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Abstract

Covalent organic frameworks (COFs) are a family of promising membrane materials because of their intrinsic pores with
uniform size, tunable functionalities, and high stability. Especially, two-dimensional (2D) COFs can be exfoliated into single-
or few-layered nanosheets and restacked into molecular sieving membranes through controlling restacking modes and thickness.
However, the traditional methods mainly rely on increasing the thickness (vertical restacking control) to achieve high separation
selectivity but with limited permeance. Herein, the fabrication of ultrathin COF membranes through a horizontal restacking
control with the aid of introducing thermal perturbation is reported, i.e., a heating vacuum filtration method to optimize
the relative displacement of nanosheets in horizontal direction without sacrificing thickness control. The obtained membrane
exhibits high H2 permeance (655.6 GPU) and H2/CO2 selectivity (43.2) for CO2 pre-combustion capture. Furthermore, this
method also displayed its universality to control the restacking microstructures of other COF nanosheets and the resulted
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Abstract: Covalent organic frameworks (COFs) are a family of promising membrane materials because of
their intrinsic pores with uniform size, tunable functionalities, and high stability. Especially, two-dimensional
(2D) COFs can be exfoliated into single- or few-layered nanosheets and restacked into molecular sieving
membranes through controlling restacking modes and thickness. However, the traditional methods mainly
rely on increasing the thickness (vertical restacking control) to achieve high separation selectivity but with
limited permeance. Herein, the fabrication of ultrathin COF membranes through a horizontal restacking
control with the aid of introducing thermal perturbation is reported, i.e., a heating vacuum filtration method
to optimize the relative displacement of nanosheets in horizontal direction without sacrificing thickness
control. The obtained membrane exhibits high Hy permeance (655.6 GPU) and Hy/CO4 selectivity (43.2)



for CO4 pre-combustion capture. Furthermore, this method also displayed its universality to control the
restacking microstructures of other COF nanosheets and the resulted properties of membranes.
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Introduction

Separation technology is one of the critical processes in energy, chemical industry, environment and
other related fields.! With the energy crisis and the expansion of industrial production, there is an ur-
gent need to develop efficient separation processes.? Membrane separation has been widely used in gas
separation/purification,® water treatment,? seawater desalination,’and organic solvent nanofiltration® be-
cause of its advantages including low-energy consumption and easy preparation.” The main challenge for
the membrane development is the trade-off between selectivity and permeability, which can be relieved
by reducing membrane thickness.® Two-dimensional (2D) nanosheet-based ultrathin membranes have shown
excellent separation performances because of their ultrathin thickness (typically less than 500 nm) and
molecular sieving properties.? The building units of membranes can directly affect the chemical structure
and separation performance of membranes. A great number of 2D nanomaterials have been used to pre-
pare ultrathin membranes, including graphene oxide (GO),'? inorganic materials (zeolites,'! transition metal
dichalcogenides,'? transition metal carbides or carbonitrides,'? layered double hydroxides (LDHs)*), micro-
porous polymers, ®metal-organic frameworks (MOFs),16-1% and covalent organic frameworks (COFs).20-23
Among them, 2D COFs, a kind of porous crystalline organic framework materials connected by in-plane
strong covalent bonds and out-plane weak molecular interactions (van der Waals interaction and n-n stack-
ing interaction),?* have attracted gradual attentions due to their high thermal and chemical stability, well
defined and highly tunable pore size and layered structures,?®25 which can be successfully exfoliated into
single- or few-layered COF nanosheets (CONs).2” However, there are very rare reports of 2D COF based
membranes for gas separation up to now. The main reason is that the pore size of most COFs (> 0.6 nm)
is much larger than the kinetic diameters of common small gas molecules (< 0.5 nm), besides the difficulties
in preparing continuous and defect-free COF membranes.?

Using our self-developed computational methods, we have revealed that ultrathin 2D COF membranes
can form an energetic microenvironment around the narrow interlayer passages through tuning restacking
mode (along vertical or horizontal direction to the nanosheets and the surface of support) to introduce
interacting surfaces to generate van der Waals potential sites near these passages.?? Such few-layered 2D
COF membranes can exhibit nonselective to highly selective performance, even to the precisely molecular
sieving separation. This strategy provides a new theoretical guidance for experimentally preparing ultrathin
membranes with excellent gas separation performance. Accordingly, we have proposed a GO-assisted Layer-
by-Layer (LbL) restacking method to prepare ultrathin COF/GO membranes.> Continuous and defect-
free ultrathin COF/GO membranes with tunable thickness (100-290 nm) have been successfully fabricated
with both high gas permeance and high selectivity, achieving tunable separation performance by restacking
different amounts of nanosheets longitudinally (vertical direction to the support). Unfortunately, regulating
separation performance of 2D COF ultrathin membranes in horizontal direction under a constant thickness
has not been realized so far, which, if can be realized, may provide more opportunities for tuning the
selectivity and permeability of membranes in a wide range to meet the practical requirements. Herein, we
use a facile LbL assembly method under heating disturbing process to fabricate 2D COF ultrathin membranes
with different horizontal restacking modes. The key concept of this method is the utilization of heating in
vacuum filtration process to introduce the perturbation to change the restacking of nanosheets (Scheme
1 ), achieving the target of improving membrane separation performance under a constant thickness as
proposed in our theoretical design. In principle, this method also has great potential to optimize other
2D-material-based ultrathin hybrid membranes.

Methods
Preparation of COF Nanosheets (CONs). CTF-BTD was prepared according to the procedure given in



our previous work.3® The monomer 2,1,3-benzothiadiazole-4,7-benzenedicarbonitrile (BTD) was synthesized
using the reported method.?' Zinc chloride and BTD were ionothermally reacted at 673 K after being
vacuum-sealed in an ampoule. The black bulk CTF-BTD particles was obtained, after being subsequently
washed three times using dilute hydrochloric acid and dichloromethane respectively, and dried at 423 K in
vacuum oven overnight. To prepare nanosheets, 200 mg of CTF-BTD bulk samples and 20 mL. methanol
as solvent were added to a ball-milling jar with 3 mm diameter zirconia balls. The jar was fixed in a
ball mill (QM-3SP04, Nanjing NaDa instrument equipment Co., Ltd), and the mixture underwent wet
ball milling at a mild speed of 60 rpm for 6 h. The powders can be obtained by drying at 423 K under
vacuum overnight after methanol washing and filtration. CTF-BTD powders were dispersed in methanol
solution (2 mg/mL) with stirring for 1 h, then the mixture was sonicated (Power: 250 W; Frequency: 40
KHz) (KQ-250DE, KunShan ultrasonic instrument Co., Ltd, China) at room temperature for 1 h to obtain
exfoliated CTF-BTD nanosheets. The dispersion liquid is allowed centrifugation at 8000 rpm to obtain
abundant CTF-BTD nanosheets from the supernatant. Finally, the nanosheets were dispersed in methanol
for the following membrane preparation and characterization. For GO nanosheets, the 0.01 mg/mL of GO
nanosheets dispersion solution was obtained by ultra-sonicating 1 mL of GO dispersion (2 mg/mL, Shanxi
Institute of Coal Chemistry, Chinese Academy of Sciences) and 199 mL of deionized water. The solution
was sonicated for 0.5 h (250W, 40 KHz) and the obtained GO aqueous dispersion was used for membranes
preparation.

Ultrathin COF/GO Membranes Fabrication. In a facile membrane preparation process, vari-
ous amounts GO aqueous dispersion were mixed with 0.2 mg CTF-BTD nanosheets dispersion liquid
(0.24 mg/mL). The mixture solution was then diluted to 250 mL of filtrate solution (50/50 vol% of
methanol/deionized water) and further sonicated for 20 min. The CTF-BTD/GO membrane was obtained by
Layer-by-Layer restacking of the mixed nanosheets dispersion liquid onto an anodic aluminum oxide (AAO)
support (pore size: 200 nm) using a vacuum filtration system at 1 bar for 2 h. In the vacuum filtration
process, the membrane was prepared at different temperatures (293, 333, 373, 413 and 453 K) by a simple
home-made heating apparatus. After the filtrate being fully filtrated out, the CTF-BTD/GO membrane
was dried at 313 K for 24 h in a dynamic vacuum oven. The pure GO membranes were prepared under the
same conditions but without the adding of CTF-BTD nanosheets. The prepared membranes were denoted as
CTF-BTD/GO-X-Y-Z, where X represents that the membrane composed X mg of CTF-BTD nanosheets, Y
represents that the membrane composed Y mg of GO nanosheets, and Z represents the membrane prepara-
tion temperature (K). CTF-BTD-X-Z represents the membrane prepared by X mg of CTF-BTD nanosheets
at Z K. GO-Y-Z represents the membrane is prepared by Y mg of GO nanosheets at Z K.

Characterization Methods. Powder X-ray diffraction (PXRD) were conducted on an X-ray diffractometer
(Bruker D8 ADVANCE) in reflection mode using a voltage of 40 kV and a current setting of 40 mA with
a Cu Ko (A = 1.5406 ) radiation. The 29 ranging from 5° to 90° was scanned with a step size of 0.02°.
The Ny adsorption-desorption isotherm at 77 K and the BET surface area and pore size distributions by
DFT method were measured on an automated gas sorption analyzer (3H-2000PM, BeiShiDe Instruments).
Before measurement, the sample was degassed at 423 K overnight. Fourier transform infrared spectroscopy
(FTIR) characterization were performed on an FTIR spectrophotometer (Nicolet 6700, Thermo Fisher), and
spectra were recorded in the wave number range of 500-3000 cm™'. Raman Spectroscopy were performed on
a Renishaw Micro-Raman Spectroscopy System (Renishaw in Via), and excitation wavelength is 785 nm,
Raman shift range is 12073200 cm™'. The morphologies and thicknesses of nanosheets were characterized using
an atomic force microscope (AFM, DMFASTSCAN2-SYS). Before AFM inspection, two drops of the diluted
nanosheets suspension (1:100 times dilution of original solution) were transferred onto Si wafer and dried at
353 K for 10 h. The morphologies of bulk samples or nanosheets and the crystalline property was observed
and confirmed by transmission electron microscopy (TEM, JEM-2100F, JEOL). Before electron microscopy
inspection, one drops of the diluted samples in CH3OH solvent were transferred onto cooper grid and dried
at room temperature. The cross-sectional lamella for scanning transmission electron microscopy (STEM)
were prepared by Focused Ion Beam (FIB, FEI Helios G4 CX) and the cross-sectional morphology were
observed on an aberration corrected transmission electron microscope (FEI Tecnai F20). Scanning electron



microscopy (SEM) were performed by HITACHI S-4800. All samples were mounted on tape and coated with
a 1.5-2 nm Au layer to increase the conductivity, and the measurements were performed under a 10-20 kV
acceleration voltage. The surface elemental analysis of the membranes and powder were analyzed by X-ray
photoelectron spectroscopy (XPS, KRATOS AXIS SUPRA, Shimadzu). The solid fluorescence analysis of
membranes was characterized by fluorescence spectrometer (F-7000, Hitachi) and excitation wavelength was
measured by UV-visible spectrophotometer (UV-3600, Shimadzu). The lateral sizes of these nanosheets were
also analyzed by dynamic light scattering (DLS, ZS90)

Gas Permeation Experiments. For single gas permeation, the membranes with an effective membrane
surface area of 0.785 cm? were sealed in a home-made soap-bubble flow apparatus with silicone O-rings,3? the
schematic diagram of the experimental setup for single-gas permeation tests is shown in Fig. S1 (Supporting
Information). The feeding gas was fed to the top side of the membranes and the permeate gas flowed through
the soap bubble tube. The time was recorded for a certain volume of gas flow under 1.0 bar of pressure
difference at room temperature. The permeate side pressure in the system was maintained at the atmosphere
pressure. Each of the permeation measurement result was determined once the steady performance had been
reached and tested at least three times under each operating condition. The ideal selectivity of gas pair was
calculated as the ratio of their permeances. The permeance (P ) and ideal selectivity (IS ) are defined by
the following equations (Egs. 1-2),

N;
P; = samxqo-mama (Ba1)

IS = % (Eq.2)

where P; is the permeance of component gasi (GPU), N; is gas permeation rate (mol s), AIT is transmem-
brane pressure difference (Pa), and A is the effective membrane area (m?).

A mixture of Hy/COy (50/50 v/v) was used to evaluate the gas separation performance of the prepared
membranes. The prepared membranes were sealed into a home-made stainless-steel permeation cell using
the Wicke-Kallenbach technique.?? During the measurements, Helium was used as sweep gas in the permeate
side and the fluxes were on-line monitored from this side by the gas chromatograph with high precision (GC,
Agilent 7820A, Agilent Technologies Inc.). For each sample, the gas permeance and the separation factors
of Hy over CO5 were measured at 298 K and the transmembrane pressure difference was 1.0 bar. The feed
flow rate was constant with a total volumetric flow rate of 100 mL/min for each gas of 50 mL/min (1/1
mixture). The sweep flow rate was set to 20 mL/min. The gas permeance was calculated as above and the
separation factor(a ) for Hy/COy mixture was calculated using the following equation (Eq.3),3*

YHy /y002 (Eq3)

O Hy —
THy /56002

o0y
where yy2 and ycoe are the mole fractions of Hy and CO4 in the permeate side, respectively, a zy2 andzcoz
are the corresponding mole fractions in the feed side, respectively. The permeation value was averaged from
the measurements performed on at least three samples.

DFT Calculations. The energy between HOMO (the highest occupied molecular orbital) and LUMO (the
lowest unoccupied molecular orbital) calculations were conducted by Dmol® in Materials Studio software
using the generalized gradient approximation (GGA) based on Perdew-Burke-Ernzerhof (PBE) with spin-
polarization.?> The double numerical basis set augmented with polarization p-function (DNP) was used to
describe the valence orbitals of atoms. And the self-consistent field (SCF) tolerance was set to 10® Ha.

Results and discussion

Characterization of Bulk CTF-BTD Powder. We chose one triazine-based COF, CTF-BTD (Covalent
Triazine Framework-2,1,3-benzothiadiazole-4,7-benzenedicarbonitrile), considering its relatively small pore
size and high stability, which are beneficial for practical gas separation. CTFs are a class of COF's based on
the cyclotrimerization of nitrile building units, which have been observed to efficiently capture gas, iodine and
dye molecules.>> CTF-BTD has a hexagonal 2D structure with a pore size of about 0.65 nm (Figure 1 A and



1 C) and a BET surface area of 348 m? g'! (Figure S5 A, Supporting Information). Powder X-ray diffraction
(PXRD) patterns are shown in Figure 1 B, as well as the simulated ones with eclipsed stacking structure.
A sharp diffraction peak at 6.8° and a board peak at 26° correspond to the 100 and 001 crystal planes,
respectively. According to d-spacing of 001 crystal plane, the interlayer distance between the adjacent sheets
is about 0.34 nm. The SEM images of high magnification of powder demonstrate the 2D layered structure
of CTF-BTD (Figure 1 D). Fourier transform infrared spectroscopy (FTIR), No adsorption-desorption
isotherms, NLDFT pore size distributions and elemental analyses all confirm the successful synthesis of this
COF (Figures S5 B,S9 and S11 , Supporting Information).

Characterization of CTF-BTD and GO Nanosheets. For successfully preparing 2D nanosheet-based
COF membranes by restacking process, it is crucial to obtain high-quality nanosheets with a high lateral
size-thickness ratio and flat surface. In this work, we used mechanical wet grinding followed by sonication
to disrupt the n-p noncovalent interactions between layers of CTF-BTD bulk powder.3”3® The dispersion
solution containing few-layered CTF-BTD nanosheets could be obtained from the supernatant after cen-
trifugation at 8000 rpm to completely separate the large unexfoliated particles. The Tyndall effect is clearly
observed in the dispersion solution of CTF-BTD nanosheets (Figure 1 E), indicating the colloidal proper-
ties. The transmission electron microscopy (TEM) image shows that the CTF-BTD nanosheets have lateral
size of "2 um (Figure 1 F). The crystalline properties of CTF-BTD after exfoliation were confirmed from the
high-resolution TEM (HRTEM) image (Figure 1 G) along with fast inverse Fourier transformation (IFFT)
image (Figure 1 H). A statistical analysis of the AFM images were measured to check the size distribution
of the COF nanosheets. The average thickness of these nanosheets is about 2.8 nm and the average lateral
size is about 1.2 uym, which can be observed by AFM under tapping mode (Figure 1 I andl J; Figure S6 ,
Supporting Information). Such high lateral size-thickness ratio (7 500:1) is very helpful for the preparation
of ultrathin membranes. To increase the weak force between the COF nanosheets and the inorganic sup-
port, the quantitative GO nanosheets were added to CTF-BTD nanosheets dispersion solution during the
membrane fabrication process.3 Exfoliated GO nanosheets through ultra-sonicating method have average
lateral size of 1.0 ym and thickness of 1.6 nm (Figure S7 , Supporting Information). The thickness of a
single-layer GO nanosheet is "0.61 nm in the aqueous phase due to the presence of rich oxygen-containing
functional groups and the replacement of sp? hybridized carbon.?® Thus, it reveals that the exfoliated GO
nanosheets in this work was about two layers. Meanwhile, we also conducted dynamic light scattering (DLS)
to analyze the lateral size of these two nanosheets. The results demonstrate the similar lateral sizes for both
CTF-BTD nanosheets (1.0 ym) and GO nanosheets (0.9 ym) (Figure S8 , Supporting Information).

Characterization of Ultrathin CTF-BTD/GO Membranes. The mixed dispersion liquid of CTF-
BTD and GO nanosheets was filtered onto the AAO support using a vacuum filtration system to prepare
the membranes. To introduce the disturbing process for tuning the restacking of nanosheets, the filtration
was performed under different temperatures (293, 333, 373, 413 and 453 K). From the surface SEM images
by taking those obtained at 293 K and 453 K as examples, it is observed that a dense and continuous
layer is successfully formed on the support (Figure 2 A and 2 B). For the membrane prepared at 293 K,
the surface is smooth with some slight wrinkles, while the surface of membrane fabricated by 453 K is a
little rough with local unevenness. The cross-sectional SEM images shows that the membranes are well
deposited on the support with very regular lamellar stacking of COF nanosheets without defects (Figure 2
C-2 F). The cross-sectional Focused Ion Beam (FIB)-TEM results (Figure 2 G and 2 H) clearly show the
layered morphologies of the CTF-BTD@QGO membranes which come from the layered CTF-BTD nanosheets
and GO nanosheets. The thicknesses of the prepared ultrathin COF/GO membranes can be tuned from
about 140 nm to 260 nm through restacking different amounts of COF nanosheets. Statistical analysis of
membrane thickness demonstrates that the thickness rarely changes when the membranes were prepared
using the same amount of COF nanosheets under different temperatures, revealing that the introduction of
thermal perturbation does not influence membrane thickness. The peaks of 1352 cm™ and 1507 cm™ in the
FT-IR spectra match the characteristic bands of the triazine rings, indicating that the chemical structure of
the CTF-BTD nanosheets is preserved during the membrane fabrication process (Figure S12 , Supporting
Information). The -OH peak at around 3420 cm™ in the CTF-BTD/GO membrane has a slight shift (50



cm™!) compared to GO membrane, indicating the interaction between CTF-BTD and GO nanosheets and
support through these functional groups.>® The XPS spectra of the CTF-BTD/GO membrane showed that
the chemical structure of CTF-BTD was not damaged after the membrane fabrication process (Figure S10
, Supporting Information).

PXRD and Raman spectroscory were measured to characterize the difference in the membrane structures
induced by thermal perturbation. FromFigure 4 A, it can be seen that there is a small shift (0.2°) of 29
to higher angle in the PXRD pattern, from 6.8° for CTF-BTD/GO membrane prepared at 293 K to 7.0°
for that prepared at 453 K. This phenomenon demonstrated that the interplanar distances along the 100
direction in CTF-BTD/GO-453K membrane are smaller than those in CTF-BTD/GO-293K one. In fact,
similar shift in PXRD was observed in the twisted and untwisted restacking of 2D MOF nanosheets in our
recent work.*® In Raman spectroscopy (Figure 4 B), the value of Ip /I is increased from 1.61 to 1.72 with
the change of preparation temperature (from 293 K to 453 K), suggesting a less organized carbon structure.!
In consideration of the same thickness of membrane, the differences in PXRD and Raman spectra may be
due to the change of the relative position of restacked nanosheets in the horizontal direction along the surface
of support, caused by thermal perturbation using different temperatures.

Gas Separation Performance. To further determine the different microstructures of the obtained ultrathin
COF membranes, single-component gas permeation and mixed gas separationwere respectively measured
by soap-bubble flow apparatus and custom-built Wicke-Kallenbach setup. The transmembrane pressure
difference between the feed side and permeate side was kept to be 1.0 bar. Before measurement, the membrane
was activated at 313 K under vacuum for 24 h. To guarantee the reproducibility of the performance, at
least three tests were conducted and the results of error range are shown in theFigure 3 and Table S2
(Supporting Information). At the first step, we studied the effect of both CTF-BTD nanosheets (CONs)
amount and GO amount on the permeation performance on the condition that the GO amount is fixed at
0.008 mg (Figure 3 A and 3 B), as optimized in our previous work.3? It can be seen that with the increase
of CTF-BTD nanosheet amount from 0.05 mg to 0.2 mg, Hs permeance decreases from 2347.0 GPU to
923.2 GPU and the corresponding Ho/CO4 selectivity increases from 12.6 to 23.4. Further increasing the
amount of CTF-BTD nanosheets may bring difficulties to form dense and continuous restacking layer on
the support, inducing the Hypermeance decreases significantly with the corresponding decrease of selectivity.
Similarly, the Hy permeance decreases and Hy/COq selectivity increases from 16.3 to 23.4 with increasing
the GO amount from 0.006 mg to 0.008 mg. Further increasing the amount of GO amount brings a sharp
decline of permeance for both Hy and CO,. This is because the more nonporous GO sheets may block more
gas transport pathways. Although both gas permeances decrease, different decreasing rates for these two
gases are observed where GO amount is less or more than 0.008 mg, resulting in a maximum Hy/COs ideal
selectivity when GO amount is 0.008 mg.

Effect of Thermal Perturbation for CTF-BTD /GO Membrane. In order to study the effect of ther-
mal perturbation on the restacking of nanosheets and the resulted performance, we prepared membranes
under different filtration temperatures using the same amount of building nanosheets in 250 mL of mixed
solvent on the basis of the previously optimized amounts (CTF-BTD: 0.2 mg, GO: 0.008 mg). As shown
inFigure 3 C, with the filtration temperature increasing from 293 K to 453 K, both Hy and CO5 permeances
decrease while an increasing Hy /COsqideal selectivity is observed, which is resulted from the more decrease of
CO4 permeance. The excellent separation performance of CTF-BTD/G0-0.2-0.008-453 membrane surpass
not only the 2008 Robeson upper bound of conventional polymer membranes for Hy/CO5 (assuming the
thickness is 200 nm),*? but also the performance of a wide range of reported membranes, such as poly-
mers, MOFs, COFs and their hybrid membranes (Figure 3 F).8:20:30:43-48 Considering the probable chemical
change of GO nanosheets with abundant surface functional groups during the membrane fabrication at a
relatively high temperature, a set of control experiments were carried out by pretreating GO nanosheets
at 453 K, followed by the filtration process with CTF-BTD nanosheets as mentioned above. It is observed
that the separation performance does not change much with respect to the membrane prepared without the
pretreating of GO (Table S3 , Supporting Information). Therefore, the large decrement in COy permeance
is due to the restacking of nanosheets induced by heating filtration. PXRD and Raman results have indicated



that the introduction of thermal perturbation directly affects the microstructure between the nanosheets in
the restacking process. Since these two membranes prepared at different temperatures are with the similar
thickness (260 nm), we preferentially deduce that different permeation performance is a result of different
restacking modes in the horizontal direction along the surface of support. By vacuum filtration procedu-
re, the ultrathin COF nanosheets are not only subjected to the pulling force in the vertical direction, but
also obtained the energy from the heating movement turbulently in the horizontal direction, resulting in
re-arrangement of the COF nanosheets in a more random and irregular way. Besides, the faster evaporation
of solvent under high temperature is also beneficial to the disorder restacking of the nanosheets. Therefore,
more distorted narrow molecular transport channels can be created in adjacent layers by strenuous motion.
As a result, an enhanced Hy/CO3 ideal selectivity (43.2) with high Hs permeance (655.6 GPU) is observed,
in comparison to the membrane prepared under room temperature with a Hy/CO4 ideal selectivity of 23.4
and Hy permeance of 845.8 GPU. When the filtration temperature is further increased to 483 K, the solvent
evaporation is more vigorously, so that the membrane may have several defects, which inversely induces
the increased permeance and reduced selectivity. Meanwhile, gas permeances and Hy /COsideal selectivity of
CTF-BTD/GO membranes with CTF-BTD nanosheets amount of 0.05 mg, 0.10 mg, 0.15 mg and 0.25 mg
were also studied, as shown inFigure S13 (Supporting Information), exhibiting the same trend of separation
performance upon the thermal perturbation. Similarly, enhanced ideal selectivity for Ho /Ny and Hs/CHy
gas pairs are also observed, displaying the increase from 12.7 to 18.0 and 17.9 to 26.1, respectively (Figure
3 D and 3 E). These results further demonstrated the effectiveness adjustment of thermal perturbation on
the microstructures of the obtained ultrathin COF membranes, which indicates the realization of horizontal
restacking control suggested by our theoretical design.?? Thus, ultrathin 2D COF membranes can form an
energetic microenvironment around the narrow interlayer passages through tuning restacking mode along
vertical or horizontal direction to tuning separation performance.

To further investigate the different position of nanosheets in the horizontal direction along the surface
of support resulted by the restacking process, the composite membranes were characterized by the solid
fluorescence analysis, considering the organic units in CTF-BTD. As shown in Figure 4 C, there is obvious
difference of fluorescence between CTF-BTD/G0-0.2-0.008-293 membrane and CTF-BTD/GO-0.2-0.008-453
membrane upon excitation wavelength at 280 nm, and excitation wavelength was measured by UV-visible
spectrophotometer. The membrane prepared at 453 K exhibits a strong fluorescence intensity compared to
that prepared at 293 K. To explain this phenomenon, the HOMO and LUMO orbital energies were calculated
by density functional theory method in a simple model with two CTF-BTD single layers. As shown in Figure
4D andTable S4 (Supporting Information), the LUMO-HOMO energy gap is gradually decreased with the
increase of the change of the relative displacement of these two COF sheets in the horizontal direction,
because of the varied out-plane m-m interaction between the aromatic rings on the adjacent COF sheets.
Small LUMO-HOMO energy gap is favorable for fluorescence emission.? In the work of Albacete et al.,?°
it is observed that IMDEA-COF-1 can minimize the - interaction between the pyrene units to turn on
the fluorescence due to its AB-stacked structure compared to AA-stacked counterpart IMDEA-COF-2. This
gives an indirect evidence for the change in the relative position between nanosheets formed under thermal
perturbation, thereby realizing the membrane separation performance tunable in the horizontal orientation
(Figure 4E ).

Furthermore, the separation of mixed gas Hz/COqy (50/50, v/v) was conducted to evaluate the practical
potential of the membranes since the separation of this mixture is one of the important pre-combustion
COg capture processes. As shown in Figure S14(Supporting Information), Hy permeance and Hy/COq
separation factor of CTF-BTD/GO-0.2-0.008-453 membrane is 577.3 GPU and 36.8, respectively. These are
close to the results obtained in single gas permeation measurement with a slight decrease.

Conclusions

In summary, we realized horizontal restacking control of CONs and GO nanosheet composite membranes
with the aid of introducing thermal perturbation through a heating vacuum filtration process. The interlayer
microstructure of the resulted CTF-BTD/GO membranes became complex interlacing. As a result, the gas



selectivities of Hyover other gases were enhanced from 23.4 to 43.2, 12.7 to 18.0, and 17.9 to 26.1 for Hy /COa,
Hs /N, and Hy/CHy gas pairs, exhibiting competitive advantages over other membranes. Meanwhile, thanks
to the ultrathin properties, the Ho permeance of CTF-BTD/GO0-0.2-0.008-453 membrane can reach as high
as 655.6 GPU. These results not only recommend the CTF-BTD/GO membranes as promising candidates
for Hy purification, syngas separation, nature gas purification, but also demonstrate the heating vacuum
filtration is an effective strategy to optimize the restacking microstructure of other 2D material related
membranes.
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List of Figure Captions

Scheme 1. Illustration of the fabrication of ultrathin COF membranes with controling horizontal restacking
by introducing thermal perturbation.

Figure 1. Characterization of the bulk powder and exfoliated CTF-BTD nanosheets. (A) The synthesis
route of the CTF-BTD by a cyclotrimerization reaction. (B) PXRD patterns of bulk CTF-BTD powder. (C)
Eclipsed stack of 2D sheets and microporous channels in CTF-BTD. Colors used for identification: C gray,
N blue, S yellow, H white. (D) SEM image of bulk CTF-BTD powder. The insert is the high-magnification
SEM image of the selected area. The CTF-BTD nanosheets (CONs) for (E) Tyndall effect of the dispersion
solution; (F) TEM image; (G) HRTEM image and (H) IFFT image and the inset in picture (H) is the
corresponding FFT image; (I) AFM image and (J) the corresponding height profiles.

Figure 2. SEM and TEM images of CTF-BTD/GO membranes. Top surface SEM image: (A) CTF-
BTD/GO0-0.1-0.004-293, and (B) CTF-BTD/GO-0.1-0.004-453. Cross sectional SEM iamge: (C) CTF-
BTD/GO0-0.1-0.004-293, (D) CTF-BTD/G0-0.1-0.004-453, (E) CTF-BTD/GO0-0.2-0.008-293, and (F) CTF-
BTD/G0O-0.2-0.008-453. Inset: digital images of the prepared membranes on AAO support (25 mm in
diameter). Cross sectional TEM iamge: (G) CTF-BTD/GO0-0.2-0.008-293, and (H) CTF-BTD/GO-0.2-
0.008-453.

Figure 3. Gas permeance and Hy/COs ideal selectivity of CTF-BTD/GO membranes. (A) The effect of
CTF-BTD nanosheets amount when keeping GO amount as 0.008 mg. (B) The effect of GO nanosheets
amount when keeping CTF-BTD amount as 0.2 mg. (C) The effect of preparation temperature when
keeping CTF-BTD and GO nanosheets amount as 0.2 mg and 0.008 mg. (D) Single-component gas (Ha,
COg, N3, CHy) permeances. (E) The ideal selectivities for Hy over other gases. (F) Comparison of CTF-
BTD/GO ultrathin membranes performance (Hy/COx ideal selectivity vs Hy permeance) with other reported
membranes. The upper bound for Hy/CO5 is based on the Robeson upper bound (2008) for polymeric
membrane assuming the thickness is 200 nm.

Figure 4. Characterizations and Calculations. Characterization of the ultrathin CTF-BTD/GO mem-
branes: (A) PXRD patterns; (B) Raman spectra and (C) the fluorescence emission spectra upon excitation
wavelength at 280 nm (left one is the excitation spectrum). (D) The HOMO and LUMO orbital energies
of different stacking structures for CTF-BTD nanosheets. (E) Illustration of the variation of the interlayer
passage in the membrane with orderly and disorderly overlapped layers.
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Scheme 1. Illustration of the fabrication of ultrathin COF membranes with controling horizontal restacking
by introducing thermal perturbation.
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Figure 1. Characterization of the bulk powder and exfoliated CTF-BTD nanosheets. (A) The synthesis
route of the CTF-BTD by a cyclotrimerization reaction. (B) PXRD patterns of bulk CTF-BTD powder. (C)
Eclipsed stack of 2D sheets and microporous channels in CTF-BTD. Colors used for identification: C gray,
N blue, S yellow, H white. (D) SEM image of bulk CTF-BTD powder. The insert is the high-magnification
SEM image of the selected area. The CTF-BTD nanosheets (CONs) for (E) Tyndall effect of the dispersion
solution; (F) TEM image; (G) HRTEM image and (H) IFFT image and the inset in picture (H) is the
corresponding FFT image; (I) AFM image and (J) the corresponding height profiles.
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Figure 2. SEM and TEM images of CTF-BTD/GO membranes. Top surface SEM image: (A) CTF-
BTD/GO0-0.1-0.004-293, and (B) CTF-BTD/GO-0.1-0.004-453. Cross sectional SEM iamge: (C) CTF-
BTD/G0-0.1-0.004-293, (D) CTF-BTD/GO0-0.1-0.004-453, (E) CTF-BTD/G0-0.2-0.008-293, and (F) CTF-
BTD/G0O-0.2-0.008-453. Inset: digital images of the prepared membranes on AAO support (25 mm in
diameter). Cross sectional TEM iamge: (G) CTF-BTD/GO0-0.2-0.008-293, and (H) CTF-BTD/GO-0.2-
0.008-453.
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Figure 3. Gas permeance and Hy/COs ideal selectivity of CTF-BTD/GO membranes. (A) The effect of
CTF-BTD nanosheets amount when keeping GO amount as 0.008 mg. (B) The effect of GO nanosheets
amount when keeping CTF-BTD amount as 0.2 mg. (C) The effect of preparation temperature when
keeping CTF-BTD and GO nanosheets amount as 0.2 mg and 0.008 mg. (D) Single-component gas (Ho,
COq, Ng, CH,) permeances. (E) The ideal selectivities for Hy over other gases. (F) Comparison of CTF-
BTD/GO ultrathin membranes performance (Hy/CO4 ideal selectivity vs Hy permeance) with other reported
membranes. The upper bound for Hy/CO; is based on the Robeson upper bound (2008) for polymeric
membrane assuming the thickness is 200 nm.
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Figure 4. Characterizations and Calculations. Characterization of the ultrathin CTF-BTD/GO mem-
branes: (A) PXRD patterns; (B) Raman spectra and (C) the fluorescence emission spectra upon excitation
wavelength at 280 nm (left one is the excitation spectrum). (D) The HOMO and LUMO orbital energies
of different stacking structures for CTF-BTD nanosheets. (E) Illustration of the variation of the interlayer
passage in the membrane with orderly and disorderly overlapped layers.
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