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ABSTRACT: On the basis of biological ion channels, we
constructed TiO2 membranes with rigid channels of 2.3 nm to
mimic biomembranes with flexible channels; an external
electric field was employed to regulate ion transport in the
confined channels at a high ionic strength in the absence of
electrical double layer overlap. Results show that transport
rates for both Na+ and Mg2+ were decreased irrespective of the
direction of the electric field. Furthermore, a voltage-gated
selective ion channel was formed, the Mg2+ channel closed at
−2 V, and a reversed relative electric field gradient was at the same order of the concentration gradient, whereas the Na+ with
smaller Stokes radius and lower valence was less sensitive to the electric field and thus preferentially occupied and passed the
channel. Thus, when an external electric field is applied, membranes with larger nanochannels have promising applications in
selective separation of mixture salts at a high concentration.
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■ INTRODUCTION
Ion transport in a confined channel whose characteristic length
scale is comparable to the range of several important forces
including steric interactions (∼1−2 nm range), van der Waals
force (∼1−50 nm) and electrostatic interactions (∼1−100
nm)1 has attracted great attention owing to the emergence of
novel transport phenomena and promising applications in
desalination, molecule sensors, and energy conversion.2−7

Among these forces, electrostatic interactions have been widely
studied. In a nanochannel−solution interface, counterions
accumulate near the charged surface, and the co-ions are
repelled, creating an electrical double layer (EDL) region in
which the potential decay with a characteristic length is known
as the Debye length (λ).8,9 Generally, the thickness of EDL
decreased with the increase of ionic concentration.10 For a
channel with a size of 10 nm, to obtain a satisfactory EDL
overlap, the ionic concentration should be smaller than 10 mM,
which is far lower than the concentration of a realistic solution.
Hence, for applications in practical physiological media, the size
of confined channels should be reduced to a smaller size of ∼2
nm.
Inspired by ion and molecule transport in biological ion

channels, the electrical manipulation of ions, proteins, and
DNA in manufactured nanochannels have received enormous
attention.11−13 Using an applied external electric field, the
surface charge property of a channel can be tuned, in turn
controlling the transport of ion species.14−16 Notably, different
ions respond to the field effect differently. Mahurin et al. found
that the transport of dye ions through a mesoporous carbon
membrane could be prevented by an applied potential of −0.5
V, while the smaller K+ and Na+ required a larger applied
potential.17 Furthermore, the magnitude of a direct field effect

control over the charged species in nanochannels is highly
dependent on solution concentration.18−20 It has been
demonstrated that field-effect can more effectively control ion
transport when the pore size is close to the thickness of the
EDL in which the ion transport is governed by surface
charge.21−24 Hence, a confined channel with a size of ∼2 nm
will have application in solutions with a wide range of ion
concentrations. However, at such scales, the other forces (steric
force and van der Waals) become very important apart from
electrostatic interactions, making the ion transport behavior
more complex. Some anomalous phenomena such as high
water, proton, and ion mobility may occur.4,25,26 To date, the
transport mechanism has still not been fully explored in such a
small confined space because of the difficulty in manufacturing
artificial structures at this scale.25−28 Recent developments in
the synthesis of ceramic membrane have made it possible to
construct a rigid nanochannel with a uniform pore size
distribution of ∼2 nm, which makes the membrane a promising
candidate for investigating the ion transport behavior.27,29−31

In ceramic nanochannels, electrostatic-based ionic selectivity
is highly dependent on the surface charge and solution
properties. The main influencing factors of ion permeation
through the channel are steric, Donnan, and dielectric exclusion
effects, among which the Donnan effect plays an important role
in low electrolyte concentrations, whereas the dielectric
exclusion effect is the dominant influencing factor in high
electrolyte concentrations.32−34 Herein, a TiO2-based, three-
dimensional (3D) nanofluidic transport membrane with a pore
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size of 2.3 nm was prepared. An external electric field was
employed to gate or control the ion transport in the confined
channel with nonoverlapped EDL.

■ EXPERIMENTAL METHODS
Materials. Tetrabutyl titanate (Ti(OC4H9)4), acetylacetone-

(AcAc), hydrochloric acid (HCl), and 1-butanol (C4H9OH, 99%)
were obtained by Shanghai Lingfeng Chemical Reagent Co., Ltd.
Nitric acid (68%) was produced by Yangzhou Hubao Chemical
Reagents Co. Triblock copolymer L64 ((EO)13(PO)30(EO)13;
molecular weight (2900 Da) was purchased from Sigma-Aldrich and
used as received. TiO2 nanoparticles with a particle size of ∼5 nm (P5)
were provided by Xuan Cheng Jing Rui New Materials Co., Ltd.
Magnesium chloride (MgCl2) and sodium chloride (NaCl) were
obtained from Xi Long Chemical Co., Ltd.
Construction of Nanochannels. The TiO2-based membrane

consisted of a macroporous support and a separation layer. The TiO2
thin film was fabricated by a nanoparticle-modified polymeric sol−gel
process. A solution of L64 in C4H9OH was added in a mixture of
Ti(OC4H9)4 and AcAc. Then, another solution composed of
C4H9OH, nitric acid, and deionized water was added dropwise to
the above solution. The stirring was maintained for 4h at 25 °C to
obtained a transparent sol. The molar ratio of Ti(OC4H9)4/L64/
AcAc/C4H9OH/HNO3/H2O was 1:0.03:1:80:0.1:3. Then, P5 with a
concentration of 0.2 g/L was added to the prepared sol and dispersed
by stirring for 2h and ultrasonication for 30 min at 250 W.
A disc-shaped α-Al2O3 membrane with a diameter of 28.5 mm, a

thickness of 2 mm, and an average pore size of 100 nm was used as the
macroporous support. The prepared sol was spin-coated on the
substrate at 3000 rpm for 30 s. The coated films were dried and aged
for 12 h at 60 °C in an oven and then calcined in air at 400 °C with a
heating and cooling rate of 0.5 °C/min. All the procedures were
repeated four times to obtain an anatase TiO2 mesoporous membrane.
Ion Permeation Measurement. Ion transport was investigated

using a laboratory-scale experimental setup, as shown in Figure 1. A

TiO2 membrane with a surface area 3.14 cm2 was placed between the
two graphite electrode slices and divided the module into dialysate (A)
and diffusate (B) tank. The TiO2 separation layer faced A tank, where
filled with a mixed solution (0.4 M MgCl2+0.8 M NaCl). B tank filled
with 0.1L deionized water. A peristaltic pump with a running speed of
100 mL/min was used to pump the solutions. An electrochemical
workshop (GAMRY Instruments Reference 3000) was connected to a
Ti electrode to supply a constant potential difference ΔV over the
membrane (ΔV = VA − VB, where VA and VB are the electrode
potentials at the A and B side, respectively. ΔV > 0 is positive
potential, while ΔV < 0 is negative potential). The samples in the A
and B tanks were used to analyze the concentration of Na+ and Mg2+

at a certain time interval, respectively, and the permeation flux (J) was
indicated from the slope of the ion concentration in the diffusate tank.

Characterization. The mechanical property of the gel was
analyzed by dynamic mechanical analysis in a compression mode
and with an oscillating frequency of 1 Hz (DMA, Diamond DMA,
PerkinElmer, Waltham, MA). The surface morphology and thickness
of the membrane were observed by a field-emission scanning electron
microscopy (FE-SEM, Hitachi S4800). The membrane permeability
was determined by the permeation of deionized water at a
transmembrane pressure of ∼0.5 MPa. The separation capability of
the membranes was evaluated by measuring 3g/L PEG solution with
different molecular weights (10 000 Da, 6000 Da, 1500 Da, 600 Da) at
a transmembrane pressure of ∼0.5 MPa. The concentrations and
molecular weights of PEG in the feed and permeate solutions were
analyzed by gel permeation chromatography (Waters Co., Milford,
MA). The concentrations of Na+ and Mg2+ were analyzed by
inductively coupled plasma atomic emission spectrometer (Perki-
nElmer Optima 7000DV). The impedance of the cell was analyzed
using an electrochemical workstation in the range of 1 Hz to 1 MHz
(GAMRY Instruments Reference 3000). The membrane and support
were immersed in an electrolyte solution (0.4 M MgCl2 +0.8 M NaCl)
12 h before testing to equilibrate the membrane. Additionally, the
resistance of TiO2 membrane and bare support were also analyzed,
respectively, by directly covering them on the Ti electrode using Ag
conductive adhesive.

■ RESULTS AND DISCUSSION

Construction of Titania 3D Nanochannels. The TiO2
membrane was fabricated by a 5 nm TiO2 nanoparticles-
modified polymeric sol process using a disc-shaped α-Al2O3
membrane with an average pore size of 100 nm as support.
After the P5 well-dispersed in the sol, the stiffness and ductility
of the formed gel was investigated, and the results are shown in
Figure 2. The TiO2 gel with P5 nanoparticle exhibited an
obvious enhancement of storage modulus (E′) and loss
modulus (E″), indicating that the stiffness and ductility of the
gel clearly improved. Accordingly, an integrated and crack-free
membrane layer was more easily obtained, and the detail
explanation was shown in our previous work.35

Figure 1. Schematic diagram of experimental setup: (1) DC power
supply; (2) membrane module; (3) peristaltic pump; (4) dialysate
tank; (5) diffusate tank; (6) TiO2 membrane plate; (7) graphite
electrode slice; and (8) Ti electrode.

Figure 2. (a) Storage modulus−temperature curve of TiO2 gel and (b) loss modulus−temperature curve of TiO2 gel.
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After calcination, the resulting membrane presents an anatase
phase (Supporting Information, Figure S1), and its surface
morphology and cross-section are shown in Figure 3a,b. As
observed from the images, the obtained TiO2 membrane has an
integrated and crack-free membrane layer with an approximate
thickness of 1.5 μm. Through the pure water permeability and
PEG retention experiments, the membrane showed a pure
water flux of 2.2 L·m−2·h−1·bar−1and a 90% MWCO of 2100 Da
(Figure 3c), equivalent to a molecular diameter of ∼2.3 nm
calculated using the formula, r (Å) = 0.262 × (MW)1/2 − 0.3.36

This indicates that 2.3 nm 3D nanochannels were successfully
constructed by a 5 nm TiO2 nanoparticle-modified sol−gel
process, and rigid nanochannels are more advantageous and
suitable for investigating ion transport.
Solution Resistance and Current Density. It is well-

known that the ion conductance characteristic in a confined
channel is highly dependent on the concentration. At low ionic
concentration in the presence of EDL overlap, the conductance
of the channel is governed by surface charge and the membrane
behaves as a nonohmic resistor, while at high ionic
concentration the conductance of the channel is governed by
bulk ionic concentration and the membrane behaves as an
ohmic resistor. In our experiment, the Debye length was
estimated to be only ∼0.21 nm using the equation κ−1 =
(ε0εrkBT/e

2Σizi
2ni

0)1/2, the electrical double layer only covered
about 18% of the TiO2 channel and 0.42% of substrate channel,
respectively. In this case, the substrate and TiO2 membrane
mainly behaved as an ohmic resistor.
Figure 4 shows the Nyquist plots of the cell with and without

membrane and support. As shown in Figure 4, the bulk

electrolyte resistance between the two electrodes was ∼11.84 Ω
(x-intercept at the high-frequency region).33 When the Ti
electrode was covered by a bare substrate or supported TiO2
membrane, no new capacitive loop emerged and only the
ohmic resistance increased to 13.99 and 14.7 Ω, indicating that
the resistance of the substrate alone and TiO2 layer was 2.15
and 0.71 Ω, respectively. This increased resistance mainly
originated from the geometric effects that the small porosity
and tortured channel of the bare substrate and TiO2 membrane
increased the distance of the ion to arrive at the electrode. In
addition, the slightly increased resistance of the TiO2 layer
indicated that the TiO2 membrane revealed a relative small
degree of blocking ion transfer at such a high electrolyte
concentration.
Figure 5a shows the Nyquist plots of the cell at different

times. At the beginning of the dialysis experiment, the diffusate
tank was filled with the deionized water with weak conductivity.
Therefore, the total solution resistance was relatively large in
the initial stage of the experiment. As shown in Figure 5a, the
total solution resistance of the cell after 20 min was 68.33 Ω.
However, as the ions of the dialysate tank diffused through the
membrane into the diffusate tank under a concentration
gradient, the total solution conductance increased and the
resistance decreased to 55.2 Ω after 40 min. Then, the
decreasing trend became slower, and the resistance reached
33.71 Ω after 360 min. Figure 5b shows the current density
curve at −2 V. The current density gradually increased as the
ion passed through the membrane. Then the increasing trend
decreased, and the cell showed a stable and high current density
of ∼1 mA/cm2 after 360 min. At high concentration, the ion
conductance was governed by bulk solution without EDL
overlap, and thus, the high conductance resulted in a high
current density.

Mixed Ions Transport Behavior in TiO2 Nanochannel.
As mentioned above, ion transport in nanochannels is strongly
influenced by the interfacial charge property. Interestingly, the
nanochannel constructed by TiO2 material has an amphoteric
surface, and its surface charge is determined by the solution
environment. When the membrane surface comes into contact
with the electrolyte solution, it can be negatively or positively
charged by absorbing or releasing the ions. Hence, its surface
charge properties highly depend on the concentration and pH
of the background salt solution.37,38 After the zeta potential (ξ)
measurement, the isoelectric point of the synthesized TiO2
material was ∼3 (Supporting Information, Figure S2). As the
pH of the mixed salts solution in the dialysate tank was ∼5.27,
the TiO2 nanochannel surface was deprotonated and negatively
charged, favoring the cation transport (Figure 6). When the

Figure 3. (a) FESEM images of the surface and (b) cross section of TiO2 membrane; (c) PEG rejection curve of the resulting TiO2 membrane.

Figure 4. Nyquist plots of solution and membrane; (R1) solution
resistance, (R2) solution + support resistance, and (R3) solution +
membrane resistance.
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ionic concentrations over the membrane were different, an ion
flux (Jdi) will be developed by the concentration gradient (∇C).
In this study, there was a large concentration gradient and
almost no EDL overlap in the membrane side, and thus, the ion
will pass the membrane freely. As shown in Figure 7 and Table
1, the 3D TiO2 channel showed a higher permeation flux of Na+

than Mg2+ and relatively low Na+/Mg2+ selectivity (αNa+/Mg
2+) of

3.8, far smaller than that of nanofiltration membrane, 16, and
only slightly higher than the ionic bulk diffusion coefficient
ratio (αNa

+
/Mg

2+ = JNa+/JMg
2+ = 3.8; bulk diffusion coefficient, DNa

+

= 1.33 × 10−9m2/s; DMg
2+ = 0.72 × 10−9 m2/s; DNa

+/Mg
2+ =

1.8).39

It was generally accepted that nanofiltration membranes
favored monovalent ion transport and rejected divalent or
multivalent ions. This low αNa+/Mg

2+ was attributed to the high
ionic strength of the dialysate tank. The EDL only covered
∼18% of the nanochannel, and the electrostatic effect was not
very obvious. In addition, the Mg2+ solvation energy barrier was

higher than that of Na+ according to the dielectric exclusion
effect, making it more difficult across the membrane (calculated
by Zhao et al.34 ΔWNa

+ = 1.88 × 10−20J, ΔWMg
2+ = 6.34 ×

10−20J). Therefore, because of the two effects, the αNa
+/Mg

2+ was
slightly enhanced to the twice of the bulk diffusion coefficient
ratio. This result agreed well with the low membrane resistance
that 2.3 nm 3D TiO2 confined channels showed a weak ability
of blocking the ion transfer at high concentration.
In the presence of an electric field, an ion migration force is

induced, driving the ions toward the oppositely charged
electrode.24,40 Taking a negative electric field for example, the
induced electric field force will prevent the cation migration
(Na+ and Mg2+, Jmig,ca) and facilitate the anion migration (Cl−,
Jmig,a) across the membrane, as shown in Figure 8. It had been
demonstrated that the electric field effect highly depended on
the ion size and valence.17,41 The ion with a larger Stokes radius
reveals a low mobility and is more easily captured by the
electric field. In addition, the field effect is proportional to the
ion valence. The ion with a higher valence is, the field effect is
more remarkable. Because the Stokes radii of the Na+ and Mg2+

are larger than that of Cl− (Stokes radius: rNa+ = 0.184 nm; rMg
2+

= 0.347 nm; rCl− = 0.121 nm) and Mg2+ possesses a higher
valence, the magnitude electric migration flux of ions was Mg2+

> Na+ > Cl−. Hence, the net flux of cations decreased at a
negative electric field, in which the direction of the applied
electric field was opposite to the concentration gradient. When
the applied electric field was strong enough, the induced flux
was |Jmig| > |Jdi|, resulting in hindering the ion transfer. To test
this hypothesis, a negative electric field was applied over the
TiO2 confined channels. As expected, the rates of Na

+ and Mg2+

transport through the membrane decreased as a result of the
competition of concentration gradient and potential gradient, as

Figure 5. (a) Diagrams of Nyquist at different times. (b) Current density curve with time.

Figure 6. Schematic representation of ion transport behavior in the
TiO2 nanochannel. The nanochannel surface was negatively charged
by absorption and releasing the ions. The ion flux (Jdi) was developed
by the concentration gradient (∇C).

Figure 7. Ion concentrations in the diffusate tank at different applied voltages. (a) Na+ and (b) Mg2+.
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shown in Figure 7 and Table 1. In particular, at −2 V, the
perfectly separating the monovalent and divalent ions was
achieved that the passage of the Mg2+ was completely
prevented, whereas Na+ still went through the membrane,
decreasing the flux from 0.272 to 0.186 mol/(m2·h). Similar
phenomena were also observed experimentally in nanotube,
nanochannel or 3D membrane.17,22,24 Most of them controlled
the ion transport behavior in the presence of EDL overlap by
an external electric field. However, in this case, the 2.3 nm 3D
TiO2 membrane was capable of gating the transport of Mg2+ by
a negative electric field with only 18% EDL overlap. This was
attributed to the difference of field effect that Mg2+ was more
sensitive than Na+ response to the electric field. Hence, Na+

more easily escaped from the influence of the electric field,
preferentially went through the small-size channel and Mg2+

ions were rejected at −2 V. The results indicated that the field-
effect can be extended beyond the thickness of EDL, which was
recently numerically demonstrated in mesoporous nano-
channels by Liu et al.42

To explore this further, the membrane potential and relative
electric field gradient (▽ψ:∇ψ = CiZi (F/RT)(dVm/dxm))
developed by external electric field were calculated according
the membrane resistance of 2.86 Ω (the detail calculation
process is provided in the Supporting Information). For
application an external electric field, it has been demonstrated
that the electric field can influence the membrane potential
(Vm) and in turn regulate the ion transport behavior. As
observed form Table 2, the field induced Vm increased with the

increasing of electric field strength. When the ▽ψ became
comparable to the concentration gradient at −2 V, a voltage-
gated selective ion channel was formed. In this case, the Mg2+

channel closed, whereas the Na+ still passed the channel
because of large concentration gradient and less sensitive to the
electric field. However, the potential driving force of Mg2+ was
relatively smaller compared to the concentration driving force.
The possible reason was that it was a complicated process when
an external field was applied. The counterions accumulated
near the interface of electrode, resulting in the deviation of bulk
ionic concentration.24 In particular, this phenomenon would be
more serious when a porous graphite electrode was employed.
As a result, the real ∇C would be relatively smaller. Hence, it is
concluded that the gating-effect could occurr when ▽ψ is
comparable to the concentration gradient.
On the basis of the analysis above, it was not difficult to find

that the flux would be enhanced if the direction of electric field
was the same as the direction of concentration gradient.
However, interestingly, the flux of Na+ and Mg2+ still decreased
when a positive electric field was applied, as shown in Figure 7
and Table 1. The results were mainly attributed to the two
effects. On the one hand, the graphite electrode absorbed part
of ions, causing the ∇C slightly decreased. On the other hand, a
lot of proton generated because of the phenomenon of water
electrolyzed, when a potential closed to the theoretical voltage
of water electrolysis (1.26 V) was applied. The generated
proton preferentially occupied the nanochannel and hindered
the transport of Na+ and Mg2+. Hence, with the two effects, the
transport of Na+ and Mg2+ was slightly inhibited.
For comparison, the ion transport behaviors in the bare

support were also investigated (Supporting Information, Figure
S4). The support showed high diffusion flux of Na+ and Mg2+,
and the transport rates of Na+ and Mg2+ only slightly decreased
in the macropore channel of support after applying an electric
field. This result indicated the electric effect was not obviously
in the 100 nm pore of support at such high ionic concentration,
and the gating-effect of Mg2+ was mainly attributed to the 2.3
nm TiO2 membrane layer.

■ CONCLUSION

In summary, 3D TiO2 channels with a pore size of 2.3 nm were
successfully fabricated by a 5 nm TiO2 nanoparticle-modified
polymeric sol−gel route. Then, the ion transport in the

Table 1. Permeate Flux of Ions under Different Applied Potential

potential (V)

0 −1 −1.5 −2 1 2

ion selectivity αNa+/Mg
2+ 3.8 3.7 5.2 ∼∞ 3.3 3.5

flux (mol/(m2·h) Na+ 0.272 0.220 0.172 0.186 0.191 0.174
Mg2+ 0.072 0.059 0.033 ∼0 0.057 0.049

Figure 8. Schematic representation of the electric field influenced the
ions transport behavior in the negative charged channel. In the
presence of an applied potential, it induced an ion migration force to
drive the ion toward the oppositely charged and developed a ion flux
(Jmig,ca, Jmig,a).

Table 2. Membrane Potential and Relative Electric Field Gradient (▽ψ) developed by an External Electric Field Calculated
According the Membrane Resistance of 2.86 Ω

potential (V)

−1 −1.5 −2

steady-state current (mA) 0.041 0.75 2.967
membrane potential (mV) 0.118 2.145 8.486
∇Ψ = CiZi (F/RT)(dVm/dxm)(mol/m

4) −1.88 × 104 −3.471 × 104 −1.352 × 105

∇ CNa
+ = (dcNa+/dx) (mol/m

4) 4.159 × 105

∇ CMg
2+ =(dcMg

2+/dx) (mol/m4) 3.232 × 105

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b01505
ACS Appl. Mater. Interfaces 2015, 7, 11294−11300

11298

http://dx.doi.org/10.1021/acsami.5b01505


confined channel was controlled by an applied electric field at a
high concentration in the absence of EDL overlap. The results
show that 3D TiO2 channels revealed a high permeate flux of
Na+ and Mg2+, and low Na+/Mg2+ selectivity under a large
concentration gradient. When an electric field was applied, the
transport rates for both Na+ and Mg2+ decreased. In particular,
the transport of Mg2+ can completely be prevented at −2 V,
whereas the Na+ ions still went through the membrane because
of its small Stokes radius and low valence, making it less
sensitive to the electric field. The theoretical calculation also
performed and showed that the relative electric field gradient
was comparable to the concentration gradient at −2 V and the
transport of Mg2+ was hindered. These results indicate that the
gating effect could be extended beyond the EDL overlap in a
confined channel, and the membranes with larger nanochannels
have promising applications in selective separation of mixed
salts solution at a high concentration by applying an external
electric field.
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