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Light-Gating Titania/Alumina Heterogeneous
Nanochannels with Regulatable lon Rectification

Characteristic

Qiangian Zhang, Ziying Hu, Zhaoyue Liu,* Jin Zhai,* and Lei Jiang

Bioinspired artificial nanochannels exhibiting ion transport properties similar
to biological ion channels have been attracting some attention for biosensors,
separation technologies, and nanofluidic diodes. Herein, an easily available
artificial heterogeneous nanochannel shows both ion gating and ion rectifi-
cation characteristics when irradiated by ultraviolet light. The fabrication of
heterogeneous nanochannels includes the coating of an anatase TiO, porous
layer on an alumina porous supporter, followed by a chemical modification
with octadecyltrimethoxysilane (OTS) molecules. The irreversible decomposi-
tion of OTS molecules by TiO, photocatalysis under ultraviolet light results
in a change of surface wettability and an asymmetric distribution of surface
negative charges simultaneously, which contributes to the ion gating and ion
rectification. The asymmetric distribution of negative charges in the TiO, po-
rous layer can be controlled by the irradiation time of ultraviolet light, which

regulates the ion rectification characteristic.

1. Introduction

The predictably responsive transport of ions through biological
ion channels is a fundamental process for life activities.!! Ion
gating that ion channels can open and close for ion transport
under external stimuli is an important characteristic of biolog-
ical ion channels.l'“? Inspired by biological ion channels, crea-
tion of artificial nanochannels with ion gating characteristic has
attracted recently significant interest.’] Generally, ion gating
characteristic is realized by modifying the surface of artificial
nanochannels with specific stimuli-responsive moieties, such
as voltage-, pH-, temperature-, ion- or light-responsive mol-
ecules.*®l In particular, light-gating artificial nanochannels are
of significant interest because of their ability to achieve remote
and noninvasive in situ control.”! Light-induced wettability con-
version has been used to realize ion gating characteristic.'%11
In a hydrophobic state, water solution is difficult to enter the
nanochannels, which results in a closed state. In a hydrophilic
state, water solution permeates the nanochannels easily, which
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results in an open state. Realizing such a
wettability conversion by light stimulus
leads to a dramatic change in ion cur-
rent, which achieves light-gating artificial
nanochannels.

Ton rectification that ions flow in a pref-
erential direction is another important
characteristic of biological ion channels. '3
By rationally designing an asymmetric
charge distribution, light-gating artificial
nanochannels can be endowed with ion
rectification  characteristics.®*"  When
light-responsive molecules are modified
onto the surface of conic nanochannels,
the nanochannels demonstrate light-gating
ion transport and ion rectification char-
acteristics  simultaneously.®<] However,
because the asymmetric charge distribu-
tion is induced by the inherent asymmetric
geometry,?) the extent of ion rectification
characteristic in these light-gating artificial nanochannels is dif-
ficult to be regulated.®*-] In addition, the fabrication of conic
nanochannels always includes a complex procedure.l3] There-
fore, creating easily available light-gating artificial nanochannels
and regulating their ion rectification characteristics still remain
challenges.

In this work, we demonstrate easily available light-gating
TiO,/Al,0;3 heterogeneous nanochannels with regulatable ion
rectification characteristic. The fabrication process is shown in
Scheme 1. An anatase TiO, porous layer is coated on an Al,O;
porous supporter, which is subsequently modified with octa-
decyltrimethoxysilane (OTS) molecules.'*! TiO, photocatalysis
induced by ultraviolet (UV) light is used to decompose OTS
molecules irreversibly,'’! which results in a conversion of sur-
face wettability"#1581¢] and an asymmetric distribution of sur-
face negative charges simultaneously, contributing to the ion
gating and ion rectification characteristics. The asymmetric dis-
tribution of negative charges in TiO, porous layer is controlled
by the irradiation time of UV light, not by the inherent channel
geometry, the ion rectification characteristic therefore can be
regulated.

2. Results and Discussion

Because of the robust mechanical property, light inertness and
high-density pore distribution, anodic alumina was used as a
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Scheme 1. Flow chart for the fabrication of octadecyltrimethoxysilane (OTS)-modified TiO,/Al,O; heterogeneous nanochannels. (A) Al,O; porous
supporter. (B) TiO, porous layer was deposited by spin-coating on an Al,O3 supporter. (C) Conceptual scheme of magnified TiO,/Al,O; heterogeneous
nanochannels (On-state). (D) OTS molecules were modified on the heterogeneous nanochannels, which made the two sides of heterogeneous nano-
channels become hydrophobic (Off-state). (E) After UV irradiation, TiO, side of heterogeneous nanochannels became hydrophilic gradually (On-state).
Simultaneously, carboxylic groups were introduced in the nanopores of TiO, layer. The nanochannels in TiO, porous layer were conceptualized to be

cylindrical shape.

supporter to fabricate TiO,/Al,0; heterogeneous nanochan-
nels. As shown in Figure 1a, the pore average diameter of
Al,O; is determined to be ~216 nm with a distribution from
197 nm to 231 nm (Figure S1). The shape of Al,0; nanochan-
nels is cylindrical (Figure S2). After coating with a large-scale
TiO, porous layer, the surface of Al,O; supporter demonstrates
almost no cracks and defects (Figure 1b). The cross-sectional
image (Figure 1c) indicates that the heterogeneous nanochan-
nels show a double-layer structure of TiO, porous film and
Al,O; porous supporter. The thickness of TiO, porous layer is
~227 nm. The immobilization of TiO, porous film on the sur-
face of Al,O; supporter is achieved by oxygen bridge bonds
produced by the hydrolysis of Ti precursors with the surface
hydroxyls of Al,03.'’! Furthermore, the condensation of Ti
precursors under heating forms a three-dimensional intercon-
nected network structure of TiO,, which avoids the collapse of
TiO, porous film on the top of the Al,0; nanopores. The diam-
eter of nanopores embedded in TiO, porous layer is observed
by TEM measurements to be ~3.8 nm with a distribution from
2.9 nm to 4.7 nm (Figure S3), which provides ions transport
channels (Figure 1d, Figure S4 and Figure S5). It is necessary
to mention that the geometric structure of TiO, porous layer
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may be considered to be symmetric because of the homoge-
neous mix of titanium precursor and F127 surfactant.

The crystallization of TiO, porous layer was characterized by
wide-angle X-ray diffraction (WAXRD). As shown in Figure 2,
when TiO, coating is dried at 80 °C, no resolved diffraction
peaks are detected, indicating an amorphous phase (Figure 2a).
After being annealed at 400 °C, the XRD pattern displays sev-
eral strong and well-resolved diffraction peaks, which can be
indexed to anatase phase (Figure 2b). Generally, anatase TiO,
shows high photocatalytic activity because of their effective pho-
togenerated electron-hole seperation.[!®!

After OTS chemical modification, the two sides of hetero-
geneous nanochannels exhibit hydrophobicity (Figure 3). This
is because the surface wettability is controlled by the hydro-
phobic terminal CH; groups of OTS molecules. The difference
in the contact angles on Al,O;3 side (~149.3°) and TiO, side
(~136.1°) is ascribed to the different surface morphology and
roughness. When UV light is irradiated on TiO, side, the water
contact angle on TiO, side dramatically decreases, reaching a
stable value of ~65.1° after 120 min irradiation. For Al,O; side,
water contact angle is not affected by UV irradiation obviously,
keeping at ~137.9°.
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Figure 1. (a—c) Top-view and cross-sectional SEM images of TiO,/Al,O; heterogeneous nano-
channels. (a) Al,O3 side, (b) TiO, side and (c) cross-section. (d) TEM image of unsupported
TiO, porous film. The heterogeneous nanochannels show a double-layer structure of TiO,
porous film and Al,O; porous supporter. The mean pore diameter of Al,O; nanochannels is

~216 nm and that of the TiO, nanopores is ~3.8 nm.

The significant change of contact angle on the TiO, side
is ascribed to the strong photocatalytic properties of anatase
Ti0,.'% Under UV irradiation, photo-induced electron-hole sep-
aration occurs in anatase TiO,.'] The strong oxidation ability of
photogenerated holes decomposes octadecyl chains (Si-CigH37)
in OTS molecules, leaving carboxylic groups accompanying
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Figure 2. WAXRD patterns of TiO, porous film on Al,O3 supporter after
(a) dried at 80 °C and (b) calcined at 400 °C. The XRD pattern of the
sample after calcined at 400 °C displays well-resolved diffraction peaks
of anatase phase, while the drying at 80 °C does not induce anatase
crystallization.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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with the shortening of hydrocarbon chains
(Si-C,H,,COOH, n = 0-17).8:20 There is
no obvious change of water contact angle on
Al,O; side under long-term UV irradiation,
which indicates that the UV-induced decom-
position of OTS on Al,O; side is negligible.

The ion transport properties of OTS-
modified TiO,/Al,0; heterogeneous nano-
channels after UV irradiation on TiO, side
were characterized by measuring the cur-
rent-voltage (I-V) curves. The electrolyte
was 1 mM KCl aqueous solution. As com-
parison, we also measured the I-V curves of
heterogeneous nanochannels without OTS
modification after UV irradiation. The ion
rectification ratio (fg) was defined to be the
ratio between the ion current values at -1.0 V
(1) and +1.0 V (I,), i. e. fg = |L|/|L,|. The UV-
stimulated ion gating ratio (fg) was defined
to be the ratio between the ion current values
at -1.0 V before (closed state, Ic) and after
(open state, Ip) UV irradiation for different
time, i.e., fg = |Io|/|Ig|-

As shown in Figure 4a, the unmodified
heterogeneous nanochannels exhibit linear
I-V curves and the magnitude of ion cur-
rent remains constant after UV irradiation.
The nanochannels do not demonstrate ion
gating characteristic when irradiated by UV
light. The ion rectification ratio (fg) is ~1.0,
which keeps unchanged with increasing time of UV irradia-
tion. After modified with OTS molecules, the ion current of
heterogeneous nanochannels is reduced significantly because
of the surface hydrophobicity. The nanochannels remain as
a closed state (Figure S6 and Figure S7). When UV light is
irradiated on TiO, side in situ, the magnitude of ion current
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Figure 3. The evolution of water contact angles (CA) of OTS-modified
TiO,/Al,O;3 heterogeneous nanochannels with the irradiation time of UV
light on (a) Al,O3 side; (b) TiO, side. Under UV irradiation, water CA of
the Al,O; side stays nearly unchanged, while the water CA of the TiO,
side decreases with the increasing of UV irradiation time then reaches
a stable value.
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Figure 4. -V properties of TiO,/Al,O3 heterogeneous nanochannels (a) before and (b) after OTS modification when UV irradiation on TiO, side for
different time. (c) The UV-stimulated ion gating ratio (fg) of TiO,/Al,O; heterogeneous nanochannels at —1.0 V voltage before and after OTS modi-
fication. (d) lon rectification ratio (fg) of TiO,/Al,O3 heterogeneous nanochannels before and after OTS modification. The UV light was irradiated on
TiO, side in situ for different time. The unmodified heterogeneous nanochannels exhibit linear I-V curves and the magnitude of ion current remains
constant after UV irradiation. After OTS modification, heterogeneous nanochannels show UV light-stimulated ion gating and tunable ion rectification

properties. The electrolyte is fixed to be 1 mM KCl solution.

through OTS-modified TiO,/Al,0; heterogeneous nanochan-
nels increases with the UV irradiation time varying from 0 min
to 60 min (Figure 4b), which implies that the nanochannels
are opened by the UV light. When the UV irradiation time is
60 min (the water contact angle is stable as shown in Figure 3),
the ion gating ratio (fg) at —1.0 V reaches ~21.6 (Figure 4c). More
interestingly, after UV irradiation, the I-V curves of OTS-mod-
ified heterogeneous nanochannels are asymmetric (Figure 4b).
As shown in Figure 4d, the f; is about 1.0 before UV irradia-
tion. The fy dramatically increases to be ~2.9 after UV irradia-
tion for 5 min. When increasing the time of UV irradiation, the
fr declines and finally reaches a stable value of ~1.3. It should

Adv. Funct. Mater. 2014, 24, 424-431
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be noted that no light-induced ion gating and ion rectification
characteristics were detected in OTS-modified Al,0; nanochan-
nels (Figure S8).

The UV-stimulated ion gating and ion rectification char-
acteristics of OTS-modified heterogeneous nanochannels
can be ascribed to the conversion of surface wettability and
the simultaneous introduction of surface negative charges in
TiO, porous layer by the irreversible photocatalytic decom-
position of OTS molecules.'*16:20] The heterogeneous nano-
channels in the KCl electrolyte can be considered as two
series resistors of TiO, porous layer and Al,O; supporter,
which determine the magnitude of ion current. After OTS
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a Without UV irradiation b

With short-term
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With long-term
UVirradiation

Scheme 2. Upper part: schematic illustration of charge distribution in TiO, porous layer of OTS-modified TiO,/Al,03 heterogeneous nanochannels
after UV irradiation on TiO; side for different time. A dark blue color represents a high density of negative charges. The electrolyte is KCl aqueous solu-
tion. (a) Without UV irradiation. (b) With short-term UV irradiation. (c) With long-term UV irradiation. Lower part: Corresponding schematic drawing
of the equivalent circuit of heterogeneous nanochannels (Ry: resistance of TiO, layer; Ra: resistance of Al,O3 layer). The nanochannels in TiO, porous

layer are conceptualized to be cylindrical shape.

modification, the walls and surfaces of nanochannels are
hydrophobic,[>3 which leads to a small magnitude of the ion
current (Scheme 2a). Therefore, the heterogeneous nano-
channel is in the closed state in darkness. With increasing
the time of UV irradiation, the photocatalytic decomposition
of OTS on the surface of TiO, porous layer converts the sur-
face wettability of TiO, layer from hydrophobicity to hydro-
philicity, which decreases the resistance of TiO, layer and
increases the ion current (Scheme 2b). Therefore, the hetero-
geneous nanochannels are in an open state (Figure 4b). After
UV irradiation for 60 min, TiO, layer is in a stable hydro-
philic state (Scheme 2c), and the hydrophobic Al;O; sup-
porter alone restricts the ion transport.

Except for the surface wettability conversion, the photocata-
lytic decomposition of OTS molecules is considered to intro-
duce hydrophilic carboxylic groups (-COOH) accompanying
with the shortening of hydrocarbon chains.?%! In neutral KCl
electrolyte, the carboxylic groups are ionized to yield negative
charge (~COO") on the interior surface of TiO, nanopores
because the pH of electrolyte is higher than its isoelectric
point (pH ~ 3).8921 The strong optical absorption of TiO, for
UV light leads to a gradient distribution of carboxylic groups
across TiO, layer. The density of carboxylic groups on the out-
side of TiO, layer (which accepts the light first) is larger than
that on the inner side. In KCl electrolyte, the gradient distribu-
tion of carboxylic groups results in an asymmetric distribution
of surface charges across TiO, porous layer, which is analo-
gous to the asymmetric charge distribution induced by the
asymmetric geometry (Scheme 2b).'2l The Debye length 1/x
formed in 1 mM KCl electrolyte is calculated to be ~9.8 nm,

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

which is larger than the average pore radius of TiO, nano-
pores (~1.9 nm). Therefore, the TiO, layer demonstrates cat-
ions (K*) selectivity, which rectifies the ion current.?2l When
extending the time of UV irradiation, the UV-induced asym-
metric distribution of negative charges in TiO, layer disappears
gradually, which therefore decreases the ion rectification ratio
(Scheme 2¢). It is noteworthy to mention that the mean pore
radius of Al,O; supporter (~108 nm) is much larger than the
Debye length in 1 mM KCl electrolyte. Furthermore, no nega-
tive charges are introduced onto the surface of nanopores in
Al,O; supporter after UV irradiation. Therefore, Al,O3 sup-
porter with cylindrical channels has no effect on the ion rectifi-
cation characteristic of heterogeneous nanochannels.

In order to validate that the ion rectification characteristic
was induced by the surface carboxylic groups, we examined
the effect of pH value on the I-V behaviors of OTS-modi-
fied heterogeneous nanochannels after UV irradiation for
5 min. As shown in Figure 5a, when the pH value of elec-
trolyte is increased from 6.7 to 8.3, the fz does not demon-
strate significant change (~3.0). However, when the pH value
is reduced to be 2.6, the f; decreases to be 1.4 dramatically.
Considering the isoelectric point of a surface with carboxylic
groups is pH ~ 3,2 under a pH close to isoelectric point,
no excess negative charges distribute on the surface of TiO,
nanopores, which leads to an almost linear I-V behavior. Our
results confirm that the carboxylic groups produced by the
photocatalytic decomposition of OTS contribute to the ion
rectification.

We investigated the dependence of I-V behaviors of OTS-
modified heterogeneous nanochannels after UV irradiation

Adv. Funct. Mater. 2014, 24, 424-431
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Figure 5. (a) -V properties of OTS-modified TiO,/Al,O3 heterogeneous nanochannels after UV irradiation on TiO, side for 5 min under different pH
value in T mM KCl electrolyte. (b) The calculated ion rectification ratio (fz). When the pH of electrolyte is 2.6 that close to isoelectric point of a surface with
carboxylic groups, 1-V behavior is almost linear and the f; is ~1.4. The |-V curve becomes asymmetric and f increases when pH changes from 2.6 to 8.3.

on TiO, side for 5 min on the concentration of KCI electro-  Subsequently, the fy decreases when increasing concentration
lyte. As shown in Figure 6, the ion rectification ratio (fg) is  of KCl electrolyte. For 100 mM KCl electrolyte, the rectification
sensitive to the electrolyte concentration. When the electro-  ratio is ~1.1. The Debye length 1/x in KCI electrolyte decreases
lyte concentration is 0.01 mM, the nanochannels exhibit a  with the increase of the electrolyte concentration.?3! When the
remarkable ion rectification characteristic with an fi of ~11.6.  concentration of KCl electrolyte is 100 mM, the calculated 1/x

is ~1.0 nm, which is smaller than the radius

14 — of TiO, nanopores (~1.9 nm). Therefore, TiO,
} T layer does not demonstrate cations selectivity,
12 o - which makes heterogeneous nanochannels
i g_x 001 . exhibit no obvious ion rectification character-
g -002 S istic (Figure S9).
10 4 3 -0.03 .
u
-0.04 L]
n 6
8 - V55 00 05 10 4 o 3. Conclusions
o Voltage/V < o ) . )
[ 32 - In conclusion, we have described OTS-modi-
6 - g0 a fied TiO,/Al, 03 heterogeneous nanochannels
3= - that exhibit lighttuned ion gating and ion
o o rectification characteristics. When irradiated
L]
4 - . by the UV light, the UV-active photocatalysis
0 '°'\5,°,toa'|;e/\(;'5 0 of TiO.2 .contributes to the change of surfacg
2. l wettability as well as the asymmetric distri-
bution of surface negative charges, which
realize the ion gating and ion rectification
0-

simultaneously. The gating property and rec-
0.01mM 02mM 1TmM 5mM 10mM 100 MM tification ratio of heterogeneous nanochan-

) . . ) ) nels can be regulated by the irradiation time
Figure 6. lon rectification ratio (fg) of OTS-modified TiO,/Al,O; heterogeneous nanochannels

after UV irradiation on TiO, side for 5 min in KCl electrolyte with different concentrations. of UV light. We anticipate that jche heteroge-
Inset: Examples of I-V curves of heterogeneous nanochannels under 0.01 mM and 100 mM ¥1eous nanochannels could readily be appl}ed
KCl electrolyte. The f; decreases with the increasing of the KCl electrolyte concentration. The 11l SOme fields, such as sensors, seperation
voltage scanning range is fixed to be from -=1.0 V to +1.0 V. technologies, and micro/nanofluidic devices.
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4. Experimental Section

Fabrication of Heterogeneous Nanochannels: In a synthesis process,
0.2 g of surfactant Pluronic F127 (EO;9sPO70EO 06, Aldrich) was
dissolved in 4 ml absolute ethanol (Beijing Chemical Factory). Separately,
0.8 g of concentrated HCI (36 wt%, Beijing Chemical Factory) was added
dropwise to 1.1 g titanium (IV) isopropoxide (TIPO, Acros) solution
under vigorous stirring. The above two solutions were mixed with stirring
for 3 h at ambient temperature. Then, the obtained homogeneous
solution was poured into Petri dish, and aged at 10-20 °C and 60-80%
relative humidity for 8-10 h without stirring. Uniform and transparent
TiO, films were produced by spin-coating of the aged solution on one
side of Al,0; (AAO, Whatman) supporter at a constant spinning rate
of 3000 rpm for 30 s. The films were heated at 80 °C in air for 12 h to
evaporate the solvent completely. The as-prepared thin films were
subsequently annealed at 400 °C for 3 h to remove F127 surfactant and
induce TiO, crystallization[24.

Octadecyltrimethoxysilane ~ (OTS,  Aldrich)  modification  was
achieved by chemical vapor deposition (CVD) method." TiO,/Al,0,
heterogeneous nanochannels were placed in a Teflon-lined stainless
autoclave with OTS (60 pg), which was heated to 130 °C and kept at this
temperature for 3 h. After modification, the two sides of nanochannels
became hydrophobic, which was proved by the measurements of contact
angle.

Subsequently, TiO, side of OTS-modified heterogeneous nanochannels
was irradiated with ultraviolet (UV) light with a wavelength of 365 nm
from a super-high pressure mercury lamp (CHF-XM500, Beijing Trusttech
Co. Ltd, China). The UV irradiation time was 5 min, 15 min, 30 min, and
60 min. The irradiance of UV light was determined to be 2 mW cm™
measured with a power meter (UV-A, Photoelectric Instrument Factory of
Beijing Normal University).

lon Current Measurements: The ion transport characteristics of OTS-
modified heterogeneous nanochannels before and after UV irradiation
for different time were characterized by measuring the ion current.
The nanochannels were mounted between two chambers of the
electrochemical cell with a quartz window (Scheme S1). TiO, side was
irradiated by UV light in situ through a quartz window during the whole
measurement. Potassium chloride (Beijing Chemical Factory) aqueous
solution with different concentrations was chosen as electrolyte. lon
current was measured with a Keithley 6487 picoammeter (Keithley
Instruments, Cleveland, OH). Ag/AgCl electrodes were used to apply
a transmembrane voltage across the nanochannels because of their
high sensitivity and good stability. The Al,O; side of nanochannels was
determined to be the positive potential. The transmembrane voltage
varied from =1 V to +1 V. The testing temperature was the room
temperature.

Characterization: The morphologies of heterogeneous nanochannels
were characterized using a FEI Quanta FEG 250 environmental scanning
electron microscope (SEM) and a JEOL-2100 transmission electron
microscope (TEM). X-ray diffraction (XRD) patterns were recorded
with a Shimadzu XRD-6000 X-ray diffractometer using Cu Ko radiation
(40 kV, 40 mA) in the 26 range of 20-80°. Water contact angles (CA) were
measured using an OCA40 contact-angle system (DataPhyscics, Germany).
Deionized water droplets (~5 L) were dropped onto the surfaces. The test
was carried out at ambient temperature and ca. 30% humidity.
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Supporting Information is available from the Wiley Online Library or
from the author.
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