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prepared by high-temperature calcination, 
polymeric substrates, especially polymeric 
hollow fibers, have been demonstrated 
with better competitiveness, in terms of 
processibility, cost, and membrane area 
per volume.[17–29] Various methods, such 
as in situ/secondary growth,[19–24] inter-
facial synthesis and contra-diffusion 
synthesis,[25–29] have been developed for 
achieving continuous MOF membranes. 
In these methods, interfacial and contra-
diffusion synthesis have commendable 
implementation in fabrication of MOF 
hollow fiber membranes. Interfacial syn-
thesis is performed by crystallization at 
interface of two immiscible solutions. 
While the issue of intermiscibility among 
solvents, metal salts, and ligands possibly 
hinders the development of interfacial 
synthesis more or less.[30] Contra-diffusion 
synthesis is executed by growth of MOF 
layers on substrates with two bilateral 
solutions. Although there is no require-

ment of immiscibility, the uncertain interface of two precursor 
solutions and the suddenly gush of one precursor into the other 
one should be carefully controlled. For improving heteroge-
neous nucleation and membrane continuity, the flat substrates 
with functional groups have been employed for contra-diffusion 
synthesis.[31,32] Moreover, for obtaining larger permeance, it is 
better to reduce the micrometer-sized thickness of the mem-
branes derived from interfacial and contra-diffusion synthesis.

Graphene oxide (GO) membranes are proved with pre-
cisely molecular sieving properties for water and solvent treat-
ments.[33–36] Nevertheless, for light–gas separation, GO mem-
branes with different thicknesses display diverse features. 
Few-layered GO membranes exhibit both large permeance and 
selectivity,[37,38] micrometer-sized GO membranes are almost 
impermeable on contrary,[39] yet ultrathin GO membranes 
with thickness of hundreds of nanometers possess large per-
meance but moderate selectivity.[40,41] Despite the moderate 
performance, ultrathin GO membranes can be applied as inter-
faces for synthesizing MOF membranes. Wang used ZIF-8/GO 
hybrid nanosheets as seeds to prepare ZIF-8 membranes on 
anodic aluminum oxide (AAO) discs for molecular sieving.[42,43] 
Recently, we grew MOF nanosheets between reduced GO (rGO) 
sheets by in situ synthesis to transform impermeable rGO 
membranes to semipermeable composite membranes with 
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Microporous Membranes

Metal–organic frameworks (MOFs) have been applied for var-
ious applications including separation, adsorption, catalysis, 
and drug-delivery.[1–5] MOF membranes show great potential 
in the fields of gas separation, nanofiltration, and pervapora-
tion.[6–16] High porosities and sharp pore sizes endow MOF 
membranes with superior permeability and selectivity than 
broadly used polymeric membranes. For separation applica-
tion, both inorganic and polymeric substrates are employed to 
support MOF membranes.[6] Compared to inorganic substrates 
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commendable selectivity.[44] If MOF membranes are prepared 
by contra-diffusion synthesis at ultrathin rGO interfaces on 
hollow fibers, the resulting membranes may have both higher 
permeance and larger selectivity.

Herein, we report an interfacial contra-diffusion synthesis to 
fabricate ultrathin MOF hollow fiber membranes for hydrogen 
purification by using rGO layers as interfaces. Hydrothermal 
synthesis is developed for obtaining the ultrathin rGO mem-
branes on hollow fiber substrates. Because the ultrathin rGO 
layers promote the heterogeneous nucleation provide the sharp 
interfaces and control the diffusion of precursors, the defect-
free MOF composite membranes can be regionally synthesized 
with nanoscale thickness. The formed MOFs in membranes 
can enhance gas permeance and selectivity substantively. The 
prepared MOF composite membranes display outstanding per-
formance in separation of H2 from CO2, N2, and CH4.

Figure 1 shows the synthesis procedures of the ZIF-8/rGO 
membranes. The rGO membrane was first deposited on poly-
vinylidene fluoride (PVDF) hollow fiber. Ethylenediamine was 
employed to ammoniate PVDF hollow fiber for improving the 
stability and providing the amino groups.[17] For rGO deposi-
tion, the hollow fiber was immersed in GO suspension with 
various concentrations and subjected to thermal-treatment. 
During synthesis, the amino groups on the hollow fiber sur-
face improved the deposition of GO with carboxyl groups 
through condensation reaction, meanwhile the hydrothermal 
treatment reduced GO to rGO. For comparison, the GO mem-
branes with similar thickness were fabricated by vacuum filtra-
tion as previous studies.[33,35,36,39] Scanning electron microscopy 

(SEM) was employed to observe the morphologies of the 
obtained membranes. When the GO suspension with concen-
tration of 0.2 mg mL−1 was applied, an ultrathin rGO layer 
with thickness of ≈70 nm was deposited on the hollow fiber 
surface (Figure 2a). With the decreasing of GO concentration 
from 1.0 mg mL−1 to 8.0 µg mL−1, the thickness of the rGO 
layers reduced from about 3.3 µm to 13 nm (Figure S1, Sup-
porting Information). Unlike the GO membranes with seamed 
interfaces between the deposited layers and the substrates 
(Figure 2b and Figure S2, Supporting Information), the rGO 
membranes with seamless interfaces showed better adhesion 
and compatibility because of the chemical interaction between 
the rGO layers and the hollow fibers. Chemical structures of 
the GO and the rGO were investigated by X-ray photoelectron 
spectroscopy (XPS) measurement. As shown in Figure 2c, C 1s 
spectrum of the GO showed intensive peaks for CC, CO, 
and CO bonds, indicating the typical GO chemical structure. 
After hydrothermal treatment, the intensity of CO and CO 
bonds attenuated significantly, revealing the GO reduction. The 
decreasing of O content from 32.7 to 16.1% also proved the 
reduction (Figure S3, Supporting Information). Ramon spectra 
displayed the increased intensity ratio of D to G band, dem-
onstrating the reduction of GO as well (Figure S4, Supporting 
Information).[35] X-ray diffraction (XRD) characterization indi-
cated that the GO characteristic peak at 10.7° disappeared 
after thermal treatment, while a weak and broad peak at 24.5° 
appeared (Figure S5, Supporting Information). This result con-
firmed the GO reduction again and displayed the narrowing 
of the interlayer space. Gas permeances of the GO and rGO 
membranes were measured (Figure S6, Supporting Informa-
tion). Like the observations in previous studies,[39,44] the rGO 
membrane with 3.3 µm thickness was impermeable. However, 
as shown in Figure 2d, the 70 nm rGO membrane showed H2 
permeance of 2.8 × 10−8 mol m−2 s−1 Pa−1, with H2/CO2, H2/O2, 
H2/N2, and H2/CH4 ideal selectivities of 20.0, 11.6, 12.5, and 
14.5, respectively. Compared to the GO membranes with ideal 
selectivities of 3.4 (H2/CO2), 2.6 (H2/O2), 3.0 (H2/N2), and 3.1 
(H2/CH4), the rGO membrane had much better H2 permselec-
tivity. The higher selectivity of the rGO membrane was attrib-
uted to that the reduction of GO narrowed the interlayer space. 
As expected, for both GO and rGO membranes, the smaller 
thickness brought out higher permeance but lower selectivity 
(Figures S7 and S8, Supporting Information).

The ZIF-8/rGO membranes were grown by interfacial 
contra-diffusion synthesis with tube-side metal salt solution 
and shell-side ligand solution. Because of the simultaneity 
of precursor diffusion and crystallization, the relative rates of 
these two processes were critical to the formation of defect-free 
membranes. When diffusion was faster than crystallization, the 
unconsumed precursor would enter into the other solution and 
react with the corresponding precursor to form bulk MOFs, 
thereby leading to formation of the uncontinuous membranes. 
Theoretically, faster crystallization than diffusion was beneficial 
to achieve dense MOF membranes.[45,46] Because of the residual 
oxygen-containing groups, the rGO layers could coordinate to 
zinc cation and then offer heterogeneous nucleation sites for 
MOF growth. As well as the mass transfer resistance from the 
rGO layer could greatly suppress the precursor diffusion to pre-
vent the suddenly gush of one precursor solution into the other 
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Figure 1. a) Schematic diagram for synthesizing MOF/rGO hollow fiber 
membranes. b) Crystallization of interfacial contra-diffusion synthesis of 
ZIF-8/rGO composite membranes.
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one. The proposed interfacial contra-diffusion synthesis would 
be successfully employed for MOF membrane fabrication. XRD 
pattern of the formed composite membrane showed the char-
acteristic peaks of ZIF-8 (Figure S9, Supporting Information). 
SEM images shown in Figure 3a revealed that the thickness of 
the membranes increased from 70 nm of the rGO membrane to 
150 nm of the ZIF-8/rGO membrane. Comparatively, the ZIF-8/
rGO membrane had a uniform 20 nm layer structure due to 
the formed stiff MOF nanosheets between the rGO sheets. The 
rGO membranes prepared with other concentrations were also 
exploited to fabricate the composite membranes (Figure S10, 
Supporting Information). The continuity of the composite 
membranes became worse as decreasing of GO concentration. 
The ZIF-8/rGO membrane prepared with GO concentration of 
40 µg mL−1 possessed a heterogranular structure (Figure 3b). 
This could be explained by that the crystallization of ZIF-8 dis-
turbed the arrangement of the rGO layer, which caused the 
formation of large diffusion channels and resulted in massive 
influx of one precursor into the other one. When 8.0 µg mL−1 of 
GO concentration was applied, because the stability of the rGO 
layer was too low to against the shear force from MOF crystal-
lization, the prepared composite membrane was uncontinuous. 
The morphologies of the ZIF-8 particles in the fingerlike struc-
tures of the hollow fibers were investigated (Figure S11, Sup-
porting Information). With the increase of GO concentration, 
the polyhedral particles with two exposed facets of (100) and 
(110) were transformed to the cubic particles with one exposed 

facet of (100). This preferred growth was interpreted by that the 
different ligand/Zn ratios were suited to synthesis of different 
MOF particles. Because the increased rGO thickness reduced 
the ligand diffusion rate, the ligand/Zn ratio in PVDF hollow 
fibers decreased as increased GO concentration. Transmission 
electron microscopy (TEM) images of the composite mem-
branes were collected (Figure 3c,d and Figure S12, Supporting 
Information). As similar to the observation in SEM images, 
the composite membrane prepared with GO concentration of 
0.2 mg mL−1 showed a flat nanosheet structure, while the mem-
brane prepared with concentration of 40 µg mL−1 possessed a 
particle structure that was wrapped by rGO.

The permeation of various gases through the prepared 
ZIF-8/rGO hollow fiber membranes was investigated. Figure 4a 
presents the single-component permeance as the function of 
gas kinetic diameter. The membrane exhibited a decreasing 
permeance order as the increased kinetic diameter, and showed 
largest H2 permeance of 67.9 × 10−8 mol m−2 s−1 Pa−1. The H2/
CO2, H2/O2, H2/N2, and H2/CH4 ideal selectivities of the ZIF-8/
rGO membrane with GO concentration of 0.2 mg mL−1 were 
25.0, 42.3, 66.4, and 83.3, respectively. These values were much 
greater than the Knudsen diffusion selectivities of 4.7 (H2/CO2), 
4.0 (H2/O2), 3.7 (H2/N2), and 2.8 (H2/CH4), demonstrating the 
precisely molecular sieving property. The permeation proper-
ties of the membranes prepared with other GO concentrations 
were also studied (Figures S13–S15, Supporting Information). 
The decrease of GO concentration enhanced permeance but 
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Figure 2. SEM images of a) the rGO hollow fiber membrane prepared by hydrothermal treatment and b) the GO membrane fabricated by vacuum filtra-
tion. c) High-resolution C 1s XPS spectra of the GO and the rGO. d) The permeation properties of various gases through the GO and rGO membranes.
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weakened selectivity. This phenomenon was consistent with the 
change of membrane structures, ZIF-8 crystallization disturbed 
the arrangement of the membranes prepared with low GO con-
centrations. For investigating the separation performance, the 
rGO and ZIF-8/rGO membranes prepared with GO concentra-
tion of 0.2 mg mL−1 were employed to separate H2/CO2, H2/
N2, and H2/CH4 binary mixtures (Figure 4b and Figure S16, 
Supporting Information). Compared to the single-component 
permeation, both the membranes showed slightly smaller per-
meance and selectivity due to the competitive adsorption of 
two feed gases to selective layer. While H2/CO2, H2/N2, and 
H2/CH4 selectivities of ZIF-8/rGO membrane still reached as 
high as 23.3, 63.3, and 80.9, respectively, accompanying with 
H2 permeance over 60 × 10−8 mol m−2 s−1 Pa−1. The similar 
separation performance of the three membrane samples pre-
pared with same procedures indicated the good reproducibility 
of the synthesis methods (Figure 4c,d). Moreover, the long-term 
separation performance of H2/CH4 binary mixture through 
the ZIF-8/rGO membrane was investigated (Figure S17, Sup-
porting Information). The small fluctuations of gas permeance 
and selectivity over 48 h revealed the good long-time stability of 
the prepared membrane.

Comparing GO, rGO, and ZIF-8/rGO membranes pre-
pared in this study, it was obvious that the ZIF-8/rGO mem-
brane exhibited best separation performance, while the GO 
membrane prepared by vacuum filtration showed highest 
permeance but lowest selectivity. For H2/N2 and H2/CH4 sep-
arations (Figure 4c,d), the selectivities of the rGO membrane 
increased to 4.2–4.6 times of those of the GO membrane, but 

the permeance decreased vastly due to the narrowed inter-
layer space. After crystallization, the selectivities of ZIF-8/rGO 
membrane further increased to 5.8–6.3 times as the rGO mem-
brane, the permeance simultaneously increased by 21 times 
and closed to the values of the GO membrane. For H2/CO2 
separation, the three membranes showed a similar tendency 
as for H2/N2 and H2/CH4 mixtures, expectation of 1.4 times of 
increase in selectivity from the rGO membrane to the ZIF-8/
rGO membrane (Figure S18, Supporting Information). This 
should be interpreted by the difference in separation mecha-
nism of the different membranes. In membrane-based gas 
separation, the separation mechanism can be mainly classified 
into two kinds, solution-diffusion and molecular sieving.[47,48] 
Because of the sub-nanometer-sized interlayer space of rGO 
and the microporous structure of ZIF-8, the molecular sieving 
was the dominated mechanism in this study. The larger H2/
CO2 selectivity of 17.2 but smaller H2/N2 (10.8) and H2/CH4 
(12.9) ones of the rGO membrane should be caused by that 
the strong affinity of residual oxygen-containing groups to 
CO2 molecules suppressed their diffusion rate (Figure S16, 
Supporting Information). In respect to the ZIF-8/rGO mem-
brane, because of the formation of porous ZIF-8, all gas per-
meances increased dramatically. This phenomenon revealed 
that the main transport channels were changed from interlayer 
spaces of rGO to the pores of ZIF-8 (Figure S19, Supporting 
Information). Since the theoretical 0.34 nm pore of ZIF-8 was 
smaller than N2 (0.364 nm) and CH4 (0.38 nm), similar to CO2 
(0.33 nm) and bigger than H2 (0.289 nm), the larger gas showed 
lower increase due to the molecular sieving effect. Therefore, 
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Figure 3. SEM images of the ZIF-8/rGO membranes prepared with GO concentrations of a) 0.2 mg mL−1 and b) 40 µg mL−1. TEM images of the ZIF-8/
rGO membranes prepared with GO concentrations of c) 0.2 mg mL−1 and d) 40 µg mL−1.
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the ZIF-8/rGO membrane exhibited the increasing selectively 
order as H2/CO2, H2/N2, and H2/CH4. The permeation of N2 
and CH4 through the membrane was the result of the flexibility 
of ZIF-8.[49]

ZIF-8 membranes have been widely fabricated and applied for 
gas separation. Huang and co-workers fabricated a ZIF-8 mem-
brane with H2 permeance of 18 × 10−8 mol m−2 s−1 Pa−1, mean-
while with good H2/CO2 (8.9), H2/N2 (16.2), and H2/CH4 (31.5) 
selectivities.[50] Besides pure membranes, ZIF-8 membranes 
were hybridized by other matters to improve the selectivity. Liu 
et al. reported a ZIF-8-ZnAl-NO3 membrane with excellent H2/
N2-H2/CH4 selectivities of 16.8–54.1 and H2 permeance of 4.1 × 
10−8 mol m−2 s−1 Pa−1.[51] The ZIF-8/GO composite membrane 
prepared by Wang and co-workers exhibited H2 permeance of 
5.5 × 10−8 mol m−2 s−1 Pa−1 and ideal selectivities of 11.1 for 
H2/N2 and 11.2 for H2/CH4.[42] For improving the permeance, 
the same group synthesized the ZIF-8/GO composite mem-
brane with mesoporous GO, which had high H2 permeance 
of 118 × 10−8 mol m−2 s−1 Pa−1 and ideal selectivities of 10.0 
for H2/N2 and 10.4 for H2/CH4.[43] Compared with those high-
performance ZIF-8 membranes reported in previous studies,[6] 
our membranes showed impressive separation performance, 
with H2 permeance over 60 × 10−8 mol m−2 s−1 Pa−1, and selec-
tivities up to 25.3 (H2/CO2), 70.4 (H2/N2), and 90.7 (H2/CH4) 
(Figure 4c,d and Figure S18, Supporting Information). The out-
standing selectivity may be partially attributed to the suppres-
sion of framework flexibility from the combined rGO.[52] The 

low cost and large area per volume of hollow fiber substrates 
would further increase the competitiveness of the prepared 
membranes in this study. More recently, we in situ synthesized 
the ZIF-8/rGO composite membrane with H2/CO2 selectivity 
of 18.8 and H2 permeance of 0.7 × 10−8 mol m−2 s−1 Pa−1.[44] 
Because interfacial contra-diffusion synthesis formed more 
ZIF-8 phase originating from the additional zinc cation in tube-
side solution and could preferentially grow the framework at 
the potential defects of the membranes, as well as the thick-
ness was ultrathin, the ZIF-8/rGO membrane here displayed 
superior selectivity and about two orders of magnitude higher 
permeance than the in situ synthesized ZIF-8/rGO membrane. 
In gas separation, the Robeson upper bound relationships of 
polymeric membranes between the selectivity and permeability 
are good standards to judge the membrane performance.[53] For 
all H2/CO2, H2/N2, and H2/CH4 systems, the separation per-
formance of our ZIF-8/rGO membrane exceeded the Robeson 
upper bounds easily (Figure S20, Supporting Information).

In conclusion, we have reported a novel interfacial contra-
diffusion synthesis strategy for fabricating ZIF-8/rGO mem-
branes with high performance in H2 purification. We found 
that the narrowed rGO membranes with good selectivity could 
be synthesized via hydrothermal treatment. By employing the 
rGO layers to provide heterogeneous nucleation sites, supply 
sharp interfaces, and reduce precursor diffusions, the ultrathin 
ZIF-8/rGO membranes could be restrictively prepared without 
defects. The prepared ZIF-8/rGO membranes showed H2/CO2, 
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Figure 4. a) The permeation properties of various gases through the ZIF-8/rGO membrane. b) The separation performance of the ZIF-8/rGO mem-
brane for H2/CO2, H2/N2, and H2/CH4 mixtures. The comparison of the GO, rGO, and ZIF-8/rGO membranes for c) H2/N2 and d) H2/CH4 separations.
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H2/N2, and H2/CH4 selectivities up to 25.3, 70.4, and 90.7, 
respectively, meanwhile with large H2 permeance over 60 × 
10−7 mol m−2 s−1 Pa−1. Moreover, the prepared membrane dis-
played good reproducibility and long-term stability. Overall, the 
developed ZIF-8/rGO membranes offer an alternative concept 
for designing ultrathin hollow fiber membranes with unique 
gas separation.
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