chemical composition.
For the MTI/AAO heterogeneous membrane, a nonlinear I−V
curve was observed with an ionic rectification ratio of
approximately 2.2 (Figure 3c). The rectification ratio was
defined as the current at +1.5 V |I+| divided by the absolute
value of current at −1.5 V |I−|. The ionic conductance of the
MTI/AAO heterogeneous membrane was measured under
different KCl concentrations. As shown in Figure 3d, the ionic
conductance deviates significantly from the bulk value (dotted
line) when the electrolyte concentration is less than 0.1 M,
demonstrating that the ion transport is fully governed by the
surface charge.44 Beyond that, the ion conductance under the
irradiation shows a trend similar to that in the dark (Figure
S14). Meanwhile, the ionic conductance under irradiation is
higher than that in the dark. Figure 3e,f shows the temporal

photocurrent of the MTI/AAO heterogeneous membrane
under voltages of +1.5 and −1.5 V, respectively. The
corresponding photoresponsive current density at +1.5 V was
approximately 219.2 μA·cm−2. The state of the ion channel
under light is defined as “on”, and the state in the dark is
defined as “off”. The photoresponsive current density can also
be improved by increasing the illumination intensity or
prolonging the illumination time, and the transmembrane
potential also has a similar trend under a different illumination
intensity (Figures S15 and S16). In addition, we tested the
current density generated by water decomposition under the
same conditions, which can be ignored compared with the
strong photoresponsive current density (Figure S17). The
MTI/AAO can perform multiple reversible switching of on
and off states under alternate light conditions, but the pure
AAO film did not show light-responsive properties (Figure
3g,h). The responsive current of MTI/AAO shows an obvious
relationship with the light wavelength and calcination temper-
ature. Under the different wavelengths of UV light irradiation
with the same power density (3.5 mW·cm−2), the responsive
current at 350 nm is the largest and decreases sequentially at
365 and 380 nm, which is consistent with the UV absorbance

Figure 3. (a) Schematic diagram of the double-chamber electrochemical cell with a quartz window for the measurements of ionic current. (b)
Current−voltage (I−V) curves of pure AAO and MTI/AAO heterogeneous membranes measured in 1 mM KCl solution of pH = 5 in the dark. (c)
Rectification ratio of MTI/AAO and pure AAO. (d) The ionic conductance of a heterogeneous membrane under different KCl concentrations in
the dark. (e,f) Current density−time curves of an MTI/AAO heterogeneous membrane at +1.5 and −1.5 V under alternating illumination. (g)
Current−time (I−T) curves of a pure AAO membrane at +1.5 V under a 350 nm UV wavelength. (h) Reversible and stable switching ability of the
heterogeneous MTI/AAO and pure AAO nanochannels at +1.5 V for variation of illumination. (i) Responsive current of MTI/AAO heterogeneous
membranes prepared at different calcination temperatures under different wavelengths of UV light at +1.5 V. Error bars represent the s.d.
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of MTI/AAO. In addition, MTI has a higher responsive
current at a higher calcination temperature, which is attributed
to the enhancement of the crystallinity (Figures 3I and S18).45

In addition to the inherent optical properties of titanium
dioxide, as a multi-stimulus-responsive nanochannel, MTI-
AAO also exhibits a pH-regulated ion flux due to the different
charge distributions of the heterogeneous nanochannel under
different pH conditions. As the isoelectric point of titanium
dioxide is 6.6 and the isoelectric point of AAO is 8.5,
electrolytes at pH values of 5, 7.5, and 10.5 are chosen in the
study of ionic transport properties (Figure S19).46 At these
three pH values, the heterogeneous channels are positively,
partially positive, and completely negative charged, respec-
tively. This is conducive to fully study the influence of pH on
the ion transport in asymmetric heterogeneous membranes.
According to Figure 4a, nanochannels exhibited different
rectification behaviors at these three different pH values. As
shown in Figure 4b, we calculated the ion rectification ratio at
different pH conditions and under illumination. When pH = 5,
the rectification ratio is greater than 1 under both light and
darkness, while when pH = 7.5 or 10.5, the rectification ratio is
reversed. In contrast, an unmodified AAO still didn’t exhibit a
rectifying performance under different pH conditions due to its
symmetrical structure (Figure 4c). The heterogeneous
membranes calcined at 350 °C show a similar rectification
trend (Figure S20). In addition, the rectification ratio with
different AAO apertures under illumination is slightly larger
than that in the dark, up to 2.55 (Figures 4d and S21).
Furthermore, we test the effect of electrolyte concentration on
the ion current rectification. As shown in Figure 4e, as the KCl
concentration increases, the rectification ratio first increases
and then decreases, reaching a maximum at 10−3 M. The
different rectification ratio is attributed to the variation in the
thickness of the electric double layer (EDL). The thickness of

the EDL gradually decreases as the electrolyte concentration
increases.47 For a high electrolyte concentration, the EDL
cannot effectively overlap, thereby weakening the ion transport
governed by the surface charge. When the electrolyte
concentration is 1 mM, the rectification ratio reaches its
maximum value, which is attributable to the thickness of the
EDL equivalent to the pore size of the MTI34,48 (Figure S22).
The ion rectification cycles at different pH values (Figure 4f)
confirm that the rectification characteristics of the heteroge-
neous channel exhibit excellent reversibility and stability.
To elucidate the mechanism of ion rectification properties, a

theoretical simulation based on the Poisson and Nernst−
Planck (PNP) equations was implemented to clarify the
features within the multi-stimulus-responsive nanochannels.
The simplified model consists of 600 nm long AAO
nanochannels with a width of 80 nm and 150 nm long MTI
nanochannels with a width of 6.4 nm (Figure S23). Figure 5a
shows two-dimensional (2D) profiles of ion concentrations in
the nanochannels under +1.5 and −1.5 V in different states. At
state “1”, when pH = 5, the heterogeneous channel is
completely positive, demonstrating anion (mainly Cl−)
selectivity. Since the pore size of MTI is comparable to the
thickness of EDL and the porosity is larger compared with
AAO, chloride ions preferentially transfer from the MTI side to
the AAO side (Figure 5b).49 The theoretical calculation
revealed that a voltage of +1.5 V resulted in a high ion
concentration in the nanochannels, which generated a larger
ion current. On the contrary, a voltage of −1.5 V caused an ion
depletion region, which reduced the ion current significantly,
showing that the rectification ratio is greater than 1. On the
other hand, when the pH of the electrolyte is 10, the polarity of
the nanochannel’s surface charge changes from positive to
negative. In this case, a concomitant inverted rectification ratio
can be observed, which is less than 1.50 At state “2”, light

Figure 4. (a) I−V curves of MTI/AAO heterogeneous membranes measured in 1 × 10−3 M KCl with different pH values. (b) The ionic current
rectification ratio of MTI/AAO heterogeneous nanochannels under different pH conditions. (c) I−V curves of the pure AAO membrane measured
in 1 × 10−3 M KCl with different pH values. (d) The ionic current rectification ratio and I−V curves of MTI/AAO with different apertures before
and after illumination. (e) The calculated rectification ratios of MTI/AAO heterogeneous nanochannels in KCl electrolyte with different
concentrations under a pH value of 5. (f) Reversible and stable switching abilities of the heterogeneous MTI/AAO and pure AAO nanochannels at
+1.5 V for the variation of pH values. Error bars represent the s.d.
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promotes the separation of electrons and holes in titanium
dioxide, and the surface charge density of titanium dioxide
increased due to the increase of hydroxyl groups.51,52

Therefore, the ion current becomes larger under the
illumination. The zeta potential of the MTI increased under
light, further proving that light promotes the enhancement of
surface charge as shown in Figure S24. As suggested by the 2D
profile of the ion concentration, the concentration of the
heterogeneous nanochannels under the illumination is higher
as compared to that in the dark. Owing to the photoinduced
surface charge of the MTI channel, more anions passed
through the channel accompanied by higher ion currents
leading to a higher rectification ratio. When the pH value of
the electrolyte changed to 7.5 (state “3”), the MTI is negatively
charged. Meanwhile, the AAO on the other side of the channel
is positively charged, forming a charge heterogeneous
structure.53 Therefore, under negative bias, cations are
preferentially transported from the MTI side to the AAO
side, and anions are transported from the AAO side to the
titanium dioxide side, causing ion enrichment. Under the
opposite positive bias, the anions and cations are transported

in opposite directions, causing ion dissipation and leading to
the ion rectification ratio less than 1. These calculation results
are consistent with our experimental data.

■ CONCLUSION

In conclusion, a simple and efficient superassembly strategy
was developed to fabricate heterogeneous membranes
composed of ordered mesoporous titania nanopillar-arrays/
alumina oxide (MTI/AAO). These asymmetric multifunctional
heterogeneous membranes can integrate a light and pH dual
response, improving the sensitivity and selectivity of ion
regulation. The photoresponsive current density can reach up
to 291.2 μA·cm−2, which has exceeded the existing works.
Furthermore, the artificial nanochannels exhibited good
reversibility and stability toward alternate illumination based
on the surface charge changes within the nanochannels. This
heterogeneous membrane can potentially be integrated into
intelligent devices for many real-world applications such as
biosensing and energy conversion.

Figure 5. (a) Calculated ion concentration profile inside the MTI/AAO heterogeneous membrane in three states. (b) Ion transport diagram of the
MTI/AAO heterogeneous membrane.
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■ MATERIALS AND METHODS

Chemicals. Tetraisopropyl orthotitanate (TTIP), concen-
trated hydrochloric acid (HCl), and ethanol were obtained
from Sinopharm Chemical Reagent Co., Ltd. Pluronic P123
[poly(ethylene glycol)−block-poly(propylene glycol)−block-
poly(ethylene glycol)] was purchased from Sigma-Aldrich.
All chemicals were used as received without any further
purification. Deionized water (18.2 MΩ cm, Milli-Q) was used
in the experiments. Potassium chloride (KCl) was obtained
from Macklin. An anodic aluminum oxide (AAO) membrane
(pore density = 1012 cm−2) was purchased from Hefei Pu-Yuan
Nanotechnology.
Preparation of the Titanium Precursor Solution.

Dilute hydrochloric acid (0.74 g) was slowly added dropwise
to 1.05 g of tetraisopropyl orthotitanate (TTIP) and stirred for
10 min at room temperature. P123 colorless transparent gel
(0.2 g) was dissolved in 3 g of absolute ethanol, and this
solution was slowly added to the dilute hydrochloric acid
solution of TTIP and stirred for 15 min at room temperature.
Synthesis of the MTI/AAO Nanochannels. A 60 μm

thick AAO film was coated with 10 wt % solution of PMMA in
acetone. After that, it was dried at room temperature for 2 h
and heated at 200 °C for about 5 h to ensure the PMMA
solution could penetrate into the large pore of AAO. The
PMMA on the AAO surface was removed by sandpaper. Then,
the prepared mesoporous titanium precursor solution was
spin-coated on the surface of the AAO at a rate of 3000 rpm
for 30 s, followed by aging for 24 h at −20 °C. Afterward, the
films were finally calcined using a tube furnace at various
temperatures (200−500 °C) for 4 h in air with a ramp rate of 1
°C/min.
Characterization. The microstructure of the film was

observed using a Shimadzu S4800 scanning electron micro-
scope, a Hitachi HT-7700 microscope, and a Tecnai G2 F20 S-
Twin (high-resolution) field emission transmission electron
microscope. The crystalline phase of the templated film was
determined using a D/tex-Ultima TV wide-angle X-ray
diffractometer (XRD) equipped with Cu Kα radiation. N2
adsorption−desorption isothermal analysis was carried out
using a Quantachrome Quadrasorb evo analyzer at −196 °C.
The BET method was utilized to calculate surface areas, and
the Barrett−Joyner−Halenda (BJH) model was used to
calculate pore size distributions. The zeta potential of the
MTI was examined using a zeta potential analyzer (Zetasizer
Nano ZS90). UV−vis absorption spectrum of MTI was
measured by Lambda 650S.
Electrochemical Measurements. In order to study the

ion transport characteristics of MTI/AAO heterogeneous
nanochannels, the membranes were installed in an electro-
chemical cell with a quartz window that was filled with KCl
aqueous solution with different pH values and concentrations.
The ionic transportation properties of the heterogeneous
nanochannels were recorded with a picoammeter (Keithley
6487) using a pair of Ag/AgCl electrodes. The anode was
always set on the AAO side, and the cathode was set on the
MTI side. The current−time (I−T) measurements were
performed with 1 mM KCl solution at a pH of 5 under
alternating illumination. A solar light simulator (PLS-SXE300/
300UV) was used as the light source, with an intensity of
approximately 3.5 mW·cm−2. The transmembrane voltage was
applied from −1.5 to +1.5 V across the nanochannels during
the I−V property measurements. Each test was repeated three

times to obtained average ionic current values. All measure-
ments were carried out at room temperature.

Safety Statement. No unexpected or unusually high safety
hazards were encountered.
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