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Controlling ions transport across the membrane at different pH environments is essential for the
physiological process and artificial systems. Many efforts have been devoted to pH-responsive ion gating,
while rarely systems can maintain the rectification in pH-changing environments. Here, a composite
nanochannel system is fabricated, which shows unidirectional rectification with high performance in a
wide pH range. In the system, block copolymer (BCP) and polyethylene terephthalate (PET) are employed
for the amphoteric nanochannels fabrication. Based on the composite system, a model is built for the
theoretical simulation. Thereafter, rectification mapping is conducted on the system, which can provide
abundant information about the relations between charge distribution and ions transport properties. The
proposed rectification mapping can definitely help to design new materials with special ion transport
properties, such as high-performance membranes used in the salinity gradient power generation field.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Biological ion channels can control the ion inflow and outflow
across the cell as nanoscale gatekeepers,which is essential tomany
life processes [1–3]. Due to the fragility of the natural ion channels,
it is difficult to integrate them into devices [4,5]. Smart artificial
nanochannels mimicking the functions including ion gating [6–8],
ion rectification [9,10], and ion selectivity [11] have been a focus
field due to their potential applications in pharmacy, sensing,
energy, and desalination [12–21]. For example, Siwy and cow-
orkers created a gate system for water, ionic, and neutral species by
applying an electric potential across a single hydrophobic nano-
pore [22].Wen [20_TD$DIFF]et al. realized light-controlled ion transport through
artificial channels by employing DNA technology [23]. Wang and
coworkers fabricated an asymmetric heterogeneous nanowire
membrane which can realize reversible ionic rectification due to
the pH-regulating asymmetric wettability [24]. By employing the
block copolymer, a series of heterogeneous membrane with well-
controlled ionic transport were fabricated and further applied in
osmotic energy harvesting [25–30]. Normally, the nanochannel
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geometry, surface charge polarity, charge density, and wettability
are the main factors that control the mass transport properties in
the nanoconfined channels [31–34]. By regulating the above-
mentioned factors, artificial nanochannel with desired mass
transport properties, such as ionic diode, can be constructed
[35,36]. Normally, the ion rectification direction and rectifying
performance of the fabricated nanochannels will change along
with the external pH stimuli and cannot maintain the desired
rectification properties, which limits their practical applications,
such as osmotic energy harvesting. Yet, rare details of regulating
pH-sensitivity and mapping the rectification of the systems have
been stated.

Here, we proposed a facile strategy for making artificial ion
channels that show unidirectional rectification in a wide pH range
from acidic to basic environment by combining triblock copolymer
and nanoporous PET nanochannels. Briefly, the membrane was
prepared by casting the BCP membrane, poly(styrene-b-tert-butyl
methacrylate-[21_TD$DIFF]b-2-vinylpyridine (PS-b-PtBuMA-b-P2VP), onto a
PET membrane with conical nanochannels (106 cm�2) produced
by ion-track etching protocol (Fig. S1 in Supporting information)
[37]. The system shows unidirectional ion rectification effect in a
broad pH range from 3 to 11 due to the synergistic effects of the
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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surface charge distribution and the multilevel channel geometry,
and themaximum rectification ratio can achieve 200. As the BCP in
our system contains multiple blocks with optional functional
groups (pH sensitive) and holds well performance in film building
[38], it is suitable to be used as a model system for exploring the
influencefactors on ionic rectification. Based on this model system,
the rectification mapping is carried out for the first time by
employing theoretical simulation, which provides details on how
the charge distribution and channel geometry affect the ion
transport. The proposed membrane material shows broad appli-
cation potential in salinity gradient power generation, and this
work can provide guidance for materials designing used in energy
harvesting and separation fields.

As shown in Fig. 1, the PtBuMA block in the BCP can be
hydrolyzed to produce carboxyl group, which can respond to the
solution pH changes. Before the hydrolysis, the BCPmembrane can
be positively charged or neutral in certain pH range due to the pH
sensitive P2VP group. As the pKa of copolymers in nanoconfined
environment variated from the bulk value [32], several pH values
are chosen to test the system. Thereafter, the hydrolysis reaction
was conducted to make the BCP membrane be negatively charged
in basic solution due to the produced carboxyl groups. In the
meantime, the wettability of the BCP part of the membrane is also
investigated with the contact angle (CA) measurement (Fig. S3 in
Supporting information). The BCP membrane becomes more
hydrophilic as the CA changed from 84.04� � 1.79� to 41.58� �
2.90� after the hydrolysis reaction. Thus, the proposed system can
be used as a prototype to investigate how the different charged
states of the BCP and PET nanochannels, respectively, affect the ion
transport cross the membrane, which helps to better design the
desired system with special ion transport properties. To better
illustrate the rectification properties of the system, a rectification
factor (frec), which is similar to that in Azzaroni’s paper [39], is
defined. The defined frec can be calculated according to the
following equation (Eq. [22_TD$DIFF]1a):

f rec ¼
Iþ2 V

I�2 V

�
�
�
�

�
�
�
�
when;   Iþ2 Vj j  �   I�2 Vj j

 � I�2 V

Iþ2 V

�
�
�
�

�
�
�
�
when;   Iþ2 Vj j < I�2 Vj j

8

>><

>>:

ð1Þ

where frec, I+2 Vand I-2 V are the rectification factor, currentmeasured
at +2 V, and current measured at �2 V, respectively. In the
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Fig. 1. The hydrolysis reaction of the composited membrane. The carboxyl groups
can be produced in the tBuMA blocks through the hydrolysis reaction, which can be
seen in the top line. After the hydrolysis reaction, the carboxyl groups and pyridyl
groups (BCP part) and the carboxyl groups (PET part) can be charged or uncharged
along with the pH changes, respectively.
measurement, the anode and cathode electrode are placed at the
PETandBCPside, respectively (Fig. S4 inSupporting information). In
thisway, a standardparameter (frec) is built for evaluating all the ion
transport properties in the nanochannel system.

The ionic transport properties of our system are investigated by
current-voltage (I–V) measurement. The as-prepared PET nano-
channel membrane has a negative frec (Fig. S5a in Supporting
information)andthecompositemembraneholdsapositive frecafter
the BCP membrane casting (Fig. S5b in Supporting information).
Besides, the composited membrane shows a [23_TD$DIFF]nonlinear decrease
alongwith the solution concentration decrease indicating a charge-
governed ion transport in the system (Fig. S5c in Supporting
information). Thereafter, the I–V curves of the composited
membrane afterhydrolysis at different pHvalueswere investigated
(Fig. 2a). All the curves show the same directional rectification
behaviours. Thedetailedchangesof the currentsatnegativebias are
shown in Fig. S6 (Supporting information). Rectification factors at
different pH conditions are presented in Fig. 2b. According to the
Eq. (1), all the frec are calculated tobe positive. In our testing system,
the positive frecmeans the ions accumulated in the channels at +2 V
bias and depleted at -2 V bias; and [24_TD$DIFF]vice versa [40]. All the frec are
bigger than 50 and the maximum value can achieve 200, showing
the high ionic regulation performance. This is mainly because of
the high surface charge density brought by the two parts of the
composite membrane and the multilevel asymmetry brought by
the PET part. For the sake of discussion, the system is simplified to a
funnel shaped nanochannel according to the characterization of
the composite membrane. The states of the system correspond to
the ion transport atdifferentpHcanbedivided tothree types (type I,
II and III in Fig. 2c). In the compositedmembrane, the BCP part and
the PET part are in different charged states (charge polarity and
charge density) alongwith the pH changes. Type I shows the charge
distribution of the system in pH 2.89, and the composited
membrane showed a positive-neutral (BCP-PET) charged state.
Here, the neutral PETalso plays an essential role inmaintaining the
rectification of the system, and the system is unlike the cylinder
positive charged nanochannel, which shows no rectification [41].
The frec reaches the highest value (�206) in the pH 4.56 solution,
and the charge distribution of the system (type II) is in a
Fig. 2. Unidirectional rectification properties of the composite membrane at
different pH conditions. (a) I–V curves of the compositemembrane in 10mmol/L KCl
at different pH values with sweeping voltage from�2 V to 2 V. In themeasurement,
the anode is placed at PET side and the cathode is placed at BCP side. (b) The
corresponding rectification ratios in (a). The solid line is a guide to the eye.
(c) Charge distribution of the system at different pH conditions. Type I corresponds
to the system at pH 2.89; Type II corresponds to the system at pH 4.56; Type III
presents the charge distribution of the composite membrane at pH 7.06, 9.01 and
11.01.
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positive-negative (BCP-PET) state. The high frec in this condition can
ascribe to the charge and geometry asymmetry [42,43]. When the
system was tested in solution with pH 7.06, 9.01 and 11.01, the
system is in a negative-negative (BCP-PET) charged state (type III).
This is not the situation in cylinder or conical nanochannels, which
shows frec of 1 or negative value, respectively. Both the charging
states and geometry could affect the rectification of the system.
Also, the ionic transport properties of bare PET nanochannels and
composited membrane before hydrolysis reaction were studied
(detailed in Fig. S7 in Supporting information). Specially, the
composited membrane before hydrolysis tested in solution at pH
9.01 also shows a positive frec value, which is in the charged state of
neutral-negative (BCP-PET). Therefore, a relative completed set of
charged states of the funnel nanochannel is constructed, and it is
worth investigating the details of the ionic transport of all the
above-mentioned charged states.

To dig into the details of the ionic transport properties of our
system, numerical simulation based on Poisson–Nernst–Planck
(PNP) equations was employed (Fig. S8 in Supporting information)
[44,45]. Through the simulation, the detailed relations between the
ionic transport and the system’s characterization, such as geometry,
chargepolarity, and chargedensity, couldbe revealed. In [25_TD$DIFF]Figs. 3a and
b, the currents at +2V and -2 V voltage bias with different charge
distribution inBCPandPETnanochannels are presented, respective-
ly. Besides, the concentration profiles of the K+ and Cl� at different
charged conditions which are corresponded to the different pH
solutions are showed in Fig. S9 (Supporting information). By
combining the data in [25_TD$DIFF]Figs. 3a and b, the rectification ratio
distribution of the system is mapped in Fig. 3c. In our model, only
the factors of the charge distribution and geometry, which will
largely affect the ion transport performance of the system, are
considered. Fortunately, most of our experimental results can be
foundintheconstructedrectificationmappingsurface.Besides, from
Fig. 3, we can get some laws between the ionic transport and the
system’s charged status. First, the I+2 V has the biggest value (Fig. 3a)
when the sBCP and sPET are 0.07 C/m2 and -0.12 C/m2, respectively.
Alongwith the small |I-2 V| (Fig. 3b), thebig rectification factorcanbe
gained (Fig. 3c), which is the similar situation with the experiment
measured at pH 4.56 (Fig. 2b). In the meantime, the I has the
biggest absolute value (Fig. 3b) when the sBCP and sPET are �0.07
C/m2and0.00C/m2, respectively.These results showthat thedesired
current can be obtained at suitable charge distribution. Then, the
ionic transport properties of the systemwith a neutral PET part are
studied. Along with the sBCP changing from negative to positive,
|I | decrease, respectively. As a result, the
rectificationratioinFig.3cshowsasymmetricpatternalongwiththe
sBCP changing, which means that the ionic transport is determined
by the sBCP parameter. It does show rectification when sBCP is not
zero,which is not like the situation in cylinder nanochannel [41]. So,
the conical part of the funnel nanochannel is essential to its ionic

-2 V

+2 V| increase and |I-2 V
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Fig. 3. Simulated currents at (a) +2 V and (b) �2 V bias with different charge density in
membrane with different charge distribution derived from (a) and (b).
transport property. On the contrary, when sBCP is zero, the funnel
nanochannel shows positive frec, where an ion accumulation and
depletion zone are formed in the channels at +2 V and�2 V voltage
bias (Fig. S8 in Supporting information), respectively [46]. Thus, the
result of our experiment conducted at pH 2.89 (Fig. 3b) can be
explained. Normally, the conical nanochannel shows a negative frec
due to the negative carboxyl groups. Here, by adding a section of
neutral nanochannel, the ionic transport can be tuned to the
opposite direction, showing that the ionic transport of the
nanochannel is a comprehensive result of different factors. Thirdly,
Fig. 3c shows that in the regionwithnegativesBCPandsPET,which is
the situation of the system in pH 7.06, 9.01, and 11.01 solutions, all
the frec are relatively small. While in the neighbour zone with
positive sBCP and negative sPET, all the frec are relatively big. Apart
from the geometry, the opposite charge polarity can render the
significant rectification phenomenon in the system, which is an
effective way to increase the performance of the nanofluidics
[33,34].

For further investigating how the ionic transport changes along
with the charge status of the nanochannels, the contour plot of the
rectification factor was presented (Fig. 4a). In Fig. 4a, it could be
clearly seen the frec changes from the ‘flat’ region to the ‘rough’
region with big rectification factors. It is worth noting that the
region fenced by the lines tagged ‘1.0’ and ‘�1.0’ is actually a ‘dead’
region which is a result of our definition of ‘frec’. According to our
definition, frec can be in the following three conditions: (1) equals
to 1 (line with tag 1.0 in Fig. 4a), which shows no rectification;
(2) bigger than 1 (right side of the ‘1.0’ line in Fig. 4a), which shows
bigger |I |; (3) smaller than �1 (left side of the ‘�1.0’ line in
Fig. 4a), which shows bigger |I
which divide the rectification map into two main regions is not
overlapped with the zero line (black dash line in Fig. 4b). For
understanding the detailed transition of the frec from positive to
negative, the refined charge density is applied to solve the PNP
equation (Numerical simulation in Supporting information) and a
fine contour plot is obtained (Fig. 4b). In Fig. 4b, the rectification
ratio can be equal to 1 when the sBCP and sPET are both negative
with about -0.10 C/m2 and -0.07 C/m2, respectively. Our results
are not the same with Azzaroni’s report [30], where negative
rectification means a negative surface charge and vice versa. The
difference can be attributed to the different geometry which is also
an important factor in ionic transport of the nanochannels. In the
region where is fenced by the ‘1.00’ line, black dash line, and
parts of the ‘sBCP’ and ‘sPET’ axis, even both the BCP and PET
nanochannels are negative charged, the positive frec can be still
reached. Our ion transport experiments with pH 7.06, 9.01, and
11.01 just confirmed the above-mentioned situation. The BCP part
with few ��COOH groups holds low negative charges and the PET
part are fully deprotonated. The findings present great potential in
new nanofluidic membrane designing. For example, the reported

+2 V

-2 V|. Interestingly, the boundaries
BCP and PET nanochannels. The rectification ratio mapping (c) of the composited
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Fig. 4. Contour plot of the rectification mapping (a) Image of the different charging states of the system. (b) Image with refined BCP charge density changes.
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heterogeneous membrane for osmotic energy harvest mainly
worked in the pH of 4.3 [20], to maintain the opposite charge
distribution. As the pH 4.3 is not suitable for the practical
application, the materials work well in near neutral condition are
needed to be developed. Our results point out that the opposite
charge polarity for reaching positive frec in heterogeneous nano-
channels [18,20] is not necessary, which can also be reached with
all negative charged nanochannels.

In summary, we conducted experimental and theoretical
studies on the ion transport of a composited membrane, which
show positive frec in a wide pH range from acidic to basic
environment. The pH responsive groups in BCP and PET along with
the geometry endow the membrane with unidirectional rectifica-
tion. Theoretical simulation based on PNP equation is conducted
for the rectification mapping, which is devoted to better
understanding the detailed ion transport. The proposed system
turns out locating in the positive frec region. Specifically, it is found
that even both the BCP and PET nanochannels are negative, the
positive frec can be still reached. Furthermore, the rectification
mapping with different charge distribution in funnel nanochannel
could be used for the guidance of membrane designing in various
pH conditions, showing great potential in energy harvesting and
separation fields.
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