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Abstract: Covalent organic frameworks (COFs) have been proposed as promising candidates 

for engineering advanced molecular sieving membranes due to their precise pore sizes, 

modifiable pore environment, and superior stability. However, COFs are insoluble in common 

solvents and do not melt at high temperatures, which presents a great challenge for the 

fabrication of COF-based membranes (COFMs). Herein, for the first time, we report a new 

synthetic strategy to prepare continuous and intact self-standing COFMs, including 2D N-COF 

membrane and 3D COF-300 membrane. Both COFMs show excellent selectivity of H2/CO2 

mixed gas (13.8 for N-COF membrane and 11 for COF-300 membrane), and especially 

ultrahigh H2 permeance (4319 GPU for N-COF membrane and 5160 GPU for COF-300 

membrane), which is superior to those of COFMs reported so far. It should be noted that the 

overall separation performance of self-standing COFMs exceeds the Robeson upper bound. 

Furthermore, a theoretical study based on Grand Canonical Monte Carlo (GCMC) simulation 

is performed to explain the excellent separation of H2/CO2 through COFMs. Thus, this facile 

preparation method will provide a broad prospect for the development of self-standing COFMs 

with highly efficient H2 purification.  
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As the problems of global warming and environmental degradation become more and more 

serious, it is urgent to reduce carbon emissions and utilize clean energy.[1] Hydrogen is one of 

the most promising alternative energy sources due to its high energy efficiency and zero-carbon 

emission, yielding only water when burned. At present, the most commonly used hydrogen 

production technology is steam reforming of methane and the subsequent water-gas shift 

(WGS) reaction, in which carbon dioxide is the main by-product.[2] In order to obtain high 

purity hydrogen, it is necessary to find an efficient separation process of hydrogen and carbon 

dioxide, which is typical of pre-combustion capture. Compared with traditional separation 

processes, such as distillation, adsorption, extraction and crystallization, membrane-based 

separation is recognized as a powerful technology that guarantees high selectivity, low energy 

consumption and a small footprint for the separation process, satisfying the need for a new 

sustainable industrial process.[3-5] Therefore, using membrane separation technology to purify 

hydrogen and capture carbon dioxide is one of the most promising means but still remain 

elusive.  

Covalent organic frameworks (COFs) are two-dimensional (2D) or three-dimensional 

(3D) open networks precisely woven by organic building units through covalent bonds to 

constitute predesignate topologies and tunable pore structures, presenting an emerging class of 

crystalline porous polymers.[6, 7] COFs have potential applications in many fields, such as 

catalysis,[8] energy storage,[9] sensing,[10] photoelectric,[11] gas storage,[12] and separation,[13] 

because of their ordered and tunable pore structures, permanent porosity with a large surface 

areas, facilely tailored functionalities, outstanding thermal stability, and specific adsorption 

affinities.[14] It can be predicted that, amorphous membranes show uneven pores and a large 

amount of inaccessible pore volume, which will greatly affect their separation properties. On 

the contrary, due to the uniform channel sizes and more accessible functional sites, COF-based 

membranes (COFMs) are more likely to break through the trade-off between permeance and 

selectivity. Therefore, more and more scholars have currently made contributions to the 

development of COFMs.[15-23] For instance, to enable COFMs to meet the needs of gas 

separation, some effective strategies have been developed, including multilayer membranes,[24-

26] vertical membranes,[27] confined growth of metal-organic framework (MOF) inside a 

supported COF layer,[28] and staggered stacking in 2D COF nanosheets for reducing the pore 

size.[29] However, COFs are insoluble in common solvents and do not melt at high temperatures, 

which presents a great challenge for the fabrication of COFMs. There are still few truly 

universal approaches to make COFMs up to now. The classical method is to grow denser 

COFMs in situ on a modified porous substrate by a solvothermal reaction.[30-32] Other methods 
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include interfacial polymerization,[17,23] layer-by-layer stacking of nanosheets,[18] 

electrophoretic deposition,[33] diffusion-induced,[34] baking,[35] and a compressed imine-based 

COF-aerogel.[36] It is worth noting that most of the reported membranes are fabricated on a 

support, and they cannot make full use of the pore of COF itself due to the shielding effect of 

other phases.[37] Therefore, the development of a new method for synthesizing self-standing 

COFMs is of great significance for making full use of the rich structural advantages of COFs. 

Herein, we report a new strategy to construct continuous and intact self-standing COFMs 

for H2/CO2 separation, including 2D N-COF and 3D COF-300 membranes. Furthermore, these 

membranes exhibit high selectivity of H2/CO2 mixed gas with 13.8 for N-COF membrane and 

11 for COF-300 membrane as well as excellent H2 permeance of 4319 GPU for N-COF 

membrane and 5160 GPU for COF-300 membrane, and especially the H2 permeance for COF-

300 membrane is higher than those of previous reports from other COF-based membranes. 

Notably, the overall separation performance of both COFMs exceeds the Robeson upper bound, 

and a theoretical study based on Grand Canonical Monte Carlo (GCMC) simulation further 

demonstrates the high separation power of COFMs in the H2/CO2 separation. To the best of our 

knowledge, it represents the first case of self-standing COFMs for H2/CO2 separation, which 

will greatly promote the development of COFMs for highly efficient H2 purification. 

To obtain high-quality self-standing COFMs, we developed an ammonium acetate-

assisted steam induction strategy (Scheme 1). Typically, the appropriate proportions of amine 

and aldehyde organic linkers were mixed evenly in the first step. Subsequently, an appropriate 

amount of ammonium acetate was added and grind evenly with a mortar. In this process, a few 

drops of water were added dropwise to form a solid-liquid blend, and the bubbles were removed 

by ultrasound. The resultant blend was put into a round mold with a depth of 1 mm and a 

diameter of 15 mm, and was pressed flat with a glass sheet. Finally, the mold was put into a 

stainless-steel autoclave without contacting with dioxane and acetic acid solution directly, and 

reacted at 120 °C for 72 h. Notably, ammonium acetate will gradually decompose in the process 

of COFMs formation, providing enough space for the organic block reaction to obtain high-

quality COFMs. The resultant COFMs were gently rinsed with acetone (3 × 3.0 mL) and 

dioxane (3 × 3.0 mL) to remove potentially unreacted organic linkers, and then vacuum-dried 

overnight at 100 °C (Figure S1, Supporting Information).  

The X-ray powder diffraction (PXRD) and grazing incidence X-ray diffraction (GIXRD) 

patterns of the fabricated COFMs showed typical crystal material characteristics, confirming a 

highly crystalline nature (Figure 1a and 1b and Figure S2, Supporting Information). These peak 

positions match with the crystal structures simulated by the Materials Studio 7.0 software.[38] It 



     

5 
 

can be seen the absence of peaks at 1571 cm-1 and 1413 cm-1 from the Fourier-transform 

infrared (FT-IR) spectra (Figure S3, Supporting Information), indicating the complete removal 

of the ammonium acetate from COFMs. The C=O stretching vibration at around 1695 cm-1 and 

N-H stretching vibration at around 3100-3400 cm-1 were almost disappeared. Meanwhile, the 

new peaks of C=N bonds were displayed at around 1620 cm-1 and 1200 cm-1, demonstrating 

that the Schiff-base condensation reaction occurred. Scanning electron microscope (SEM) 

images indicated that their surfaces were continuous and free of defects (Figure 1c and 1d), 

which is particularly important for the selectivity of the separation. At the same time, the 

underlying crystals showed lots of pinholes from the decomposition of ammonium acetate and 

the agglomeration of COF microcrystals, which will greatly increase the mass transfer of 

channels. The thickness of both COFMs was about 800 µm, in which the part for dense 

membranes is only about 1 µm and the rest of membranes is mesoporous or macro-porous. 

(Figure 1e and 1f as well as Figures S4 and S5, Supporting Information). Thermogravimetric 

analysis (TGA) profiles showed that no significant mass loss was observed for COFMs under 

a high temperature of 400 °C (Figure S6, Supporting Information).  

In order to verify the porosity and surface areas of self-standing COFMs, N2 adsorption-

desorption tests were carried out at 77 K. The N2-adsorption isotherms exhibited classic type-I 

isotherms characterized by a sharp uptake under low relative pressures in the range of P/P0 

=10−5−10−2 (Figure S7, Supporting Information). The Brunauer−Emmett−Teller (BET) surface 

areas were found to be 845 m2/g for N-COF membrane and 834 m2/g for COF-300 membrane, 

respectively (Figure S8, Supporting Information). The pore size distribution of COFMs was 

calculated by nonlocal density functional theory (NLDFT, Figure S9, Supporting Information), 

and the pore diameters of N-COF and COF-300 membranes are 5.9 Å and 8.6 Å respectively, 

which is consistent with the previous reports. [39, 40]   

In the process of gas separation, the adsorption between the membrane material and the 

gas has a very important influence on the separation performance. Therefore, we investigated 

the adsorption isotherms of H2, CO2 and CH4 for two COFMs at different temperatures (Figure 

S10, Supporting Information). In previous report, COF-300 had the strongest adsorption effect 

for CO2 with the isosteric heat of adsorption (Qst) of 33 KJ/mol, CH4 with the Qst of 29 KJ/mol, 

and H2 with the Qst of 7 KJ/mol, respectively.[26] Meanwhile, we carried out CO2 and CH4 

adsorption tests of N-COF at 273 K and 298 K, whereas the H2 isotherms were collected at 77 

K and 87 K because the adsorption behavior of N-COF for H2 was not obvious under the 

condition of 298 K. Subsequently, the Qst was calculated by the Clausius-Clapeyron method. 

The Qst value of N-COF for CO2 was 39.7 KJ/mol, which is much higher than those of H2 (7.4 
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KJ/mol) and CH4 (20.7 KJ/mol). Both COFMs showed strong adsorption of CO2 originating 

from the Lewis acid-base interaction of CO2 with abundant imine bonds in the porous 

frameworks of the COFs. This specific adsorption may have important guiding significance for 

gas separation performance. 

Encouraged by the above results, we tested their H2/CH4 and H2/CO2 separation 

performance using the Wicke−Kallenbach system with an equimolar binary gas mixture as the 

feed and the Ar as the sweep gas on the permeate side at room temperature (25 °C). To avoid 

the risk of back flow of sweep gas during separation tests, an absolute pressure difference of 

about 0.1 bar across the membrane was used in this study (i.e., the feed pressure was fixed at 

about 1.1 bar of absolute pressure and the sweep pressure was kept at 1 atm, Figure S11, 

Supporting Information). As shown in Figure 2a, the selectivity of N-COF membrane for 

H2/CO2 is 13.8 with the permeance of H2 of 4319 GPU, and the selectivity for H2/CH4 is 5.8 

with the permeance of H2 of 4634 GPU. Similarly, the selectivity of COF-300 membrane for 

H2/CO2 is 11 with the permeance of H2 of 5160 GPU, and the selectivity for H2/CH4 is 5 with 

the permeance of H2 of 5637 GPU (Figure 2b). Remarkably, the selectivity of two COFMs for 

H2/CO2 and H2/CH4 was higher than that of the corresponding Knudsen diffusion (H2/CO2: 4.7; 

H2/CH4: 2.8). Although the kinetic diameter of CO2 is smaller than that of CH4, both membranes 

showed even higher H2/CO2 selectivity, which indicates that the molecular sieving effect does 

not dominate the separation process. As reported previously,[41-43] this phenomenon can be 

explained by the synergistic effect of adsorption and diffusion of gas in the membranes instead. 

When the gas mixture passes through the two self-standing membranes, only CO2 can be 

retained in the pore structure of the membranes while other small gas molecules will easily 

permeate through the framework since imine-based COFMs show a strong adsorption of CO2. 

That is to say, the mobility of CO2 was retarded by this strong adsorption, while H2 can still 

pass through the pore network easily, leading to a high H2/CO2 selectivity. Notably, both 

COFMs also have very high H2 permeance, the possible reasons are as follows: (1) both COFMs 

have large intrinsic pore sizes, which facilitate the rapid transport of gas molecules; (2) the self-

standing membrane structure is not shielded by other phases, and there are abundant large pores 

stacked between crystals in the interior of the membrane, which also provide mass transfer 

channels for gas diffusion. Therefore, this unique membrane structure contributes to the high 

gas permeance of these self-standing membranes. When the transmembrane pressure difference 

is increased up to 0.2 bar, the selectivity of the N-COF membrane for H2/CO2 has been 

extremely reduced even below the Knudsen diffusion. Furthermore, the selectivity can be 

restored when the pressure is dropped to 0.1 bar, which indicates that the N-COF membrane 
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still maintains structural integrity. The performance decline can be attributed to the low 

adsorption effect that is not enough to hinder the diffusion of CO2 under a high pressure.  

Both COFMs exhibited outstanding running stability, which is reflected in the fact that the 

membranes have almost no performance degradation after 72 h of continuous testing (Figure 

2c and 2d). In addition, the separation tests were also carried out at 60 °C and 100 °C. As the 

temperature increases, the H2 permeance of two COFMs is almost unchanged, while the 

selectivity of H2/CO2 could be maintained at 12.2 and 10.6 for N-COF membrane and at 10 and 

9 for COF-300 membrane, respectively (Figure 2e and 2f). This trend can be explained by the 

interplay of adsorption and diffusion of H2 and CO2 in the pore structures of two self-standing 

COFMs. As the temperature increases, CO2 can diffuse more easily in the resulting free volume, 

which leads to an enhancement of CO2 permeance and hinders the diffusion of H2. It may be 

because these COFMs still have a strong adsorption effect of CO2 at high temperature, so the 

separation of H2/CO2 by two COFMs showed a good temperature stability and their separation 

performance did not decrease after running for 60 h at different temperatures (Figure S12, 

Supporting Information). The temperature dependence of H2 and CO2 permeance can be 

described by the Arrhenius equation (Figure S13, Supporting Information), indicating that the 

diffusion process of CO2 in two COFMs is mainly activated diffusion. While the constant H2 

permeance of two membranes showed a weak dependence on temperature, this may be because 

the competitive diffusion of CO2 at high temperature hinders the penetration of H2. Moreover, 

after long-term testing at different temperatures, both COFMs kept its crystalline and 

structurally intact, which could be determined by PXRD tests (Figure S14, Supporting 

Information).  

We summarized the permeance and selectivity of all reported COFMs for H2/CO2 (Table 

S1, Supporting Information). Both self-standing COFMs exhibited excellent selectivity, which 

considerably exceeds the corresponding Knudsen constants (4.7). In particular, both self-

standing COFMs showed ultrahigh H2 permeance, which is superior to those of COFMs reports 

up to now, such as COF-LZU1 (3684 GPU)[24] and vertically aligned TFB-BD (3802 GPU).[27] 

Furthermore, the overall performance of both self-standing COFMs surpasses the Robeson 

upper bound for H2/CO2 gas pairs (Figure 3, black line).[44] Notably, these self-standing COFMs 

exhibit high values for both permeance and selectivity, demonstrating an antitrade-off 

phenomenon. This is because self-standing COFMs are entirely composed of COFs without 

any interference from any secondary phase, ensuring high separation efficiency. The high 

permeance is also an inherent characteristic of these self-standing membranes since the cavities 

are inevitably formed in the membranes during the crystallization process, ensuring that the 
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COFMs exhibit abundant CO2 adsorption sites and mass transfer channels. Therefore, COFMs 

show high flux and selectivity in the process of separating H2/CO2, despite their relatively 

thicker layer compared to the other composite membranes with the shielding effect of other 

phases or zigzag pathways.[27]  

We further performed a theoretical calculation to explain the separation of H2/CO2 by 

COFM materials. Grand canonical Monte Carlo (GCMC) simulation by the Sorption module 

of Materials Studio was used to simulate the competitive adsorption of CO2/H2 at fixed 

pressure.[45] The partial pressure of CO2 and H2 were set to be 50 kPa and the temperature was 

set at 298 K. The energy forcefield of Universal was utilized. The van der Waals interactions 

were calculated by the atom-based method with a fine cutoff distance of 12.5 Å, whereas the 

Ewald and group method summed the Coulombic interactions. The simulation parameters were 

set as 5 × 106 equilibration steps and 5 × 107 production steps. The 1 × 1 × 3 supercell of COF-

300 and 2 × 2 × 5 supercell of AB stacking N-COF were used as adsorbents. The results showed 

that, in COF-300 cells, CO2 molecules tended to locate between the p-benzaldehyde structural 

units, whereas H2 molecules were dispersed in the open channels (Figure 4a). The average 

molecule loading in the supercell was 0.5 for H2 and 4.9 for CO2. The average isosteric heat 

was 7.1 kJ/mol for H2 and 16.5 kJ/mol for CO2. In this way, CO2 molecules were adsorbed in 

the stacked pores, and H2 molecules could flow in the pores, which explains why COF-300 has 

a large pore size but can still effectively separate CO2 and H2. Similarly, the average molecule 

loading in the AB stacking N-COF supercell was 4.2 for H2 and 82.7 for CO2 (Figures 4b and 

S15, Supporting Information). The average isosteric heat was 2.7 kJ/mol for H2 and 6.7 kJ/mol 

for CO2. Therefore, GCMC simulation results illustrated that both COFMs had high adsorption 

capacity for CO2 and relatively weak adsorption behavior for H2, leading to the excellent 

separation property of H2/CO2.   

In conclusion, we developed a new universal method for preparing two self-standing 

COFMs for the first time, 2D N-COF membrane and 3D COF-300 membrane, and applied these 

COFMs to the separation of H2/CO2 gas pairs. The results showed that both self-standing 

COFMs exhibited outstanding selectivity for H2/CO2 mixed gas (13.8 for N-COF membrane 

and 11 for COF-300 membrane), and ultrahigh H2 permeance (4319 GPU for N-COF membrane 

and 5160 GPU for COF-300 membrane) based on the separation mechanism of adsorption 

diffusion, which is of great industrial importance for gas separation applications. In addition, 

the obtained membranes have excellent thermal stability and a long-term cycle stability, and 

their overall separation performance exceeds the Robeson upper bound. Furthermore, a 

theoretical simulation based on Grand Canonical Monte Carlo method is studied to illustrate 
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the separation of H2/CO2 based on COFMs. Thus, this facile preparation strategy will provide 

a broad outlook for developing COFMs with highly efficient separation of H2/CO2 or other gas 

pairs in the future.  
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Figures and Captions: 

 
 
Scheme 1. (a) Schematic representation of the COFM fabrication. (b,c) Structure and 
composition of N-COF membrane (b) and COF-300 membrane (c). 
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Figure 1. (a,b) PXRD patterns of N-COF membrane (a) and COF-300 membrane (b). (c,d) 
SEM images showing the surfaces of N-COF membrane (c) and COF-300 membrane (d). (e,f) 
Cross-section SEM images of N-COF membrane (e) and COF-300 membrane (f). 
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Figure 2. (a,b) Equimolar binary gas mixture separation performance of N-COF membrane (a) 
and COF-300 membrane (b). (c,d) Long-term test of  N-COF membrane (c) and COF-300 
membrane (d) for equimolar H2/CO2 mixture at normal temperature. (e,f) Selectivity and 
permeances of  N-COF membrane (e) and COF-300 membrane (f) as a function of temperature. 
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Figure 3. A comparison of H2/CO2 selectivity and H2 permeance for single-phase COFMs 
reported so far (the details of the H2/CO2 separation performance are shown in Table S1). 
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Figure 4. Density distribution contours of H2 (red) and CO2 (green) mixture gas in COF-300 
membrane (a) and N-COF membrane (b) based on GCMC simulation. 
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