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ABSTRACT: Polymer membranes typically possess a broad pore-size distribution
that leads to much lower selectivity in ion separation when compared to membranes
made of crystalline porous materials; however, they are highly desirable because of
their easy processability and low cost. Herein, we demonstrate the fabrication of ionsieving membranes based on a polycarbazole-type conjugated microporous polymer
using an easy to scale-up electropolymerization strategy. The membranes exhibited
high uniform sub-nanometer pores and a precisely tunable membrane thickness,
yielding a high ion-sieving performance with a sub-1 Å size precision. Both
experimental results and molecular simulations suggested that the impressive ionsieving performance of the CMP membranes originates from their uniform and narrow pore-size distribution.
KEYWORDS: conjugated microporous polymer, membrane, ion sieving, electropolymerization, precise separation, carbon nanotube ﬁlm

I

enhance their mechanical strength by mimicking the skin-core
architecture of spider silk and successfully applied these rigid
CMP membranes for organic nanoﬁltration.28 The prepared
CMP membranes showed highly uniform pores of 1.08 nm and
high surface area. However, achieving precise ion separation
requires decreasing the pore size of CMP membranes down to
sub-nanometer while maintaining their pore size homogeneity.
Such a precise tailoring of pore architecture has rarely been
achieved in polymer membranes. The porous structure of
CMPs is largely determined by the monomer structure. The
rich chemistry in the monomer design thus provides a rational
approach to control the membrane structure on the molecular
level.
In this study, we report the fabrication of ion-sieving
membranes based on a conjugated microporous polymer
prepared from 1,3,5-tris(N-carbazolyl) benzene (TCB) as the
monomer. Our innovative strategy combines (1) the use of
CMP to provide rigid sub-nanometer space inside the
molecular structure so as to generate intrinsic micropores;
(2) the well-designed electropolymerization strategy to
facilitate the conjugated monomers generating only a welldeﬁned dimer which beneﬁts the uniformity of these

on separation has wide applications in ion exchange,
salinity energy conversion, chemical sensors, batteries, and
seawater lithium mining.1−3 A well-known example is the
Na+/K+ channel in cell membranes, in which selective
transport between Na+ and K+ regulates electrical potential
across the membrane, which in turn plays a critical role in
many biological activities.4−6 The separation of ions is often
challenging because of their similar sizes. It requires a high
level of pore-size uniformity of the membranes.7 Hence, most
of the ion separations reported thus far were accomplished
using membranes made of crystalline porous materials such as
zeolites,8−10 metal−organic frameworks (MOFs),11−14 covalent organic frameworks (COFs),15−17 and graphene oxide
(GO).18−22 However, these membranes are burdensome to
prepare, diﬃcult to scale-up, and expensive. In contrast,
polymer membranes are much easier to fabricate, more stable,
and cheaper. However, conventional polymer membranes have
a broad pore-size distribution that leads to low selectivity.23,24
Hence, designing polymer membranes with a uniform pore size
is practically signiﬁcant but technically challenging.
Recently, it has been reported that conjugated microporous
polymers (CMPs) exhibit impressive pore-size uniformity and
a high surface area.25−27 The inherent rigidity of the
conjugated structures renders them with a uniform permanent
microporosity that facilitates gas storage and molecular
sieving,25 but it also results in a weak mechanical strength
that precludes the usage of these polymers in pressure-driven
membrane applications. Very recently, we developed a scalable
electropolymerization (EP) strategy to fabricate CMP
membranes with a carbon nanotubes (CNT) network to
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Figure 1. Membrane preparation and morphology. (a) Schematic illustration of the electropolymerization process. (b) CV proﬁles of the
electropolymerization process recorded over 20 scan cycles. (c) Membrane thickness vs number of CV scans. (d) Surface SEM image of the
CNT support. (e) Surface SEM image of CMP@100-10c. (f) Surface SEM image of CMP@100-20c. (g) Cross-sectional SEM image of
CMP@100-20c. The inset SEM image shows the ﬂexibility of the composite membrane. (h) TEM image of the polycarbazole attached tightly
to CNT.

strategy,28 CMP membranes were synthesized in a CNT
network through an electropolymerization process (Figure S2)
to form compact composite membranes to enhance their
mechanical strength. Polymerization was conducted in an
electrochemical cell, as shown in Figure 1a. The CNT network
(Figure 1d) was prepared through a simple vacuum-ﬁltration
method as described earlier.28,29 The properties of the CNT
support are presented in Figures S3 and S4. This CNT
network possessed a number of desirable features, such as a
smooth surface (Figure S3b) and high permeability (Figure
S4f), mechanical strength, and conductivity.28 The support was
attached to a commercial hydrophilic polytetraﬂuoroethylene
(PTFE) microﬁltration membrane (0.2 μm pore size) to form
a working electrode. CMP membranes were grown on the
CNT supports by cyclic voltammetry (CV) scanning between
−0.8 and 1.23 V (vs Ag/Ag+). The corresponding CV curves
were recorded, as shown in Figure 1b. In the ﬁrst positive CV
scan (Figure S5), an oxidative peak was observed at 0.87 V due

micropores; and (3) a precise control over membrane
thickness at the nanometer scale to optimize the balance
between fast ion transport and high ion selectivity. As a result,
the prepared CMP membranes showed the capability to
separate ions in sub-angstrom precision combined with fast ion
transport. The performance is superior to that of the reported
membranes fabricated by crystalline materials, such as MOFs,
COFs, GO, and MXenes. Our innovative polymer membranes
showed a great potential for applications in energy/environment-related ion separation processes.

RESULTS AND DISCUSSION
Because the sizes of most ions are smaller than 1 nm, hence
1,3,5-tris(N-carbazolyl) benzene (TCB) was selected in this
study as the basic building block. Molecular simulations
predicted that it could form a CMP polymer with a pore size of
∼0.85 nm (Figure S1). However, this carbazole structure is too
rigid to form a robust membrane. Hence, using our earlier
11971
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Figure 2. Membrane chemical and physical characterization. (a) FT-IR spectra of the monomer and polymeric ﬁlm. (b) Solid-state 13C NMR
spectra of the monomer and polymeric ﬁlm. (c) Nitrogen-physisorption isotherms and pore-size distribution of the polymeric ﬁlm fabricated
under 100 mV/s for 20 CV cycles. (d) AFM image of CMP@100-20c. (e) Young’s modulus proﬁle of CMP@100-20c. (f) Water contact
angle image of CMP@100-20c.

S9c shows that the average growth rate increased to 30 nm/
cycle when the scanning rate decreased to 10 mV/s. However,
the membrane thus fabricated exhibited a loose structure inside
the CNT network. Considering the requirements of membrane
compactness and a precise control over membrane thickness, a
high scanning rate is thus preferred. Figure 1g shows the cross
section of the CMP@100-20c sample. It can be clearly seen
that the polymer grew inside the CNT network as well as on its
surface. The membrane at the surface was denser than that
inside the network,28 as suggested by the color contrast. It
should be noted that the composite membrane was no longer
brittle (Figure S10); as shown in the inset of Figure 1g, the
membrane could be rolled without breaking. The composite
structure was further analyzed by transmission electron
microscopy (TEM) (Figure 1h), and it was found that the
polymer was seamlessly attached to the CNT network with no
gaps.
The chemical structure of the CMP membranes was
evaluated by Fourier transform infrared (FT-IR) spectroscopy
(Figure 2a) and solid-state 13C nuclear magnetic resonance
(13C NMR) spectroscopy (Figure 2b). Compared with the FTIR spectrum of the monomer, a new peak could be observed at
801 cm−1 in the spectrum of the CMP membrane, which is
attributed to C-H vibrations in the trisubstituted carbazole
rings of the polycarbazole chain, indicating the existence of
dimeric carbazole.32 The peak at 722 cm−1 is associated with
C-H active sites in the carbazole units. The intensity of this
peak reduced dramatically in the FT-IR spectrum of the CMP
membrane, suggesting that almost all the redox sites
participated in the polymerization reaction. The dimerization
of carbazoles was also conﬁrmed by the decrease in the
intensities of the peaks at 126 ppm in the 13C NMR spectra.

to the oxidation of carbazoles to radicals. These radicals then
coupled with each other to form dimeric carbazole (Figure
S2), which is easily oxidized into cation radicals and quinoid
dications.30 In the negative CV scan, cations were reduced to
the neutral state,31 resulting in a reduction peak at 0.60 V. In
the second and subsequent CV cycles, both the oxidation- and
reduction-peak currents increased with an increase in the
number of cycles, owing to continuous membrane growth.
The number of CV cycles and scanning rate are two
important operation parameters to control membrane thickness. The membrane samples prepared at diﬀerent numbers of
CV cycles and scanning rates are denoted as CMP@X-Yc,
where X is the scanning rate in mV/s and Y is the number of
cycles. Figure 1c maps the membrane-growth rate at a scanning
rate of 100 mV/s as a function of the number of cycles. In the
ﬁrst 10 cycles, the overall membrane thickness was similar to
that of the CNT support (∼200 nm). This indicates that
membrane growth during this stage occurred inside the CNT
support. This can also be observed in the scanning electron
microscopy (SEM) and atomic force microscopy (AFM)
images of CMP membranes in Figures 1e, S6, and S7, in which
the CNT network was visible, but the gaps were completely
ﬁlled. After 10 cycles, the membrane grew at a constant rate of
10 nm/cycle. Such precise control is very important to
optimize the membrane thickness and thus the membrane
performance. Dense and continuous membranes were formed
after 20 (Figure 1f,g) and 30 cycles (Figure S8d,h). The
membrane surface showed a granular structure, and surface
roughness increased as the number of cycles increased.
Because a rough surface may cause fouling, from the
consideration of increasing membrane ﬂux and reducing
fouling, it is better to minimize the number of cycles. Figure
11972
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Figure 3. Ion-sieving performance of CMP@100-20c in various conditions. (a) Membrane performance in a pressure-driven process,
illustrating the rejection of various solutes and the corresponding water permeance. (b) Membrane performance in a concentration-driven
process. (c) K+ permeation rate vs K+/Al3+ (red edge) or K+/Fe(CN)63− (blue edge) selectivity for CMP@100-20c membrane in the
concentration-driven process. Typical ion separation data of state-of-the-art ion-sieving membranes such as polymers of intrinsic
microporosity (PIMs), graphene-oxide (GO), carbides and/or nitrides of transition metals (Ti3C2Tx) membranes, and commercialized
Naﬁon membrane that are reported in the literature38−41 are included. (d) Ion-sieving performance monitored by current−voltage (I−V)
measurements. Relative electric conductance is shown as a function of diameter of the solute. The inset shows current as a function of
voltage.

pressure-driven, concentration-driven, and electrical-driven
processes. In addition, the impacts of membrane thickness
(number of CV cycles) on their water-permeance and ionrejection properties were investigated (Figure S12a). Membrane selectivity initially increased with respect to the number
of CV cycles (up to 20 cycles) and then became constant,
indicating the formation of a defect-free membrane. Long-term
ﬁltration tests on the CMP@100-20c membrane suggest that
its performance is stable (Figure S12b). Combining all these
factors, the membranes prepared at a scanning rate of 100 mV/
s for 20 cycles were deemed as the most optimal membrane
structures for ion separation, and their performance will be
discussed below.
The optimized CMP@100-20c membrane was ﬁrst tested
under pressure-driven operation. It is worth noting that many
of the reported ion-separation studies were conducted using
concentration-driven processes.18,19,39,42 However, pressuredriven operation is of practical signiﬁcance and is typically
more challenging because it requires the membranes to be

Figure 2c shows the nitrogen-physisorption isotherm of the
polycarbazole ﬁlm fabricated under 100 mV/s for 20 cycles. A
near-ideal Langmuir-type adsorption isotherm was obtained,
which suggested a sharp pore-size distribution peaking at 8.4 Å
and a high Brunauer−Emmett−Teller (BET) surface area of
809 m2/g. These pore-size distribution and surface-area values
were similar to those of crystalline porous materials, such as
COFs,33 zeolite,34,35 and MOFs.36 The AFM image in Figure
2d shows that the surface roughness of CMP@100-20c is 20.1
± 4.2 nm. Peak-force quantitative nanomechanical mapping
(PFQNM) shows that the membrane exhibits an average
Young’s modulus of 7 GPa (Figures 2e and S11), which is
almost 20 times higher than that of traditional polyamide
membrane.37 The water contact angle (WCA) of CMP@10020c (Figure 2f) is 77.9 ± 4.3°, indicating its slightly
hydrophilic nature.
Nine inorganic salts and four organic solutes of diﬀerent
sizes and charges (Table S1 and Figure S12c) were used to
evaluate the ion-sieving performance of the membranes under
11973
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Figure 4. Simulated structure of the CMP membrane. (a) Pore size of the polymerized CMP membrane shown by electrostatic potentials on
0.001 au molecular surfaces. (b) Three-dimensional view of the CMP membrane (free volume in gray and Connolly surface in blue). (c)
Simulated pore-size distribution, and the inset shows the pore structure. Interconnected (blue) and isolated (red) void space considering
probes with diameters of (d) 4, (e) 6, and (f) 8 Å, respectively.

calculated to be higher than 94%. The selectivity of the
membrane with respect to salt/dye systems is illustrated in
Figure S13. The membrane exhibited an excellent selectivity of
∼140 with respect to Na+/RhB and 135.9 ± 4.1 with respect to
Mg2+/RhB, which is greater than the highest reported salt/dye
selectivity of 120.44
To elucidate the ion-sieving mechanism, membraneadsorption tests were conducted with both positive and
negative solutes (Figures S14−S16). The adsorption capacity
of our CMP membrane to [Fe(CN)6]3− in the test is 3.18 ×
10−2 (g/g), and the adsorption capacity to Al3+ is 2.31 × 10−6
(g/g). Such a small adsorption capacity ensured that the
membrane reached the steady state within 10 min and
excluded the adsorption eﬀect. Furthermore, the separation
mechanism was not based on the charge eﬀect because of the
following reasons. First, Figure S17 shows that the membrane
surface charge was nearly neutral (2.4 to −4.3 mV) in the pH
range of 6−7.2. Second, the membrane exhibited similar
rejection values for both positive and negative ions with the
same hydrated diameter, not only for the [Fe(CN)6]3− and
Al3+ pair as discussed earlier but also with SO42− and Li+
(Figure S12c). Third, the membrane exhibited a high rejection
(>90%) with respect to electroneutral species such as sucrose,
owing to their larger size when compared to membrane pores.
Concentration-driven tests were performed using a Ushaped glass ﬁlter.18,19 An online recording system was used for
these tests, and 1440 data points (1 point/min) were recorded
for each ion solution. The rate of diﬀusion across the
membrane was observed to be nearly constant for each salt
over the experimental duration of 1440 min (Figure S18b).

more robust. As shown in Figure 3a, the CMP@100-20c
membrane showed a sharp rejection curve under pressuredriven operation. Speciﬁcally, the membrane showed a high
ion permeation with hydrated diameters smaller than 9 Å and a
high rejection of larger species. The rejection of the smallest
ions (K+) in this study was 2.1 ± 2.9%. In the case of Mg2+
ions with a hydrated diameter of 8.56 Å, which is slightly larger
than the pore size of the membrane (8.40 Å), the rejection was
4.9 ± 3.1%. This is because the hydration shell could be
partially distorted, ﬂattened, or shredded before the ions
entered the pores.7,43 Hence, ions with a hydrated diameter
slightly larger than the membrane-pore size can usually be
transported through it. However, with [Fe(CN)6]3− and Al3+,
membrane rejection increased dramatically to 87.7 ± 2.0% and
85.2 ± 2.9%, respectively; it is worth noting that these ions
have a similar hydrated size of 9.50 Å but opposite charges.
Nevertheless, their close rejection values imply that the
membrane-rejection mechanism was based on size sieving.
Analogous to the molecular weight cutoﬀ (MWCO)28,33 and
molecular weight retention onset (MWRO),28 hydrated
diameter cutoﬀ (HDCO), which is associated with 90%
rejection, and hydrated diameter retention onset (HDRO),
which is associated with 10% rejection, were deﬁned to
demonstrate the ion-sieving performance of the CMP@10020c membrane. The HDCO and HDRO of the CMP@10020c membrane were ∼9.50 and 9.0 Å, respectively. The narrow
region between HDCO and HDRO indicates the excellent ion
sieving. Membrane rejection values for big molecules such as
sucrose (10.02 Å), methylene blue (MB, 10.08 Å), rose bengal
(RB, 11.76 Å), and rhodamine B (RhB, 12.32 Å) were
11974
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Figure 5. Molecular dynamics simulations and transport measurements. (a) Simulation snapshots at 50 and 200 ns for the 2-component
mixed-ion diﬀusion system. Mg2+ and [Fe(CN)6]3− ions are represented in green and blue, respectively. (b) Mean-squared displacement
(MSD) of various ions through the membrane. (c) Simulated diﬀusion coeﬃcients vs experimental permeation rates for diﬀerent ions. The
red dashed line is a linear ﬁt to the data (blue circles).

drastically. In this case, the current trend followed the order of
IK+ > INa+ > ILi+ > ICa 2+ > IMg 2+ ≫ IAl3+ ≈ I[Fe(CN)6 ]3−, which is
consistent with their hydrated ionic sizes. The currents
obtained with Al3+ and [Fe(CN)6]3− were very low, indicating
that the membrane exhibited a high rejection of Al3+ and
[Fe(CN)6]3−. Meanwhile, the current observed with the Mg2+
solution was 0.446 μA at 0.1 V, which is more than 20 times
higher than that observed using [Fe(CN)6]3−. The slopes of
the I−V curves yielded electric conductance, G. Figure 3d plots
the relative changes in electric conductance with respect to
solvent radius. The changes were normalized to the relative
value of the electric conductance obtained using the K+
solution (G0). The relative electric conductance of Mg2+ was
52.0%, whereas that observed with [Fe(CN)6]3− was 4.1%. As
the diﬀerence in the hydrated ionic sizes of Mg2+ and
[Fe(CN)6]3− was 0.94 Å, it can hence be stated that the
CMP membrane is capable of ion sieving at a sub-angstrom
precision.
To support our proposed mechanism and to better
understand the structures of polycarbazole membranes with
highly uniform sub-nanometer pores, a structural model was
generated and its properties were analyzed using the Multiwfn
program.46 The CMP monomer used in this study has a spiro
center, and these monomers, upon cross-linking, pile up and
form a 3D conjugated network, leading to intrinsic subnanometer spaces inside the molecular structure, as illustrated
in Figure 4a. The gray areas in Figure 4b indicate a large
fraction of free volume in the CMP membrane, which is
consistent with the calculated high BET surface area. The
pores of the membrane in the simulation show a very sharp
distribution characterized by Zeo++ code,47 as shown in Figure
4c, which conﬁrms the experimental results obtained by
nitrogen physisorption. The well-deﬁned structure and highly
uniform pores beneﬁt from the homogeneous elementary pore

The slopes of the recorded curves yielded permeation rates, as
summarized in Figure 3b. K+ showed the highest permeation
rate of 0.105 mol/m2/h. Ion permeation followed the order of
K+ > Na+ > Li+ > Ca2+ > Mg2+, which is consistent with the
order of their hydrated ionic sizes. It should be noted that the
ion transport rate of the membrane is very high in
consideration of the low concentration of the feed solution
(10 mmol/L salt solution), thus the low driving force (∼0.5
bar osmotic pressure gradient). By normalizing the osmotic
pressure, the permeation rate of K+ was 0.21 mol/m2/h/bar,
which is higher than that reported for Mxene membranes (0.19
mol/m2/h/bar),39 GO membranes (0.08 mol/m2/h/bar),18
physically conﬁned GO membranes (2.63 × 10−4 mol/m2/h/
bar),19 and NF-270 (0.09 mol/m2/h/bar).45 The ion
selectivity of the membrane is also impressive (Figure 3c).
The selectivity performance of the CMP@100-20c membrane
surpasses those of existing intrinsic microporosity (PIMs),
graphene-oxide (GO), carbides and/or nitrides of transition
metals (Ti3C2Tx) membranes, commercialized Naﬁon 212
membrane,38−41 and Naﬁon 211 membrane (Figure S19). The
selectivity of K+/Al3+ was 134, K+/[Fe(CN)6]3− was 436, and
Mg2+/[Fe(CN)6]3− was 261. Larger molecules, including
sucrose, MB, RB, and RhB, could not permeate through the
membrane in the concentration-driven mode, even after 2
weeks.
The ion-sieving performance of the membrane was also
tested by electrical measurements as sensitive current measurement enables a high-resolution detection. Current, as a
function of voltage, was recorded and is shown in Figures
S20 and 3d (inset). In the free state, when there was no
membrane, Al3+ and [Fe(CN)6]3− exhibited higher currents
because of their higher electric charges. However, when a
CMP@100-20c membrane was mounted between the two
chambers of the cell (Figure S20b), the relative trend changed
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that of most of the state-of-the-art membranes based on
advanced materials such as MXene and GO. Both experimental
and simulated results suggest that the impressive ion-sieving
performance of the CMP membranes originates from their
uniform and narrow pore-size distribution.

structure of dimeric carbazole, which is the only reaction
product during the electropolymerization process.48−50 Figure
4d−f shows the occurrence of continuous voids with respect to
a series of probes with diameters of 4, 6, and 8 Å, respectively.
When the smallest probe with a diameter of 4 Å was inserted,
the voids were signiﬁcantly interconnected and the membrane
showed high porosity. As the probe size increased by 2 Å, the
fraction of interconnected voids notably decreased, indicating
the excellent sieving sensitivity of the membrane. When a
theoretical probe with a diameter of 8 Å was used, the
interconnected voids further decreased and the nonvoid areas
or disconnected voids became dominant, suggesting that the
ions/molecules with sizes larger than 8 Å could not permeate
easily through the membrane. This result also indicated that
most of the voids/pores with a large size were most likely to be
disconnected. Therefore, although there were a fraction of
large pores in the membrane, they contributed less to the
diﬀusion of ions/molecules of this size. Nevertheless, these
large pores are still not conducive to membrane selectivity.
To further understand the ion-sieving mechanism and the
origin of the high performance observed in the membrane,
molecular simulations were conducted with various ions and
molecules. First, a 2-component mixed-ion diﬀusion system of
[Fe(CN)6]3− and Mg2+ was simulated and used to evaluate the
ion-sieving performance (Figure 5a). It can be seen that Mg2+
and [Fe(CN)6]3− were constantly moving in the system and
exhibited vibrations of small amplitudes in most cases. The
ions could jump from one free-volume hole to another hole
only at appropriate times and positions, indicating that the size
and distribution of free volume in the membrane had a
signiﬁcant inﬂuence on ion diﬀusion. At the beginning of the
simulation, only water molecules were present in the permeate
side of the CMP membrane along the z-direction in the
system. At 200 ns, numerous Mg2+ ions (but only few
[Fe(CN)6]3− ions) could be found on the permeate side. This
indicates that the diﬀusion of Mg2+ through the membrane was
much faster than that of [Fe(CN)6]3−. This simulation result
was consistent with the experimental results. We further
evaluated the ion-permeation rate of the CMP membrane in
terms of the mean-squared displacement (MSD). As shown in
Figure 5b, MSD decreased with an increase in ionic or
molecular size in the order of MSDCa 2+ > MSDMg 2+ ≫ MSDAl3+
> MSD[Fe(CN)6 ]3− ≈ MSDsucrose . The simulated diﬀusion coeﬃcients of K+, Mg2+, Al3+, and [Fe(CN)6]3− were 8.26 ×
10−11, 4.21 × 10−11, 9.7 × 10−12, and 1.3 × 10−12 m2/s,
respectively. As shown in Figure 5c, the simulated diﬀusivity of
diﬀerent ions through the membrane showed the same trend as
the experimental results, with a good ﬁtting value R2 of 0.95.
Overall, we demonstrated an easily scaled-up electropolymerization process to synthesize CMP membranes for
ion separation. The composite structures fabricated with the
CMP matrix and a CNT network resulted in a high ductility
and mechanical strength, which enabled the application of
these membranes in pressure-driven ion-separation processes.
In particular, due to their permanent intrinsic conjugated
network structures, the CMP membranes exhibited excellent
uniform sub-nanometer pores, which endowed the membrane
with high ion-sieving performance. The sieving accuracy of the
membrane was sub-1 Å in pressure-driven operations, which is
the most precise value reported thus far for solute-solute
separation using polymer membranes. Meanwhile, the ionpermeation rate of the CMP membrane was much higher than

CONCLUSIONS
The concept of using CMPs to prepare membranes with
conjugated micropores by an electropolymerization strategy
has resulted in the generation of high performance ion-sieving
membranes. The prepared polycarbazole CMP membranes
exhibited a narrow pore-size distribution peaking at 8.4 Å and a
high BET surface area of 809 m2/g. The uniformity of the subnanometer pores and the surface area are comparable and, in
some cases, superior to those of crystalline porous materials,
such as COFs, zeolites, and MOFs. Unlike the membranes
made of crystalline framework materials or delaminated 2D
nanosheets that contain grain boundaries, the CMP membrane
is structurally continuous and defect-free. Also, the CMP
membrane does not require either thermal treatment or
solvent exchange to activate the pores, as does many other
porous membranes, which is also a critical issue that may
induce defects. Besides, the formation of the CMP and the
deposition of the membrane are simultaneously completed
during the electropolymerization process, avoiding the
secondary processing of CMP membranes. Importantly,
CMPs as an important category of polymer materials whose
rich monomer chemistry combined with the incorporation of
tailored electropolymerization parameters and postsynthetic
modiﬁcation can provide great opportunities for rational
control of the membrane structure at the molecular level.
METHODS
Materials. Carbon nanotubes powder (100 mg, length 5−30 μm,
purity > 95%) was obtained from XFNANO, China. Tetrabutylammonium hexaﬂuorophosphate (TBAPF6, 99%) was purchased from
Sigma-Aldrich and recrystallized twice in ethanol and vacuum-dried
for 24 h before further use. All other chemicals were purchased from
Sigma-Aldrich and used as received.
Preparation of CNT Supports. CNT powder and 1 g of sodium
dodecylbenzenesulfonate were sonicated in 1000 mL of deionized
water for 1.5 h using a probe ultrasonicator with a 25 mm probe at
360 W. The mixture was then centrifuged at 15 000 rpm for 40 min to
remove any undispersed CNT powder. The collected supernatant was
ﬁltered under vacuum conditions onto a commercial hydrophilic
polytetraﬂuoroethylene microﬁltration membrane or a commercial
anodic aluminum oxide membrane.
Fabrication of CMP Membranes. TCB was used to synthesize
CMP membranes via an electropolymerization process. The polymerization conditions were precisely designed to obtain CMP membranes
with smooth surfaces and relatively hydrophilic characteristics.
Speciﬁcally, 32 mg of TCB and 1.55 g of TBAPF6 were dissolved
in 40 mL of a mixture of anhydrous CH2Cl2 and CH3CN (3/2, v/v)
by stirring for 1 h to obtain a homogeneous electrolyte solution. The
solution was then loaded in a standard three-electrode electrochemical cell attached to an electrochemical workstation (CH
Instruments Inc., model 660C). A Ag/Ag+ nonaqueous electrode
was used as the reference electrode while the dried CNT support on a
PTFE microﬁltration membrane or a commercial anodic aluminum
oxide membrane was used as the working electrode and a 4 × 6 cm2
titanium metal plate was used as the counter electrode. CV was
conducted in the range of −0.8 to 1.23 V at a predeﬁned scanning
rate. The synthesized membranes were immersed in a CH2Cl2 and
CH3CN mixture overnight to completely remove any unreacted
monomers and electrolytes. Finally, the membranes were stored in
deionized water until further use.
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employed. The ion/molecular-permeation rate, J (mol/m2/h), was
calculated using eq 4

Characterization. A drop-shape analyzer (Kruss, DSA100,
Germany) was employed to measure the water contact angle
(WCA) of the membranes. The drop volume was set at 2.0 μL,
and a nanosize and zeta potential analyzer (Litesizer 500, Anton Paar,
Austria) was used to measure the zeta potential of the CNT
suspension. The zeta potential of the membrane surface was measured
using a solid-surface zeta-potential analyzer (Anton Paar GmbH,
SurPASS 3, Austria). A capillary-ﬂow porometer (Porolux 1000, IBFT GmbH Berlin, Germany) was used to measure the pore size of the
CNT support. The chemical state of the CNTs was analyzed by X-ray
photoelectron spectroscopy (XPS, K-alpha, Thermo Fisher, USA) and
Raman spectroscopy (XploRA PLUS, Horiba, Japan) in the
wavelength range of 500−3000 cm−1. An FEI Magellan 400
microscope and FEI Titan transmission electron microscope were
used for SEM and high-resolution TEM analysis of the membranes,
respectively. Membrane-surface roughness and surface Young’s
modulus were analyzed by AFM (Bruker Dimension Icon, Germany)
with a PFQNM function. FT-IR (Thermo Fisher Scientiﬁc, Nicolet
iS10, USA) and solid-state 13C NMR (Bruker 500 MHz, Germany)
were conducted to characterize the chemical properties of the
membranes. Nitrogen-physisorption experiments were conducted at
77 K on a volumetric adsorption analyzer (Micromeritics ASAP 2420,
USA) to evaluate membrane porosity; prior to measurement, the
samples were evacuated at 393 K for 24 h.
Sieving Performance in a Pressure-Driven Process. Pressuredriven ion- and molecular-sieving tests were performed at room
temperature (22 °C) using a homemade cross-ﬂow test system
(Figure S21), which was connected to a solution tank (2.5 L) to
ensure that concentration changes in the feed side during the
permeation test were negligible. The pressure on the feed side was set
to 10 bar, and the permeate side was open to the atmosphere. A series
of dye and inorganic salt solutions with concentrations of 100 and
1000 ppm were used as the feed solutions, respectively. The permeate
in the steady state was collected, and its weight was monitored using a
digital balance. Salt concentration was measured and calculated using
a conductivity meter (CON2700, Eutech, USA) attached to an online
PC system. Dye concentrations were measured using a UV−vis
spectrophotometer (Agilent, Cary 5000, USA). The concentration of
organic solutes was measured using a total organic carbon analyzer
(TOC, Shimadzu, Japan). Finally, permeance P (L/m2/h/bar) was
calculated using eq 1

P = V /(A ·Δt ·ΔP)

J = C· V /(A ·Δt )

G
I /U
=
G K+
IK+/UK+

1 − RA
1 − RB

(5)

where G (S), I (A), and U (V) represent electrical conductance,
current, and potential, respectively. G K+, IK+ , and UK+ are the electrical
conductance, current, and potential, respectively, obtained during K+
ion diﬀusion.
Adsorption Tests. A homemade setup (Figure S14) connected to
an online data-recording system was used to test membrane
adsorption. A glass bottle was ﬁlled with 250 mL of the ion solution;
the CMP@100-20c membrane (4 cm2) was also placed in this bottle,
which was then capped. The solution volume and membrane size
were similar to those used in ion-diﬀusion tests. The solution was
stirred to ensure homogeneity, and its concentration was monitored
by a conductivity meter (CON2700, Eutech, USA). Tests were
conducted on each sample for 3 days (4500 min) to ensure
adsorption equilibrium. The adsorption capacity (AC) of the test
membrane was later calculated using eq 6
AC =

(Ci − Cf ) × V
Wm

(6)

where Ci (g/L) and Cf (g/L) are ion concentrations before and after
the adsorption experiments, respectively, V (L) is the volume of the
solution, and Wm (g) is the weight of the membrane.
Quantum Chemical Calculations. The optimized structures and
their electronic wave functions were evaluated using the Gaussian 09
package.51 The TCB monomer and structural unit (Figure 4a) of the
membrane were optimized using the M06-2X method with a
compound basis set. The H element and non-bridgehead C and N
atoms used the 6-31G(d) basis set, and the 6-311+G(d) basis set was
employed for all bridgehead C and N atoms. Single-point frequency
calculations were carried out to ensure that the ﬁnal structures
contained no imaginary frequency. To determine the pore size of the
membrane, electrostatic potentials on the 0.001 au molecular
surfaces52 of the structural unit were computed based on Multiwfn
programs46 using the optimized geometries.
Construction of Atomic Models. All molecular dynamics
calculations were performed on the Materials Studio (MS) program.
In this study, the number (n) of membranes was set to 48 and the end
groups were saturated by H atoms. First, an aggregation with six layers
of membrane models was selected to build the membrane using
amorphous cell modules. Second, during the 40-cycle annealing
process, a 2.0 ns molecular dynamics simulation at 600 K was
performed in the constant-temperature, constant-volume (NVT)
ensemble with the COMPASS force ﬁeld. Subsequently, the
temperature was gradually reduced to 300 K within 2.0 ns. Then,
the simulation system was relaxed by constant-temperature, constantpressure (NPT) simulations (300 K and 1.0 atm). During annealing,
the number of H2O molecules added in each cycle was monitored to
estimate the equilibrium state, and it was found that the number of
H2O molecules became nearly a constant at ∼37 cycles, suggesting

(1)

(2)

where CP and CF represent solute concentrations in the permeate and
feed solutions, respectively.
The selectivity of solute A over solute B, α, was calculated using eq
3
α=

(4)

where C (mol/L) is the concentration on the permeate side, V (L) is
the volume of the permeate solution, A is the membrane area (m2),
and Δt (h) is the test time.
Monitoring Sieving Performance by I−V Measurements.
Electrical measurements were performed on an electrochemical
workstation (CH Instruments Inc., model 660C) with a homemade
electrochemical cell. The membrane was mounted between the two
chambers of the cell, each of which contained a 10 mmol/L salt
solution; furthermore, a pair of Ag/AgCl electrodes was positioned
into the chambers. Ionic conductance was measured in the voltage
range of −0.5 to 0.5 V at a step size of 0.05 V/s, and current was
recorded as a function of the applied voltage. Relative electric
conductance, G /G K+ , was calculated using eq 5

where V (L) is the volume of the permeated water collected during a
certain time period Δt (h) at a pressure diﬀerence ΔP (bar) and A is
the area of the membrane (m2).
Solute rejection R (%) was calculated using eq 2
R (%) = (1 − CP /CF ) × 100

Article

(3)

where RA and RB are the rejections of solutes A and B, respectively.
Sieving Performance in a Concentration-Driven Process.
Concentration-driven sieving tests were conducted using a U-shaped
glass ﬁlter. A 4 cm2 membrane was ﬁxed at the joint between the two
ﬁlter chambers. The two chambers were ﬁlled with 250 mL of
deionized water and 250 mL of salt solution (10 mmol/L) or dye
solution (100 ppm), respectively. Samples were sourced at regular
intervals for 24 h. Magnetic stirring was conducted in both chambers
to avoid concentration-induced polarization. The ion-permeation rate
was measured and calculated using a conductivity meter (CON2700,
Eutech, USA) attached to an online PC system. To analyze organic
solutes, a total organic carbon (TOC, Shimadzu, Japan) analyzer and
a UV−vis spectrophotometer (Agilent, Cary 5000, USA) were
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suﬃcient pretreatment of the membrane with H2O. Finally, to further
relax the membrane, a 10 ns molecular dynamics simulation was
performed at 300 K after 40-cycle annealing to realize a stable
membrane structure. This structure was used to construct a histogram
of N···N distances between two adjacent TCB moieties. Along the
trajectory, membrane structures calculated after every 300 ps were
extracted and 10 structures were selected. Among these, N···N
distances corresponding to a value of 1440 (i.e., 48 × 3 × 10) were
counted and a histogram was built. According to the histogram, the
pore size was determined by the probability of N···N distances. The
free volume of the above-constructed membrane system was
simulated using the atomic volume and surface. In addition, an
amorphous TCB unit (∼6 × 6 × 6 nm3) with a density of 1.39 g/cm3,
which is close to the experimental value, was built to analyze pore-size
distribution using Zeo++.47 These calculations were performed using
GROMACS 4.6.7, GROMOS force ﬁeld, and PRODRG modules.53−55
Simulation of Diﬀusion Coeﬃcients. A visualizer module was
used to establish H2O molecules and K+, Li+, Na+, Ca2+, Mg2+, and
[Fe(CN)6]3− while an amorphous cell module was used to establish
the lattice of the membrane with H2O and the listed ions. The lattice
temperature was set at 298 K, and a periodic-boundary condition was
used to ensure a constant concentration in the entire system
throughout the simulation process. From the periodic-boundary
conditions of the constructed conﬁgurations, the conformation with
the lowest energy was selected to minimize energy and optimize the
lattice model. In this model, the Discover module was used to
simulate NVT dynamics at 298 K; subsequently, 2.0 ns was required
to analyze the cohesive energy density of the system, followed by 2.0
ns to simulate NVT dynamics to stabilize the density of the system.
Finally, the equilibrium system was simulated using 2.0 ns NVT fulltrajectory dynamics and the simulation step was set at 0.5 fs. In the
simulations, the Andersen method was used to control pressure and
the Berendsen method was used to control temperature. The cutoﬀ
radius was 0.5 nm, the parameters of the nonbond method and
Coulomb interaction were set as Vdw and Coulomb, respectively, and
a group-based method was used to calculate the nonbonding force.
The diﬀusion coeﬃcients (D) were calculated using the Einstein
relation56,57 as follows

D=

1
d
lim
6N t →∞ dt

permeance of CNT porous support (SEM and AFM
images, Raman spectra, XPS spectra, zeta potential, pore
size); additional structural characterization of CMP
membranes (SEM, AFM, and TEM images, the peak
force quantitative nanomechanical mapping curve,
surface zeta potential); performance of the CMP
membranes and Naﬁon 211 membrane; schematic
illustrations of the membrane adsorption test setup
and pressure-driven cross-ﬂow permeation system;
membrane adsorption test results; list of analyzed
species and their ionic and hydrated radii (PDF)
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where ri(t) is the position of the ith molecule or ion at time t and N is
the number of molecules or ions.
Simulation of Diﬀusion for a Mixture of Mg2+ and
[Fe(CN)6]3−. To evaluate the diﬀusion of a mixture of Mg2+ and
[Fe(CN)6]3− in water through the membrane (along the z direction),
the ion-ﬂux proﬁle (number of ions passing through the membrane
with respect to simulation time) was calculated. The equilibrated
membrane system was placed in the middle of the simulation box, and
a periodic-boundary condition was applied in the x−y direction. A
mixture of Mg2+ ions, [Fe(CN)6]3− ions, and H2O molecules (16, 16,
and more than 5500, respectively) was placed on the left of the
membrane along the z direction, whereas on the right, only H2O
molecules existed. Subsequently, the NPT dynamics were simulated at
298 K. The Andersen method was used to control pressure, while the
Berendsen method was used to control temperature; the parameters
of the nonbond method and Coulomb interaction were set as Vdw
and Coulomb, respectively. Images corresponding to diﬀusion
simulations at 50 and 200 ns were produced using VMD software.58
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