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Up to now, an array of effective strate-
gies, such as interfacial polymerization,[4] 
solvothermal growth,[5] and nanosheet 
assembly,[6] have been progressively devel-
oped to produce homogeneous COF-based 
membranes for molecular and ionic sepa-
rations. Among these currently available 
methods, COF selective layers are either 
directly synthesized on porous supports 
or crystallized at the interface followed 
by transferring onto supports. Thus, the 
accessibility to COF membranes is sub-
stantially contingent upon the strict and 
rational design of the substrate properties, 
including pore sizes, solvent resistance, 
and surface functionality.[7] Moreover, due 
to the lack of feasible and high-efficiency 
methods, improving the productivity of 
COF membranes still faces a major chal-
lenge. Being challenged by these obsta-
cles, it is imperative to explore innovative 
synthesis strategies enabling the facile and 
highly efficient production of COF mem-
branes on various supports.

Electrosynthesis has been widely 
employed as a viable approach to gener-

ating thin films on a wide range of conductive substrates.[8] 
It stands out among the existing film fabrication techniques 
mainly due to its highlighted merits including high pro-
ductivity and mild operation conditions.[9] Also importantly, 
precise control over the film growth can be readily exerted 
by adjusting the electrical parameters, resulting in well-
regulated film structures.[10] The implementation of growing 
diverse films, comprised of metal–organic frameworks 
(MOFs),[11] conjugated microporous polymers (CMPs),[12] 
hydrogen-bonded organic frameworks (HOFs),[13], etc.,[14] 
manifestly illustrates the prominent feasibility and univer-
sality of this methodology. Electrochemical polymerization 
and electrophoretic deposition are the two main approaches 
to the preparation of separation membranes via electrosyn-
thesis. Electrochemical polymerization relies on the elec-
trically triggered reactions on electrodes, which start from 
molecular building blocks.[15] For example, Lai et al. reported 
the electropolymerization strategy to fabricate CMP mem-
branes for high-precision separations.[16] Additionally, a cur-
rent-driven method has been proposed for fabricating MOF 
membranes on inorganic and organic substrates, with signifi-
cantly shortened synthesis durations of several minutes.[17] 
Alternatively, the electrophoretic deposition focuses on the 

Covalent organic frameworks (COFs) have emerged as potent material plat-
forms for engineering advanced membranes to tackle challenging separation 
demands. However, the synthesis of COF membranes is currently ham-
pered by suboptimal productivity and harsh synthesis conditions, especially 
for ionic COFs with perdurable charges. Herein, ionic COFs with charged 
nanochannels are electrically synthesized on conductive supports to rapidly 
construct composite membranes for charge-selective separations of small 
molecules. The intrinsic charging nature and strong charge intensity of ionic 
COFs are demonstrated to collectively dominate the membrane growth. 
Spontaneous repairing to diminish defects under the applied electric field 
is observed, in favor of generating well-grown COF membranes. Altering 
electrosynthetic conditions realizes the precise control over the membrane 
thickness and thus the separation ability. Electrically synthesized ionic COF 
membranes exhibit remarkable molecular separation performances due to 
their relatively ordered and charged nanochannels. With these charge-selec-
tive pathways, the membranes enable the efficient sieving of charged and 
neutral molecules with analogous structures. This study reveals an electrical 
route to synthesizing COF thin films, and showcases the great potential of 
ionic nanochannels in precise separation based on charge selectivity.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202107108.

1. Introduction

Covalent organic frameworks (COFs), a versatile kind of crys-
talline porous polymers organized by predictably stitching 
monomers through covalent bonds, have aroused escalating 
interest since the pioneering report by Yaghi et al.[1] Featuring 
permanent porosity, well-defined pores, and structural diversity, 
COFs have been extensively studied for a variety of applica-
tions related to energy and environment.[2] With the advantages 
of their ordered, size-tunable pores and devisable pore-wall 
environments, COFs also emerge as reliable materials to con-
struct membrane platforms for challenging separation needs.[3] 
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directional migration and assembly of charged nanoparticles 
on the electrodes by applying an electric field to their disper-
sions.[18] This strategy can in principle generate continuous 
films on arbitrary conductive supports. Taking ZIF-8 as an 
example, various supports regardless of the surface porosity 
have been used to grow the corresponding membranes 
through this method.[19]

Although the applicability of electrosynthesis in universally 
producing separation membranes has been vastly demon-
strated, its accessibility to COF membranes is rarely explored, 
probably due to the following obstacles. On the one hand, 
the electrochemical synthesis of microporous organic mem-
branes, especially CMPs, largely relies on the polymerization 
of precursors with electroactive structures, such as carba-
zole, triphenylamine, and thiophene.[20] The absence of these 
specific groups in COF monomers primarily encumbers the 
electrochemical co-polymerization of the monomer pairs. On 
the other hand, COF nuclei are usually spontaneously gen-
erated in the bulk solution upon the mixing of monomers 
due to the high reactivity of monomers,[21] posing a consid-
erable challenge for electrochemical synthesis. Therefore, 
the electrosynthesis of COF films is mostly focused on the 
electrodeposition of COF dispersions obtained by exfoliating 
solvent-thermally synthesized bulk counterparts.[8] Due to 
the structural rigidity and suboptimal exfoliation efficiency, 
the prepared dispersions are usually composed of COF parti-
cles with sizes ranging from several tens of nanometers to a 
few microns. The deposition of such large-sized COF disper-
sions could result in films with defective interparticle gaps. 
In addition, the charge neutrality of most developed COFs 
impedes their migration under electric stimulations, and 
high electric field intensities (up to 900  V cm–1) are usually 
involved.[22] The designed synthesis of ionic COFs with abun-
dant charge sites on their skeletons has recently brought light 
to the low-voltage preparation of COF films.[23] Nevertheless, 
the aforesaid issue of loosely stacked topographies derived 
from the dispersion deposition method stands unsolved. It 
has been reported that by employing ionic precursors, the 
current-driven self-repairing can be implemented for the in 
situ synthesis of compact MOF membranes.[17] Inspired by 
this mechanism, we speculate that applying ionic molecules 
as the monomer to prepare COF membranes through elec-
trosynthesis could possibly ensure the membrane integrity 
for separation applications.[17,21,24] Thus-synthesized mem-
branes could take the intrinsic advantages of COFs as well. 
More importantly, the ionic building blocks inherently gen-
erate charge-enriched mass transfer routes, thus benefiting 
the charge-enhanced selectivity.

In this work, we have developed a novel electrosynthesis 
method empowering the rapid generation of ionic COF mem-
branes for charge-selective molecular sieving. The membrane 
formation is jointly controlled by the electric-driven migration 
and the directional assembly of ionic monomers and COF 
nuclei. Spontaneous repairing through reversible Schiff-base 
reactions and region-selective deposition is implemented to 
guarantee the membrane integrity. By applying this strategy, 
ionic COF membranes can be readily produced within 3  h, 
which further render a remarkably high water permeance of 
≈344.6 L m–2 h–1 bar–1 and >90% rejection to small molecules. 

We also illustrate that the charge-selective nanochannels in the 
resulting membranes can precisely discriminate charged and 
neutral molecules, showing great potential in tackling intrac-
table separation needs.

2. Results and Discussion

2.1. Electrosynthesis of TpEB Films

In this work, TpEB, which is synthesized via the condensation 
of 1,3,5-triformylphloroglucinol (Tp) and ethidium bromide 
(EB), is selected as the representative ionic COF for investiga-
tion. Electrosynthesis of TpEB films was first performed on 
nonporous indium-doped tin oxide (ITO) conductive glasses 
using acetic acid (AA) as the catalyst under the electric field 
intensity of 50 V cm–1. As schematically illustrated in Figure 1a 
and Figure S1 (Supporting Information), the electrical growth 
of TpEB films was carried out in a homemade synthesis device 
where the condensation of the monomer pairs rapidly occurs. 
After 3 h of synthesis, a uniform light brown covering appears 
exclusively on the surface of the cathode ITO support, while the 
anode remains unchanged (Figure  1b; Figure S2, Supporting 
Information). The color of the formed covering matches well 
with TpEB powders,[25] indicating the generation of TpEB. The 
unilateral growth presented here not only substantiates the 
condensation reaction but also identifies the electrically gov-
erned migration of charged monomers and crystal nuclei from 
cathode to anode. The targeted movement is consistent with 
the motion law of charged objects in electric field.[18a] The field-
emission scanning electron microscopy (SEM) images shown 
in Figure 1c–d further reveal a continuous and defect-free layer 
with a thickness of ≈340 nm, visually confirming the successful 
formation of TpEB films.

Chemical composition and structure of the TpEB powders 
produced by electrosynthesis (TpEB-ES) and solvothermal syn-
thesis (TpEB-ST) were characterized for comparison. According 
to the Fourier transform infrared (FT-IR) spectra in Figure 2a 
and Figure S3a (Supporting Information), the absence of CO 
(1630  cm–1) and NH2 (3400–3100  cm–1) characteristic peaks, 
which belong to Tp and EB respectively, indicates the con-
sumption of the monomer pairs. Also, both of the powders 
exhibit new characteristic peaks of CC (1580 cm–1) and CN 
(1250 cm–1), confirming the formation of TpEB under these two 
conditions.[26] The formation of TpEB can also be clarified by 
the 13C solid-state nuclear magnetic resonance (NMR), with sig-
nals from carbon atoms in the CC and CN groups at ≈128, 
≈165, and ≈148 ppm (Figure S3b, Supporting Information). We 
subsequently studied the structural regularity of the TpEB pow-
ders. The X-ray diffraction (XRD) pattern of TpEB-ST powder 
exhibits a sharp diffraction peak at ≈3.6° and a wide diffraction 
peak at ≈27° (Figure S3c, Supporting Information), which can 
be assigned to the (100) and (001) planes, respectively, hinting 
at a high crystallinity.[27] For TpEB-ES powder, the diffraction 
peak appears at ≈3.8°, but with reduced intensity (Figure  2b). 
Catalysts typically play a vital role in crystalizing building 
blocks into COF materials.[28] With this in mind, we optimized 
the catalysis conditions in order to obtain high-crystallinity 
TpEB-ES powders during electrosynthesis. It is observed in 
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Figure  2b that the raise in AA amount largely improves the 
crystallinity, as confirmed by the intensive diffraction peak at 
≈3.8°. Surprisingly, the powder crystallinity is further enhanced 
when using scandium(III) triflate, i.e., Sc(OTf)3, instead of AA 
as the catalyst. These results validate an insightful influence 
of catalysts on the crystallization of TpEB by electrosynthesis. 
N2 adsorption–desorption isotherms show that the Brunauer–
Emmett–Teller (BET) surface area of the TpEB-ST powder is 
239.3  m2 g–1, whereas the value of the AA-catalyzed TpEB-ES 

powder decreases obviously (Figure S3d–e, Supporting Infor-
mation). This can be mostly attributed to the compromised 
crystallinity of TpEB-ES resulting from the extremely mild con-
ditions of this electrosynthesis strategy. Different from conven-
tional COF materials, rigorous conditions are of vital necessity 
for the synthesis of highly crystalline ionic COFs, potentially 
due to the electrostatic interactions between the adjacent ionic 
COF layers.[29] This accordingly rationalizes the moderate crys-
tallinity and surface area of TpEB-ES powder. Interestingly, the 

Figure 1. Electrosynthesis of TpEB films on ITO supports. a) Schematic illustration of the synthesis process. b) Digital image, c) surface, and d) cross-
sectional SEM images of the TpEB-grown ITO support.

Figure 2. Characterization on the TpEB-ES powder. a) FT-IR spectra of the monomers and TpEB-ES. b) Experimental and simulated XRD patterns of 
the TpEB-ES powders. Inset in (b) shows the structural model of TpEB.
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fitting based on nonlocal density functional theory (NLDFT) 
recognizes similar pore size distributions, showing its micropo-
rous nature with a pore size of ≈1.8 nm (Figure S3f, Supporting 
Information). Based on these results, we conclude that TpEB-
ES presents the same chemical composition and a similar 
structure with the solvothermally synthesized counterparts.

2.2. Mechanism Investigation of Electrically Synthesizing TpEB 
Films

In the light of the accessibility of TpEB films on conductive sup-
ports by electrosynthesis, we then seek to explore the under-
lying mechanism of the film growth. As shown in Figure 3a, 
upon the mixing of monomer solutions, the TpEB crystal nuclei 
with sizes ranging from ≈5 to ≈10 nm are clearly observed by 
transmission electron microscopy (TEM) imaging. The rapid 
generation of such small nuclei rather than large crystals mostly 
stems from the high activity of Schiff-base reaction under an 
extraordinarily low monomer concentration (0.18 mmol L–1 for 
Tp in our case). The results of liquid Zeta potential tests verify 
the positively charged nature of EB molecules (Figure 3b). The 
cationic monomer consequently endows the resultant COF 
nuclei with the identical charge property, while the potential 
is largely increased. Thus, imposing the electric field on the 
synthesis system leads to the directional migration of cationic 
TpEB crystal nuclei to the cathode.[18a] To study the reactions 
in the synthesis, cyclic voltammetry (CV) curves of the mon-
omer solutions and nuclei dispersion were measured using a 
typical three-electrode system (Figure 3c; Figure S4, Supporting 

Information). Clearly, no significant oxidative or reductive 
bands are observed, thus excluding the occurrence of electrode 
reactions, which are usually involved in conventional elec-
trochemical synthesis. In the film growth, the changes in the 
conductance of ITO support were recorded in order to reflect 
the accumulation of TpEB. The results depicted in Figure  3d 
manifest a gradually decreased trend with extended synthesis 
duration from 0 to 3 h. This is due to the increasingly integral 
covering of nonconducting TpEB on ITO supports, thereby 
diminishing the surface conductivity. In view of this, once a 
relatively continuous TpEB film is formed, the regional cur-
rent at the corresponding area declines sharply owning to the 
impaired conductance. As a result, the charged nuclei as well as 
EB molecules, will be preferentially deposited on the uncovered 
blank areas, where a higher current in favor of the TpEB growth 
exists. The region-selective deposition of TpEB nuclei is helpful 
to prevent the obtained films from intrinsic defects, suggesting 
a self-repairing ability in the film formation to ensure its integ-
rity.[30] This inference is further validated by the digital and SEM 
images of cathode ITO supports after different synthesis dura-
tions (Figure S2, Supporting Information). In the final stage of 
film formation, the continuous but non-conductive TpEB cov-
ering is likely to act as an isolating layer to restrain the excessive 
growth, which results in a self-limiting growth of TpEB films 
to give reduced thicknesses, analogous to the films prepared 
by interfacial strategies.[31] According to the above results, we 
reason that the film formation is likely to be synergistically pro-
moted by the applied electric field and the assembly of nuclei 
on the support (Figure 3e). On the one hand, the cationic TpEB 
nuclei coupled with EB molecules directionally migrate to the 

Figure 3. Study on the mechanism of electrosynthesis. a) TEM image and the particle size distribution of the TpEB nuclei. b) Zeta potentials of the 
monomers and synthesis solutions. c) CV curves of the synthesis solution. d) Conductance of the ITO support after different synthesis durations.  
e) Schematic illustration of the film formation. Inset in (c) shows the three-electrode system used for the measurements.
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cathode in the presence of electric field. It is noteworthy that 
the electric field also impels the generated TpEB nuclei to form 
films on the cathode rather than aggregating in the bulk solu-
tion (Figures S5 and S6, Supporting Information), showing a 
high-throughput feature.[32] On the other hand, the reversibility 
of Schiff-base reaction between Tp and EB enables the crys-
tallization of deposited nuclei,[21] thus producing continuous 
films without obvious defects or cracks within a short period. 
Specifically, the well-grown TpEB film can be obtained within 
3-h synthesis under an electric field intensity of 50 V cm–1.

Particularly, the viability of electrosynthesis to fabricate ionic 
COF films lies in the charge property and intensity. Taking TpPa, 
an extensively studied COF with neutral skeletons (Figure S7,  
Supporting Information), as an example, we investigated its 
film formation on ITO supports by the above-suggested elec-
trical strategy. TpPa shows a comparatively weak charge prop-
erty, displaying a negative Zeta potential of ≈−14 mV (Figure 3b), 
which agrees well with the previously reported results of the 
TpPa membranes.[33] According to the macroscopic observation, 
the light brown covering is generated on the ITO support after 
8 h under the electric field intensity of 50 V cm–1; however, the 
SEM imaging demonstrates that the TpPa layer is composed of 
loosely stacked nanoparticles (Figure S8, Supporting Informa-
tion), analogous to the COF films produced by the electropho-
resis deposition.[22] In sharp contrast to the dense TpEB films, 
the perforated structure with undesired mesopores is involved 
in the TpPa films, suggesting the important role of charge 
intensity in electrosynthesis. As a matter of fact, the migration 
velocity of charged nanoparticles under the electric field is posi-
tively related to their charge intensity.[18a] When COFs with a 
high charge intensity are applied, such as cationic TpEB, the 

preliminary crystal nuclei can be rapidly deposited onto the 
support to coalesce with each other, thus forming well-inte-
grated continuous films. On the contrary, the migration of COF 
nuclei with a low charge intensity is significantly hampered. 
This leads to the aggregation of nuclei in the bulk solution to 
form large particles instead of directly assembling on the elec-
trode to generate films. We should note that, with a sufficient 
synthesis duration of as long as 8  h, the TpPa nanoparticles 
still can be deposited onto the support to produce the struc-
ture shown before. Moreover, considering its slightly negative 
charges, we observe that TpPa grows on the anode exclusively, 
which is contrary to that of TpEB. The result is a reasonable evi-
dence revealing the crucial influence of charge property on the 
location of films formed.

2.3. Membrane Preparation and Characterization

Having proved the electrosynthesis feasible, we subsequently 
studied its viability of producing TpEB membranes for separa-
tion applications. As for nanofiltration, membrane materials 
featuring both ordered and charged pores are highly desirable 
for performance improvement.[34] Hence, ionic COFs could 
be one of the ideal building materials for high-quality nano-
filtration membranes. Unfortunately, separation membranes 
based on ionic COFs are largely unexplored.[29] In our study, 
the Au-coated anodic aluminum oxide (AAO) support with a 
nominal pore size of 100 nm is chosen as the porous substrate 
to grow cationic TpEB membranes. The Au plating dramati-
cally enhances the conductance of the AAO supports, without 
damaging their porous structures (Figure 4a; Figures S9 and 

Figure 4. Characterization on the electrically synthesized TpEB membranes. a) Surface SEM image of the Au-coated AAO support. b) Surface and 
c) cross-sectional SEM images of the TpEB membrane. d) Cross-sectional EDX mapping of the TpEB membrane. e) Thickness of the TpEB layer versus 
the synthesis duration and electric field intensity. f) Surface roughness and WCA of the membranes. Inset in (c) is a magnified SEM image. Images 
shown in (b–d) correspond to the membrane synthesized at 50 V cm–1 for 2 h.
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S10, Supporting Information). We then electrically synthesized 
TpEB layers under the catalysis of AA on Au-coated AAO sup-
ports to produce composite membranes. To this end, the Au-
coated AAO support was tightly attached to the bottom of the 
conductive side of cathode ITO, while the neat ITO acted as the 
anode. After 3 h of electrosynthesis, the original dark gray Au-
coated AAO support appears a light brown color (Figure S11, 
Supporting Information), implying the membrane formation. 
The successful preparation of TpEB layers on AAO supports 
was further confirmed by FT-IR, XRD, and X-ray photoelectron 
spectroscopy (XPS) characterizations (Figure S12, Supporting 
Information). To be specific, the FT-IR and XRD results of TpEB 
membranes correspond with the TpEB powders. Moreover, XPS 
detects the Br element on membrane surface, further proving 
the generation of TpEB.

To study the growth and crystallization of TpEB on the Au-
coated AAO substrate, we examined the time-dependent SEM 
images after different synthesis durations within 1  h under 
50  V cm–1. As shown in Figure S13 (Supporting Information), 
a 10-min synthesis enables the deposition of TpEB crystal nuclei 
along with the skeleton of AAO pore walls. Subsequently, the 
nuclei combine with their neighbors to form sheet-like cover-
ings. With the region-selective deposition, the majority of AAO 
supports can be covered with TpEB at 40 min, and a continuous 
selective layer is then generated at 1 h (Figure S14a, Supporting 
Information). Next, we studied the morphology of TpEB mem-
branes synthesized for 1–3 h. Compared with the large-pore Au-
coated AAO support, the well-grown TpEB layer in the absence 
of any defects, cracks, or pinholes is observed on the top surface 
after a 2 h synthesis under the electric field intensity of 50 V cm–1 
(Figure 4b). Remarkably, the duration required to produce com-
plete COF membranes via electrosynthesis is much shorter than 
most of other reported methods (Table S1, Supporting Informa-
tion), indicating the high productivity of our strategy. The cross-
sectional SEM image reveals a continuous TpEB separation 
layer with a uniform thickness (Figure 4c). From the magnified 
SEM observation, it is clear that the TpEB layer with a thickness 
of ≈210 nm attaches well to the support without noticeable gaps 
(inset in Figure  4c). The energy-dispersive X-ray spectroscopy 
(EDX) analysis substantially validates a sharp transition between 
TpEB layer (C signals) and AAO support (Al signals; Figure 4d), 
implying negligible nucleation and growth of TpEB in the AAO 
pores. Significantly, the structure of the obtained TpEB layers, 
especially the thickness, can be readily tuned by varying the 
electric field intensity and synthesis duration (Figure S14–S17 
in Supporting Information). In detail, the TpEB thickness pre-
sents a nearly linear correlation with the above two parameters, 
which is adjustable in the range of ≈50–400  nm (Figure  4e). 
Atomic force microscopy characterizations were performed 
to gain insights into the topographic features of the fabricated 
membranes. Figure  4f and Figure S18 (Supporting Informa-
tion) depict an incessantly decreased roughness with prolonged 
synthesis durations. We attribute the roughness decrease to 
the preferred growth of TpEB at the shallow areas through the 
electrically enabled selective growth, thereby equilibrating the 
geology to produce a smoothed surface.[35] Additionally, the 
formation of TpEB on Au-coated AAO supports gives rise to a 
promotional hydrophilicity with significantly reduced water con-
tact angles (WCAs) from ≈120° to ≈60° (Figure  4f; Figure S19, 

Supporting Information), benefiting the cross-membrane water 
permeation. In addition to the inorganic supports (i.e., ITO, and 
AAO), TpEB layers are also electrically available on Au-coated 
polysulfone membranes (Figure S20, Supporting Information). 
The results evidently prove the general applicability of the elec-
trosynthesis protocol in constructing ionic COF selective layers 
on various conductive supports.

2.4. Molecular Separation Performances of TpEB Membranes

To evaluate the detailed membrane performance, we quanti-
fied the pure water permeances and molecular rejection rates 
of the membranes produced under various synthetic conditions 
with AA as catalyst. It should be noted that the Au-coated AAO 
support presents a water permeance of ≈4000 L m–2 h–1 bar–1, 
and its Congo red (CR) and acid fuchsin (AF) rejection rates 
are both below 10%. Figure 5a illustrates the permselectivity of 
the membranes obtained under diverse electric field intensities 
with a constant synthesis duration of 2 h. We can observe that 
the water permeance sharply decreases with the intensification 
of the applied electric field. This is in good agreement with the 
raised thickness of TpEB layers (Figure  4e; Figure S17, Sup-
porting Information), which reduces the permeance because of 
raised mass transfer resistance.[36] Significantly, the TpEB mem-
brane produced under 50 V cm–1 realizes 93.3% rejection of CR 
molecules, with a high water permeance of 344.6 L m–2 h–1 bar–1, 
which shows the optimal permselectivity. Then, the membrane 
performance against the synthesis durations was investigated at 
this electric field intensity (Figure  5b). Within short synthesis 
durations, the resulting membranes constantly give high water 
permeances and decent CR rejection rates. For instance, a syn-
thesis duration of merely 1  h endows the membrane with an 
ultrahigh permeance of 1526  L m–2 h–1 bar–1 and a CR rejec-
tion of 81%. The prolongation of synthesis duration slightly 
improves the rejection rates accompanied by largely reduced 
water permeances. In the case of AF, the rejection rates follow a 
continuous increase tendency, and a notable removal efficiency 
of over 99% is attained with 3  h synthesis. This membrane 
selectivity can be adequately sustained for at least six cycles 
(Figure S21, Supporting Information). Inspired by the high 
crystallinity using Sc(OTf)3, we prepared TpEB membranes 
by following this catalysis condition. The Sc(OTf)3-catalyzed 
membranes exhibit similar morphologies to those generated by 
AA (Figure S22, Supporting Information). As intended, these 
membranes show increased permeances with comparable CR 
rejections (Figure S23, Supporting Information), suggesting 
the positive correlation between COF crystallinity and mem-
brane performance. Consistent with the tunable thickness, 
the electrically synthesized TpEB membranes demonstrate an 
adjustable permselectivity, exhibiting pronounced water perme-
ances that surpass the majority of the previously reported COF 
membranes (Table S2). These results demonstrate the advan-
tage of change-enhanced molecular separation, which mostly 
originates from the relatively ordered and charged nanochan-
nels of cationic TpEB. In these filtration results, of particular 
interest is that the distinct selectivity difference between CR 
and AF can be visualized for the membrane produced at a short 
duration of 1 h. This could be attributed to the size and charge 
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diversity of the adopted probe molecules. The top TpEB selec-
tive layers exhibit a pore size of ≈1.8 nm, which is smaller than 
CR (2.6×0.7  nm2) and larger than AF (1.2×1.1  nm2). Hence, it 
is rationalized that the membrane is competent to reject CR 
molecules while allowing the pass of AF molecules. Meanwhile, 
the positively charged pores create the capture of negatively 
charged CR and AF molecules through electrostatic attractions 
at the early stage of filtration, thus reducing the effective sieving 
size.[37] This kind of masking effect is much more pronounced 
for CR molecules due to their larger size and higher charge 
intensity (Figure 5c), thus leading to the enhanced selectivity.

To profoundly study the charge-enhanced separation, we 
evaluated the interception ability of our membranes using 
a range of anionic and cationic dyes dissolved in water and 
ethanol (Figure S24, Supporting Information). Here, ethanol 
essentially weakens the charge properties of dyes, as vali-
dated by distinctly reduced Zeta potential values (Figure 5c), 
which will in return compromise the electrostatic interaction 
between charged molecules and TpEB channels during filtra-
tion. Consequently, the selectivity for dyes with molecular 
weights below 800 Da is degraded in ethanol compared with 
that in water (Figure  5d; Figure S25 and S26, Supporting 
Information). This selectivity degradation is particularly 
noticeable for molecules like methyl orange (MO) and crystal 
violet (CrV), mainly due to their small sizes combined with 
significantly compromised charge interactions. The above 
results reasonably illustrate the charge-dominated separa-
tion of charged molecules.[38] In addition, the TpEB mem-
brane preserves high rejections to molecules with molecular 
weights >900  Da  in ethanol, indicating the contribution of 

size-based exclusion to separation performances. Therefore, 
based on the above discussion, we conclude that the excellent 
nanofiltration performance of TpEB membranes is synergisti-
cally dominated by sizes and charges.[39] The result further 
highlights the unique superiority of ionic COF membranes 
in liquid molecular separations.

2.5. Charge-Selective Molecular Sieving of TpEB Membranes

The separation and recycling of valuable targets from liquid 
mixtures of charged and neutral molecules are challenging for 
traditional nanofiltration membranes.[40] With the capability of 
charge-dominated molecular separation, our TpEB membranes 
are expected to implement the precise sieving of charged and 
neutral molecules with similar sizes and molecular weights 
(Figure 6a). To substantiate this, we conducted the separation 
of charge-free vitamin B12 (VB-12), a biomolecule vital for the 
production of bone marrow erythrocytes, from the mixture 
containing anionic chrome black T (CB-T) or cationic Alcian 
blue 8GX (AB) (Figure 6b). VB-12 presents a molecular weight 
of 1355 Da, which is close to that of AB (1299 Da). In spite of 
its large molecular weight, VB-12 presents a spherical structure 
with a fine size of 1.7×1.8 nm2, similar to the lateral size of CB-T 
(1.6 nm). As shown in Figure 6c, a dark blue mixture derived 
from cyan AB solution and light pink VB-12 solution was fil-
trated by the TpEB membrane, which results in a pink filtrate 
with the identical color of VB-12, suggesting the discrimination 
of the molecule pairs. The precise sieving ability is further con-
firmed by the UV–vis spectra (Figure 6d). The spectrum of the 

Figure 5. Separation performance of the TpEB membranes with AA as catalyst. Water permeance and dye rejection of the membranes prepared with 
varied a) electric field intensities and b) synthesis durations. c) Zeta potentials of dyes dissolved in water and ethanol. d) Rejection rates to dyes dis-
solved in water and ethanol.
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filtrate primarily overlaps with that of the pure VB-12 solution, 
and the characteristic peak of AB at ≈620 nm disappears, while 
preserving the characteristic peak of VB-12 at ≈360 nm, which 
suggests a 98% rejection of AB with a negligible retention of 
VB-12 (≈2%). The charge selectivity is also applicable for sepa-
rating negatively charged CB-T from the mixture, as depicted 
in Figure 6e and Figure S27 (Supporting Information). Results 
of these explicitly reveal the charge-selective molecular sieving 
of the TpEB membrane. In other words, charged molecules can 
be effectively rejected through the electrostatic interaction and 
pore sieving, while the neutral molecules receive a free traverse 
across the membrane. We anticipate that the charge-selective 
nanochannels offered by cationic COFs are highly attractive for 
practical applications.

3. Conclusion

In summary, we have developed a highly efficient electrosyn-
thesis protocol enabling the fast preparation of ionic COF mem-
branes for charge-selective nanofiltration. The intrinsic charge 
property and intensity of ionic TpEB are of great importance 
for electrically generating well-integrated films. By designing 
conductive porous supports, the suggested electrical strategy 
further realizes the generation of TpEB membranes within 
a short duration of 3  h, largely improving the productivity of 
COF membranes. The growth and thus the performance of cat-
ionic TpEB membranes can be precisely regulated by altering 
the electrical conditions. The optimized membrane provides 

a high separation ability with pronounced water permeances 
that exceed the majority of COF nanofiltration membranes. 
We have demonstrated that the prominent performance arises 
from the relatively uniform aperture sizes as well as the syner-
gistic contribution of charge- and size-based exclusion. The dis-
tinctive charge-selective feature is surprisingly observed in the 
cationic nanochannels of TpEB membranes, achieving the effi-
cient sieving of charged and neutral molecules. This study of 
electrically synthesizing ionic COF membranes provides a new 
avenue for engineering advanced membranes with functional-
ized nanochannels to tackle challenging separations.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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