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A B S T R A C T

Supercritical processing holds great promise for sustainable fabrication of high-performance MOF membranes; 
nonetheless, the generality and superiority of this protocol are still waiting to be explored. In this study, su
percritical ethane (scC2H6) was used as the solvent for ZIF-71 membrane processing. Experimental results 
indicated that compared with common solvents, both nucleation and crystallization kinetics of ZIF-71 crystallites 
could be deliberately tailored in scC2H6 environments. Under optimized conditions, well-intergrown ZIF-71 
membrane with H2/SF6 selectivity reaching 473.3 could be obtained through facile in situ growth; moreover, 
owing to effective elimination of grain boundary defects in the membrane, superior and stable H2/SF6 separation 
performance could be maintained at feed pressure up to 6 bar. Our research convincingly confirmed that SCF 
processing represented a facile and reliable protocol for preparing diverse MOF membranes with superior sep
aration performances.

1. Introduction

In recent decades, metal-organic framework (MOF) has demon
strated great potential as competent membrane candidate due to the 
high separation efficiency [1–3], low energy cost, and small footprint 
[4–8]. Grain boundary defects, however, which may give rise to 
non-selective diffusion pathways for guest molecules, may negatively 
influence separation performances of MOF membranes under practical 
operation conditions [9–12]. Several protocols, such as microwave 
heating [13–16], interfacial microfluidic processing [17–19], and elec
trochemical synthesis [20–24], have been developed to reduce grain 
boundary defects in MOF membranes. Nonetheless, under most condi
tions, it remained impractical to maintain stable separation performance 
under varying operation conditions (e.g., at elevated pressure). There
fore, developing new protocols enabling effective elimination of grain 
boundary defects in MOF membranes has become indispensable [25,
56].

Supercritical fluid (SCF) [26–29], which possesses the density 

comparable to liquids and diffusivity similar to gases with no surface 
tension [30,31], enables rapid diffusion of nutrients at the 
fluid-substrate interface, facilitating elimination of grain boundary de
fects in MOF membranes [32–34]; moreover, high sensitivity of physi
cochemical properties of SCF to operation conditions makes it possible 
for deliberate regulation of nucleation and reaction kinetics of MOF 
crystallites on the substrate. Recently we pioneered SCF processing of 
ZIF-8 membranes towards high-efficiency C3H6/C3H8 separation 
[35–39]. Among various SCFs, employing supercritical C2H6 (scC2H6) as 
reaction medium was found to be optimal for the formation of ZIF-8 
membranes with fewer grain boundary defects due to its intrinsic 
chemical inertness and lower viscosity under comparable conditions, 
resulting in pressure-resistant C3H6/C3H8 selectivity. It should be noted 
that although significant progress has been made in SCF processing of 
MOF membranes, the type of MOF membranes recognized suitable for 
SCF processing is limited to isostructural ZIF-8 structures [40] (e.g., 
ZIF-8 and ZIF-67). The generality of SCF processing for preparing MOF 
membranes with superior separations, however, is still waiting to be 
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explored.
ZIF-71, a zeolitic imidazolate framework material with RHO topol

ogy consisting of zinc ions coordinated with 4,5-dichloroimidazole 
(dcIm) ligands [41–45], comprises a 8 MR nominal 4.8 Å pore size 
[46–48], rendering it a superb candidate for precise discrimination of 
gas mixtures with kinetic diameters in this range (e.g., H2/SF6 separa
tion). For instance, with DMF as solvent, Lin et al. [49] fabricated ZIF-71 
membrane with He/SF6 selectivity of 141.7 and He permeance of 2.37 ×
10− 7 mol m− 2 s− 1 Pa− 1. Jin et al. [50] developed a contra-diffusion 
protocol to prepare hollow fiber-supported ZIF-71 membrane with 
ethanol/water separation factor (SF) of 6.9 and permeate flux of 2.6 
kg/m2 h at 25 ◦C. Nonetheless, owing to uncontrolled nucleation and 
growth kinetics of ZIF-71 crystals in common organic solvents, it 
remained difficult to eliminate grain boundary defects in the membrane, 
resulting in severe decay in selectivity upon being subjected to 
elevated-pressure operation.

Targeting at pressure-resistant H2/SF6 separation, in this study, we 
pioneered the preparation of ZIF-71 membrane through SCF processing 
(Fig. 1). scC2H6 was selected as reaction medium, considering its wide 
supercritical region, pH neutrality, and chemical inertness, which was 
beneficial for retarding bulk nucleation in bulk solution and promoting 
intergrowth between adjacent ZIF-71 crystallites on substrate surface. In 
addition, sol-gel-derived ZnO buffer layer, which was partially 
embedded in substrate pores, not only served as zinc source of ZIF-71 
layer but also resulted in the formation of semi-confined membrane 
structure, which was beneficial for maintaining membrane structure 
integrity even at elevated operation pressure. Gas permeation results 
implied that our membrane achieved H2/SF6 SF as high as 426.5 under 
ambient conditions; of particular note, its SF further increased to 478.2 
upon elevating feed pressure to 6 bar, validating the competency of 
scC2H6 processing in eliminating grain boundary defects in the 
membrane.

2. Experimental section

2.1. Materials

Zinc nitrate hexahydrate (H12N2O12Zn, 99.0 %, Sinopharm), 4,5- 
Dichloroimidazole (dcIm, C3H2Cl2N2, 98.0 %, Macklin), 2-methylimida
zole (2-mIm, C4H6N2, 99.0 %, Macklin), 2-methoxyethanol (C3H8O2, 
99.0 %, Aladdi), zinc acetate (C4H6O4Zn, 99.0 %, Macklin), 

hydrochloric acid (HCl, 36.0–38.0 wt% in H2O, Sinopharm), ethanol
amine (C2H7NO, 99.0 %, Aladdi), methanol (CH4O, 99.5 %, Kemiou), 
ethanol (C2H6O, 99.7 %, Kemiou), deionized water (home-made). 
Experimental and test gases including H2, SF6 and Ar (99.999 %, Dalian 
Junfeng Gas Chemical Co., Ltd). No further purification is required 
before use.

2.2. Deposition of ZnO buffer layers

The preparation of a uniform ZnO layer follows previously reported 
methods: to prevent excessive penetration of the Zn-based gel and 
enhance the uniformity of the gel on the substrate surface, a layer of 0.2 
wt% ZIF-8 crystal suspension with particle size of ~70 nm was spin- 
coated onto the α-Al2O3 substrate surface (3000 rpm, 60 s, 0.2 ml). 
After drying at 70 ◦C for 30 min, Zn-based gel was spin-coated onto the 
surface at the same speed and dried at 70 ◦C for 30 min. Subsequently, 
the substrate plates were placed in a muffle furnace and calcined at 
450 ◦C for 2 h to obtain a pure-phase ZnO buffer layer supported by 
α-Al2O3 substrate. The heating and cooling rates were both 1 ◦C/min, 
and the gel spin-coating process was repeated twice.

2.3. Supercritical ethane experimental process

To ensure the uniformity of the reaction and avoid ligand loss during 
pressurization for recovery and reuse, laboratory-made microporous 
reaction inserts were used to fix the substrate plates and ligands, which 
were then placed in a high-pressure reactor (Fig. S1). The reactor was 
evacuated to remove internal air before the valve of gas cylinder was 
opened, and the reactor and pipe line were repeatedly purged with 
ethane to replace any residual gases, ensuring that the internal reaction 
medium was pure ethane. After the replacement was complete, the 
reactor was preheated to ensure that the temperature inside the reactor 
was above the critical temperature of ethane before pressurization. 
Subsequently, a pneumatic pressure pump was used to pressurize the 
reactor to the preset pressure, and reaction was allowed to proceed for 
24 h. After reaction, the internal pressure was slowly released when the 
heating jacket turned off, and unreacted 4,5-dichloroimidazole ligand 
was recovered.

Fig. 1. Schematic illustration of scC2H6 processing of ZIF-71 membranes.
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3. Results and discussion

3.1. Synthesis of ZIF-71 membrane on porous α-Al2O3 substrate using 
scC2H6 as the solvent

The first step involved the introduction of ZnO buffer layer on porous 
α-Al2O3 substrate (Fig. 2a–S2 and S3). As shown in Fig. 2b, after spin- 
coating deposition and calcination of Zn-based gel, the substrate sur
face had been uniformly covered with smooth ZnO buffer layer with a 
thickness ~2 μm (Fig. S2h and S4). Cross-sectional SEM image further 
revealed that obtained ZnO buffer layer remained partially penetrated 
into substrate pores with penetration depth much thinner than the buffer 
layer prepared in the absence of ZIF-8 crystal layer (Fig. S4). A closer 
look at the sample surface implied that the ZnO buffer layer was 
composed of 30 nm-sized primary particles, which were further 
agglomerated into 200 nm-sized secondary particles (Fig. S2g and S2h). 
Considering high reactivity of ZnO primary particles due to high surface 
free energy and dangling bond density as well as the semi-confined 
structure which was beneficial for maintaining strong adhesion of the 
ZIF-71 layer on the substrate, the Zn-based gel-derived ZnO buffer layer 
was selected as metal source of ZIF-71 membrane during scC2H6 
processing.

Subsequently, the ZnO buffer layer was immersed in a supercritical 
reactor containing an excess amount of dcIm ligand powders. Based on 
reaction parameters, obtained ZIF-71 membranes were defined as ZIF- 
71mP-T(IG), where P denoted reaction pressure, T denoted reaction 
temperature, and IG indicated in situ growth. As illustrated in Fig. 2 and 
S5, a clear transition of the membrane surface from amorphous state to 
ZIF-71 phase was observed with increasing temperature and pressure in 
the range of 60–90 ◦C and 6–10 MPa [51]. To be specific, at 6 MPa and 
60 ◦C, ZIF-71m6-60(IG) exhibited a smooth surface morphology with 
clearly visible interface between the formed layer and the substrate 
accompanying with partial penetration into substrate pores (Fig. 2c and 
d and S6), while the absence of diffraction peaks derived from ZIF-71 

phase (Fig. 2j) implied that this reaction condition was not sufficient 
to trigger ZIF-71 nucleation on the substrate [52,53].

Under optimized reaction conditions of 6 MPa and 90 ◦C, ZIF-71m6- 

90(IG) with a thickness of ~1.2 μm was readily obtained (Fig. 2e and f). 
The SEM image indicated that its grain size reached ~800 nm with no 
visible grain boundary defects. Corresponding EDXS spectra (Fig. 2g) 
clearly indicated the penetration of both ZnO buffer layer and ZIF-71 
layer. Obviously, elevating reaction temperature facilitated heteroge
nous nucleation and growth of ZIF-71 crystallites on the substrate sur
face, which was crucial for promoting intergrowth between adjacent 
ZIF-71 crystallites. XRD pattern further confirmed that the formed 
layer belonged to pure ZIF-71 phase (Fig. 2j). Fourier transform infrared 
(FT-IR) spectrum (Fig. 2k) showed absorption peaks at 600-800 cm− 1, 
corresponding to C–Cl stretching vibrations and a characteristic peak at 
1053 cm− 1 assignable to in-plane ring deformation of the imidazole and 
C–N stretching vibrations; while absorption peaks at 1201 cm− 1, 1234 
cm− 1, and 1301 cm− 1 (associated with C–N stretching vibrations), 
which were coincident with the results reported in the literature [45,
54].

We further investigated the influence of reaction pressure on mem
brane morphology. Experimental results revealed that under reaction 
condition of 10 MPa and 90 ◦C, a top wrinkled layer appeared on the 
surface of ZIF-71m10-90(IG). After repeated washing with methanol, the 
wrinkled layer was partially detached, resulting in exposure of larger 
grain-sized (>5 μm) ZIF-71 membrane underneath (Fig. 2h and i and 
S5). This could be attributed to coupled effects of enhanced reagent 
reactivity and increased ligand solubility, resulting in excessive bulk 
nucleation and crystallization of ZIF-71 crystallites. Obviously, over- 
consumption of nutrients in the bulk solution resulted in insufficient 
driving force for complete elimination of grain boundary defects in the 
membrane [55]. Considering the degree of intergrown of ZIF-71 mem
branes, the optimal scC2H6 reaction condition was fixed at 6 MPa and 
90 ◦C for 24 h.

Fig. 2. SEM images of (a) porous α-Al2O3 substrate, (b) ZnO buffer layer-derived substrate, (c, d) ZIF-71m6-60(IG), and (e, f) ZIF-71m6-90(IG). (g) EDXS mappings of 
ZIF-71m6-90(IG). (h, i) SEM images of ZIF-71m10-90(IG). (j) XRD patterns and (k) FT-IR spectra of ZIF-71 membranes prepared under varying reaction conditions.
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3.2. Microscopic structure and intergrowth quality characterization of 
scC2H6-synthesized ZIF-71 membranes

To finely investigate the grain boundary structure, STEM charac
terization was carried out on ZIF-71m6-90(IG). HAADF-STEM images 
(Fig. 3a and S7) revealed that the ZIF-71 layer was readily embedded 
into the substrate pores; moreover, line distribution plots of corre
sponding elements showed penetration depth of the ZIF-71 layer was 
higher than 500 nm (Fig. 3b and c). Simultaneously, no obvious grain 
boundary defects could be discerned in HRTEM images (Fig. 3d and e), 
confirming a defect-free nature of ZIF-71m6-90(IG). As shown Fig. 4d, the 
presence of fewer grain boundary defects in ZIF-71m6-90(IG) could be 
further convinced with lower Ra value of 32.6 nm (Fig. 4a–c) compared 
with that of ZnO buffer layer (Ra = 40.2 nm).

We further magnified the penetration zone in Fig. 3d and e. As shown 
in Fig. 3f and g, HRTEM results showed not only relatively clear 
diffraction spots belonging to (110) plane of ZnO and (110) plane of 
Al2O3, but also diffraction spots near the center. This faint diffraction 
arc, with relatively lower intensity compared with the ZnO ring, was 
consistent with the low-angle diffraction (332) characteristics and large 
lattice fringe distance of ZIF-71 (Fig. 3l). Owing to different observation 
angles, lattice fringes corresponding to (320) and (220) planes of ZIF-71 
could also be observed in different areas of membrane penetration zone 
(Fig. 3h–k).

Unfortunately, ZIF-71 crystal structure cannot survive under high- 
energy electron beams, making it difficult to directly observe the 
diffraction peak fringes belonging to ZIF-71. For comparison, by refer
ring to previous literature [57], ~500 nm-sized ZIF-71 nanoparticles 

with high crystallinity were synthesized by solvothermal method 
(Fig. S8a and S8b) and characterized by HRTEM under the same con
ditions. As shown in Fig. S8c–e, even though ZIF-71 crystals exhibited 
ideal crystal morphology and high crystallinity, the lattice fringes of 
ZIF-71 still could not be clearly discerned. The missing diffraction in
tensity may be attributed to partial amorphization or crystal degrada
tion caused by high-energy electron beam during HRTEM imaging 
[58–62].

Nevertheless, we were still able to observe lattice fringes belonging 
to three phases in the deeper penetration zone by taking advantage of 
the protective effect of electron beam stable phase (i.e., ZnO and 
α-Al2O3). This result confirmed that ZnO and ZIF-71 had successfully 
generated into α-Al2O3 substrate pores, forming a three-phase coupling 
zone, which played a critical role in enhancing structural integrity and 
mechanical strength of the membrane.

For comparation, in parallel we prepared ZIF-71 membranes through 
solvothermal method and scCO2 processing. Upon using DMF as solvent, 
the ZnO buffer layer tended to peel off from the substrate surface, 
resulting in the generation of large areas of open space on the substrate 
surface after solvothermal growth (Fig. S9a–f and S10a-c). While with 
methanol as solvent, the nucleation rate of ZIF-71 remained too low 
even upon increasing the reaction temperature to 60 ◦C (Fig. S9g and 
S9h), resulting in the difficulty in obtaining well-intergrown ZIF-71 
membrane.

Alternatively, we tried growing ZIF-71 membrane with scCO2 as 
solvent within a temperature and pressure range similar to that of 
scC2H6 (Fig. S9i–p and S10e-h). Experimental results indicated that 
within the upper limit of reactor temperature of 110 ◦C, the substrate 

Fig. 3. (a, b) Cross-sectional HAADF-STEM images and (c) EDXS spectra of ZIF-71m6-90(IG). (d) HRTEM image of ZIF-71m6-90(IG) at the layer-substrate interface. (e) 
HRTEM image of ZnO-enriched permeation area and corresponding local high-resolution images: (f) ZIF-71/ZnO/α-Al2O3 coupling zone and (g) corresponding FFT 
pattern, (h) ZIF-71/ZnO coupling zone and (i) corresponding FFT pattern, and (j) ZIF-71-enriched zone and (k) corresponding FFT pattern. (l) The simulated XRD 
pattern of ZIF-71.
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surface remained mainly composed of unreacted ZnO buffer layer with 
sparse ZIF-71 crystallites covered on its surface. Therefore, scC2H6 sol
vent was more suitable for obtaining well-intergrown ZIF-71 mem
branes with few grain boundary defects.

3.3. Gas separation performance of scC2H6-synthesized ZIF-71 
membrane

Finally, gas permeation properties of ZIF-71m6-90(IG) were measured 
in Wicke-Kallenbach gas permeation apparatus (Fig. S11). We first 
investigated single gas permeation behavior of ZIF-71m6-90(IG). As 
shown in Fig. 5a, the permeance of gas molecules steadily decreased 
with increasing kinetic diameters. As shown in Fig. 5a, H2 molecules 

Fig. 4. AFM image and surface roughness of (a) ZnO buffer layer, (b) ZIF-71m6-60(IG), and (c) ZIF-71m6-90(IG). (d) Surface height fluctuation curves of ZnO buffer 
layer, ZIF-71m6-60(IG), and ZIF-71m6-90(IG).

Fig. 5. (a) Single gas permeance and (b) ideal selectivity of different gas pairs through ZIF-71m6-90(IG). (c) H2/SF6 separation performances of ZIF-71 membranes 
prepared under different reaction conditions. (d) The effect of feed pressure on H2/SF6 separation performance of ZIF-71m6-90(IG) at operation temperature of 25 ◦C. 
(e) The effect of operation temperature on H2/SF6 separation performance of ZIF-71m6-90(IG) at feed pressure of 6 bar. (f) Long-term stability of ZIF-71m6-90(IG) under 
varying operation conditions.
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exhibited the highest permeance of 2.5 × 10− 8 mol m− 2 s− 1 Pa− 1 with 
ideal selectivity of H2/N2, H2/CH4, H2/C3H8 and H2/SF6 gas pairs 
reaching 13.8, 15.9, 20.5 and 473.3, respectively (Fig. 5b), which was 
remarkably higher than their Knudsen selectivity. Aiming at practical 
applications, the H2/SF6 separation performance of ZIF-71m6-90(IG) was 
further studied at varying operation pressures. As shown in Fig. 5c, SF of 
equimolar H2/SF6 mixture reached 426.5 with H2 permeance of 2.2 ×
10− 8 mol m− 2 s− 1 Pa− 1 at feed pressure of 1 bar. In contrast, owing to the 
existence of grain boundary defects in ZIF-71m10-90(IG), its H2 permeance 
reached higher than 5.0 × 10− 7 mol m− 2 s− 1 Pa− 1 at the expense of 
inferior H2/SF6 SF of 27.1; while ZIF-71m6-60(IG) exhibited H2 per
meance was lower than 1.0 × 10− 10 mol m− 2 s− 1 Pa− 1, possibly owing to 
the blockage of ZIF-71 pores by the amorphous layer.

Aiming at practical applications, the influence of operation condi
tions on H2/SF6 separation performance of ZIF-71m6-90(IG) was further 
investigated. Upon elevating operation pressure from 1 to 6 bar, both 
H2/SF6 SF and H2 permeance of ZIF-71m6-90(IG) steadily increased to 
478.2 and 3.1 × 10− 8 mol m− 2 s− 1 Pa− 1 (Fig. 5d), which was indicative 
of the presence of few grain boundary defects in the membrane. 
Furthermore, the effect of operation temperature on H2/SF6 separation 
performance of ZIF-71m6-90(IG) at operation pressure of 6 bar was 
studied. It was found that increasing operation temperature led to 
concurrent increase of H2 and SF6 permeance (Fig. 5e). In comparison, 
the increase of SF6 permeance was more pronounced than that of H2, 
causing gradual reduction in H2/SF6 SF from 478.2 to 174.5 upon 
increasing temperature from 25 to 100 ◦C. This could be attributed to 
enhanced flexibility of ZIF-71 framework with increasing operation 
temperature.

We finally investigated the operation stability of ZIF-71m6-90(IG). As 
shown in Fig. 5f, our membrane maintained superior and steady H2 
permeance and H2/SF6 SF at pressures varying from 1 to 6 bar and 
temperatures varying from 25 to 100 ◦C during continuous operation for 
50 h, which was conducive to their practical applications under harsh 
conditions. Simultaneously, long-term operation stability (Fig. S12) and 
reproducibility (Table S1) of ZIF-71 membranes were verified. As shown 
in Fig. S12, ZIF-71 membrane obtained under optimized conditions 
exhibited stable H2/SF6 separation performance within 5 days, which 
was indicative of long-term operation stability.

To verify the chemical stability and reusability of ligands in scC2H6 
reaction system, the morphology and structure of the recovered ligand 
samples after multiple repeated reactions were analyzed and compared 
with the original ligands. Fig. S13a and S13b represented SEM images of 
the original and secondly recovered dcIm ligands, respectively. Obvi
ously, no significant physical degradation or morphological damage of 
dcIm ligands occurred during the reaction process.

The functional integrity of the original ligands, firstly recovered li
gands, and secondly recovered ligands were further analyzed by FT-IR 
spectroscopy (Fig. S13c). Our results showed that all three samples 
exhibited consistent absorption peaks within the range of 600–1800 
cm− 1 including the C–N stretching vibrations (~1053 cm− 1) and C–Cl 
stretching vibrations (~750 cm− 1), and there was no significant 
discrepancy in the position and intensity of these absorption peaks, 
indicating that chemical structure of recovered ligands remained un
changed. Furthermore, the XRD pattern (Fig. S13d) confirmed that the 
crystal structure of the ligands did not change before and after recovery. 
All three samples showed consistent diffraction peak positions and in
tensity distributions, matching the standard diffraction patterns of dcIm 
ligands. Above results indicated that dcIm ligands were not degraded 
during scC2H6 processing.

4. Conclusions

In this study, we pioneered the preparation of ZIF-71 membranes 
with controlled microstructure through scC2H6 processing. Owing to 
intrinsic chemical inertness and lower viscosity of scCO2 under com
parable conditions, grain boundary defects in the membrane could be 

effectively sealed, resulting in pressure-resistant performance. Gas 
permeation results indicated that ZIF-71 membrane prepared under 
optimized conditions exhibited H2/SF6 SF of 426.5 under ambient 
conditions, while further increasing operation pressure to 6 bar led to 
increased H2/SF6 SF of 478.2. Through combining with excellent long- 
term operation stability, our membrane held great promise for sustain
able preparation of diverse MOF membranes with optimized micro
structure and superior separation performances.
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