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Metal–organic framework (MOF) membranes hold great promise in energy-efficient chemical separa-
tions. The outstanding challenges of the microstructural design stem from (1) thinning of membranes
to immensely reduce the mass-transfer resistance (for high permeances); (2) tuning of orientation to
optimize the selective transport of gas molecules, and (3) reinforcement of intercrystalline structure to
subside leakage through defective gaps (for high selectivity). Here, we propose the ZIF-L membrane that
is completely confined into the voids of the alumina support through an interfacial assembly process,
producing an appealing membrane-interlocked-support (MIS) composite architecture that meets the
requirements of the microstructural design of MOF membranes. Consequently, the membranes show
average H2 permeances of above 4000 GPU and H2/CO2 separation factor (SF) of above 200, representing
record-high separation performances of ZIF-L membranes and falling into the industrial target zone (H2

permeance > 1000 GPU and H2/CO2 SF > 60). Furthermore, the ZIF-L membrane possessing the MIS com-
posite architecture that is established with alumina particles as scaffolds shows mechanical stability,
scraped repeatedly by a piece of silicon rubber causing no selectivity loss.

� 2021 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Metal–organic frameworks (MOFs), constructed through coor-
dination between metal units and organic linkers, possess intrinsi-
cally porous backbones and exceptionally component diversities.
The great promise these materials hold in various applications
stems from their uniform arrangement of cavities (or portals) at
molecular dimension [1–5]. Accordingly, as a novel type of
crystalline molecular sieves, MOF membranes provide an energy-
efficient method for gas separations, typified with the H2/CO2

separation that gains a growing prominence for a clean-energy
and low-carbon future [6–11].

High-purity H2 is generally needed, because it is not only a feed-
stock in the chemical and petrochemical industries, but also a sus-
tainable green energy carrier. However, impurities (e.g., CO2) often
exist in H2 production [12]. Separating H2 from CO2 using MOF
membranes is a challenging task, which relies on distinguishing
the molecule size nuances between H2 and CO2 (kinetic diameter,
dH2 = 0.289 nm, dCO2 = 0.33 nm, Dd = 0.041 nm). For such a H2/
CO2 separation application, three criteria are of paramount impor-
tance in the design of MOF membranes: (i) stacking ultrathin
membrane layers that give rise to high permeances for the target
gas component [9,10], (ii) stacking oriented membrane layers that
contribute to a deliberate arrangement of pore arrays useful for
high-selective molecule sieving [7,13], and (iii) (more importantly)
strengthening crystal boundaries to eliminate defective gaps that
would sacrifice the separation selectivity [14–17].

Zeolitic imidazolate framework (ZIF)-L is a famous two-
dimensional (2D) layered MOF composed of periodic lamina align-
ment along c-direction (Fig. 1a), concomitant with free linkers
staying between laminae to stabilize the structure. ZIF-L is a good
candidate for the membrane because it possesses two kinds of
mass-transfer pathways, namely hexagon window-like apertures
(~0.34 nm) within a layer and galleries (~0.397 nm irrespective
of free linkers) [18] between layers. Interestingly, interlaminar
ration,
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Fig. 1. Microstructural design of ZIF-L membranes. (a) Views of 2D layered crystal structure of ZIF-L along different directions and their wire-frame models connected by zinc
nodes for simplicity. One wire represents a Zn-mim-Zn bond. (b) Simulation snapshots at 0, 100, 200 and 300 ns for H2/CO2 mixed gas molecules transporting through
interlaminar galleries (panel i) or apertures within a layer (panel ii), and relevant orientation models of membranes. (c) Schematic representation of one MOF membrane with
the traditional structure and MIS composite architecture.
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galleries of 2Dmaterials play a prominent role in molecular sieving
of H2 from CO2, since abundant of guest molecules or functional
groups aggregating between neighboring layers could hinder the
diffusion of CO2 in terms of interaction and render the effective
interlaminar spacing a tighter fit for CO2 [8,19–22]. Molecular
dynamics (MD) simulations at hundreds-nanosecond (ns)-term
are implemented in the current work to study the mixed-gas (H2

and CO2) transport through the two kinds of mass-transfer path-
ways of ZIF-L (Fig. 1b). It offers a direct proof that the passage of
CO2 through the interlaminar galleries faces a much larger barrier:
the first passage for CO2 through apertures within a layer is at
100 ns, whereas no CO2 molecules are identified in the vacuum
chamber even during 300-ns-long simulations (through interlami-
nar galleries). This result further proves a great molecular sieving
potential of interlaminar galleries of ZIF-L in H2/CO2 separation.
Accordingly, as shown in Fig. 1b, fabricating a-oriented (equivalent
to b-oriented) ZIF-L membranes is a rational choice of making use
of interlaminar cavities as an ideal molecular sieving pathway
[23,24]. In addition, preliminary studies on ZIF-L crystal powder
(leaf-like morphology, shown in Fig. 2) in our lab also demon-
strated its near-zero coverage adsorption enthalpies (adsorption
enthalpy at small gas loading) of H2 and CO2 are ~12 and
~33 kJ mol�1, respectively (Fig. S1–S3 online). It means that 2D
ZIF-L displays dramatic affinity to CO2 over H2 in thermodynamics,
which might be due to interactions of uncoordinated nitrogen on
the free linkers between laminae with CO2 molecules [25]. The
unique interaction could impede the transport of CO2, which might
provide a further boost for molecular sieving of H2 from CO2

through interlaminar galleries [19,21].
ZIF-L crystals featured with a shape of leaf-like nanosheet is a

frequent building block for membranes [20,23,26–29]. As proved
in previous literature, secondary growth of random nanocrystals
based on Van der Drift mechanism [30] led to apparent-
micrometer-thick ZIF-L membrane layers with undesirable
2

stacking orientation on the surface of alumina support [23]. Wang
and co-workers [23] also found that epitaxy growth of a flat depo-
sition of ZIF-L nanosheets can induce the membrane orientation
along a-axis and reduce the membrane thickness simultaneously.
However, the membrane layer stacking on the surface of the
support suffers from intercrystalline gaps, resulting in H2/CO2

separation selectivity for binary mixture of only 15.2. In brief, syn-
thesis of MOF membranes with the separation performances
exceeding the Robeson upper bound and falling into the industrial
target zone (H2 permeance > 1000 GPU, H2/CO2 selectivity > 60)
[12] is challenging but urgently needed for practical purposes.

Here, we propose the ZIF-L membrane that is completely con-
fined into the voids of the support through interfacial synthesis
process, producing a membrane-interlocked-support (MIS) com-
posite architecture to meet three criteria for microstructural
design of MOF membranes, thus overcoming the abovementioned
challenge (Fig. 1c). Compared with the traditional membrane
structure, ZIF-L membrane with the MIS composite architecture
is attractive owing to (1) apparent-zero-thickness that minimizes
the mass-transfer resistance, (2) oriented establishment of the
membrane with alumina particles as scaffolds in a constrained
void space of a support, and (3) interlocked composites that corre-
spond to strengthened crystal boundaries.

2. Experimental

2.1. Materials

Zinc nitrate hexahydrate (Zn(NO3)2�6H2O, Sigma-Aldrich, 99%),
2-methylimidazole (C4H6N2, Sigma-Aldrich, 99%), and methanol
(Sinopharm, AR) were used without further purification. Asymmet-
ric a-Al2O3 disks (18 mm diameter, 1.0 mm thickness and 70 nm
pores on the top layer) that were employed as supports were
bought from Inocermic GmbH (Germany).



Fig. 2. (a) The typical leaf-like morphology of ZIF-L crystal powder. The out-of-plane axis is determined to be the a-axis [31]. (b) The thickness of ZIF-L nanosheets.
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2.2. Preparations

2.2.1. Synthesis of ZIF-L crystal powders
ZIF-L crystals were synthesized according to the procedure

reported by Wang and co-workers [25]. Typically, 0.59 g of Zn
(NO3)2�6H2O and 1.30 g of 2-methylimidazole (Hmim), dissolved
in 40 mL of deionized (DI) water, respectively, were mixed under
vigorous stirring at room temperature. The reaction lasted for
4 h. Then, the product was recovered through centrifugation, com-
pletely washed with DI water, and dried finally at 70 �C overnight.
2.2.2. Preparation of ZIF-L membranes
ZIF-L membranes were synthesized by the in-situ interfacial

assembly (ISIA) method we developed previously after specific
modifications [32]. A clean a-Al2O3 support was sealed into a
home-designed noncorrosive-steel filter. Step 1: solid Zn(NO3)2
was dissoveld into 20 mL of methanol to form metal ion solution
(2.95 g L�1). With the help of a water pump, the solution was pen-
etrated through the support, achieving metal ion injection into the
support. Step 2: Hmim aqueous solution (approximate 20 mL) was
decanted into the filter. Then, a gravity-driven permeation through
the support was activated at a standard atmosphere. Metal-linker
coordination reaction proceeded for 24 h at room temperature.
After preparation, the membrane disk was removed from the filtra-
tion cell and washed with DI water. Then, the membranes were
dried at 50 �C overnight. And membranes prepared at different
concentrations of Hmim (65.0, 32.5, 6.50, 3.25, and 1.63 g L�1)
were marked as L1, L2, L3, L4, and L5, respectively.
2.3. Characterizations

The surface morphology of the ZIF-L membranes and powders
were characterized by scanning electron microscopy (SEM, Quanta
200 FEG, FEI Co.) equipped with an energy-dispersive X-ray (EDX)
detector. The X-ray diffraction (XRD) measurements were carried
out on Rigaku D/MAX 2500/PC (radiation: Cu Ka, wavelength:
0.154 nm, accelerating voltage: 40 kV, current: 200 mA) at a scan
speed of 5� min�1. The patterns were collected at 2h ranging from
3� to 40�. Thermogravimetric analysis (TG) was realized on a Net-
zsch device (STA 449F3). ZIF-L powder was heated from 40 to
800 �C with a rate of 10 �C min�1 under flowing air (20 mL min�1).
Gas adsorption was implemented on a integrated physisorption
system (Micromeritics, ASAP 2020 Plus HD88) connected with a
circulating bath.
3

2.4. Gas permeation experiments

ZIF-L membranes were sealed in a home-designed stainless-
steel permeation cell. The gas separation performances based on
W.-K. method were measured at room temperature. The feed flow
rate was 100 mL min�1 (H2: CO2 = 1:1), and Ar (99.99%) was used
as the sweep gas. Besides, separations based on different volumet-
ric compositions of H2/CO2 as feed gas are also conducted. The con-
centration of penetrants was detected using a gas chromatograph
(Agilent 7890B) equipped with a high sensitivity thermal conduc-
tivity detector (TCD).

The gas permeance was determined by Eq. (1):

Pi ¼ Ni

S�pi
; ð1Þ

where Pi (mol m�2 s�1 Pa�1), Ni (mol s�1) and 4pi (Pa) stand for the
gas permeance, flow rate at standard conditions, and transmem-
brane pressure difference of component i, respectively. S (m2) rep-
resents the effective membrane area. The gas permeance is
commonly expressed in unit of GPU for simplicity. 1 GPU = 3.349
� 10�10 mol m�2 s�1 Pa�1.

The separation factor was determined by Eq. (2):

aij ¼ Pi

Pj
; ð2Þ

where Pi and Pj stands for the permeance of component i and com-
ponent j, respectively.

Noted that the H2 permeance and H2/CO2 separation factor of
the bare a-Al2O3 disk are 29,000 GPU and 1.32, respectively.

2.5. Calculation of the orientation index (OI) for ZIF-L membrane

OI is calculated from the ratio of the two intensity factors (IFhkl),
as shown in Eq. (3):

OI ¼ IFhkl;membrane

IFhkl; standard
; ð3Þ

where IFhkl is defined as the ratio of the intensity of the target
diffraction peak to the sum of the intensities of the studied peaks,
as shown in Eq. (4):

IFhkl ¼ Ihkl
Ihkl þ Ih0k0 l0 þ Ih00k00 l00

: ð4Þ
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Noted that IFstandard means the intensity factor of the powder
sample synthesized in our lab.

2.6. Calculation of adsorption enthalpies (Qst)

The Clausius-Clapeyron equation was employed to calculate the
experimental adsorption enthalpies (Qst), as shown in Eq. (5):

Q st ¼
RT1T2 lnð p2

p1
Þ

T2 � T1
; ð5Þ

where p1 (Pa) and p2 (Pa) are the pressures reaching the same
adsorption coverage at two temperatures T1 (K) and T2 (K), respec-
tively. R stands for ideal gas constant (8.314 J mol�1 K�1). In this
study, Henry or Freundlich adsorption equations were selected to
fit the isotherms (Fig. S3 online).

2.7. Water permeation experiments

The water permeation experiments were actualized by filtration
processes. The ZIF-L membranes were sealed in a home-designed
stainless-steel permeation cell. A certain volume of water was fil-
tered through the membrane at the same time. The vacuum in
the permeate side is maintained by a water pump, and the trans-
membrane pressure difference is approximate 1.0 bar.

The water permeance was determined by Eq. (6):

P ¼ V
DpSt

; ð6Þ

where P is the water permeance, V represents the permeation vol-
ume of water though membranes, S is the effective membrane, t
is the used time, and Dp is the transmembrane pressure difference.

2.8. MD simulations of the gas permeation through the MOF
membrane

Simulation snapshots at 0, 100, 200, and 300 ns for the mixed-
gas permeation systems (H2 + CO2) through c-oriented and
a-oriented membrane, which is constructed by single cell in the
selected direction (002) and (200), respectively. In the beginning
(t = 0 ns), 129 H2 and 129 CO2 molecules were present in the feed
chamber, which permeated through the MOF membrane to the
evacuated permeate chamber.

Molecule dynamic simulation is performed using Dreiding force
field [33], charge assignment method is based on Gasteiger-Marsili
empirical atomic partial charges [34]. Time step is 0.1 ns. Simula-
tion time duration is 300 ns. Temperature is 298 K. Ensemble is
NVT. In total, the outputted number of frames are 3000 for each
simulation. The density of mixed-gas permeation systems of H2

and CO2 is 0.2 g cm�3. For the c-oriented membrane, the size of
the simulation cell is 24.1171 Å� 17.0604 Å� 260 Å. For the a-
oriented membrane, the size of the simulation cell is 17.0604 Å�
19.7398 Å� 260 Å.

3. Results and discussion

We select ceramic alumina disks as membrane supports.
Fig. S4a (online) reveals the hierarchically cross-sectional structure
of support that consists of a smooth ultrafiltration top layer and a
microfiltration transition layer stacking on coarse particles. As
described in Experimental Section, ISIA method developed in our
lab was employed to synthesize ZIF-L membranes after specific
modifications. The zinc ion solution (2.95 g L�1) was first infiltrated
through the alumina support with the aid of a water pump. Ele-
mental mapping of the support after metal-ion injection, deter-
mined by SEM/EDS analysis (Fig. S4b and c online), shows a
4

uniform distribution of Zn ions inside the alumina support instead
of gathering on the top layer. The arrangement of reactive species
at the interfacial domain of the support facilitates the formation of
the membrane layer into the void of the support. Then, Hmim
aqueous solution filtered through the support driven by gravity
under a normal atmosphere, and engaged in a metal-linker coordi-
native reaction to form the membrane layer at room temperature.

XRD patterns of ZIF-L membranes synthesized at different con-
centrations of Hmim (Fig. 3) present a selective loss of diffraction
peaks by comparison with that of isotropic ZIF-L crystal powder
(Fig. S1 online), demonstrating that the control of micro-reaction
at the interface leads to an evolution of preferred orientation of
membranes. Specifically, the membrane synthesized at higher con-
centration of Hmim (65.0 g L�1) shows a relatively strong XRD peak
at 2h of 9.1�, together with a weak peak at 2h of 7.3�, which corre-
sponds to (002) and (200) crystal planes along out-of-plane,
respectively, according to diffraction geometry theory [35]. OI
[36] is employed to quantitatively determine the predominant
crystal planes with oriented arrangement. The OI value of (002)
notably higher than that of (200) signifies the membrane with c-
orientation (Fig. 3a). Decreasing the concentration of Hmim to
32.5 g L�1 gives rise to the membrane with the preservation of
multiple XRD peaks (Fig. 3b), and leads to an increase of OI value
of (200) planes but a decrease of that of (002) planes (Fig. 3b). A
coexistence of crystal plane alignments is proved, and (200) crystal
planes tend to develop at this condition. The membrane synthe-
sized at 6.50 g L�1 of Hmim presents a (200) diffraction peak alone,
suggesting a completely preferential orientation along a-axis
(Fig. 3c).

We tentatively interpret the growth mechanism of the ZIF-L
membrane based on the Van de Drift model. According to this the-
ory, the orientation of MOF membranes is determined by the pre-
ferred growth direction of MOF crystals [37]. In the case of ZIF-L,
the empirical growth rate along the c direction is much faster than
that along the a direction. Thus, ZIF-L crystals display a leaf-like
morphology (Fig. 2) [23]. As demonstrated in our previous study
[32], ISIA process underpins the anisotropic growth of MOF mem-
branes, and thereby controls the membrane orientation through
the dynamics of metal-linker coordination at the interface. Conse-
quently, the growth rate of ZIF-L along the c axis is strongly pro-
moted by the high concentration of the linker but impeded by
the diluted one. The latter case directly renders a-oriented growth
dominant in the membrane.

SEM images further demonstrate the morphology evolution of
ZIF-L membranes synthesized at different concentrations of the
linker. The c-oriented membrane prepared at the higher concentra-
tion of Hmim (65.0 g L�1) displays an extremely rough surface,
appearing to take wrinkles that stick out from the support (typi-
cally marked with a dash rectangle, Fig. 3d). The apparent mem-
brane thickness, determined by the discrete nanosheets from the
cross-section, is around 40 nm (Fig. 3g). The development of
(200) crystal planes with a decrease of the concentration of the lin-
ker make the membrane surface become smooth (from Fig. 3e to f),
in particular for the complete a-oriented membrane (synthesized
at 6.50 g L�1 of Hmim), which is as a result of the moderate reac-
tion at the interfacial domain of the support. Specifically, this ultra-
thin membrane totally covers the support, with alumina particles
clearly visible at the top surface of the support (Fig. 3f). From the
cross-sectional image, the apparent thickness of the membrane
apart from the surface of the support cannot be distinguished
(Fig. 3i).

Further diluting the concentration of the linker solution (3.25
and 1.63 g L�1) yields an extremely thin membrane that presents
no signals in the XRD patterns. Both membranes display a similar
microscopic morphology with the membrane synthesized at
6.50 g L�1 of Hmim, meaning that the orientation along a-axis is



Fig. 3. Evolutionary orientation of ZIF-L membranes synthesized at the concentration of Hmim linker solution of 65.0 (a, d and g), 32.5 (b, e and h) and 6.50 g L�1 (c, f and i).
(a–c) XRD patterns of ZIF-L membranes and orientation index of the specific crystal planes. (d–f) Top-surface and (g–i) cross-sectional SEM images of ZIF-L membranes (scale
bars = 1 mm).
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preserved. A discontinuity of the membrane layer appears on the
top surface of the support, and the cross-sectional SEM image
proves an apparent-zero-thick membrane (Fig. 4).

To demonstrate the compactness of the membranes above, we
firstly conducted pressure-driven water permeation through the
membranes synthesized at different concentrations of the linker
(Fig. S5 online). Relative to water permeating directly through
the bare support (790 L h�1 m�2 bar�1), a notable mass-transfer
resistance is revealed through the membranes, rendering water
to vaporize under reduced pressure. A rough estimation of water
permeance through membranes was determined by the loss of
water owing to vaporization. The membrane synthesized at
65.0 g L�1 of Hmim (c-orientation) corresponds to a water perme-
ance of ~1.35 L h�1 m�2 bar�1. The development of the orientation
along a-axis contributes to a densification of membranes. We find
that the water permeance decreases by ~20% through the mem-
brane synthesized at 6.50 g L�1 of Hmim (a-orientation). More
interestingly, the membranes synthesized at very diluted linker
solution (e.g., 3.25 and 1.63 g L�1) appear to be rather discontinu-
ous from the surface view of the support, but exhibit an exceeding
compactness over other membranes. We speculate that in both
cases the oriented membrane layer is confined into the voids of
the support, forming a complete MIS composite architecture that
shows apparent-zero-thickness apart from the surface of the sup-
port. Noted that the membranes synthesized at 65.0–6.50 g L�1

(from c-orientation to a-orientation) comprise of an ultrathin layer
5

on the top surface of the support, and a partial MIS composite
architecture.

To gain a deep insight of the intercrystalline structures (bound-
aries between crystals) of membranes, separation performances for
equimolar H2/CO2 was conducted on ZIF-L membranes. Consider-
ing the reproducibility of membranes, Fig. 5a shows the average
value with error bars of permeances and separation factors (SF)
of membranes versus the synthetic concentrations of the linker.
Expectedly, the membranes synthesized at 3.25 and 1.63 g L�1 of
Hmim yield top average SF (H2/CO2) of 208 and 197, with average
H2 permeance of 4271 and 4843 GPU, respectively. The average
value of performances cited from three synthetic groups (65.0,
6.50, 3.25 g L�1 of Hmim) is used to evaluate the enhancement of
SF (H2/CO2), as shown in Fig. 5b. We find that tailoring the mem-
brane from c-orientation to a-orientation only leads to a 2.1%
enhancement of the average SF (H2/CO2), although the interlami-
nar transport pathways of ZIF-L membranes are thought to be
desirable for separating H2 from CO2. The leakage through inter-
crystalline gaps arising from weak crystal-to-crystal connections
would compromise the molecular sieving flow through the inter-
laminar pathways. Importantly, the intercrystalline structure
(boundary between crystals) of the a-oriented membrane could
be markedly strengthened as the complete MIS composite archi-
tecture generates. Membrane layers imbedded into such a con-
strained void space of the alumina support reveal a close linking
between ZIF-L crystals, showing a SF enhancement above 91.5%.



Fig. 5. Separation properties of ZIF-L membranes. (a) Average value with error bars of gas permeances and H2/CO2 SF of membranes versus the concentration of Hmim linker
solution. (b) The enhancement of the average H2/CO2 SF of the membranes after tuning of the microstructures. (c) Comparison of separation performances of seven synthetic
ZIF-L membranes with a-orientation and complete MIS composite architecture (red balls) in this work with previous ZIF-L membranes (orange symbols) and other MOF
membranes (purple symbols) reported in literature. The data used here for comparison was also listed in Table S1 (online). For the Robeson’s upper bound (2008), the
permeability is converted to permeance assuming the membrane thickness of 0.1 lm. (d) The binary H2/CO2 separation performance of the ZIF-L membrane as a function of
H2 volume fraction in feed. (e) Gas permeances and H2/CO2 SF of the ZIF-L membrane after scaped.

Fig. 4. Top-surface (a, c) and cross-sectional (b, d) SEM images of ZIF-L membranes synthesized at very diluted Hmim linker solution (3.25 g L�1 for (a, b) and 1.63 g L�1 for (c,
d)). Scale bars = 1 mm.
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Table 1
H2 permeances and H2/CO2 SF of some typical MOF membranes under specific test conditions.

Membrane Apparent thickness (nm) Transmembrane pressure (bar) and temperature (K) H2 permeance (GPU) SF H2/CO2 Ref.

Zn2(bim)4 5 0, 298 2700 291 [10]
ZIF-95 600 0, 298 2392 32.2 [7]
NH2-MIL-53(Al) ~15,000 0, 298 5927 30.9 [38]
ZIF-L 5500 5, 298 1000 8.0a [20]
ZIF-L 5000 0, 298 227 15.2 [23]
ZIF-L 2100 1, 298 1635 6.3 [28]
MIS-ZIF-L ~0 0, 298 4033 321 This work

a. Ideal selectivity determined from single gas permeations.
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In comparison, seven synthetic ZIF-L membranes with a-
orientation and complete MIS composite architecture (from 3.25
and 1.63 g L�1 of Hmim solution) in our study demonstrate
remarkable H2 permeances and SF of H2 over CO2, far above the
Robeson’s upper bound (2008) and falling into the industrial target
zone (Fig. 5c and Table S1 online). Specifically, the optimal mem-
brane shows H2 permeance of 4033 GPU and SF (H2/CO2) of 321,
surpassing the best value of H2 permeance (2700 GPU) and SF
(H2/CO2: 291) of Zn2(bim)4 nanosheet membranes (state-of-the-
art MOF membranes) prepared from the top-down method
(Table 1) [10]. Moreover, the appealing ZIF-L membrane manifests
H2/CO2 SF approximate one order of magnitude higher than the
MOF membranes that have H2 permeances comparable to the cur-
rent level (Table 1) [7,38]. Relative to other ZIF-L membranes in
Refs. [20,23,28], ZIF-L membranes here present top separation per-
formances for H2/CO2. The ZIF-L membrane cited from the optimal
synthetical group (3.25 g L�1 of Hmim) also demonstrates excellent
separation performances over a wide range of H2 fraction in feed
(Fig. 5d). SF of H2/CO2 reaches above 149 when the molar fraction
of H2 is only 10% in feed, which guarantees the efficiency in both of
H2-lean and H2-rich separation processes. Additionally, different
from the ultrathin Zn2(bim)4 membrane constructed by the ISIA
method in our previous study [32], increasing temperature has
slight effect on gas permeances of the ZIF-L membrane because
of the compensation effect of the adsorption enthalpy for the acti-
vated permeation, providing nearly constant H2/CO2 SF under high
temperature (Fig. S6 online), which is important for the practical
separation.

In addition to benefits from separation performances, the mem-
brane with complete MIS composite architecture is mechanically
stable. The membrane layer is completely imbedded into the voids
of the support instead of traditionally stacking on the surface of the
support (Fig. 1c), ultimately developing into complete composites
with alumina particles as scaffolds. Scraped repeatedly by a piece
of silicon rubber, this apparent-zero-thick membrane is
unwounded (constant gas permeances and SF; Fig. 5e), whereas
another 230-nm-thick Zn2(bim)4 membrane prepared in our previ-
ous study [32], faces a dramatic loss of selectivity (~38%).
4. Conclusion

In summary, ZIF-L membranes that are completely imbedded
into the voids of the alumina support were produced by the inter-
facial assembly method, showing apparent-zero-thickness apart
from the surface of alumina supports. These membranes formed
into the constrained void space present a complete membrane-
interlocked-support (MIS) composite architecture, which is an
optimal answer to the most important criteria for the microstruc-
tural design of membranes: ultrathin stacking membrane layers,
orientation, close-knit crystal boundaries, and an unexpected abra-
sion resistance. The excellent breathability (~4271 GPU of average
H2 permeance) and selectivity (~208 of average H2/CO2 SF) of ZIF-L
membranes is attractive to industry that need to cut down energy
7

consumption and capital costs in processes. This study highlights
the MIS composite structure that can be extended to other MOF
membranes aiming for improving separation performances, and
also proves the advances of the ISIA approach in controlling the
microstructure of MOF membranes. Furthermore, we anticipate
that the ISIA strategy demonstrated here will be modified in future
to construct tubular and hollow fibber membranes that excel well
in industry. Tuning of the metal-linker coordination reaction at the
interface is likewise pivotal for these membranes.
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