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Abstract:  

Two-dimensional (2D) materials bring a great opportunity to fabricate molecular 

sieving membranes that can potentially break the permeability-selectivity trade-off. 

Although 2D laminar membranes with interlayer nanochannels as molecular sieving 

channel were widely studied, for most of reported 2D laminar membranes, it is of a 

great challenge to fabricate highly ordered interlayer nanochannels for mass transport. 

Herein, we report a novel kind of black phosphorene membrane which is made from 

the stacking of highly ordered 2D black phosphorene nanoflakes. The as prepared black 

phosphorene membrane shows H2 permeance > 1000 GPU and H2/CO2 selectivity > 

100 for H2/CO2 mixed gas, demonstrating an extremely high gas separation 

performance. The DFT calculation results demonstrate that the interlayer galleries in 

the black phosphorene membrane allow the H2 passing through easily while block the 

other gases with bigger kinetic diameters, matching well with the experimental findings. 

The present results indicate that the interlayer galleries in the black phosphorene 

membrane can be applied as molecular sieving channels for gas separation. 
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1. Introduction 

Chemical separation process is an essential part in modern chemical industries. 

Conventional separation processes, such as distillation, consume 10-15 % of the 

world’s energy [1]. Therefore, alternative separation technologies with low energy 

consumption is highly desired. Membrane-based separation technology has been 

regarded as a promising separation technology due to low energy consumption and 

simple crafts [2]. However, the separation performance of conventional membranes is 

generally suffered from the trade-off effect, high permeance and high selectivity are 

difficult to achieved simultaneously [2-4]. In consequence, it’s of great interest to 

develop novel membranes that can break the trade-off effect to improve the separation 

performance. 

The discovery of graphene has triggered great interest in investigating two-dimensional 

(2D) materials in various application fields [5-8]. Owing to their unique atomic 

thickness and extraordinary physicochemical properties, 2D materials have also 

received increasing attention as emerging building blocks for the next generation 

separation membranes [9-14]. To date, a number of work had been reported that 

membranes assembled by 2D materials including graphene-based materials, metal-

organic frameworks (MOF), Zeolite, covalent organic frameworks (COF) and 

transition metal carbides (MXenes) delivered excellent gas separation performance [15-

22]. Basically, the intrinsic or artificial pores in the monolayer nanoflake can be directly 

used as the main molecular sieving channels. For examples, Li et al reported that 

ultrathin GO membranes showed superior hydrogen separation selectivity (about 3400) 



and the super high selectivity was suggested to be ascribed to the intrinsic defects in 

layered-GO laminates [23]. However, 2D materials with intrinsic pores are difficult to 

exfoliated successfully. In addition, it is cost-consuming and complex to make 

controllable and uniform artificial sub-nanopores in the monolayer 2D materials. Thus, 

the other kind of 2D laminar membranes attracted more attention, where the interlayer 

galleries between the adjacent nanoflakes play a role of the main molecular sieving 

channels. The stacking structure in the 2D laminar membranes significantly affects the 

separation performances. Take the graphene oxide (GO) membrane for example, 

randomly stacked GO membrane delivered poor separation performances because only 

the Knudsen diffusion worked during the separation process, while the orderly stacked 

GO membrane exhibited excellent gas separation performances because the orderly 

stacked GO nanoflakes constitutes molecular sieving channels [24, 25]. In addition, a 

laminar stacked MXene membrane with aligned and regular subnanometer channels 

was reported to have excellent gas separation with H2 permeance > 2200 Barrer and 

H2/CO2 selectivity > 160 [26]. However, since the influence of functional groups 

adhered to the 2D nanoflakes, random stacking structure favors to form during the 

membrane assembly [25, 27]. Recently, a novel kind of 2D layered material named 

black phosphorene was first exfoliated from black phosphorus by Zhang’s group in 

2014 [28]. Some simulation work had shown that black phosphorene membranes 

possess excellent gas and ion separation potentials [29, 30]. Specifically, DFT results 

indicated that the monolayer porous black phosphorene membrane performed 

extremely high selectivity for hydrogen against other gas molecules such as N2, CO, 



CO2, H2O, and CH4 in the order of 1013, 1012, 1015, 1013, and 1021, respectively [31]. 

Therefore, it will be of great practical significance if the actual separation performances 

of the membrane can be verified experimentally. However, it should be noted that the 

DFT results are based on the model of the porous monolayer black phosphorene 

membrane (pore size 0.711 nm× 0.553 nm), which is very hard to be prepared by 

ordinary approaches. Nevertheless, we noted that the interlayer distance in black 

phosphorus is close to the pore size of the monolayer porous membrane, thus it is 

interesting to investigate the separation performances of the interlayer space channels 

in black phosphorus. 

Herein, for the first time, we reported a novel kind of black phosphorene membrane 

whcih is made of highly ordered stacked black phosphorene nanoflakes. The black 

phosphorene membrane with aligned and regular subnanometer channels showed 

excellent hydrogen permeance (> 1000 GPU) and great selectivity (H2/CO2 > 100). The 

unique interlayer galleries in the black phosphorene membrane facilitate H2 transport, 

leading to a high H2 selectivity. DFT calculations revealed that the relative interaction 

energy of H2 in layered black phosphorene interlayer gallery is as low as -3.5 eV, 

relative to other gas molecules system which have positive values. Therefore, the black 

phosphorene interlayer galleries allow H2 passing through easily while block the other 

gases, leading to high gas permeance of H2 against other gases. Such high hydrogen 

separation performances make the black phosphorene membranes favorable in many 

significant applications like hydrogen production and carbon dioxide capature. 

2. Experimental 



2.1 Preparation of bulk black phosphorus: The black phosphorus crystal was 

prepared by a mineralizer-assisted method using a short way transport reaction [32]. 

Specifically, the mixture of red phosphorus (500 mg, AR, purchased from Aladdin), Sn 

(80 mg, AR, purchased from Aladdin) and SnI4 (30 mg, AR, purchased from Aladdin) 

was sealed in a silica tube and slowly heated up (5 ℃ min-1) to the target temperature 

(600 ℃) in a muffle furnace, keeping at 600 ℃ for 6 hours and then gradually cooling 

down to 500 ℃, holding the temperature for 2 hours, then cooling down from 500 ℃ 

to room temperature, finally, the black phosphorus was obtained (Fig. S2). 

2.2 Preparation of the black phosphorene nanosheets: 2D black phosphorene 

nanoflakes were obtained via ultrafast electrochemical cathodic expansion of home-

made black phosphorus [33]. In detail, 1.2 g of tetrabutylammonium bromide (TBAB, 

AR, purchased from Aladdin) was dissolved in 20 mL acetonitrile (C2H3N, AR, 

purchased from Aladdin) as electrolyte. The  black phosphorus was placed as the 

working cathode, and a Pt net was used as the counter electrode. A cathodic voltage 

lower than -5 V was applied, the  black phosphorus was expanded in few minutes. 

After that, the expanded black phosphorus flakes were further exfoliated and dispersed 

in N,N-dimethylformamide (DMF, AR, purchased from Aladdin) solvent via ultrasonic 

cell disrupter at low power for 1.5 hour. The resulting suspension mixture was first 

centrifugated at 3000 rpm for 10 minutes to remove the un-exfoliated particles. Then 

the black phosphorene dispersion was washed using ultrapure water and centrifugated 

at 8000 rpm for 5 times to remove DMF solvent and remaining salts. A clean and 



transparent suspension containing exfoliated black phosphorene nanoflakes was finally 

obtained. 

2.3 Preparation of the black phosphorene membrane: 2D black phosphorene 

membranes were fabricated by filtering a certain amount of black phosphorene 

suspension on AAO (0.2 μm pore size and a diameter of 15 mm, purchased from 

Puyuannano Co., Ltd.) substrates using vacuum-assisted filtration. All membranes were 

dried at 20 ℃ for 24 hours. 

2.4 Characterization of black phosphorene nanoflakes and the black phosphorene 

membranes: TEM images were obtained using a JEM-2100 plus microscope with an 

acceleration voltage of 200 kV. AFM images were obtained using a Bruker Dimension 

Icon scanning probe microscope in tapping mode. SEM images were obtained using 

Zeiss Sigma300 device. The SEM elemental mapping analysis was conducted using an 

EDX (Oxford EDS, with INCA software). The XRD analysis was carried out using a 

X'Pert 3 with filtered Cu-Kα radiation (40 kV and 40 mA, λ=0.154 nm). The XPS 

analysis was performed using a Thermo Scientific K-Alpha+ spectrometer (Thermo 

Fisher Scientific) with monochromated Al-Kα radiation (1486.6 eV) under a pressure 

of 5×10-9 mbar. Raman spectra was acquired at a spectral range of 300-800 cm-1 using 

an inVa Raman spectrometer equipped with a laser wavelength of 532 nm. The 

adsorption isotherms of H2, CO2, N2, and CH4 on black phosphorus powder were 

measured using a Micromeritics (ASAP 2460) instrument. The TG measurement was 

analyzed on a STA 449 instrument under the flow of N2.  

2.5 Gas permeation measurements: All the gas permeation measurements were 



conducted in a home-made Wicke-Kallenbach permeation cell (Fig. S8). The gas flow 

rate was controlled by Mass Flow controllers (MFCs, Beijing HORIBA) and calibrated 

by a bubble flowmeter. A calibated gas chromatograph was used to analyze the 

composition of the permeate gas. The obtained membranes were sealed in a homemade 

membrane module to assess their separation performances. Silicone gaskets were 

placed on the both sides of the membranes to avoid the gas leakage. A calibrated gas 

chromatograph (GC, Fuli 9790II) equipped with a TCD and an FID detector was 

applied to analyze the gas compositions. Since the concentration of CO2 in the 

permeation side is too low to be detected by a TCD detector, the permeation gas 

containing trace CO2 pass through a methane reformer prior to entering the FID detector. 

During single-gas permeation, a flow rate of 50 mL min-1 gas was used in the feed side 

of the membrane, and sweep gas with a flow rate of 50 mL min-1 was used to carry the 

permeated gas into the GC instrument. During mixed-gas permeation, a gas mixture of 

H2 and CO2 with a ratio of 1:1 was applied at the feed side, and the total flow rate of 

the feed gas was maintained at 100 mL min-1. The gas separation measurements were 

carried out at different temperatures. A heating tape was used to heat the membrane 

module with a heating rate of 2 ℃ min-1. Feed gases containing various H2 

concentrations were obtained by adjusting the flow rates of H2 and CO2. All of the gas 

permeation tests were repeated at least three times to ensure accuracy. Gas permeance 

is calculated by the following Equation (1) [34]: 
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where Pi is the permeance of component i (mol m-2 s-1 Pa-1), Ni is the permeate rate of 

component i (mol s-1), A is the effective membrane area (m2), and ∆ Pi is the 

transmembrane pressure difference of component i (Pa). Permeance can also be 

expressed as pressure normalized flux. Fi is the flux of component i (mol m-2 s-1). In 

this paper, gas permeance is given in unit of GPU (Gas Permeation Unit), as the 

Equation (2). 

1 GPU=3.3928×10-10 mol m-2 s-1 Pa-1                                    (2) 

The selectivity of two components in the single-gas permeation (ideal selectivity) was 

calculated by Equation (3)： 
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The selectivity of two components in the mixed-gas permeation (separation factor) was 

calculated by Equation (4): 
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where x and y are the volumetric fractions of the corresponding component in the feed 

and permeate side, respectively. 

2.6 Computational methods: The first principle calculations were performed with the 

Vienna Ab initio Simulation Package (VASP) code [35, 36]. The standard projector 

augmented wave (PAW) method was used with VASP with electron wave functions 



expanded in plane waves up to cutoff energy of 500 eV in this work. The Brillouin zone 

was sampled with k-point grid of 3×2×3 for a 2×1×2 supercell of black phosphorene. 

The convergence energy was set to 1×10-6 eV and the forces on the ions were relaxed 

until they were below 0.01 eV/Å. Full structural optimization was performed to black 

phosphorene firstly, and then the in-plane lattice constants were fixed for further 

calculations. Three kinds of exchange-correlation functional PBE, PBEsol and PBEsol 

using Van der Waals (vdW) corrections (DFT-D2) were tested for comparison as shown 

in Fig. S14 [37-39]. The applicability of PBE is general but PBEsol is more suitable to 

describe the properties of bulk solids and their surfaces. Previous computational study 

on the interlayer interaction suggests that the few layer black phosphorene is not a true 

van der Waals material [40]. To calculate the weak van der Waals (vdW) interactions 

between black phosphorene layers and molecular, the empirical correction of DFT-D2 

that approximately accounts for dispersion interactions were applied. The binding 

energies for the black phosphorene layers are calculated as the energy difference of 

bulk and monolayer. 

The relative energies (ΔErel) of various gas molecules embedded in layered black 

phosphorene as a function of the spacing of layers (spacing increased from 0.52 nm to 

0.70 nm) were calculated by using Equation (5): 

ΔErel = Etotal – Egas – Ephosphorene                                                                (5)   

Where Ephosphorene is the energy of the black phosphorene layers interlayer, and Egas is 

the free state energy of gas molecules. Etotal is the total energy of the gas molecules 

embedded black phosphorene layers structure. 



3. Results and Discussion 

3.1 Preparation and characterization of black phosphorene nanoflakes and black 

phosphorene membrane 

Briefly, the black phosphorene nanoflakes were obtained by electrochemical 

intercalation and liquid exfoliation of black phosphorus [33]. After that, the black 

phosphorene nanoflakes solution was centrifuged and washed with ultrapure water, and 

then the obtained nanoflakes were re-dispersed in ultrapure water. Finally, the black 

phosphorene membrane was fabricated using vacuum-assisted filtration on a porous 

substrate (Fig. S1). As shown in Fig. 1a and Fig. S1a, a compact layer structure is 

obvious in the as prepared black phosphrus. The transmission electron microscopy 

(TEM) images show that the black phosphorene nanoflake is quite thin and nearly 

transparent to the electron beams (Fig. 1b and Fig. S3b). The corresponding lattice 

fringes of the black phosphorene nanoflakes can be clearly observed by high-resolution 

(HR) TEM (Fig. 1c), the (040) crystal plane of black phosphorus with lattice fringe 

spacing of 0.216 nm can be observed from the top view of the nanoflakes [41, 42]. 

Selected area electron diffraction (SAED) pattern in TEM model indicates high 

crystallinity of black phosphorene nanoflakes without obvious nanometer-scale defects 

(Fig. 1c, inset). Nanoparticle size analyzer was used to measure the nanosheet size 

distribution (Fig. S3d), most of black phosphorene nanoflakes lateral sizes are ranked 

in the range of 400 to 600 nm. Atom force microscope (AFM) was conducted to 

evaluate the thickness of black phosphorene nanoflakes. As shown in Fig. 1d, the 

observed black phosphorene nanoflakes exhibit a uniform thickness of 5.3 nm. Since 



the theoretical thickness of a single layer phosphorene is about 0.2 nm [43-45], and 

considering that water molecules may be adsorbed by the phosphorene nanoflakes， 

which was verified by the FTIR result (Fig. S4), the 5.3 nm-thick phosphorene 

nanoflake should be few-layer phosphorene. From the top-view SEM image, the black 

phosphorene membrane is determined to be intact (Fig. 1e). A typical photograph of 

the black phosphorene membrane is shown in Fig. 1e inset and Fig. S6, the as-prepared 

black phosphorene membrane is flexible, and interestingly, the black phosphorene 

membrane has a metallic luster similar to that of the black phosphorus crystal, 

indicating that the black phosphorene membrane might possess a similar crystalline 

structure with black phosphorus crystal. The cross-sectional SEM image (Fig. 1f) 

reveals a well-organized, highly ordered laminar structure throughout the membrane 

and the thickness of the black phosphorene membrane is around 1.25 μm. To study the 

structure of the black phosphorene, the Raman spectra of black phosphorus and black 

phosphorus nanoflakes were compared. As shown in Fig. 1g, the black phosphorus 

exhibits three representative feature peaks centered at 357.5 cm-1, 430.6 cm-1, and 458.2 

cm-1, corresponding to the out-of-plane (��
�) and two in-plane (��� and ��

�) phonon 

modes, respectively. While the Raman peaks of the black phosphorene nanoflakes are 

slightly blue-shifted for all the three modes. According to the first-principle calculation 

result done by Feng et al.[46], and previous experimental findings [47-49], due to the 

influence of covalent bonding, the P atoms collectively oscillate within the monolayer, 

as increasing the phosphorene layer, the oscillation of P atoms within the monolayer 

will be hindered owning to influence of the van der Waals forces from the adjacent P 



atoms in the neighboring phosphorene layer, resulting in a red-shift in Raman spectrum. 

Thus, based on the experimental finding in our study, we speculate that the black 

phosphorus should be well exfoliated into few-layer phosphorene nanoflakes. The 

Tyndall scattering effect in the as- prepared black phosphorene colloidal suspension is 

clearly observed (Fig. S5). After exfoliation and self-assembly, the as prepared 

laminated membrane shows the similar XRD pattern with the pristine black phosphorus 

crystal (Fig. 1h), suggesting a maintained ordered crystal structure. The surface 

chemical compositions of black phosphorene membrane was analyzed by XPS, as 

shown in Fig. 1i. The characteristic P 2�  doublet peaked at 129.8 and 130.6 eV 

corresponds to the P 2�� �⁄  and P 2�� �⁄  components, respectively. The black 

phosphorene membrane is thermally stable before 400 oC, which is simialr to the black 

phosphorus (Fig. S16). 



 

Fig. 1. (a) SEM image of black phosphorus. (b) TEM image of the black phosphorene 

nanoflakes. (c) HRTEM image of the black phosphorene nanoflake with SAED pattern 

in the inset. (d) AFM image of the black phosphorene nanoflake on cleaved mica. (e) 

SEM image of the black phosphorene membrane surface. Inset is a digital photograph 

of the black phosphorene membrane. (f) Cross-sectional SEM image of the BP 

membrane. (g) The Raman analysis of the black phosphorene and black phosphorus. (h) 

XRD patterns of the black phosphorus and the black phosphorene membrane. (i) High-

resolution XPS spectra of P 2� for the black phosphorene membrane. 

3.2 Gas separation performance of the black phosphorene membranes 



Gas separation performance of the black phosphorene membranes were evaluated 

using an equimolar H2/CO2 mixture in a Wicke-Kallenbach permeation cell (Fig. S8). 

The quantitative analysis was performed by means of external standard method, and the 

standard calibration curves of gases were shown in Fig. S9. For a 1.25-μm-thick black 

phosphorene membrane, H2 and CO2 gas permeabilities are 808 GPU and 4.9 GPU (Fig. 

2a), respectively, in the single gas permeation mode, resulting in an extremely high 

ideal selectivity of 164 (Fig. 2b). In the mixed gas permeation mode, H2 and CO2 gas 

permeabilities increase to 1015 GPU and 9 GPU (Fig. S10), respectively, suggesting a 

separation factor of 103 (Fig. 2b). Both the ideal selectivity and the separation factor of 

H2/CO2 are much higher than the Knudsen diffusion selectivity (����� ���
⁄ = 4.7). 

On the one hand the gas permeance of small gas molecule H2 is much higher than that 

of the gases with bigger kinetic diameters, indicating a clear cutoff between H2 and the 

other gases. On the other hand the gas permeabilities decrease with the molecular 

weight, as shown in Fig. S11. Thus, both the gas kinetic diameter and the gas molecular 

weight dominate the gas permeation. Here it is noted that the gas molecules with bigger 

kinetic diameters, like CO2, N2, and CH4, are not totally excluded from the laminar 

membrane due to the presence of the slit-like pores, resulting in detectable trace gas 

permeances and declined gas separation selectivity of H2 against other gases. Since 

there is no intrinsic or artificial pore on the black phosphorene surface for gas transport, 

the slit-like pores provide rich mesoporous and microporous transporting channel. The 

slit-like pores allow gas molecules to enter the laminar membrane while the interlayer 

gallery can block gas molecules getting through except the gas with smaller kinetic 



diameter like H2. For the purpose of improving the gas separation selectivity, it is 

important to avoid the slit-like pores to form through-holes across the laminar 

membrane. 

 

Fig. 2. Gas separation performances of a 1.25-μm-thick black phosphorene membrane 

at 20 ℃ and 0.1 MPa. (a) Gas permeabilities in the single gas permeation mode. (b) 

Comparison of the selectivity of H2/CH4, H2/N2, and H2/CO2 in the single gas and 

mixed-gas permeation modes.  

3.3 Gas separation mechanism of the black phosphorene membrane 

The X-ray diffraction (XRD) technique was applied to characterize the average 

distance of 2D channels in the laminar black phosphorene membrane. The interlayer 

gallery spacing can be approximately equal to the d-spacing calculated by using Bragg 

equation (Supplementary text 1.1). As shown in Fig. 1h, the characteristic peak of the 

pristine black phosphorus at 2θ=16.9° indicates that the initial d-spacing is about 0.52 

nm, which is much larger than the kinetic diameters of N2, CH4, and CO2 [50]. However, 

since the monolayer black phosphorene has two layers of phosphorus atoms, the 

practical interlayer gallery spacing should be lower than the calculated d-spacing. 



According to the lattice parameters in the black phosphorus crystal, the theoritical 

thickness of a single layer phosphorene is about 0.2 nm [43-45], thus, the nearest 

parallel distance between the monolayer black phosphorene is about 0.32 nm. 

Considering that the kinetic diameters of H2, CO2, N2 and CH4 are 0.29 nm, 0.33 nm, 

0.36 nm and 0.38 nm, respectively, the gas permeation thus can be ascribed to a 

molecular sieving (size exclusion) mechanism (Fig. 3a). While for the gases with the 

diameter larger than 0.32 nm, the permeation mechanism is considered as dissolution-

diffusion [51, 52]. The adsorption isotherms of the gases on the black phosphorene 

membrane at 25 °C indicate a preferential adsorption of CH4 compared to N2 and CO2 

(Fig. 3b), which is consistent with the corresponding permeance (Fig. 2a). To further 

confirm the interactions between the tested gases and the black phosphorene 

nanochannel, DFT calculations were carried out to explore the corresponding energy 

barrieres. Previous DFT simulations revealed that the diffusion energy barriers of gas 

molecules passing through the porous monolayer black phosphorene membrane with a 

pore size of 0.711 nm ×0.553 nm varies with the kinetic diameter of various gas 

molecules. Specifically, the diffusion energy barrier for H2 is almost negligible, leading 

to a superior gas separation selectivity in the order of 1013, 1015 and 1021 for H2 against 

N2, CO2, and CH4 [31]. However, the black phosphorene membrane investigated in this 

work is different to the porous monolayer black phosphorene membrane, the previous 

DFT calculations are of limited guidance. Thus, a new DFT calculation model was 

performed with the Vienna Ab initio Simulation Package (VASP) code using the 

PBEsol functional [35-37, 39]. The relative interaction energies of various gas 



molecules with layered black phosphorene were illustrated in Fig. 3c. It is noted that 

when the layer spacing is 0.52 nm (close to the original layer spacing of black 

phosphorus, the nearest distance between two monolayer black phosphorene is 0.32 

nm), the relative interaction energy of H2 molecule in layered black phosphorene is as 

low as to ~-3.5 eV, while the other gases show positive relative interaction energy 

values. This result suggests that the layered black phosphorene with the original layer 

spacing of black phosphorus shows much higher selectivity for H2 agsinst other gases. 

  

 

Fig. 3. (a) A presumed gas separation mechanism in the laminar black phosphorene 

membrane. (b) Adsorption isotherms of H2, CO2, N2 and CH4 on the black phosphorus 

at 20 °C. (c) The relative energy of various gas molecules in a DFT optimized black 

phosphorene layer structure. 



3.4 Separation performances of the black phosphorene membrane under 

different test conditions 

Moreover, the gas separation performance was further investigated by adjusting 

the temperature and feeding H2 concentration (Fig. 4a, Fig. 4b, Fig. S12). It is worth 

noting that the permeate flux of H2 slightly decreases with increasing temperature from 

20 to 80 °C, while the permeate flux of CO2 slightly increases, resulting in a declined 

selectivity. This finding suggests that the low temperature favors the improvement of 

H2 separation performance. Even at a lower H2 concentration in H2/CO2 mixture, both 

a high H2 permeate flux and a high H2 selectivity were achieved. The black phosphorene 

membrane shows stable gas separation performance during a 650 minnutes continuous 

separation of H2/CO2 mixture (Fig. 4c). Compared with various previously reported 

membranes (Fig. 4d, Supplementary Table S1), the black phosphorene membrane 

exhibits both excellent H2 permeance (> 1000) and high H2/CO2 selectivity (> 100), 

which is ranked in the top level among state-of-the-art gas separation membranes. The 

promising separation performance is attributed to the unique layer structure in the black 

phosphorene membrane. 



 

Fig. 4. (a) H2/CO2 separation performance of a 1.25-μm-thick black phosphorene 

membrane as a function of temperature in the equimolar mixed-gas permeation. (b) 

Effect of H2 concentration in the feed mixed H2/CO2 gas on the separation performance 

of a 1.25-μm-thick  black phosphorene membrane. (c) Long-term separation of 

equimolar H2/CO2 mixture through a 1.25-μm-thick black phosphorene membrane at 

20 ℃ and 0.1 MPa. (d) H2/CO2 separation performance of the black phosphorene 

membrane compared with state-of-the-art gas separation membranes. The blue line 

indicates the Robeson 2008 upper bound of polymeric membranes for H2/CO2 

separation. Information on the date points is given in Table S1. 

4. Conclusions 

In summary, a new function of 2D black phosphorus material was demonstrated, 

unlike the other 2D layered materials that normally form random laminar structure 



when such 2D materials nanoflakes are stacked into membranes, the 2D black 

phosphorene membrane shows highly ordered crystal structure. The black phosphorene 

membrane exhibits both high H2 permeance (> 1000 GPU) and great H2/CO2 separation 

selectivity (> 100), which is ranked in the top level among state-of-the-art gas 

separation membranes. The regular interlayer galleries in the black phosphorene 

membrane guarantee the outstanding H2 separation selectivity, allowing H2 to pass 

through while block the other gases. As such, the black phosphorene membrane is 

attractive for the H2 purification process and CO2 capture. 
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A novel black phosphorene molecular sieving membrane made of highly ordered black 

phosphorene nanoflakes is applied for hydrogen purification. The unique puckered 

interlayer galleries in the membrane facilitate hydrogen passing through, resulting in 

high hydrogen permeability and high hydrogen selectivity. The work demonstrated a 

molecular sieving function of black phosphorene material. 
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