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ABSTRACT: The controllable ion transport in synthetic
membranes with nanofluidic channels by external stimuli has
been attracting significant attention for nanofluidic diodes,
biosensing, nanoreactors, and energy conversion. Here, we
report a synthetic bilayer-intercalated layered membrane with
two-dimensional (2D) nanofluidic channels, in which the ion
transport can be controlled by external stimuli of temperature
and voltage. The synthesis of the layered membranes includes
the exchange of native cations in montmorillonite with the
quaternary ammonium ions in a cationic surfactant and a
subsequent vacuum filtration. The bilayer-intercalated inter-
layer spaces in the layered membranes act as 2D nanofluidic
channels for ion transport. The phase state of the bilayers and
the surface polarity of functionalized montmorillonite lamellae can be controlled by external temperature and voltage,
respectively, which imbue the layered membranes with dual-responsive ion transport properties. Our dual-responsive layered
membranes with 2D nanofluidic channels provide a new platform for creating smart synthetic membranes to control the ion
transport.

■ INTRODUCTION

Biological cell membranes embedded with ion channels play an
indispensable role in life processes.1 The biological function of
cell membranes is often achieved by their controllable ion
transport in ion channels responding to environmental stimuli
such as voltage, pH, ions, light, and temperature.2−6 Inspired by
the function of biological membranes, the development of
responsive synthetic membranes embedded with nanofluidic
channels to control the ion transport has attracted considerable
interest.7−14 Compared with their biological counterparts, the
responsive synthetic membranes feature several advantages of
robust mechanical properties, excellent chemical stability, and
great flexibility, which can be widely applied in an abiotic
environment for nanofluidic diodes, biosensing, nanoreactors,
and energy conversion.15−22 Considerable efforts have been
devoted to design and fabricate single-responsive synthetic
membranes with single- or multi-nanofluidic channels.23−32

However, considering the complex biological environment and
the multiresponsiveness of biological membranes, synthetic
membranes with dual- or multiresponsive character are
indispensable. Compared with single-responsive systems, the
dual-responsive synthetic membranes are more similar to
biological membranes, which show potential application as
sensors to detect dual external stimuli. Several kinds of
synthetic membranes with ion transport responding to two
kinds of stimuli have been built by modifying the embedded
nanofluidic channels with two kinds of single-responsive

molecules or a kind of dual-responsive molecule.33−40 The
stimuli-responsive change of surface charge or molecular
conformation contributes to the dual-responsive characteristic.
From the standpoint of mimicking the complex functions of
biological membranes, the development of synthetic mem-
branes with alternative dual-responsive characteristics is still of
significant importance.
Layered membranes derived from the stacking of exfoliated

two-dimensional (2D) lamellae have attracted significant
interest for the fabrication of responsive synthetic membranes
because the interlayer spaces between 2D lamellae can serve as
native 2D nanofluidic channels to confine the transport of the
ions and electrolytes.41−47 The surface of 2D nanofluidic
channels in layered membranes can be conveniently modified
with functional molecules by controlling the component of 2D
lamellae. For example, the surface charge polarity of 2D
nanofluidic channels in layered graphene membranes can be
reversed from negative to be positive by functionalization of 2D
graphene lamellae with imidazolium cations.48 However, to the
best of our knowledge, synthetic membranes with a dual-
responsive ion transport characteristic have not be achieved
through the restacking of functionalized 2D lamellae.

Received: June 26, 2017
Revised: August 12, 2017
Published: August 14, 2017

Article

pubs.acs.org/JPCC

© 2017 American Chemical Society 18954 DOI: 10.1021/acs.jpcc.7b06245
J. Phys. Chem. C 2017, 121, 18954−18961

pubs.acs.org/JPCC
http://dx.doi.org/10.1021/acs.jpcc.7b06245


Herein, we report a dual-responsive synthetic membrane
with 2D nanofluidic channels derived from the stacking of
amphiphile-functionalized 2D montmorillonite lamellae, in
which the ion transport can be controlled by external stimuli
of temperature and voltage. Montmorillonite is a cheap and
easily available clay mineral with disordered layers composed of
Al−O octahedral sheet sandwiched by two Si−O tetrahedral
sheets.49,50 The layers of montmorillonite can be exfoliated in
water by exchanging their native cations with organic
cations.51,52 In this work, we use a cationic surfactant of
dioctadecyldimethylammonium bromide to exfoliate montmor-
illonite into quaternary ammonium amphiphiles functionalized
2D lamellae. After the functionalized 2D montmorillonite
lamellae are restacked into layered membranes by vacuum
filtration, the interlayer spaces between montmorillonite
lamellae are intercalated by quaternary ammonium bilayers,
which act as 2D nanofluidic channels for ion transport. The
phase state of the bilayers and the surface polarity of
functionalized montmorillonite lamellae can be controlled by
external temperature and voltage, respectively, which imbue the
layered membranes with dual-responsive ion transport proper-
ties.

■ EXPERIMENTAL SECTION
Synthesis of Bilayer-Intercalated Layered Montmor-

illonite Membranes. The amphiphile-functionalized 2D
montmorillonite lamellae were prepared by the exfoliation of
layered montmorillonites using cationic surfactants in water.53

Typically, a 40 mL aqueous suspension of 0.8 g of
montmorillonite with an ion exchange capacity of 120
mequiv/100 g (Nanocor, USA) and a 10 mL aqueous
dispersion of 0.68 g of dioctadecyldimethylammonium bromide
(Aldrich) were mixed and then stirred at a temperature of 70
°C for 1 h. After being cooled to room temperature, the
suspension was centrifuged at 2000 rpm, and light-yellow
precipitates composed of amphiphile-functionalized 2D mont-
morillonite lamellae were obtained. The precipitates were then
washed by a chloroform/methanol with volume ratio of 1:1 to
remove the excessive surfactants. Finally, the precipitates were
stirred in 50 mL of chloroform for 24 h to form a light-yellow
suspension solution. A layered membrane was obtained by
vacuum filtration of 10 mL of suspension solution through a
nylon filter membrane (50 mm diameter and 0.45 μm pore size,
Shanghai Xinya, China). After filtration, the layered membrane
was then peeled off from the nylon filter, and a self-standing
membrane was obtained.
Characterization. The morphology of exfoliated 2D

montmorillonite lamellae was observed by a FEI JEM-
1200EX transmission electron microscope (TEM). The
thickness of exfoliated lamellae was measured using Bruker
Dimension Icon atomic force microscope (AFM). A freshly
cleaved mica sheet was used as a substrate for the AFM
measurement. The surface and cross-sectional morphology of
restacked layered membrane were observed using a FEI Quanta
FEG 250 environmental scanning electron microscope (SEM).
The contact angles (CAs) were measured using a POWER-
EACH JC2000D1 system (Shanghai Zhongchen, China) with
Milli-Q water. The interlayer spacing of layered membranes was
characterized by an Ultima IV X-ray diffraction meter (Rigaku
Corporation, Japan). The d001 spacing of layered montmor-
illonite membrane was calculated according to Bragg’s equation
(nλ = 2d sin θ). The component of layered membranes and the
phase transition temperature of the bilayers were measured by

thermogravimetric analysis and differential scanning calorimetry
(TGA/DSC, METTLER SF/1382, Switzerland) under a N2
flow. The heating ramp for TGA and DSC measurements was
10 and 2 °C min−1, respectively.

Electric Measurements. The ion transport in the 2D
nanofluidic channels of layered membranes was studied by
measuring the ion current−voltage (I−V) curves. As shown in
Figure S1, the layered membrane was mounted between the
two chambers of an electrochemical cell.54 The effective area of
the membrane for ion transport is about 0.2 cm2. A KCl
aqueous solution with a concentration of 1 mM was chosen as
electrolyte. Two Ag/AgCl electrodes were used to apply a
stable transmembrane voltage across the membrane. The ion
current at scanned voltages was measured by a Keithley 6487
picoammeter (Keithley Instruments, Cleveland, OH). The
temperature-responsive ion transport property of layered
membranes was characterized by measuring the ion current
in a 1 mM KCl electrolyte with a temperature ranging from 20
to 70 °C. We first added the electrolyte solution with a
temperature of 70 °C into the electrochemical cell. Then, the
electrolyte was cooled naturally, and its real temperature was
measured by a thermometer. We measured the ion current−
voltage (I−V) curves when the temperature of electrolyte was
20, 30, 40, 50, 60, and 70 °C. The ion conductivity of 1 mM
KCl electrolyte at different temperatures was measured using a
conductivity meter (Shanghai INESA Scientific Instrument,
China). The ion conductance through the layered membrane in
KCl electrolyte with different concentrations at room temper-
ature was calculated from the I−V curves at scanned voltages
from −1 to +1 V. In order to characterize the voltage
responsiveness, an external polarization voltage was applied
across the layered membrane through two stable Pt electrodes
for some time (Figure S2). The layered membrane was also
mounted between the two chambers of an electrochemical cell
filled with 1 mM KCl aqueous solution. After removing the
external polarization voltage, the ion current was measured
immediately through two Ag/AgCl electrodes at scanned
voltages from −0.2 to +0.2 V (Figure S2). During all the
experiments, the polarity of the voltage for polarizations and I−
V measurements remained the same.

■ RESULTS AND DISCUSSION
Because of the weak interlayer interaction and negative net
layer charges, montmorillonite can be swelled and exfoliated
into 2D lamellae in water by exchanging their native cations of
Na+, Ca2+, and K+ with the quaternary ammonium cations.51,52

As shown in Figure 1, in our work, the exfoliation of
montmorillonite is achieved by stirring a mixture of
commercially available montmorillonite and a cationic
surfactant of dioctadecyldimethylammonium bromide in water
at 70 °C for 1 h.53 After centrifugation, the resulted 2D
montmorillonite lamellae can be stably dispersed in in a solvent
of chloroform because of the functionalization of quaternary
ammonium amphiphiles on the surface of montmorillonite.
After vacuum filtration of the chloroform suspension solution
using a nylon filter, a self-standing membrane is obtained as
shown in Figure 1.
The dispersion of quaternary ammonium amphiphiles

functionalized 2D montmorillonite lamellae in chloroform
forms a stable colloidal suspension with a visible color of light
yellow as shown in Figure 2A. The TEM image (Figure 2B)
indicates that the exfoliated montmorillonite in chloroform
shows a clear lamellar structure, which therefore can be used as
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an ideal building block for the formation of layered membranes.
Figure 2C shows an AFM image of typical exfoliated
montmorillonite lamellae on a freshly cleaved mica sheet,
which also identifies a lamellar structure. The lateral dimensions
of exfoliated 2D lamellae distribute in a large range from one to
several hundred nanometers. The height profile in Figure 2C
indicates that the thickness of the lamella is ∼3.64 nm. From
the X-ray diffraction (XRD) pattern of montmorillonite
powders obtained by drying the exfoliated lamellae at room
temperature and ambient pressure (Figure S3), it is calculated
that the d001 spacing of montmorillonite is ∼3.63 nm based on
the diffraction peak at 2.4°, which is much larger than that in
native montmorillonite (1.19 nm) because of the intercalation
of quaternary ammonium ions.55 The combination of AFM and
XRD results indicates that the exfoliated 2D montmorillonite
lamella has a single-layer structure. Based on the fact that the
thickness of a single-layer native montmorillonite lamella is
∼0.96 nm,56 the total thickness of quaternary ammonium ions
on the two sides of single-layer montmorillonite lamella is
∼2.67 nm.
The exfoliated 2D montmorillonite lamella in chloroform can

be restacked into light-yellow, paper-like membrane by vacuum
filtration. The self-standing membrane is not swelled in water
and shows a robust mechanical property and great flexibility as
shown in Figure 3A and Figure S4. As a comparison, the
membrane derived from native montmorillonite lamellae
without functionalization of quaternary ammonium ions is

swelled and broken while immersed in water (Figure S4),
which indicates that the quaternary ammonium amphiphiles are
indispensable for a stable montmorillonite membrane in water.
The surface of layered membrane demonstrates hydrophobicity
with a water contact angle of ∼96.5° because of the exposed
double octadecyl chains on the surface. The self-standing
membrane demonstrates a smooth surface without obvious
defects (Figure 3B). The wrinkles on the surface imply that the
membrane comprises plenty of lamellae. The layered structure
of the self-standing membrane is clearly observed from the
cross-sectional SEM image as shown in Figure 3C. The 2D
lamellae are stacked densely to form an oriental layered
structure. The XRD pattern (Figure 3D) demonstrates that the
calculated d001 spacing in layered membrane from the
diffraction peak at 3.70° is 2.39 nm, which is much smaller
than that (∼3.63 nm) of the dried powders of exfoliated
lamellae at room temperature and ambient pressure. It is
considered that contractive d001 spacing should be related with
the significant tilt of double octadecyl chains after vacuum
filtration. After subtracting the thickness of a single-layer native
montmorillonite lamella (∼0.96 nm),56 the interlayer spacing in
layered membrane is estimated to be ∼1.43 nm. The massive
interlayer spaces in the layered membrane act as 2D nanofluidic

Figure 1. Flowchart for the fabrication of bilayer-intercalated layered
montmorillonite membranes. The exchange of the native cations in
montmorillonite (MMT) with the quaternary ammonium ions in
dioctadecyldimethylammonium bromide (DODAB) resulted in
amphiphile-functionalized 2D montmorillonite (DODAB−MMT)
lamellae in chloroform. After vacuum filtration, the layered membrane
was peeled off from the filter, and a self-standing DODAB−MMT
membrane (DMM) was obtained.

Figure 2. (A) Suspension of dioctadecyldimethylammonium bromide (DODAB)−montmorillonite (MMT) lamellae in chloroform is stable enough
for restacking because of the hydrophobic double octadecyl chains on the surface of montmorillonite. (B) TEM image of the DODAB−MMT
lamellae. (C) AFM image and corresponding height profile of DODAB−MMT lamellae shows that the lamella is a single-layer structure. The lateral
dimensions of exfoliated lamellae vary from one to several hundred nanometers.

Figure 3. Characterizations of the bilayer-intercalated layered
montmorillonite membranes. (A) Photograph of the self-standing
and flexible layered membrane with a water contact angle of 96.5 ±
0.3°. (B, C) Top-view (B) and cross-sectional (C) SEM images. The
self-standing membrane shows an oriental layered structure. (D) XRD
pattern of restacked layered membranes (DMM). The d001 spacing of
layered membrane is 2.39 nm.
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channels for ion transport. The content of organic quaternary
ammonium ions in layered membranes is analyzed by
thermogravimetric analysis (TGA) as shown in Figure 4A.
Compared with native montmorillonite, the restacked layered
membrane demonstrates a weight decrease of ∼36.2% in the
temperature range from 240 to 600 °C, which is ascribed to the
two-step thermal decomposition of quaternary ammonium ions
as evidenced by the two peaks at 293 and 398 °C in the curves
of differential thermogravimetric analysis (DTG). It has been
well-known that the double-chain amphiphiles of quaternary
ammonium ions can form bilayers in the interlayer space of
restacked montmorillonite membrane.57 On the basis of the
bimolecular length of dioctadecyldimethyl quaternary ammo-
nium ions (∼5.0 nm)53 and the interlayer spacing of layered
membrane (∼1.43 nm), we calculated the tilt angle of octadecyl
chains in the interlayer space is ∼17°. The phase state of
ammonium bilayers is dependent on the temperature. Based on
the endothermic peak in the differential scanning calorimetry
(DSC) patterns (Figure 4B), the phase transition temperature
(Tc) of quaternary ammonium bilayers is determined to be ∼45

°C, which corresponds to the phase transition from an ordered
gel to disordered liquid-crystalline state of bilayer.58

The ion transport in the 2D nanofluidic channels of layered
membranes is identified by the measurements of ion
conductance (Figure S5). At a high KCl concentration, the
conductance through layered membranes decreases following
the decrease of KCl concentration. However, when the KCl
concentration is below 1 mM, the conductance remains
constant, which is independent of KCl concentration. As a
comparison, the conductance of bulk KCl electrolyte is
proportional to its concentration. Our results indicate that
the ion transport in the 2D nanofluidic channels of layered
membranes is governed by the excessive surface negative
charges of montmorillonite lamellae.59 The temperature-
dependent phase state of the quaternary ammonium bilayers
in 2D nanofluidic channels of layered membrane can be used to
control the ion transport. The ion transport property of layered
membranes is characterized by measuring their ion current−
voltage curves (I−V) in KCl electrolyte using a setup as shown
in Figure S1. Figure 5A shows the typical I−V curves of a

Figure 4. (A) TG and DTG plots of native montmorillonite (MMT) and restacked layered membranes (DMM), which proves the intercalation of
quaternary ammonium ions. (B) DSC plot of MMT and DMM, showing that the phase transition temperature of quaternary ammonium bilayers is
nearly 45 °C.

Figure 5. Temperature-responsive ion transport property of bilayer-intercalated layered montmorillonite membranes. (A) Representative I−V curves
of the layered membranes in 1 mM KCl electrolyte with a temperature of 20, 40, and 70 °C. (B) Correlation of ion current at +1 V with the
temperature. Inset: enhancement folds of the ion current at 40 and 70 °C when compared with that at 20 °C. As a comparison, the enhancement
folds of theoretical ion current in 1 mM KCl electrolyte at +1 V is calculated from the ion conductivity of the electrolyte. The sharp increase of ion
current at 45 °C is ascribed to the phase transition of quaternary ammonium bilayers. (C) Schematic diagram for the phase transition of the bilayer
from a gel to liquid-crystalline state. The liquid-crystalline state is favorable for the transport of water-soluble ions. (D) Reversible and stable switch
of ion current (at +1 V) at 20 and 70 °C for five cycles.
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layered membrane (thickness = ∼63 μm, Figure S6) in KCl
aqueous electrolyte (1 mM) with a temperature of 20, 40, and
70 °C. For a clear comparison, the correlation of ion current at
+1 V with the temperature is plotted in Figure 5B. It is
observed that the ion current in the layered membrane
increases slowly following the increase of temperature from
20 to 45 °C. However, the ion current starts to increase sharply
when the temperature is higher than 45 °C. At a typical
temperature of 70 °C, the value of ion current at +1 V is 2.60
μA, which is almost 43 times as much as that (0.06 μA) at 20
°C (inset of Figure 5B). Note that the ion conductivity of 1
mM KCl electrolyte increases linearly with the temperature
(Figure S7). When the temperature increases from 20 to 70 °C,
the theoretical ion current in 1 mM KCl electrolyte at +1 V
(without layered membrane) is enhanced by only 2 times when
calculated from the ion conductivity of the electrolyte (inset of
Figure 5B). Therefore, the temperature-responsive ion trans-
port property in the layered membrane is not derived from the
change of ion conductivity by temperature. We therefore
concluded that the sharp increase of ion current at 45 °C
should be related with the phase transition of quaternary
ammonium bilayers in the 2D nanofluidic channels of layered
membranes. As mentioned above, the phase transition
temperature of bilayers is about ∼45 °C. When the temperature
is lower than 45 °C, the bilayers in the layered membranes exist
as a gel state, in which the double octadecyl chains are arranged
densely and orderly (Figure 5C). The water-soluble ions are
difficult to pass through the 2D nanofluidic channels, which
results in a low ion current. The slow increase in the ion current
by the temperature may be ascribed to the increase in the ion
conductivity of electrolyte. When the temperature is higher
than 45 °C, the state of quaternary ammonium bilayers
transformed from a gel to liquid-crystalline phase. In this state,

the arrangement of double octadecyl chains becomes
disordered as shown in Figure 5C. The shrinking and bending
of double octadecyl chains reduce the thickness of bilayers,60

which is favorable for the transport of water-soluble ions and
results in a high ion current. Furthermore, the reversible phase
transition of bilayers between a gel and liquid-crystalline state
results in a reversible temperature-responsiveness of ion
current. As shown in Figure 5D and Figure S8, when the
temperature of the electrolyte increases from 20 to 70 °C, the
ion current at +1 V in the layered membrane increase from 0.06
to 2.60 μA. The decrease of temperature to be 20 °C recovers
the ion current to be 0.06 μA. After five cycles, the ion current
in the layered membrane at 20 and 70 °C remains almost
unchanged, which indicates that the temperature-responsive-
ness of bilayer-intercalated layered membranes shows a good
stability and reversibility.
Besides the temperature-responsive ion transport property,

we also find that the ion transport in the layered membranes
can be controlled by an external voltage. In order to
characterize the voltage responsiveness, an external direct
voltage was applied perpendicularly across the layered
membrane through two stable Pt electrodes for 10 min (Figure
S2). After removing the external voltage, the ion current was
measured immediately through two Ag/AgCl electrodes at
scanned voltages from −0.2 to +0.2 V (Figure S2). As shown in
Figure 6A, after an external voltage of +3 V is applied across the
membrane for 10 min, the I−V curve of the layered membrane
shows an almost parallel shift to the direction of negative
current when compared with that of the original membrane. A
positive voltage at zero current (VZC) and a negative current at
zero voltage (IZV) are generated. The ion current at a negative
voltage is enhanced by the external voltage, while an opposite
result is observed at a positive voltage. An external voltage of

Figure 6. Voltage-responsive ion transport property of bilayer-intercalated layered montmorillonite membranes. (A) I−V curves of the layered
membrane before and after applied with an external voltage of +3 and −3 V for 10 min. An external voltage shifts the I−V curve of the layered
membrane. (B) Schematic diagram for the polarization effect of layered membranes under a positive external voltage. The position of quaternary
ammonium cations (positive charges) deviates by a displacement of Δd from their original equilibrium position along the direction of electric field.
The asymmetric accumulation of K+ and Cl− on the two sides of the membrane consequently creates an electrochemical potential difference. (C) I−
V curves of layered membrane after rest in electrolyte for 5 and 30 min when the external voltage of +3 V is removed. The I−V curve recovers back
to its original state after nearly 30 min rest because of the depolarization process. (D) Reversible and stable switch of ion current at −0.2 V when the
layered membrane is polarized and depolarized for three cycles.
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−3 V parallel shifts the I−V curve to the direction of positive
current. On the contrary, the ion current at a negative voltage is
reduced by the external voltage, and the ion current at a
positive voltage is enhanced. Our result indicates that the
bilayer-intercalated layered membrane demonstrates a voltage-
responsive ion transport property.
As shown in Figure 6B, in the bilayer-intercalated layered

membrane, the negative charges of montmorillonite lamellae
are balanced by the positive charges in quaternary ammonium
ions after cationic exchange. The equilibrium distance between
negative and positive charges is supposed to be a. Therefore,
when the layered membrane is immersed into the KCl
electrolyte, no potential difference is formed across the layered
membrane because of its neutral surface. After an external
voltage of +3 V is applied across the membrane, the charge
balance is broken and a polarization effect occurs.61 The
positions of dioctadecyldimethylammonium cations (positive
charges) on the surface of montmorillonite lamellae deviate by
a displacement of Δd from their original equilibrium position
along the direction of electric field (Figure 6B), while the
positions of negative charges are considered to remain
unchanged because they are fixed on the surface of
montmorillonite lamellae. As a result, the side of montmor-
illonite membrane that faced to cathode shows electro-
negativity, while the surface that faced to anode shows
electropositivity. After removing the external voltage, the
electronegativity and electropositivity on the two sides of
montmorillonite membrane are compensated by the cations
(K+) and anions (Cl−) in the electrolyte, respectively. The
asymmetric accumulation of K+ and Cl− on the two side of the
membrane (Figure 6B) consequently creates an electro-
chemical potential difference (VP in Figure 6B) with absolute
value equal to the voltage at zero current (VZC) in the I−V
curve.62

The polarity of VP is opposite with that of VZC, which
therefore results in a negative ion current at zero voltage as
shown in Figure 6A. When a transmembrane voltage (VT) is
applied across the layered membrane through two Ag/AgCl
electrodes to measure the ion current, the actual voltage drop
across the membrane is the algebraic sum of VT and VP (VT +
VP). Considering the negative polarity of VP, when the polarity
of VT is negative, the absolute value of actual voltage drop is
higher than that of VT, which enhances the generation of ion
current. In the contrast, when the polarity of VT is positive, the
absolute value of actual voltage drop is lower than that of VT,
which results in a lower ion current than that of the original
membrane. The degree of the polarization is dependent on the
intensity of the external voltage and the polarization duration.63

As shown in Figure S9, when the external voltage increases
from +1 to +3 V while the polarization duration is fixed to be
10 min, the absolute value of polarization-induced potential
difference (VP) increases from 17.7 to 104.0 mV, which
controls the ion current at −0.2 V from −13.5 to −22.8 nA. If
the external voltage is fixed to be +3 V, the increase of
polarization duration from 1 to 10 min shifts the absolute value
of VP from 32.2 to 104.0 mV, which controls the ion current at
−0.2 V from −14.6 to −22.8 nA (Figure S10). Our results
indicate that the ion transport in layered membranes can be
controlled conveniently by the parameters of the external
voltage.
Furthermore, the voltage responsiveness of layered mem-

branes shows a stable reversibility. As shown in Figure 6C, after
removing the external voltage of +3 V, the rest of the polarized

membrane in the electrolyte eliminates slowly the voltage at
zero current and the current at zero voltage because of the
depolarization process. The I−V curve almost recovers back to
its original state after nearly 30 min. After the polarization and
depolarization process is repeated three cycles, the ion current
at −0.2 V remain almost unchanged (Figure 6D and Figure
S11), which verifies that the voltage responsiveness of layered
membrane shows an excellent stability and reversibility.

■ CONCLUSIONS

In summary, we have successfully fabricated a temperature and
voltage dual-responsive synthetic layered membrane with 2D
nanofluidic channels using bilayer-intercalated montmorillonite.
The intercalation of quaternary ammonium bilayers is achieved
by an exchange of dioctadecyldimethylammonium cations with
the native cations of montmorillonite followed by a vacuum
filtration. The reversible phase transition of quaternary
ammonium bilayers in the 2D nanofluidic channels results in
a temperature-responsive ion transport property. An external
polarization voltage creates an electrochemical potential
difference across the layered membrane, which is capable of
controlling the ion transport in the 2D nanofluidic channels
and results in a voltage-responsive ion transport property. Our
dual-responsive synthetic layered membranes with 2D nano-
fluidic channels provide a new platform for creating smart
synthetic membrane to control the ion transport.
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