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A B S T R A C T   

Processing two-dimensional (2D) covalent organic frameworks (COFs) into nanofilms has gained widespread 
attention in water treatment. However, the designed synthesis of COF-based membranes for ion separations still 
remains a huge challenge though the strategies to produce COF molecular separation membranes have been 
greatly developed. Herein, we report the construction of bi-layered COF nanofilms for efficient desalination 
through a simple yet effective secondary growth. The suggested strategy is capable of easily regulating the 
growth of another COF layer on the pre-synthesized first layer, thus producing crystalline and defect-free bi- 
layered COF nanofilms with distinct laminated structures. Most importantly, the offset channels are involved at 
the interface of two nanofilms obtained from the first and secondary growth, which leads to a constricted 
effective aperture that significantly enhances the ion separation performance. Specifically, the bi-layered COF 
nanofilms composited with macroporous supports exhibit high rejection rates (~95.8%) to Na2SO4, observably 
surpassing the desalination performance of single-layered COF nanofilms (rejection<10%). This work not only 
develops an ingenious way to fabricate COF-on-COF nanofilms with narrowed channels by tailoring the lami
nated structure of 2D COFs at the film interface, but also starts an avenue for the adoption of COF platforms for 
membrane separations with an improved precision.   

1. Introduction 

Covalent organic frameworks (COFs), constructed from periodic 
organic building blocks, are a novel kind of porous crystalline polymers 
with regular channels, permanent porosity, excellent stability, high 
surface areas and readily-tailored functionalities [1,2]. These merits of 
COFs based on various building blocks and topological structures can 
satisfy different requirements in extensive areas, including gas storage 
[3,4], catalysis [5,6], photoelectricity [7,8], separation [9,10], and etc. 
[11,12] In particular, the ordered channels and excellent stability of 
COFs enable them as promising candidates for the preparation of 
high-performance separation membranes with ultra-high permse
lectivity [10]. Compared with traditional amorphous polymers, the 
well-defined in-plane pores and high porosity endow COF-based mem
branes with high separation precision and fast water permeation [9,13]. 

Currently, a number of COF membranes have been fabricated by 
various methods including in-situ growth [14–16], interfacial synthesis 
[17–19], COF nanosheets assembly [20–22], and etc. [23–26] Particu
larly, in-situ growth under solvothermal process plays an important role 

in assembling COF microcrystals into well-aligned membrane architec
tures, which can promote crystallization of COFs and cause “self-
healing”, and lead to highly crystalline COF separation layers. Up to 
now, considerable efforts have been made to produce COF-based 
membranes by the in-situ growth method in solvothermal process. For 
instance, by adopting this preparation strategy Caro and co-workers 
prepared COF-LZU1 membranes with a thickness of ~400 nm on 
modified alumina ceramic tubes, realizing high permeation fluxes and 
effective rejections to various dyes [27]. Previously, we directly utilized 
solvothermal synthesis to grow COFs on anodic aluminum oxide (AAO) 
substrates with sharp variation of selectivity from ultrafiltration to 
nanofiltration [28]. Moreover, we also reported a new polymer-assisted 
transfer method to produce COF membranes with good separation 
capability to various dyes [29]. In general, the pore size of most COFs 
above is in the range of 0.84 nm–5.1 nm [30]. By virtue of the design and 
tailor-made function of pore sizes, these COFs based membranes have 
achieved the effective sieving of small molecules. Since the hydrated ion 
diameter of inorganic salt ions (monovalent and bivalent salts) is smaller 
than the inherent-pore size of COFs, these COF based membranes failed 
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to exhibit pronounced rejections to salt ions, and it is still very limited 
for ion separations. 

It should be noted that some attempts have been made to prepare 
COF based membranes with reduced pore sizes for ion separations. 
Huang and co-workers reported a COF membrane with high salt ion 
rejection (96.3% for Na2SO4) and relatively fast permeances (0.5 L m− 2 

h− 1 bar− 1) through post-synthetic modification [31]. The post-synthetic 
modification can enable COF membranes constricted pore apertures, but 
the process is usually complicated and tedious. Alternatively, Ma and 
co-workers employed a modified interfacial polymerization method to 
grow a free-standing COF membrane and the stacking mode of 2D COF 
layers themselves can be adjusted from AA stacking to AB stacking by 
using different precursors. The obtained AB stacking COF membrane 
with narrow aperture (~0.6 nm) showed Na2SO4 or K2SO4 rejection 
values between 90 and 95% [32]. We also studied the performance of 
offset-eclipsed COF layers themselves in desalination by molecular dy
namics simulations, and the permeability of COF membranes decreased 
with rising stacking number of COF multilayers [33]. Unfortunately, the 
formation of offset-eclipsed 2D COF layer itself is hard to control in the 
experimental procedure. As a result, the development of a simple 
strategy to COF membranes for desalination still remains a formidable 
challenge. 

Recently, Caro and co-workers have prepared COF-LZU1− ACOF-1 
bilayer membranes with interlaced pore networks for selective gas 
separation [34]. Inspired by this work, we believe that the offset chan
nels at the interface of two nanofilms can be easily realized compared 
with offset-eclipsed COF layers themselves via the in-situ growth 
method. Therefore, the solvothermal growth can be employed to obtain 
well-defined and crystalline COF nanofilms and construct offset chan
nels at the interface between two nanofilms inherited from the first and 
secondary growth, which exerts facile control over the microstructure 
and thickness, and is expected to enable desired separation performance 
in desalination. 

In this work, we select the azine-linked ACOF-1 with sub-nanopores 
of 0.94 nm to engineer the bi-layered separation nanofilms for desali
nation through a secondary growth method. Dense and tunable bi- 
layered ACOF-1 nanofilms are obtained after secondary growth to pro
duce constricted pore sizes. The bi-layered ACOF-1 nanofilms can be 
transferred from silicon wafers onto porous substrates without any de
fects by the perforated polymer-assisted transfer method [29]. The 
prepared ACOF-1 composite membranes exhibited reasonable fluxes 
and high rejection rates toward Na2SO4. The secondary growth method 
reported in this work demonstrates a novel protocol under solvothermal 
conditions to prepare bi-layered COF nanofilms with narrowed pores 
between two adjacent COF nanofilms for effective rejection of salt ions, 
which is expected to open up the application of COFs in desalination. 

2. Experimental 

2.1. Materials 

All chemicals were used herein without further purification. 1,3,5- 
triformylbenzene (TFB, 95%) was obtained from Jilin Yanshen Tech
nology Co., Ltd., China. Hydrazine hydrate (Hz⋅H2O, 98%) was pur
chased from Aladdin. The polysulfone-block-poly(ethylene glycol) (PSF- 
b-PEG) block copolymer was purchased from Nanjing Bangding, and the 
PEG block was 21 wt% of a total molecular weight of 79.1 kDa. Silicon 
wafers with a top layer of silicon dioxide (~1000 nm in thickness) were 
served as smooth substrates for the growth of COF nanofilms. Poly(ether 
sulfone) (PES) membranes with a nominal pore diameter of ~0.22 μm (ø 
= 2.5 cm, Jin Teng) were served as the substrate to support the trans
ferred bi-layered COF nanofilms. Polyethylene glycols (PEGs, Mw=200 
Da, 400 Da, 600 Da, 1000 Da, 2000 Da) were obtained from Aladdin. 
1,4-dioxane (99.0%), chloroform (99.5%), acetone (99.5%), ethanol 
(99.5%), acetic acid (AA, 99.5%), hydrofluoric acid (HF, 40.0%) and 
inorganic salts (99.0%) were supplied by local suppliers. Deionized (DI) 

water (conductivity: 2–5 μS cm− 1, Wahaha) was used throughout this 
work. 

2.2. Synthesis of ACOF-1 nanofilms 

ACOF-1 nanofilms were prepared on silicon wafers via a two-step 
solvothermal synthesis strategy (Scheme 1). In the first growth, TFB 
(0.096 mmol, 15.6 mg) was dissolved in 20 mL of 1, 4-dioxane and 
formed the concentration of 4.8 mmol L− 1 (mM). Hz (20 μL) was then 
added and the mixture was sonicated for 15 min to obtain a homogenous 
solution. Subsequently, three silicon wafers faced downwards were 
placed into a 3D-printed nylon shelf with three parallel slots, adding AA 
(500 μL) as the catalyst. Afterwards, a Teflon-lined stainless-steel 
autoclave was used to hold the nylon shelf and heated at 120 ◦C in an 
oven. After reaction for 12 h, the autoclave was cooled down to room 
temperature, and ACOF-1 layers grown on silicon wafers were washed 
with 1, 4-dioxane and ethanol for several times to remove the residual 
powders. Finally, the single-layered ACOF-1 nanofilms were dried at 
90 ◦C overnight. In addition, ACOF-1 nanofilms with increased thick
nesses were also obtained under the TFB concentration of 9.6 mM and 
reaction time of 36 h. 

The process for the secondary growth was the same as above, 
whereas the TFB concentrations for the synthesis were varied from 1.2 
mM to 14.4 mM with the corresponding Hz amount under same volume 
of solvent. After secondary growth for various durations from 6 h to 48 
h, the silicon wafers grown with bi-layered ACOF-1 nanofilms were 
taken out and thoroughly washed with 1, 4-dioxane and ethanol. ACOF- 
1 powders were also collected from the bottom product of free solution 
after the growth of ACOF-1 nanofilms, followed by drying at 120 ◦C for 
24 h. 

2.3. Preparation of ACOF-1 composite membranes 

ACOF-1 composite membranes were prepared through a previously 
reported procedure [29], and the detailed fabrication process is shown 
in Fig. S1. Firstly, the PSF-b-PEG layer was constructed on the top of 
bi-layered ACOF-1 nanofilms by spin coating its dilute solution (2000 
rpm, 30 s). The resulting samples were left into two-component solvent 
containing 80 wt% of ethanol and 20 wt% of acetone at 70 ◦C for 1 h and 
then dried at room temperature. 5 wt% HF aqueous solution was then 
adopted to etch away the silicon dioxide layer, thus releasing the 
BCP-coated ACOF-1 nanofilms. The BCP-coated ACOF-1 nanofilms were 
then transferred onto DI water and composited with macroporous PES 
supports to form composite membranes. 

2.4. Characterizations 

Fourier transform infrared (FTIR) spectra of ACOF-1 monomers, 
powders, and nanofilms were recorded by an infrared spectroscopy 
(Nicolet 8700). Powder X-ray diffraction (PXRD) patterns of ACOF-1 
powders and nanofilms were acquired on a diffractometer (Rigaku, 
SmartLab) with a scan speed of 0.02◦ s− 1 in 2θ angles from 2◦ to 40◦. The 
thickness of ACOF-1 nanofilms on silicon wafers were obtained by a 
spectroscopic ellipsometry (Complete EASEM-2000U, J. A. Woollam) at 
an incidence angle of 70◦ with the wavelength ranging from 400 nm to 
999.8 nm. Scanning electron microscopy (SEM, Hitachi S-4800) was 
used to observe the surface and cross-sectional morphologies of samples 
at an accelerating voltage of 5 kV, and all samples were sputter-coated 
with a thin layer of gold before SEM characterizations. An atomic 
force microscope (AFM, XE-100, Park systems) was used to observe the 
three-dimensional morphology of the membrane surface and conducted 
at a noncontact mode. Transmission electron microscope (TEM) was 
conducted on a Tecnai 12 microscope (Philips Company, Holland) 
operated at 200 kV after transferring ACOF-1 nanofilms onto carbon- 
coated copper grids. Nitrogen adsorption-desorption measurements of 
ACOF-1 powders prepared by the first and secondary growth were 
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conducted via the Micrometrics ASAP 2460 surface area and porosity 
analyzer at 77 K, and the pore size distributions were obtained from the 
sorption curves based on the nonlocal density functional theory 
(NLDFT). The water contact angle (WCA) measurements of ACOF-1 
nanofilms on silicon wafers were performed on a contact angle goni
ometer (DropMeter A100, Maist) with three different positions. The 
concentrations of various inorganic salts were recorded by an electrical 
conductivity meter (S230–K, Mettler-Toledo). The concentrations of 
various PEGs were measured by a gel permeation chromatography 
(GPC, Waters 1515). 

2.5. Desalination performance evaluation 

A dead-end filtration system (Amicon 8003, Millipore) was 
employed to evaluate the fluxes and rejection rates of the prepared 
ACOF-1 composite membranes. ACOF-1 composite membranes were 
tested under a pressure of 3 bar with a stirring rate of 500 rpm to avoid 
the concentration polarization. Various inorganic salts including 
Na2SO4, MgSO4, MgCl2, and NaCl, with a concentration of 1000 ppm, 
were used as feed solutions for rejection tests. The flux of ACOF-1 
composite membranes was calculated by the following equation.  

F=V/ S t                                                                                        (1) 

where F is the flux of solution (L m− 2 h− 1), V represents the volume of 
permeated salt feed solutions (L), t is permeated time (h) across the 
membrane, and S is effective membrane area (m2). 

The salt rejection rates of ACOF-1 composite membranes were 
calculated by the following equation.  

R = (1- Cp/Cf) × 100%                                                                     (2) 

where R is inorganic salt rejection rate (%), Cp are the concentration 
(ppm) of the salt permeation and Cf is the concentration of salt feed. In 
all the filtration tests of ACOF-1 composite membrane, more than three 
membranes were recorded to obtain average values. 

Molecular weight cutoff (MWCO) and pore size distribution were 
obtained according to the rejection of PEGs with various molecular 
weights (200 Da, 400 Da, 600 Da, 1000 Da, and 2000 Da). Each PEG is 
dissolved in water to form a concentration of 750 ppm. To avoid the 
concentration polarization, ACOF-1 composite membranes were also 
tested under a vigorous stirring rate of 500 rpm. The Stokes radius of 
PEG was calculated by the following equation:  

rp=16.73 × 10− 12 × Mw
0.557                                                               (3) 

where rp represents the Stokes radius (m), and Mw is its average mo
lecular weight. 

The pore size distribution can be obtained from probability density 
function and the Stokes radius [35]. 

3. Results and discussion 

3.1. Structural characterizations of ACOF-1 nanofilms 

To satisfy the desalination performance, ACOF-1 nanofilms, con
structed by short hydrazine and aldehyde to form azine-linked frame
works that possess desired stability and sub-nanometer vertical channels 
(Fig. 1a), are grown on silicon wafers under solvothermal synthesis. The 
offset channels at the interface of two nanofilms can be achieved after 
secondary growth. As shown in Fig. S2, with the first growth of single- 
layered ACOF-1 nanofilms the initially undefiled silicon wafer turns 
violet, which becomes darker after the secondary growth. The homo
geneous color on the substrate after each growth evidences that the COF 
layer is uniformly deposited on the silicon substrate. The successful 
synthesis of ACOF-1 nanofilms and powders was then confirmed by FTIR 
(Fig. 1b). The spectra of ACOF-1 nanofilms and powders both exhibit 
obvious C––N stretching vibration peaks at 1623 cm− 1, indicating the 
occurrence of condensation reaction to form azine-linked frameworks. 
Compared with the monomer TFB, the disappearance of C––O stretching 
vibration peaks at 1695 cm− 1 and C–H stretching vibration peaks at 
2892 cm− 1 assigned to the aldehyde proves a complete consumption of 
building blocks [36,37]. For precise ion separations, the regularity of 
pore sizes is considered as an important factor that could directly 
determine the sieving performance. Here, the ordered structure of syn
thesized ACOF-1 nanofilms and powder counterparts was determined by 
the PXRD characterization, as given in Fig. 1c. Clearly, the powders 
produced during the nanofilm synthesis exhibit a satisfied crystallinity, 
which show an intense peak at around ~7◦ that can be assigned to the 
(100) crystal plane. Besides, the presence of a relatively broad peak at 
2θ = 27◦ is mainly due to the π-π stacking between the stacked ACOF-1 
layers, corresponding to the (001) plane [15,34]. Given the same syn
thesis condition, the crystallinity of the powders recorded here is eligible 
to reflect the ordered pore structure of the nanofilm, which is further 
demonstrated by the nanofilm PXRD result. Moreover, the PXRD 
diffraction peaks of ACOF-1 nanofilms are relatively weak, which could 
be mainly attributed to the ultra-thin thickness of the naofilm. 

3.2. Investigation on the growth of ACOF-1 nanofilms 

The preparation of bi-layered ACOF-1 nanofilms greatly depends on 
both the first growth and the secondary growth during the solvothermal 
process. Single-layered ACOF-1 nanofilms were firstly grown on the 
surface of the silicon wafer, and the terminal amino and aldehyde groups 
on the nanofilm surface can provide a large number of nucleation sites, 
promoting the secondary growth of single-layered ACOF-1 nanofilms. 
The secondary growth is expected to enable two adjacent ACOF-1 
nanofilms offset against each other at the interface and form inter
laced pores, which contributes to the production of bi-layered ACOF-1 
nanofilms with narrowed pore sizes that are available for ion 
separations. 

In this work, the first growth of single-layered ACOF-1 is very 
important, and therefore the different concentrations of the first growth 

Scheme 1. Schematic illustration for the growth of ACOF-1 nanofilms.  
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were adequately investigated to obtain continuous ACOF-1 first layers. 
In order to avoid thicker nanofilms, we studied the growth of ACOF-1 on 
the surface of silicon wafers at reasonable reaction time of 12 h. At lower 
TFB concentration of 1.2 mM, only some disordered ACOF-1 micro
crystals appear on the silicon wafers due to the insufficient growth of 
nanofilms (Fig. 2a). When the TFB concentration increases to 2.4 mM, 
massive ACOF-1 microcrystals gradually grow into small domains, but 

these domains seem to be separated by large gaps from each other 
(Fig. 2b). As TFB concentration increases to 4.8 mM, a continuous ACOF- 
1 nanofilm forms on the surface of silicon wafer (Fig. 2c), indicating that 
increased TFB concentrations can promote a complete grain inter
growth. Based on the microscopic observation, the first growth under 
solvothermal conditions is optimized with reaction time of 12 h and TFB 
concentration of 4.8 mM. After the first growth, the single-layered 

Fig. 1. Structural characterizations of ACOF-1 nanofilms synthesized by the Schiff-base reaction. (a) Reaction scheme of TFB and Hz to form ACOF-1 structure after 
first growth and secondary growth. (b) FTIR spectra of TFB, ACOF-1 powders and nanofilms. (c) PXRD patterns of ACOF-1 powders and nanofilms. 

Fig. 2. Surface SEM images of single-layered ACOF-1 nanofilms generated by the first growth with different TFB concentrations. TFB concentrations of (a) 1.2 mM, 
(b) 2.4 mM and (c) 4.8 mM. Cross-sectional SEM image of ACOF-1 nanofilms with TFB concentration of 4.8 mM (d). 
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ACOF-1 nanofilm exhibits a continuous morphology with many grain 
boundaries among neighbouring nanocrystal domains, and the thickness 
is about ~120 nm (Fig. 2d). 

The resulting first layer of ACOF-1 supported by silicon wafers were 
then subjected to secondary growth under a solvothermal environment 
to form the second layer of nanofilm that can offset against first layer at 
the interface, thus effectively narrowing the sieving size. We firstly 
studied the effect of TFB concentrations on the secondary growth of 
ACOF-1 nanofilms with a reaction duration of 24 h. ACOF-1 micro
crystals continue to grow into larger domains and begin to merge with 
each other by further rising TFB concentrations (Fig. S4). At lower TFB 
concentration of 1.2 mM, a defective layer cannot completely cover first 
layer due to the little amount of COF microcrystals formed under this 
condition. (Fig. 3a and b). ACOF-1 microcrystals begin to merge with 
each other by further increasing the TFB concentration to 2.4 mM 
(Fig. S4a). More COF microcrystals grow into larger COF domains when 
TFB concentration increases to 4.8 mM. The surface morphology of 
ACOF-1 nanofilms shows no visible grain boundary and continuous, 
defect-free bi-layered nanofilms are formed (Fig. 3c). As TFB concen
trations increase from 9.6 mM to 14.4 mM, the surface morphology of 
ACOF-1 nanofilms barely displays obvious change. Undoubtedly, we can 
speculate that discontinuous second layer leads to partly interlaced 
pores at the interface of first layer and second layer, while a defect-free 
second layer can promote a complete offset stacking at the interface to 
narrow the effective sieving size after secondary growth (Fig. 3d–f). In 

this work, the surface of bi-layered ACOF-1 nanofilms exhibits a 
morphology of intergrown COF domains self-assembled from many 
microcrystals (Figs. S6 and S8c), which could be attributed to Ostwald 
Ripening mechanism [38]. When TFB concentrations increase from 1.2 
mM to 2.4 mM, the thicknesses of bi-layered ACOF-1 nanofilms maintain 
a slight increase from ~124 nm to ~137 nm (Figs. S5a–b). As TFB 
concentration increases to 4.8 mM, the thickness is signifcantly 
improved to ~312 nm and the bi-layered ACOF-1 nanofilms display 
obvious laminar structures (Fig. 3g). However, no obvious bi-layered 
structures can be observed in SEM images, which may be due to the 
good compatibility of the two ACOF-1 layers. When TFB concentrations 
vary from 9.6 mM to 14.4 mM, the thicknesses only increase from ~433 
nm to ~454 nm and more pronounced layered-stacking structures can 
be observed (Figs. S5c–d). The reason for the increase in bi-layered 
nanofilm thickness and the formation of layered-stacking structures is 
that the terminal amino and aldehyde groups of single-layered ACOF-1 
nanofilms can produce many nucleation sites to promote the deposition 
and growth of more COF microcrystals along the direction inherited 
from the first layers under the increased TFB concentrations. Moreover, 
the observation from SEM characterizations is consistent with the results 
measured by spectroscopic ellipsometry (Fig. 3h). The water contact 
angles of bi-layered ACOF-1 nanofilms increase slightly from 60◦ to 83◦

with the increase of TFB concentrations (Fig. S7a). However, these 
variations are not significant, which could be attributed to decreased 
surface roughnesses (Fig. S8). 

Fig. 3. Surface SEM images of bi-layered ACOF-1 nanofilms prepared via secondary growth with TFB concentrations of 0 mM (a), 1.2 mM (b) and 4.8 mM (c). 
Schematic diagram for the formation of bi-layered ACOF-1 nanofilms after secondary growth with increased TFB concentrations of 0 mM (d), 1.2 mM (e) and 4.8 mM 
(f). Cross-sectional SEM image of bi-layered ACOF-1 nanofilms prepared via secondary growth with the TFB concentration of 4.8 mM (g). Plot of the various thickness 
of bi-layered ACOF-1 nanofilms on different TFB concentrations (h) and reaction time (i) obtained by spectroscopic ellipsometry. 

A. Xiao et al.                                                                                                                                                                                                                                    



Journal of Membrane Science 624 (2021) 119122

6

We also investigated the effect of reaction time on the secondary 
growth of single-layered ACOF-1 nanofilms with the TFB concentration 
of 4.8 mM. When the reaction time increases from 6 h to 48 h, the 
surface of bi-layered ACOF-1 nanofilms also shows a morphology of 
intergrown COF grains (Fig. S9). The bi-layered ACOF-1 nanofilms 
display obvious intercrystalline gaps grown at the reaction time of 6 h, 
which is too short to produce continuous layers (Fig. S9a). Rising the 
reaction time, which can promote the condensation between monomer 
pairs to provide more COF microcrystals for nanofilm growth, contrib
utes to the formation of well intergrown COF grains in the absence of 
noticeable gaps, which is evidenced by the microscopic observations 
shown in Figs. S9b–e. Moreover, bi-layered ACOF-1 nanofilms still 
present layered-stacking structures, and the thickness increases gradu
ally from ~232 nm to ~407 nm with prolonged reaction time from 6 h 
to 36 h, which is in accordance with results obtained by spectroscopic 
ellipsometry (Figs. 3i and S10). No further increase in the nanofilm 
thickness has been observed at long reaction time, such as 48 h, which 
could be caused by the complete consumption of monomers. 

In short, increased TFB concentration can promote Schiff-based re
action, producing more COF microcrystals to prepare a batch of nano
films with different microstructures and thicknesses. Reasonable 
reaction time may cause “self-healing” of COFs to enable high crystal
lization, and also accelerate the growth of ACOF-1 nanofilms. Therefore, 
TFB concentration and reaction time both exert an important influence 
on the growth of ACOF-1 nanofilms. 

3.3. Separation performances of ACOF-1 composite membranes 

Bi-layered ACOF-1 composite membranes were prepared through a 
perforated polymer-assisted transfer strategy reported in our previous 
work [29]. Particularly, the dense PSF-b-PEG layer coated on bi-layered 
ACOF-1 nanofilms was cavitated by following the mechanism of selec
tive swelling-induced pore generation. It should be noted that 
PSF-b-PEG with robust PSF matrixes can offer an improved mechanical 
strength so as to realize the durability and stability of the protective 
layer, as well as good anti-fouling property duo to the hydrophilic PEG 
blocks [39,40]. As shown in Figs. S12a–b, the surface of PSF-b-PEG layer 

exhibits a perforated morphology composed of interconnected nano
pores with a mean pore size of ~50 nm, and the entire thickness of the 
PSF-b-PEG layer is approximately 350 nm. With the assistance of 
PSF-b-PEG layers, we can easily and safely transfer the bi-layered 
ACOF-1 nanofilms from silicon wafers to water surface. Thus-obtained 
bi-layered ACOF-1 nanofilms are transparent (Figs. S12c–d), and the 
ACOF-1 membranes eventually display a tri-layered structure after 
compositing with macroporous PES supports, as shown in Fig. 4a and b. 
The bi-layered ACOF-1 nanofilm is closely adhered with the PES sup
port, without any detachments or cracks, even after repeated bending 
and unfolding, which indicates a good interfacial stability (Fig. S13). 

To confirm that bi-layered ACOF-1 nanofilms possess narrowed pore 
sizes after the secondary growth, we measured their separation perfor
mances to polyethylene glycols (PEGs) with different molecular weights. 
As shown in Fig. 4c, the rejection of the ACOF-1 composite membrane 
increases with rising PEG molecular weights, which is 38.8%, 85.5%, 
93.6%, 95.9%, and 98.1%, respectively. Furthermore, the molecular 
weight cutoff (MWCO) of the ACOF-1 composite membrane is ~450 Da, 
which is defined as the molecular weight at the rejection rate of 90%. 
The pore radius distribution of bi-layered ACOF-1 nanofilms can be 
obtained through the following probability density function based on 
PEG rejection and Stokes radius (Fig. 4d) [41,42]. The mean pore radius 
of bi-layered ACOF-1 nanofilms is ~0.354 nm with a narrow pore radius 
distribution. Therefore, the bi-layered ACOF-1 nanofilms exhibits an 
effective sieving pore size of ~0.71 nm, which is smaller than the 
inherent pore width of ACOF-1 (~0.94 nm), demonstrating that the 
secondary growth to produce layer-by-layer nanofilms endows the 
thus-obtained bi-layered nanofilms with narrowed sieving pore sizes. 
The corresponding pore size distributions of ACOF-1 powders after first 
and secondary growth were further analyzed from nitrogen 
adsorption-desorption isotherms. As shown in Fig. S14, the effective 
pore size of ACOF-1 powders is constricted from ~0.9 nm to ~0.7 nm 
after secondary growth, which is consistent with the result calculated 
via PEG rejection and Stokes radius. 

The ion separation performances of ACOF-1 composite membranes 
were then systematically explored, and we carried out filtration tests 
with various inorganic salt solutions as the feed. The pure PSF-b-PEG 

Fig. 4. (a) Cross-sectional SEM image of ACOF-1 
composite membrane. (b) Schematic illustration of 
ACOF-1 composite membrane. (c) Rejection curve 
of the ACOF-1 composite membranes for PEG with 
various molecular weights. (d) The pore radius 
distribution of bi-layered ACOF-1 nanofilms calcu
lated based on the rejection curve and a probability 
density function. The bi-layered ACOF-1 nanofilms 
prepared via secondary growth with TFB concen
tration of 4.8 mM and reaction time of 24 h.   
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layer exhibited a pure water permeance of ~2100 L m− 2 h− 1. Here, the 
separation performance of the ACOF-1 composite membranes was pre
liminarily evaluated with a Na2SO4 aqueous solution. The single-layered 
ACOF-1 composite membrane subjected to the first growth gives a high 
flux ~50.1 L m− 2 h− 1 yet a negligible rejection of only ~6% toward 
Na2SO4. The poor desalination separation performance is probably 
because the inherent pore size of ACOF-1 is larger than the hydration 
diameter of salt ions, which inevitably results in a low ion selectivity. As 
shown in Fig. 5a and b, the second growth under various conditions 
always leads to a moderate decrease in flux but realizes a great 
improvement in rejection as expected. The influence of TFB concentra
tions during the second growth was first investigated with results given 
in Fig. 5a. Clearly, the concentrations significantly determine the desa
lination performance, as the rejection is enhanced from ~20.9% to 
97.3% with increasing TFB concentrations from 1.2 mM to 14.4 mM. 
Under low TFB concentrations of 1.2 mM and 2.4 mM, bi-layered ACOF- 
1 composite membranes show a flux of ~14.2 L m− 2 h− 1 and ~5.6 L 
m− 2 h− 1 with relatively poor Na2SO4 rejection of ~20.9% and ~25.8% 
respectively, which is due to the incomplete coverage of COF micro
crystals on the surface of single-layered ACOF-1nanofilms (Figs. 3b and 
S3a). Additionally, the flux of bi-layered ACOF-1 composite membranes 
prepared at TFB concentration of 4.8 mM declines to ~1.7 L m− 2 h− 1, 
and the rejection sharply increases to ~95.7%. This result is probably 
because that the membrane thickness significantly increases and the 
offset channels form at the interface of nanofilms produced from the first 
and secondary growth (Fig. 3c). When TFB concentrations increased 
from 9.6 mM to 14.4 mM, the flux of bi-layered ACOF-1 composite 
membranes slightly decreases from ~1.3 L m− 2 h− 1 to ~1.1 L m− 2 h− 1 

but the corresponding rejection exhibits no obvious increase, which is 
attributed to a slight variation in membrane thickness (Figs. S5c–d). 
Generally, the prepared bi-layered ACOF-1 composite membranes show 
better flux and higher rejection rate to a Na2SO4 solution at TFB con
centration of 4.8 mM, which was selected to further study the secondary 
growth of bi-layered ACOF-1 nanofilms at different reaction time. 

As shown in Fig. 5b, bi-layered ACOF-1 composite membranes with 
increased reaction time exhibit a very similar separation profile to 
membranes based on TFB concentrations. The flux of bi-layered ACOF-1 

composite membranes reduces gradually from ~5.0 L m− 2 h− 1 to ~1.5 
L m− 2 h− 1 with the increase of reaction time. At short reaction time of 6 
h, bi-layered ACOF-1 composite membranes give a flux of ~5.0 L m− 2 

h− 1 and Na2SO4 rejection of ~54.0%. With increased reaction time to 
12 h, the bi-layered ACOF-1 composite membrane shows a flux of ~2.1 
L m− 2 h− 1 and Na2SO4 rejection of ~82.9%, which is ascribed to highly 
compact surface coverage with COF microcrystals on the first layer and 
increased membrane thickness. Obviously, the flux of bi-layered ACOF-1 
composite membrane prepared at 24 h declines to ~1.7 L m− 2 h− 1 but 
Na2SO4 rejection is up to ~95.7% considering a reduced effective 
aperture. As the reaction time increases to 36 h and 48 h, the separation 
performance of bi-layered ACOF-1 composite membranes shows little 
variation. 

Considering that the rejection rates of ACOF-1 nanofilms show a very 
similar variation profile to the thicknesses under different conditions 
(Fig. 3h and i), one may argue that the increase in rejection rates could 
possibly originate from the elevated thicknesses. In this case, we also 
prepared the thick single-layered ACOF-1 nanofilms with the thickness 
of up to ~300 nm by the first growth under an enhanced growth con
dition (Fig. S13). Compared with obtained bi-layered nanofilms, thus- 
synthesized thick ACOF-1 nanofilms show a flux of ~5.7 L m− 2 h− 1 

with a humble Na2SO4 rejection of ~11.9%, indicating that the 
increased rejection rates of ACOF-1 nanofilms mainly depend on the 
narrowed pore sizes instead of increased thicknesses. Among all the bi- 
layered ACOF-1 composite membranes, the membrane prepared with 
TFB concentration of 4.8 mM and reaction time of 24 h exhibits the best 
performance in consideration of both the flux and rejection to Na2SO4. 
We therefore choose this membrane to examine the separation perfor
mance towards various salt solutions in detail, including Na2SO4, 
MgSO4, MgCl2, and NaCl. As shown in Fig. 5c, the rejection rates of the 
bi-layered ACOF-1 composite membrane to Na2SO4, MgSO4, MgCl2, and 
NaCl are 95.7%, 90.2%, 69.6%, and 43.0% respectively, and follow the 
order of Na2SO4 > MgSO4 > MgCl2 > NaCl. The bi-layered ACOF-1 
composite membrane presents high rejection rates toward divalent ions 
and moderate rejection rates for monovalent ions, which originates from 
larger hydration radius of divalent ions than monovalent ions, making 
them difficult to permeate through the bi-layered ACOF-1 nanofilms 

Fig. 5. Flux and rejection of ACOF-1 composite membranes prepared with different TFB concentrations (a) and reaction time (b). Rejection of ACOF-1 composite 
membranes toward different salt solutions under the optimal synthetic condition (c). Zeta potentials of bi-layered ACOF-1 nanofilms after secondary growth (d). 
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[43]. Moreover, the bi-layered COF nanofilms are negatively charged 
according to Fig. 5d, they usually behave higher rejection to Na2SO4 
than MgSO4 under the synergistic effect of both size sieving and Donann 
effect, which is because that the charged groups on the membrane easily 
attract the Mg2+ over Na+ [44]. The desired separation performances of 
ACOF-1 composite membranes produced by continuously filtrating 
inorganic salt solution for a long period duration of 24 h reveal a good 
long-term stability of our membranes as well. Compared with other COF 
membranes reported in literatures (Table S1), the bi-layered ACOF-1 
composite membrane shows a reasonable flux with a satisfying rejection 
rate to Na2SO4, and we believe that elaborately designed COF mem
branes will shine for desalination in the future. 

4. Conclusions 

In summary, we have successfully prepared bi-layered ACOF-1 
nanofilms for desalination by the secondary growth. ACOF-1 micro
crystals grow to form well-intergrown bi-layered ACOF-1 nanofilms, 
which have conspicuous layered structures and well-tunable thicknesses 
at a nanometer scale depending on the precursor concentrations and 
reaction durations. The secondary growth not only imposes better con
trol over the microstructure and thickness of bi-layered ACOF-1 nano
films, but also narrows the sieving pore size, resulting in significantly 
improved desalination performances. After optimizing the synthesis 
condition, the bi-layered ACOF composite membrane exhibits a 
reasonable flux and a high Na2SO4 rejection rate of ~95.7%. This work 
is expected to facilitate the development of COF-based membranes with 
subnanometer channels for desalination and precise molecular separa
tions. Moreover, similar benefits may be acquired by applying this 
methodology to other framework-based materials. 
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