
Journal of
 Materials Chemistry A
Materials for energy and sustainability
rsc.li/materials-a

ISSN 2050-7488

Volume 5 Number 21 7 June 2017 Pages 10051–10724

REVIEW ARTICLE
Daofeng Sun et al.
Recent advances and challenges of metal–organic framework 
membranes for gas separation



Journal of
Materials Chemistry A

REVIEW

Pu
bl

is
he

d 
on

 2
1 

M
ar

ch
 2

01
7.

 D
ow

nl
oa

de
d 

by
 C

hi
na

 u
ni

ve
rs

ity
 o

f 
Pe

tr
ol

eu
m

 (
E

as
t C

hi
na

) 
on

 0
1/

06
/2

01
7 

01
:3

5:
37

. 

View Article Online
View Journal  | View Issue
Recent advances
D
(
C
o
U
t
g
Z
f
C
C
U
C

focused on multifunctional metal
and membranes for applications in

College of Science, China University of Petr

266580, People's Republic of China. E-mail:

Cite this: J. Mater. Chem. A, 2017, 5,
10073

Received 6th February 2017
Accepted 21st March 2017

DOI: 10.1039/c7ta01142c

rsc.li/materials-a

This journal is © The Royal Society of C
and challenges of metal–organic
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Zixi Kang, Lili Fan and Daofeng Sun *

Gas separation is one of the most critical and challenging steps for industrial processes, and metal–organic

framework (MOF) membranes are potential candidates for this application. This review mainly focuses on

the recent advances in improving the performance of MOF membranes, involving the issues faced with

MOF designation and growth for practical applications. First, we discussed three strategies for

permeability and selectivity enhancement of MOF membranes, in terms of obtaining ultra-thin two-

dimensional (2D) MOF nanosheets, fine-tuning the pore size of the MOF framework and integrating with

other species. Second, we reviewed the recent potential resolutions to the problems of MOF

membranes for future practical applications including scale-up preparation and stability improvement.

Finally, we summarized our work by providing some general conclusions on the state-of-the-art and an

outlook on some development directions of molecule-sieving membranes.
Introduction

The separation of mixtures is one of the critical steps in the
chemical industry and can account for as much as half the total
energy of many industrial processes.1 Among all the mixtures,
the separations of gas mixtures are of great importance for
industrial processes2 such as in hydrogen purication (H2/N2,
H2/CO, H2/CO2, H2/hydrocarbons),3 air separation (N2/O2),4

natural gas sweetening (CO2/CH4),5,6 CO2 capture (CO2/air, CO2/
H2),7 and hydrocarbon separation (olens/paraffins, linear/
branched isomers, etc.).8,9 For these mixtures, gas pairs
composed of molecules of a similar size or physical property are
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particularly difficult to be separated. Membrane separation is
a promising technique that has been put forward in an attempt
to address these energy and environmental challenges, and
thus has undergone rapid development over the past few
decades.3,10–14 Compared with traditional gas separation tech-
niques such as PSA/TSA operation, membrane-based gas sepa-
ration technologies offers greater potential in terms of their
lower energy consumption, smaller carbon footprint, and ease
of operation. Among the diverse materials used so far for
membrane preparation, polymers and zeolites have been most
extensively investigated. Polymer membranes have been widely
used in industrialized gas separation processes owing to their
many advantages, such as ease of processing and low operation
cost.15 However, polymers suffer from a trade-off between the
desirable permeability and selectivity for gas separation.16,17
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Fig. 1 Recent advances and challenges for metal–organic framework
membranes for gas separation. (Adapted with permission from ref.
40–44. Copyright 2014 Science, 2015 Wiley, 2016 American Chemical
Society, 2013 RSC.)
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Indeed, most polymer membranes only offer high selectivity but
low permeability, which means larger areas of the membranes
get used. Furthermore, polymer membranes with high perme-
ability usually exhibit lower selectivity due to their wide range of
pore sizes. On the other hand, zeolite membranes possess
a uniform pore size, which can overcome the disadvantages of
polymer membranes, and also simultaneously have high
permeability and selectivity.11,18–20 However, zeolite membranes
are limited in their chemical tailorability for enhancing their
separation selectivity.12,21

As an emerging class of porous crystalline materials, metal–
organic frameworks (MOFs) have received considerable atten-
tion for gas storage/separation, heterogeneous catalysis,
chemical sensing, etc.22 In the pioneer studies, several famous
MOF structures, such as MOF-5, HKUST-1, and the ZIF series,
were successfully prepared into membranes for different
applications of gas separation processes.23–33 A number of
reviews have summarized the fabrication of MOF membranes
and their separation performances in different elds. In the
themed issue of Chemical Society Reviews on MOFs, Prof. Zhou
and Fischer introduced selective gas adsorption and separation
utilizing MOFs and widely covered MOF lm preparation.34,35

Prof. Caro and Tsapatsis discussed the conceptual similarities
and practical differences between zeolite and MOF
membranes.36 Prof. Keskin summarized the experimental
studies and computational modeling methods involving MOF-
based mixed-matrix membranes (MMMs).37 Prof. Qiu provided
an overview of the diverse MOF membranes, including current
techniques for MOF membrane fabrication and gas and liquid
separation applications with different MOFmembranes.38 More
recently, a review by Prof. Li focused on the potential applica-
tions of water-stable MOFs, including membrane separation.39

Water-stability is a key issue affecting the potential capability of
MOFs in separation applications.

Aer the initial steps of developing different MOF structures
into membranes, recent studies on MOF membranes now focus
on the improvement of membrane performance and the issues
they face in practical application (Fig. 1). In this review, we
intend to focus on these recent advances and the remaining
challenges for utilizing MOF membranes for gas separation,
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particularly MOF design and growth (Table 1). First, we discuss
several strategies for enhancing membrane permeability and
selectivity, in terms of obtaining ultrathin 2D MOF nanosheets,
ne-tuning the pore size of the MOF framework and integrating
with other species. Second, we review the recent potential
resolutions to problems of utilizing MOF membranes in future
practical applications, including issues with the scale-up prep-
aration and the stability improvement. Finally, we round up the
review by providing some general conclusions on the state of
the art and an outlook on some development directions for
molecule-sieving membranes.
Recent advances in MOF membranes

MOFs with a high surface area and permanent porosity are more
extensive in their variety and multiplicity than any other class of
porous materials due to their wonderful designability and exi-
bility.45 All of these aspects make MOFs ideal candidate materials
for membranes in separation processes. Both the preparation
and gas separation applications of MOF membranes have been
seen tremendous progress in the last few years. Aimed at
obtaining better permeability and selectivity, recent advances in
MOF membranes are focused on fabricating 2D MOFs nano-
sheets, ne-tuning the pore size and integrating with other
species in the membrane preparation (Fig. 2). In this section, we
discuss these three directions.
2D MOF nanosheets

For many years, researchers have attempted to make articial
membranes with both ultrathin thickness and uniformly
distributed pore sizes that can separate molecules effectively. In
this regard, 2D microporous nanosheets are the most appro-
priate building block for this kind of membrane.70–74 In recent
years, numerous attempts have been made to prepare 2D zeolite
nanosheets and membranes.75–78 Prof. Tsapatsis, Prof. Valtchev,
and Prof. Mintova carried out pioneering work into different
This journal is © The Royal Society of Chemistry 2017
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Table 1 Summary of gas separation performance for the MOF membranes discussed in this review

MOF Substrate Highlights
Thickness
(mm) T (�C) Gas pair

Permeance (mol
m�2 s�1 Pa�1)

Separation
factor Ref.

Zn2(bim)4 a-Al2O3 disk 2D nanosheet 0.1 25 H2/CO2 7.74 � 10�6 230 40
CuBDC MMMs 2D llers 30–50 25 CO2/CH4 2.33 � 10�11a 88.2 46
Cu2(ndc)2dabco MMMs 2D llers 40 35 H2/CO2 5.13 � 10�11 26.7 47
ZIF-8 AAO ZIF-8/GO seed 0.1 25 H2/C3H8 5.46 � 10�8 405 48
Cu2(BME-bdc)2dabco Titania disc Stepwise liquid-phase

deposition
1 25 CO2/CH4 1.50 � 10�8 4.5 49

Ni2(L-asp)2pz
(JUC-150)

Nickel mesh Fine-tuning of pore size 20 25 H2/CO2 1.83 � 10�7 38.7 50

CuBTC/MIL-100 Hollow ber Metal exchange 20 85 H2/CO2 1.05 � 10�7 89.0 (H2/CO2) 51
H2/N2 240.5 (H2/N2)

ZIF-8/ZIF-67 a-Al2O3 support Heteroepitaxial synthesis 1 RT C3H6/C3H8 3.70 � 10�8 209.1 52
ZIF-90 a-Al2O3 disk Ethanolamine modication 20 325 H2/CO2 3.80 � 10�7 20.4 26
ZIF-90 a-Al2O3 disk APTES modication 20 225 H2/CO2 2.83 � 10�7 21 53
MOF-74 (Mg) a-Al2O3 disk Ethylenediamine modication 10 25 H2/CO2 8.20 � 10�8 28 54
Ni2(L-asp)2bpe Nickel mesh In situ doping of free linkers 20–30 25 H2/CO2 1.00 � 10�6 24.3 55
ZIF-8 MMMs ILs as cavity occupants 30 30 CO2/CH4 3.65 � 10�9 38.3 (CO2/CH4) 41

CO2/N2 116 (CO2/N2)
HKUST-1 Copper net Twin copper source 60 RT H2/N2 1.50 � 10�6 7 (H2/N2) 33

H2/CO2 6.8 (H2/CO2)
H2/CH4 5.9 (H2/CH4)

ZIF-8 g-Al2O3 substrate ZnAl-LDH buffer layer 20 RT H2/CH4 1.40 � 10�7 12.5 56
ZIF-8 a-Al2O3 disk Conversion of ZnO coating 20 100 H2/CO2 5.50 � 10�8 7.8 (H2/CO2) 57

H2/CH4 12.5 (H2/CH4)
HKUST-1 Free-standing Conversion of CHNs 5 RT H2/N2 1.50 � 10�6 4 (H2/N2) 58

H2/CO2 6.1 (H2/CO2)
H2/CH4 5 (H2/CH4)

ZIF-8 a-Al2O3 disk GO for xing the
inter-crystal gap

25 250 H2/N2 1.50 � 10�6 90.5 (H2/N2) 59
H2/CO2 14.9 (H2/CO2)
H2/CH4 139.1 (H2/CH4)
H2/C3H8 3816 (H2/C3H8)

Zn2(bdc)2dabco Porous SiO2 Combined with COF layer 100 RT H2/CO2 4.35 � 10�8 12.6 42
ZIF-8 MMMs Scale-up, hollow ber 7–11 35 C3H6/C3H8 9.16 � 10�10 27.5 60
ZIF-8 Hollow ber Inner side of hollow ber 9 25 H2/C3H8 3.70 � 10�6 328 43
ZIF-7 Hollow ber Inner side of hollow ber 2.4 35 H2/N2 2.20 � 10�9 35.1 (H2/N2) 61

H2/CH4 34.6 (H2/CH4)
ZIF-93 Hollow ber Inner side of hollow ber 2 100 H2/CH4 1.10 � 10�8 97 62
ZIF-8 Porous SiO2 Electrospinning technique 60 RT H2/N2 1.50 � 10�6 4.9 (H2/N2) 63

H2/CO2 7.3 (H2/CO2)
H2/CH4 4.8 (H2/CH4)

ZIF-7 a-Al2O3 disk Electrospray deposition 4.5 150 H2/CO2 3.05 � 10�7 18.3 64
ZIF-8 a-Al2O3 disk LPE method 0.5 50 CH4/C4H10 1.34 � 10�9 16 65
HKUST-1 a-Al2O3 disk Step-by-step spray 0.5 RT H2/CO2 1.00 � 10�7 7 66
ZIF-8 a-Al2O3 disk On-stream stability test 2.5 35 C3H6/C3H8 1.00 � 10�7 30 67
Co2(dobdc) MMMs Plasticization resistance 40–70 35 C2H4/C2H6 1.68 � 10�9 3.9 68
Ni2(dobdc) MMMs Plasticization resistance 40–70 35 C2H4/C2H6 2.59 � 10�9 4.2 68
MAMS-1 AAO 2D, thermo-switchable 0.04 20–120 H2/CO2 1.88 � 10�6 235 69

a Calculated based on the permeability and membrane thickness.
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zeolite structures.79–82 MOFs with abundant porous structures
are suitable candidates to serve as diverse sources for MOF-
based nanosheets. Keeping the MOF structure and narrow
thickness distribution are key issues during the preparation to
ensure the success of obtaining high-quality MOF nanosheets.

Before making into membrane materials, some attempts
were made to prepare MOF nanosheets. Generally, there are two
approaches to obtain 2D MOF nanosheets, namely top-down
and bottom-up. Top-down approaches refer to applying
mechanical force, such as ball-milling or sonication, on bulk
This journal is © The Royal Society of Chemistry 2017
MOF crystals to yield exfoliated MOF nanosheets.83,84 For the
top-down method, the rst exfoliated MOF research was re-
ported by Prof. Zamora, who used probe sonication to break the
p–p stacking between layers.85 MOF nanosheets with a thick-
ness of 5 � 0.15 Å were obtained aer the sonication treatment,
referring to a single atom layer. In the work of Prof. Xu and co-
workers, they discussed the solvent effect on the exfoliation of
MOF-2, stating that acetone is suitable.84 On the other hand,
bottom-up approaches denote the direct synthesis of 2D MOF
nanosheets, which includes adjusting the solvent, contact
J. Mater. Chem. A, 2017, 5, 10073–10091 | 10075
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Fig. 2 Strategies for improving the separation performance of
membranes based on MOF structures. Fig. 3 Top-down fabrication of molecule-sieving nanosheets (MSNs).

(A) Scanning electron microscopy (SEM) image of as-synthesized
Zn2(bim)4 crystals. The inset image shows the typical flake-like
morphology of the Zn2(bim)4 crystals. (B) Architecture of the layered
MOF precursor. (C) Powder XRD patterns of Zn2(bim)4. (D) TEM image
of Zn2(bim)4 MSNs. The inset shows the Tyndall effect of a colloidal
suspension. (E) Illustration of the grid-like structure of the Zn2(bim)4
MSN. The Zn coordination polyhedra are depicted in blue, whereas the
bim links are represented by sticks. (F) Space-filling representation of
a four-membered ring of the Zn2(bim)4 MSN. (Reprinted with
permission from ref. 40. Copyright 2014 Science.)
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mode, and modulating the synthesis by using capping agents to
facilitate the MOF crystal growth along the 2D directions.86,87

The rst ultrathin membrane composited with a pure MOF
nanosheet for gas separation was reported by Prof. Yang and co-
workers.71 They presented a reliable method for producing
stable, size-selective MOFmembranes with MOF nanosheets for
the separation of H2 from CO2. Their approach enabled them to
grow MOF membranes showing high selectivity for H2 over CO2

while maintaining high permeance. The researchers chose
a layered MOF precursor poly[Zn2(benzimidazole)4] (Zn2(bim)4),
whose bulk structure comprised stacked sheets of Zn(bim) held
together through weak van derWaals interactions (Fig. 3a–c). To
maintain the structural integrity of the MOF in-plane, a gentle
exfoliation process (wet ball-milling with low speed) was carried
out to make the bulk MOF into a MOF nanosheet (Fig. 3d).
Several solvents were tried in the system, and it turned out that
a mixture of methanol and propanol was suitable for stabiliza-
tion of the layers. In the next step, MOF nanosheets with the
same sieving and sorption properties of the bulk MOF phase
were made into an ultrathin membrane via a hot-drop coating
to avoid the order stacking of the nanosheets, which could
otherwise result in partial or total blockage of the molecular
sieve pores. As we discussed above, an ultrathin membrane with
a unique pore size may possess both ideal selectivity and per-
meance. For this, the Zn2(bim)4 membrane with a nanometer
thickness, due to having MOF cages of 0.21 nm (Fig. 3e and f)
and exibility, resulted in excellent size selectivity for H2/CO2

(>200) through the MOF pores, as well as a high permeance (up
to 3760 GPU). The most exciting aspect of this work was the
elegant extension from fundamental studies of membranes to
real-work application testing.88 The gas separation tests were
carried out on this membrane at a challenging condition,
culminating in a complex stream study of H2 gas separation
from an equimolar H2/CO2 feed containing �4 mol% steam at
150 �C. The result indicated that the membranes maintained
selectivity for H2 with good thermal stability over 120 h of
continuous testing.

Beyond the top-down method, MOF nanosheets can also be
obtained by directly adjusting the synthesis system, which may
give a high yield. Prof. Gascon et al. presented a bottom-up
10076 | J. Mater. Chem. A, 2017, 5, 10073–10091
synthesis strategy for copper 1,4-benzenedicarboxylate
(CuBDC) MOF lamellae with micrometer lateral dimensions
and nanometer thickness involving diffusion-mediated modu-
lation of the MOF growth kinetics. As illustrated in Fig. 4, three
kinds of liquids were vertically arranged according to their
different densities, composing the synthesis medium as
a cocktail. Metal salt Cu(NO3)2 and BDCA linkers were solved in
the top and bottom solvent layers, separated by an intermediate
solvent layer. Under static conditions, Cu2+ and BDCA ligands
diffuse into the spacer segment slowly and form the MOF
nanosheet in a highly diluted medium. As the thickness of the
sheet in this work is in range of 5–25 nm, the author incorpo-
rated the MOF nanosheets into polymer matrices to prepare
MMMs. Composites incorporating 2D nanostructures within
polymeric matrices have potential as functional components for
several techniques, including gas separation, whereby gas
molecules with a larger size have to pass a farther way round the
nanosheet in the polymer, while smaller gas molecules can
directly pass through the lamellae. Furthermore, the 2D ller
can reduce the whole thickness of the membrane as well. In this
work, the author studied the condition of a nanosheet dispersed
in the matrix compared with isotropic crystals via tomographic
analysis using focused ion beam scanning electron microscopy.
MMMs with the ller of CuBDC nanosheets gave an excellent
CO2 separation performance from CO2/CH4 gas mixtures as the
MOF nanosheet improved the molecular discrimination effi-
ciency and eliminated the unselective permeation pathways.

The study above revealed the great potential of MMMs con-
taining MOFs with lamellar morphologies as llers. However,
a facile and economical way to synthesize lamellar MOFs still
remains challenging. In the work reported by Prof. Zhao et al.,47
This journal is © The Royal Society of Chemistry 2017

http://dx.doi.org/10.1039/c7ta01142c


Fig. 4 Synthesis and structure of the metal–organic framework
nanostructures. (a) 3D crystalline structure of CuBDC MOF. The insets
on the right-hand side show views along the b (top) and c (bottom)
crystallographic axes showing the stacking direction and the pore
system, respectively. (b) SEM of bulk-type CuBDC MOF crystals. (c)
Image showing the spatial arrangement of different liquid layers during
the synthesis of CuBDCMOF nanosheets. Layers labeled as (i, ii, and iii)
correspond to a benzene 1,4-dicarboxylic acid (BDCA) solution, the
solvent spacer layer, and the solution of Cu2+ ions, respectively. (d) X-
ray diffraction for the bulk-type and nanosheet CuBDCMOF. (e) and (f)
SEM and AFM, respectively, for CuBDC MOF nanosheets synthesized
as illustrated in (c). (Reprinted with permission from ref. 46. Copyright
2015 Nature publishing group.)

Fig. 5 Schematic of the synthesis process of an ultrathin ZIF-8/GO
membrane: coating of flexible ZIF-8/GO nanosheets on a porous
support, such as anodic aluminum oxide (AAO), and subsequent
secondary growth by the contra-diffusion method. (Reprinted with
permission from ref. 48. Copyright 2016 Wiley.)
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MOFs [Cu2(ndc)2(dabco)]n (ndc ¼ 1,4-naphthalene dicarbox-
ylate, dabco ¼ 1,4-diazabicyclo[2.2.2]octane)89 with various
morphologies (bulk crystals, nanocubes, and nanosheets) were
prepared using a modulated synthetic approach. The MOF is
a typical 3D framework composed of a layer structure pillared by
dabco, which can be made into nanocubes and nanosheets by
adding different capping agents in either of two directions. The
MOF nanosheets were obtained by reuxing a metal salt,
linkers, and the capping agent pyridine for 24 h in an ethanol
solution, giving a good yield. This method to prepare MOF
nanosheets is easy to operate and can be facilely scaled up. The
author then blended the MOF material with polymer into
MMMs and studied the relationship between the ller
morphology and membrane performance. Similar to the
research above, the lamellar nanosheet can serve as effective
CO2 barriers, thus improving the gas separation performance.
MMMs with a MOF nanosheet loading amount of 20 wt%
exhibited a H2 permeability of 6.13 � 0.03 barrers and a H2/CO2

selectivity of 26.7, which exceed the 2008 Robeson upper
bound.16

MOF nanosheets can also serve as seed crystals to grow
a thin MOF membrane, which was successfully achieved in the
eld of thin zeolite membrane preparation.90 However, some
MOF materials with a suitable pore size and stability are diffi-
cult to make into nanosheets, such as the famous ZIF-8. Other
2D materials, such as GO, can be used as templates to get 2D
composite nanosheets. Wang et al. reported a strategy to
This journal is © The Royal Society of Chemistry 2017
fabricate ultrathin and defect-free membranes by the secondary
growth of a 2D hybrid MOF/GO seeding layer on various porous
substrates.48 Specically, hybrid MOF nanosheets were formed
by growing MOF nanocrystals on both sides of 2D GO nano-
sheets, giving a sandwich-like structure (Fig. 5). Hybrid nano-
sheets were then dispersed on the substrate (AAO or Nylon) by
a spin-coating method, resulting in a uniform seeding layer.
The contra-diffusion method was used for the second growth
process to avoid crystal overgrowth and defects. In this
program, the ZIF-8 crystal loading amount and second growth
time were studied to obtain the suitable conditions. As a result,
the ZIF-8/GO layer with 3 h seed synthesis time and second
growth time, respectively, was composed of well-intergrown ZIF
nano-grains, and had a thickness of about 100 nm, which made
it one of the thinnest ZIF-8membranes ever reported. The ZIF-8/
GO membrane exhibited an ideal separation selectivity of 405
for H2/C3H8 and 7 for CO2/N2. This strategy showed great
potential for the application of platform technology in the
fabrication of ultrathin membranes from various crystalline
porous materials.
Fine-tuning of the pore size

In many microporous materials used for membranes, there is
a trade-off between permeability and selectivity for gas mixture
separation, making it difficult to achieve high separation effi-
ciency for the membrane process. In the rst section, we dis-
cussed the various approaches to enhance the gas permeance
with ideal selectivity by reducing the thickness. On the other
hand, to realize molecular sieving, high selectivity can also be
achieved by varying the pore size of the solid media. However, it
is challenging to generalize this idea to zeolites and carbon
molecular sieves (CMSs) because zeolites have a limited number
of crystal structures and CMSs have amorphous pore structures.
MOFs, however, can form a vast variety of ordered structures,
pore sizes, and porosities with functional groups from the
different arrangements of metal centers and bridging organic
ligands.91,92MOFs can bemade into effective membranes for gas
separation by ne-tuning the pore size using various methods.
J. Mater. Chem. A, 2017, 5, 10073–10091 | 10077

http://dx.doi.org/10.1039/c7ta01142c


Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 2
1 

M
ar

ch
 2

01
7.

 D
ow

nl
oa

de
d 

by
 C

hi
na

 u
ni

ve
rs

ity
 o

f 
Pe

tr
ol

eu
m

 (
E

as
t C

hi
na

) 
on

 0
1/

06
/2

01
7 

01
:3

5:
37

. 
View Article Online
We will discuss three main paths to adjust the pore size of MOF
membranes.

The rst and most direct method is by using different ligands
to replace a similar one in the original MOF structure to obtain
a suitable pore size to t the target molecules.93,94 In the work
reported by Prof. Caro and Fischer et al., two MOF membranes
with similar structures and different pore sizes were prepared by
the stepwise deposition of reactants.49 Two-pillared layered
MOFs with the general formula [Cu2L2P]n (L ¼ dicarboxylate
linker, P¼ dabco) were prepared into membranes on a substrate
of porous TiO2 and a-Al2O3 disks by a step-by-step, liquid-phase
deposition. Membrane 1 was composited with non-polar L ¼
ndc, while, membrane 2 was built by the polar linker L ¼ 2,5-
bis(2-methoxyethoxy)-1,4-benzene-dicarboxylate and pillar
dabco. Single gas and mixture gases permeability tests were
evaluated on both membranes using the Wicke–Kallenbach
technique. For the equimolar CO2/CH4 mixtures, membrane 2
possessed anti-Knudsen CO2/CH4 separation factors in the range
of 4–4.5 as polar ligands increase the framework affinity to CO2

compared with CH4. In contrast, the separation with membrane
1 was found to be Knudsen-like. A much lower pure SF6 per-
meance was obtained on membrane 2 compared with
membrane 1, due to the smaller pore size (3.5–4 Å) of membrane
2. As the two oriented apertures could be adjusted and as several
functional groups are available, this [M2L2P] family is suited for
such a systematic study of the pore size and adsorption effect on
the gas separation of MOF membranes.95 The stepwise deposi-
tion method can be optimized to improve the separation factor.

In another work from Prof. Qiu's group, two nickel screen-
supported MOF membranes with pillars of different lengths
were successfully synthesized by a secondary growthmethod. As
shown in Fig. 6, pillared layered MOFs of Ni2(L-asp)2P were
chosen. In this case, two different pillared ligands, namely 4,4-
bipyridine and pyrazine, were used to adjust the pore size of the
membrane material. For the membrane with the longer pillar,
an ideal H2 permeance of 1.82 � 10�6 mol m�2 s�1 Pa�1 and
a separation factor higher than the Knudsen diffusion coeffi-
cient were obtained due to the large pore size and selective
adsorption of gas on the MOF. The ultra-microporous JUC-150
Fig. 6 (a) Schematic of the preparation of Ni2(L-asp)2P membranes on
nickel screens. (b) Schematic of compound 1 and its JUC-150 struc-
ture. (Reprinted with permission from ref. 50. Copyright 2014 RSC.)
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membrane with the shorter pyrazine ligands showed preferen-
tial permeation for H2 over the other gas molecules through its
size-sieving effect, leading to high selectivity factors of 26.3,
17.1, and 38.7 for H2/CH4, H2/N2, and H2/CO2, respectively. This
study successfully proved that themembrane possessed tunable
pore sizes and designable pore surfaces, where also the uniform
pore distribution of the MOF membranes make them very
promising for gas separation.

Moreover, partial replacement of the ligands can adjust the
pore size effectively. Prof. Nair et al. carried out several works on
this point.96–98 In their recent work, they prepared a series of
mixed-linker ZIF-8-90 frameworks. ZIF-8 and ZIF-90 have the
same SOD topology, whereas they are composited of different
ligands. The adjustment of the ratio of mixed ligands brought
about the tunability of the effective pore size as well as the ratio
of polar to non-polar functional groups in the framework, which
led to the continuous tuning of their molecular sieving and
adsorption behavior.97 Micro-Raman composition analysis was
carried out on the individual ZIF-8-90 crystals to prove the
hybrid nature and high uniformity of the mixed-linker mate-
rials. As shown in Fig. 7, different adsorption and diffusion
behavior based on the tunable molecular sieving were observed
on continuous tuning of the pore size. The n-butane and i-
butane diffusivities and the n-butane/i-butane diffusion selec-
tivity could be continuously tuned over several orders of
magnitude. This study on the tunable adsorption and diffusion
properties in ZIF-8-90 materials plays a heuristic and guiding
role in research on membrane separation using hybridized
ligands to adjust pore size.

The second main approach to adjusting the pore size
involves exchanging the other part of the MOF, i.e., the metal
center. For MOF materials, the single crystal to single crystal
(SCSC) transformation technique is usually used to obtain
amore stable crystal framework for MOFs, where it is difficult to
synthesize or ne tune the pore size.99–102 In the work of Prof.
Zhang, they involved this transforming strategy to the eld of
MOF membrane fabrication based on multivalent cation
substitution.51 They communicated their key discovery with two
examples, one was the transformation of CuBTC to MIL-100,
which had the advantages of easy preparation and material
Fig. 7 Schematic of the continuous tuning of the molecular sieving
and adsorption behavior in mixed-linker ZIF-8-90 frameworks.
(Reprinted with permission from ref. 97. Copyright 2015 American
Chemical Society.)

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Schematic of the membrane synthesis via heteroepitaxial
growth. (Reprinted with permission from ref. 52. Copyright 2015
American Chemical Society.)

Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
1 

M
ar

ch
 2

01
7.

 D
ow

nl
oa

de
d 

by
 C

hi
na

 u
ni

ve
rs

ity
 o

f 
Pe

tr
ol

eu
m

 (
E

as
t C

hi
na

) 
on

 0
1/

06
/2

01
7 

01
:3

5:
37

. 
View Article Online
stability, the other involved the transformation of CuBTC
membrane to the CuBTC/MIL-100 membrane, which provided
a facile route to design promising candidate MOF membranes
for molecular sieving. For the case of CuBTC/MIL-100 (Fig. 8),
aer transformation, the void interfaces could be eliminated,
the gas channel could be reduced, and the gas selectivities of
the transformed membrane were increased. Because of the
tailorable pore sizes of MOF materials and the diversity in
membrane synthesis, they envisaged there would be some
optimal MOFs and proper preparation conditions, where the
membranes with a lower thickness and better separation
performance could be achieved by transformation in the future.

Based on the same structure and different metal centers,
Prof. Jeong et al. reported well inter-grownmembranes of ZIF-67
by heteroepitaxially growing ZIF-67 on ZIF-8 seed layers.52 As
a tertiary growth of ZIF-8 layers was applied to heteroepitaxially
grown ZIF-67 membranes, the membranes exhibited unprece-
dentedly high propylene/propane separation factors of �200,
possibly due to the enhanced grain boundary structure, as
illustrated in Fig. 9. While the crystallographically determined
pore apertures showed negligible difference between ZIF-8 and
ZIF-67, the IR band corresponding to the metal–nitrogen
stretching frequency in ZIF-67 (nCo–N) was blue-shied as
compared to the one in ZIF-8 (nZn–N). This blue-shi implied
that Co–N bonds were more rigid than Zn–N bonds. Consid-
ering the fact that the effective pore aperture of ZIFs depends on
Fig. 8 Transformations of the CuBTC membrane and their perfor-
mance. (a–c) SEM images of the original CuBTC membrane, the
transformed CuBTC/MIL-100 membrane, and the transformed
CuBTC/MIL-100 membrane after purification, respectively. Scale bar,
20 mm. (d and e) Gas permeance and selectivities of the CuBTC and
CuBTC/MIL-100 membranes. All the average permeation results with
standard deviation were calculated from three measurement data. (f)
Effect of temperature on H2 permeance and H2/CO2 and H2/N2

selectivity for the CuBTC/MIL-100 membrane. (g) Comparison of the
CuBTC/MIL-100 membrane with other kinds of membranes for the
H2/N2 system. The red dotted line is the Robeson's upper-bound re-
ported in 2008. (Reprinted with permission from ref. 51. Copyright
2016 Nature publishing group.)

This journal is © The Royal Society of Chemistry 2017
the magnitude of the ligand ipping motion, it is not unrea-
sonable to surmise that the more rigid the metal–nitrogen
connectivity is, the less the degree of the ligand ipping motion
is. This restricted motion might lead to the slightly smaller
effective pore aperture of ZIF-67 and consequently improved
separation factors. The remarkable propylene/propane separa-
tion performances prove that different metal centers can affect
the pore size of MOFs, leading to an improvement in gas
separation selectivity.

The third method for changing the pore environment is by
loading some guest molecules into the channels of the MOFs
through adjusting the pore size and converting the interaction
between the gas molecules and host MOF framework. This
strategy was originally used in zeolite membranes for ne-tuning
the pore size of the LTA-typemembrane by ion-exchange.103,104 As
for the MOF membrane, this strategy can also be widely used
due to the abundant functional groups of MOF materials. Caro
et al. developed a covalent post-functionalization strategy to
modify the ZIF-90 membrane with ethylenediamine to enhance
its hydrogen selectivity.26 The post-functionalization strategy was
not only helpful in eliminating intercrystalline defects but could
also constrict the pore aperture, giving improved molecular
sieving for better gas separation. In another study, ZIF-90
membrane was modied by 3-aminopropyltriethoxysilane
(APTES), which was also used as the linker between the
membrane and substrate.53 Because of both pore size narrowing
and sealing of the invisible intercrystalline defects by APTES, the
separation performances for a CO2/CH4 mixture on the obtained
membrane were remarkably enhanced, achieving a CO2 per-
meance of 1.26 � 10�8 mol m�2 s�1 Pa�1 and a CO2/CH4

selectivity of 4.7. The amine-modication method was also
applied to Mg–MOF-74,54 which was a promising material for
CO2 capture.105 The selectivity of H2/CO2 was signicantly
improved from 10.5 to 28 as themodied amino group narrowed
the effective pore size and strengthened the interaction between
the CO2 and the framework. All these three research studies
proved that guest molecule post-modication is an effective
method to enhance the gas separation performance by tuning
the pore size.

In the cases above, guest molecules were assembled in the
pores of MOF frameworks to improve their gas separation
properties by post-functional processes, which usually require
steps additional to the synthesis. In a recent work, tailoring of
the pore size was achieve by an in situ synthesis, while keeping
the original guest molecules in the structure.55 Based on the
J. Mater. Chem. A, 2017, 5, 10073–10091 | 10079
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parent MOF [Ni2(L-asp)2(bipy)], it was observed that the bpe (1,2-
bis(4-pyridyl)ethylene) pillar linker had the same connectivity as
the bipy ligand in constructing the [Ni2(L-asp)2(bpe)]$(G)
framework (G¼ guest), which conned the excess bpe ligand in
the channels. The guest molecules were encapsulated in the
pores during the membrane fabrication step with better
dispersion. The bpe molecules uniformly distributed in the
channels not only reduce the window size, but also enhance the
interaction between the MOF framework and the CO2 gas
molecules, which makes the membrane suitable for H2/CO2

separation. The membrane presented a high permeance for H2

(1.0 � 10�6 mol m�2 s�1 Pa�1) and provided desired selectivity
(24.3) for binary gas mixtures of H2/CO2.

Similar to the classic LTA-type zeolite, ZIF-8 is a kind of cage-
type MOF with a SOD topology, where the cage and window size
are 1.12 nm and 0.34 nm, respectively. As shown in Fig. 10,
Yang's group demonstrated that ionic liquids (ILs), at room
temperature, can be used as cavity occupants to ne tune the
effective cage size of ZIF-8.41 By adding an ionic liquid into the
ZIF-8 synthesis system, IL@ZIF-8 with a suitable microenvi-
ronment for CO2/N2 selective adsorption was obtained. The
ideal adsorption selectivity of CO2/N2 on IL@ZIF-8 was
enhanced from 19 to 100 compared with the original ZIF-8.
Furthermore, MMMs based on the IL@ZIF-8 possessed
remarkable combinations of permeability and selectivity that
transcended the upper bound of polymer membranes for CO2/
N2 and CO2/CH4 separation.
MOF membranes combined with other species

Generally, MOF synthesis involves coordination bonding
between metal centers and organic ligands. Therefore, a partic-
ularly favorable case is encountered when the substrate is made
from the same metal source of MOF. This scenario can enhance
the interfacial bonding between the MOFs and substrates.106

Qiu's group reported an HKUST-1 membrane grown on a copper
Fig. 10 Schematic of the cavity-occupying concept for tailoring the
molecular sieving properties of ZIF-8 by the incorporation of room
temperature ionic liquids (RTILs). The cut-off size shifts from the
aperture size of the six-membered ring to the reduced effective cage
size by the confinement of ILs in a ZIF-8's SOD cage. (Reprinted with
permission from ref. 41. Copyright 2015 Wiley.)
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net substrate by means of a ‘twin copper source’ technique.33

The copper net was rst oxidized to copper oxide at 100 �C, and
was then converted to a HKUST-1 membrane in the HKUST-1
mother solution. Furthermore, the same group developed
a simpler ‘single metal source’ method later to facilely prepare
a homochiral MOF membrane on the nickel net, which played
a dual role in the synthesis process as the only nickel source
added to the reaction system and as a substrate supporting the
membrane.107 Since the nickel net was the only metal source in
the reaction system, the growth process stops once a layer of
crystal lm is formed, making the nal membrane thinner and
continuous. This provides MOF-based membrane separation
with a great improvement.

Sometimes, due to the composition, morphology, or reac-
tivity, the substrates are not suitable to act as direct precursors,
and need to be rst covered by some “fertile soil” for develop-
ment of the MOF membranes. Prof. Liu and Prof. Caro et al.
developed a urea hydrolysis method to in situ prepare asym-
metric ZnAl-CO3 layered double hydroxide (LDH) buffer layers
with various stable equilibrium morphologies on porous Al2O3

substrates.56 The g-Al2O3 phase on the substrate served as the
Al3+ source for the homogeneous nucleation and for the
subsequent growth of the LDH buffer layer. As shown in Fig. 11,
because of the metal–imidazole interaction between ZnAl-CO3

LDHs and ZIFs, Zn-based ZIFs membrane, such as ZIF-8, ZIF-7,
and ZIF-90, were successfully prepared on the LDH-covered
substrate, giving a new concept for substrate modication.

In the work of Prof. Drobek et al., to obtain a high-quality
ZIF-8 membrane, the atomic layer deposition (ALD) of ZnO
thin lms on the grains of a macroporous ceramic support was
carried out.57 Compared to other deposition techniques, ALD is
particularly well adapted for both controlling the thickness of
the deposited layers and for uniformly covering the grains of the
support surface and bulk. By optimizing the experiment
conditions, a suitable ZnO thickness and transforming
temperature were found to be key factors to prepare good
quality ZIF-8 membranes. This eco-friendly synthesis method
may be used to deposit different oxides materials on various
kinds of substrates and to convert them to other MOFs.

As mentioned, some other species may act as the precursor
for the MOF membrane and may then be transformed to MOF
Fig. 11 Schematic of the in situ solvothermal growth of the ZIF-8
membrane on a ZnAl-LDH buffer layer-modified g-Al2O3 substrate.
(Reprinted with permission from ref. 56. Copyright 2014 American
Chemical Society.)

This journal is © The Royal Society of Chemistry 2017
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Fig. 13 Schematic of preparation of bicontinuous ZIF-8@GO
membranes through the layer-by-layer deposition of graphene oxide
on the semicontinuous ZIF-8 layer, which was synthesized on a poly-
dopamine-modified alumina disk. (Reprinted with permission from ref.
59. Copyright 2014 American Chemical Society.)
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materials. Besides the precursor, other species can also be
added into the MOF membrane synthesis system to form
composite materials and to be part of the membrane.58,109 Prof.
Peng et al. demonstrated the complete conversion of a copper
hydroxide nanostrand (CHN) free-standing thin lm into a pure
phase HKUST-1 free-standing membrane in a water–ethanol
solution at room temperature.108 The morphology of the
HKUST-1 crystals could be easily tuned from truncated cubes to
cuboctahedrons, depending on the reaction time, without any
other additive modulators. Then, the same author reported
that diverse functional components, including small ions,
micrometer-sized particles, inorganic nanoparticles, and
bioactive proteins, can be encapsulated in MOF thin lms via
the above-mentioned room temperature conversion technique.
As illustrated in Fig. 12, CHNs and doping species were mixed
together and ltrated to the porous substrate, and then reacted
with the ligand of BTC to form component-encapsulated MOF
composite thin lms. This strategy can be used to involve 2D
barriers, such as GO, in the membrane to improve the gas
separation performance.

Defects between the crystals are a major issue and can
reduce the selectivity of the MOF membrane. Other species can
also be used as “repair agents” to x these defects of MOF
membranes. Polymers have been used as the sealant for the LTA
membrane by a “oat casting” strategy.110 For the MOF
membrane, Prof. Huang et al. deposited GO on a semi-
continuous ZIF-8 layer (Fig. 13), and then prepared a novel
bicontinuous ZIF-8@GO membrane. The molecule-sieving
effect was enhanced because the GO layer xed the gaps
between the ZIF-8 crystals, such that the gas molecules have to
go through the small window of ZIF-8. The mixture separation
factors for H2/CO2, H2/N2, H2/CH4, and H2/C3H8 on the ZIF-
8@GO membrane were 14.9, 90.5, 139.1, and 3816.6, respec-
tively, with H2 permeances of nearly 1.3 � 10�7 mol m�2 s�1

Pa�1, which are promising for hydrogen separation and puri-
cation by molecular sieving. On the contrary, MOF materials
can also be used to x the gaps in GO membranes. Prof. Zhao's
group developed a novel approach to narrow the non-selective
Fig. 12 Schematic of the synthesis process and SEM images. (a)
Scheme of the synthesis process of functional components encapsu-
lated HKUST-1 composite thin films through a pre-confined technique
by using CHNs; (b and c) [AuCl4]

� ions, (d and e) 20 nm Au nano-
particles (20 nm), (f and g) ferritin, (h and i) 620 nm polymer sphere and
(j and k) single-walled carbon nanotubes (SWCNTs), encapsulated
HKUST-1 composite thin films, respectively. (Reprinted with permission
from ref. 108. Copyright 2014 Nature publishing group.)

This journal is © The Royal Society of Chemistry 2017
pores of GO membranes by the intergrowth of ZIF-8 crystals.
The obtained membranes exhibited excellent H2 separation
performance.111

In a recent work reported by Prof. Qiu et al., they initially
demonstrated that MOF could be grown on a covalent-organic
framework (COF) membrane to fabricate COF–MOF composite
membranes.42 The resultant COF–MOF composite membranes
showed higher separation selectivity of H2/CO2 gas mixtures
than the individual COF and MOF membranes. The TEM
characterization results in Fig. 14 show that there were two
Fig. 14 (A) TEM image and FFT analysis (shown in insets a and b) of the
[COF-300]–[Zn2(bdc)2(dabco)] composite membrane. Inset (a) is the
FFT of the white marked area, and inset (b) is the FFT of the red marked
area. (B) Schematic of the interlayer formed by amorphous MOF,
which has a similar pore size as a crystalline MOF, occupying the gaps
between the COF nanocrystals and the interface between the COF and
MOF crystalline layers. (Reprinted with permission from ref. 42.
Copyright 2016 American Chemical Society.)

J. Mater. Chem. A, 2017, 5, 10073–10091 | 10081
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parts, a crystalline and an amorphous part, in the composite
layer. The crystalline part could be recognized by the lattice
fringes and roundish morphology of the COF-300 nano-
crystallites, while the amorphous part was lling the space
between the shaped crystalline particles. The EDS spectrum of
the amorphous part revealed the presence of zinc, which
highlighted that the amorphous phase that lled the gaps
between COF crystals was of a MOF-type. The COF nano-
crystallites were integrated in the amorphous matrix, and no
interface between the two phases could be observed. The
amorphous MOF possessed a similar pore size to that of the
crystalline MOF, but lacked the long-range order. This amor-
phous MOF layer in the COF–MOF composite membranes was
benecial for membrane selectivity and permeance, since it
sealed the space between COF crystals andmaintained a similar
pore size to that of the individual COF and MOF layers. This
work suggested that the MOF membrane could be combined
with other porous materials to form a sandwich-like multilayer
membrane with enhanced gas separation performance.
Challenges for MOF membranes

Over the last decade, we have witnessed the fast growth of MOF
membranes due to their potential application in high-quality
performance gas separation.34,38,112–117 However, MOF
membranes still allow prospects for further practical applica-
tion in industry, but the development of truly functional
membranes will probably take more time. Simpler, cheaper,
and high-yield synthesis methods are expected to lead to the
preparation of MOF membranes on the large scale. Addition-
ally, MOF membranes with enhanced stability are required for
practical separation conditions, such as high temperature and
pressure. In this section, we discuss the recent research, mainly
focusing on the challenges remaining for MOF membranes.
Fig. 15 Schematic and desirable characteristics of dual-layer mixed-
matrix hollow fiber membranes. (Reprinted with permission from ref.
60. Copyright 2014 American Chemical Society.)
Scale-up of MOF membrane

MOFs that are identied to be goodmembranes on the lab scale
must be scaled up and tested in practical applications. Similar
to zeolites, scalability is expected to be the main barrier before
commercialization of the MOF membranes can occur.116 (1) The
high cost of support materials and organic ligands, (2) the
hydrothermal and solvothermal synthesis process, and (3) large-
area membrane quality are three main issues for the scale-up of
MOF membranes. It is certain that a shorter term industrial
application of MOFs in membranes will occur in MMMs, where
MOFs are used as ller particles in small amounts in polymers.
MMMs comprising both polymers and inorganic components
offer a good compromise to address the limitations of either of
the individual components.118–121 Research on MMMs begun in
the late 1980s, when they were rst based on the ller of zeolite.
However, the poor compatibility of zeolite and polymer led to
a gap or dense phase between the two species, which degrades
the performance of the obtained composite membrane. MOFs,
on the other hand, are composited of ametal center and organic
linkers, which can have a strong interaction with the polymer
matrix. MOF-based MMMs have received increasing attention,
10082 | J. Mater. Chem. A, 2017, 5, 10073–10091
which has led to rapidly expanding literature reports.67,122–128

The research of MMMs was mainly focused on membranes
prepared by different llers and polymers with improved
property. Most of the membrane areas were limited to the lab
scale, with no prominence attached to the advantages of the
introduction of polymers. Much less efforts have been made to
advance MMMs into asymmetric hollow bers,121,128,129 which
are the most practical membrane geometries in terms of
membrane packing efficiency.130

In Prof. Koros group's work, they successfully formed dual-
layer ZIF-8/6FDA-DAM mixed-matrix hollow ber membranes
with ZIF-8 nanoparticle loading up to 30 wt% using the
conventional dry-jet/wet-quench ber-spinning technique.60 In
that work, the challenges to develop scalable MMMs and
desirable characteristics of dual-layer mixed-matrix hollow ber
membranes were discussed in detail (Fig. 15). Aimed at these
characteristics, they successfully fabricated highly scalable,
high-loading ZIF-8/6FDA-DAM mixed-matrix hollow ber
membranes on the basis of the successfully developed ZIF-8/
6FDA-DAM mixed-matrix dense lms and neat 6FDA-DAM
hollow bers. To achieve a high loading of ZIF-8 and to avoid
defects, a post-treatment of a core layer of 6FDA-DAM by coating
with polydimethylsiloxane (PDMS) and/or polyaramid is a crit-
ical step to seal ber skin defects. The hollow ber C3H6/C3H8

selectivity increased with the increasing ZIF-8 loading up to 30
wt%, consistent with the previously reported dense lm
permeation data. Therefore, this represents great progress in
the research area of advanced MMMs, especially in the scale-up
eld.

MMMs have aroused much interest owing to its composition
of polymers, which allows relative easy processing into
morphologies, such as hollow bers.131 As previously discussed,
for the molecular sieving membranes, one challenge is the lack
of an easily scalable, reliable, and benign fabrication
process.132–134 Zeolite membranes are further hampered by the
requirement for hydrothermal synthesis on high-cost support
materials. MOFs have been used to grow crystalline membranes
on disk and tubular substrates through techniques similar to
those developed for zeolite membranes. Growing large-area
MOF membranes on the surface of hollow bers is a chal-
lenging and important topic for the practical application of
MOF membrane separation.
This journal is © The Royal Society of Chemistry 2017
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Fig. 17 (a) Microfluidic experimental setup for membrane synthesis,
ZIF-8 membrane cross-section, and crystals collected at the exit
during the synthesis are shown. (b) Gas plant scheme and experimental
stainless-steel module used for HF membrane permeation tests. A
13 cm long hollow fiber was sealed with epoxy resin, where a gas
mixture to be separated is fed inside the fiber. The permeate stream is
swept cross-current. (Reprinted with permission from ref. 61. Copy-
right 2015 Elsevier.)
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A series of pioneer works were done by Prof. Nair to prepare
ZIFs membrane on the substrates of hollow bers. A ZIF-90
membrane was fabricated on the outside of a porous poly-
meric poly(amide-imide) hollow ber by a seed-secondary
growth method.135 Growing MOFs on the inner surfaces of
hollow bers has several advantages, including the ability to be
bundled in close proximity while avoiding membrane–
membrane contact points and interfaces that lead to defects
during synthesis. The synthesis of selective membranes in
microscopic conned spaces confronts researchers with plenty
of challenges such as reactant availability and transport, posi-
tional control of the membrane, and scalability. In the work
reported by the same group, interfacial microuidic membrane-
processing (IMMP) methodology was used to grow ZIF-8
membrane on the inside of Torlon hollow bers.43 As shown
in Fig. 16, IMMP combined three key concepts: (i) in situ ZIF-8
lm synthesis in the membrane module; (ii) a two-solvent
interfacial approach that could be tuned to achieve positional
control over the membrane formation and (iii) the controlled
supply, replenishment, and recycling of reactants at micro-
uidic conditions in the hollow ber bore. An interesting detail
in this work was that a lumen-capping step was carried out to
seal the end of the hollow ber with PDMS, avoiding membrane
bypass to achieve a better molecule-sieving effect. The
membrane-processing approach in this work is a notable step
toward realizing scalable molecular sieving MOF membranes.

Prof. Coronas also developed a ZIF membrane preparation
based on microuidics.61 As can be seen in the scheme of the
experimental setup shown in Fig. 17, both the metal salt and
ligand solution were pumped through the ber lumen to obtain
continuous and thin layers of ZIF-7 and ZIF-8 on the inner face
of a hollow ber. Compared with Nair's work, the owing of
both reagents gave rise to additional reactants and solvent
savings. The same group also expanded this method to prepare
a ZIF-93 membrane on the support of P84 co-polyimide HF.62

Because of the molecule-sieving mechanism, the obtained
Fig. 16 Schematic depicting the IMMP approach for MOF membranes
in hollow fibers. (A) Side view of a series of fibers mounted in the IMMP
reactor. (B) The Zn2+ ions are supplied in a 1-octanol solution flowing
through the bore of the fiber, whereas the methylimidazole linkers are
supplied on the outer side of the fiber in an aqueous solution. (C)
Magnified view of the fiber support during the synthesis. The
membrane forms on the inner surface of the fiber by reaction of the
two precursors to form a ZIF-8 layer. (Reprinted with permission from
ref. 43. Copyright 2014 Science.)

This journal is © The Royal Society of Chemistry 2017
membrane possessed high selectivity of 59.7 and 16.9 for the
separation of H2/CH4 and CO2/CH4.

Besides microuidic-based membrane preparation, several
other techniques could potentially be scale-up methods for
MOF membrane fabrication. In a work reported by Prof. Qiu
and his co-authors, an electrospinning technique was intro-
duced into the synthesis of supported microporous
membranes.63 This approach is suitable for various substrates,
especially tubes, with the possibility of large-area processing.
The thickness of the seed layer could be precisely controlled to
obtain a continuous and uniform seed coating on the support
surface. At rst, defect-free ZIF-8 membranes were successfully
synthesized. Then, they successfully synthesized several kinds
of microporous materials into high-quality membranes and
lms on different-shaped supports by this method,136 such as
zeolite NaA and beta membranes on a porous Al2O3 tube, zeolite
NaY membrane on a stainless-steel net, and a MOF
Eu(BTC)(H2O)$DMF lm on a porous silica disc.

Prof. Kim reported their work on synthesizing supported ZIF-
7 lms and membranes at ambient pressure using a simple
electrospray deposition technique.64 Compared with Qiu's work,
no polymer was added to the precursor solution, which only
contained metal ions, ligands, sodium formate, and solvent.
During the process of the precursor drop traveling to, landing
on, and spreading on the substrate, the solvent was evaporated
to induce reactant nucleation and crystallization to form
J. Mater. Chem. A, 2017, 5, 10073–10091 | 10083
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Fig. 19 Schematic of the hot-pressing method for MOF coating.
(Reprinted with permission from ref. 143. Copyright 2015 Wiley.)
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continuousmembranes. The deposition temperature, precursor
ow rate, and applied voltage to the precursor solution were
important variables to obtain a good quality membrane. This
facile method has a potential for scalability. The easy control of
the membrane thickness is another attractive point of this
method, which can give a thinner membrane and high gas
permeance.

Several other techniques for MOF lm preparation have been
reported recently that may be promising for the large-scale
fabrication of separation membranes. In the previous works
of Prof. Wöll and Prof. Fischer, liquid-phase epitaxy (LPE)
methods have been used to prepare thinMOF lms onmodied
substrates.35,138,139 Controlling the thickness, orientation, inter-
penetration, and heteroepitaxy can be achieved by this LPE
method.140–142 In the research reported by Prof. Eddaoudi's
group, a defect-free ZIF-8 membrane was prepared on a porous
substrate by the LPE method, and the gas separation perfor-
mance was evaluated by the time-lag technique.65 The ultrathin
(0.5–1 mm) membrane was obtained by cycles of immersing in
metal ion and ligand solutions, and a solvent washing process
was carried out in the interval of the two solutions to remove
excess raw material. In a further work, an adaption of the LPE
approach was applied to prepare highly oriented/polycrystalline
MOF thin lms.68 As shown in Fig. 18, spin-coating technology
was introduced to the LPE process, whichmade it more effective
in terms of a short time and low raw material consumption
compared with the conventional LPE process. This method was
extended to various MOFs with a 2D or 3D structure and
different substrates. The universality, ease of operation, and
cost-effective nature make this technique promising for the
practical preparation of MOF thin lms and membranes. In
another work reported by Heinke, a step-by-step spray method
was employed to coat a MOF membrane on the substrate.66 The
thickness of the membrane can be controlled by the cycle
number of spraying and this method is suitable to scale-up
membrane fabrication.

Tradition MOF synthesis is carried out under solvothermal
conditions, which is difficult to apply to large-area MOF
membrane preparation. Wang et al. presented a solvent- and
Fig. 18 Schematic representation of the setup employed for the
fabrication of MOF thin films using the LPE approach adapted to the
spin-coating method. (Reprinted with permission from ref. 137.
Copyright 2016 RSC.)

10084 | J. Mater. Chem. A, 2017, 5, 10073–10091
binder-free approach for producing stable MOF coatings by
a unique hot-pressing (HoP) method.143 The mixture of metal
salts and ligands can rapidly react with the surface functional
groups or metal sites on the surface of the substrates and then
form the MOF layer under applied temperature and pressure
simultaneously (Fig. 19). This strategy was proven to be applicable
to various MOFs and exible substrates. A multilayer composite
membrane can also be obtained by layer-by-layer pressing. In
their follow-up work, this HoP method was scaled up in the form
of roll-to-roll production for the mass production of MOF-based
lters, which possessed effective particulate matter removal
properties for air ltration applications.144 However, the issues of
crystal intergrowth and quality should be addressed for the
materials to be used as gas separation membranes.

It will be easy to scale up if the MOF membrane can be
polymerized from a monomer like a polymer. This is a fast and
facile way to covalently link MOF crystals by exible polymer
chains in an ordered fashion, namely via postsynthetic poly-
merization (PSP). In this way, MOFs that bear polymerizable
functional groups can copolymerize with organic monomers to
achieve elasticity and processability. However, conventional
polymerization methods may inevitably destroy the structures
of someMOFs under harsh polymerization conditions or entrap
undesirable solvents. In another work reported by Prof. Wang
and co-authors, modied UiO-66-NH2 nanoparticles were
copolymerized with acrylate monomers by UV light under
solvent-free and mild conditions to form exible and crack-free
membranes for the separation of Cr(VI) ions from water.145 The
advantages of the photoinduced postsynthetic polymerization
approach, including its universality and ease of fabrication, may
highlight a new direction for the scale-up of MOF membranes
with exibility. The introduction of a polymer monomer may
lead to a wider dispersion of pore sizes, thus weakening the
molecule-sieving effect of MOFs, which should be considered
when applied to the gas separation.
Improved stability of MOF membranes

For most MOFs, one of the major drawbacks is their poor
(thermal or chemical) stability, which counts against their
This journal is © The Royal Society of Chemistry 2017
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practical applications.44,146,147 The development of novel stable
MOF structures and methods to enhance MOF stability are
important research topics, which are critical for the gas sepa-
ration process on MOF membranes. To date, only a few MOFs
have been reported to possess satisfactory hydrothermal
stability, e.g., the ZIF family,93 MIL (Matérial Institut Lavoisier)
analogs,148 and some zirconium- and pyrazolate-based
MOFs.149–151 Otherwise, post-enhancement of hydrothermal
stability of the already existing MOF materials is also an
attractive option and has become one of the most active
research domains nowadays.44,152,153 The post-enhancement
methods, however, need to meet the requirements of keeping
the porosity of the parent MOFs aer the modication or
reinforcement.

ZIF-8 is currently one of the most stable MOFs. Prof. Lin's
work demonstrated that the gas permeance on the ZIF-8
membrane for H2, He, N2, and SF6 is hardly changed during
days of storage in the lab.67 The propylene and propane per-
meance did not change either during 27 days of off-stream
storage. Fig. 20 shows the permeation and separation perfor-
mance of a C3H6/C3H8 mixture of a ZIF-8 membrane as a func-
tion of the off-stream storage time (for 35 days) and on-stream
time (for 5 days). The ZIF-8 membrane exhibited constant per-
meance and selectivity for C3H6/C3H8 during the entire period
of the off-stream and on-stream tests. This work showed that
ZIF-8 membranes are extremely stable under both off-stream
storage and on-stream C3H6/C3H8 separation conditions. The
excellent stability and ideal separation performance make the
ZIF-8 membrane very attractive for propylene/propane separa-
tion in industrial applications.

For another kind of famous stable MOF, continuous zirco-
nium(IV)-based MOFs (Zr-MOFs) have also been prepared into
membranes. The UiO-66 membranes were fabricated on
alumina hollow bers using an in situ solvothermal synthesis
method.154 The water amount in the synthesis solution was
a key point to obtain a high-quality inter-grown UIO-66
membrane. Single-gas permeation and ion rejection tests were
carried out to conrm the membrane integrity and function-
ality. The membranes exhibited chemical stability during ion
removal from a wide range of saline solutions up to 170 h.
Although the pore size of UIO-66 is too large for separating light
Fig. 20 Off-stream stability and on-stream stability test of C3H6/C3H8

mixture permeances on the ZIF-8 membrane at 35 �C. (Reprinted with
permission from ref. 67. Copyright 2014 Elsevier.)

This journal is © The Royal Society of Chemistry 2017
gas mixtures, stable MOFs based on Zr with a wide range of pore
sizes and various functional groups have been reported in the
last few years. Furthermore, post-modication and ligand
exchange can also be carried out to adjust the pore size of Zr-
MOF.

Another effective method to solve the stability problem is to
reverse the surface polarity of MOFs from hydrophilicity to
hydrophobicity. In the work reported by Prof. Yu's group,
hydrophobic PDMS was deposed facilely on the surface of MOF
materials.153 This method was applied to several classic MOFs
and the modied materials possessed better moisture or water
resistance compared with the pristine MOFs (Fig. 21), and also
maintained the original porosity and surface areas. Such
a coating process can expand the application of MOF
membranes for gas separation in humid conditions. In
a recently reported work, this work has been used to switch the
surface wettability of a MOF-coated mesh for oil/water
separation.155

To enhance the stability of ZIFs under hydrothermal condi-
tions, a partial ligand exchange process, referred to as a shell-
ligand-exchange-reaction (SLER), was carried out by Li and
Yang.44 As shown in the Fig. 22, 2-MIM ligands in the ZIF-8
crystal outer layer were replaced by 5,6-dimethylbenzimida-
zole (DMBIM), which made the surface of the crystals hydro-
phobic. Besides ZIF-8, the SLER methodology was also
successfully applied to stabilize other types of ZIFs, such as ZIF-
7 and ZIF-93. Same as Yu's work, aer the SLER process, the
obtained ZIF materials kept the original porosity and had an
improved stability under hydrothermal tests. Compared with
Yu's work, the shell ligand exchange may possess a more stable
surface layer, while causing a complex process.

As discussed in the last section, MOFs-based MMMs can not
only possess the easy processing property of polymers but can
also x the inter-crystal defects of polycrystalline MOF
membranes to maintain the separation stability of the
membrane. Furthermore, MOF llers can help polymers over-
come the issue of plasticization conversely. In the study of Prof.
Long, Co2(dobdc) and Ni2(dobdc) nanocrystals were combined
with a polymer to form MMMs with enhanced ethylene/ethane
Fig. 21 Schematic of PDMS-coating on the surface of MOFs and
improvement of the moisture/water resistance of MOFs. (Reprinted
with permission from ref. 153. Copyright 2016 American Chemical
Society.)
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Fig. 22 Schematic of the shell-ligand-exchange-reaction (SLER)
process of ZIF-8. (Reprinted with permission from ref. 44. Copyright
2013 RSC.)
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separation performance.68 Because of the interaction between
MOF particles and the polymer matrix, the involvement of the
MOF llers can reduce the polymer chain mobility to enhance
the plasticization resistance of the obtained membranes.
Summary and outlook

MOFmembranes for gas separation represent an important and
rapidly expanding research area for gas separation. The choices
of structure design and growth strategies are critical for
obtaining the membrane with ideal properties. This review
summarizes the recent developments in MOF membranes,
focused on membrane performance improvement and resolu-
tions to the problems of practical applications. Ultrathin
membranes are preferred for their higher permeance. Owing to
the development of 2D materials in the separation area,
building 2D MOF membranes has become a great challenge. So
far, 2D MOF nanosheets can be successfully fabricated by both
“top-down” and “bottom-up” approaches. These 2D MOF
nanosheets have then been used as building blocks to prepare
pure MOF membranes or MOF membranes combined with
polymers to synthesize MMMs. Besides 2D MOFs, other 2D
materials, such as GO, can also be used as a template to make
3D MOFs into a 2D morphology. Another key factor that affects
the membrane performance is the separation selectivity. Aim-
ing to increase membrane selectivity, the advantage of MOF
materials design can give solutions in different directions. The
two parts that build the MOF framework, i.e., the metal centers
and organic ligands, are facile to be varied to adjust the pore
size and environment, which can t the molecular size of
a specic gas mixture to achieve molecule sieving. Furthermore,
the channels of MOF membranes can also be ne tailored by
embedding guest molecules. In addition to the MOF material
itself, a variety of other species have been introduced into the
MOF membrane as precursors, inserts, and repairing agents to
enhance the performance of the original membrane. Although
the separation performances of MOF membranes have been
improved by the methods mentioned above, some important
issues still need to be addressed, such as their stability and
scale-up fabrication with acceptable cost. MMMs are supposed
to be a solution to the scale-up issue with viable trade-offs in
10086 | J. Mater. Chem. A, 2017, 5, 10073–10091
a short-term solution, especially for hollow bers with an
asymmetric structure. Hollow bers are picked as the support to
grow MOF membranes on the inner side by the diffusion
method. This membrane-processing approach is a notable step
toward realizing the scalable molecular sieving of MOF
membranes. Other novel methods and techniques may also be
well prepared for MOF membrane scale-up, such as electro-
spinning, electrospray deposition, hot-pressing and photoin-
duced postsynthetic polymerization, etc. To resolve the stability
issue of MOF membranes, the development of MOFs with
robust structures is chosen as a direct strategy. Some famous
frameworks, such as the ZIF series and UIO series, have been
prepared into membranes to test their performances under
high temperature and humid conditions. For MOF membranes
with low stability, some reinforcement strategies can be taken
to enhance their stability. Ligands and metal centers exchange
are effective in enhancing the steadiness, while a protective
coating is also useful to enhance the hydrophobicity of MOF
membranes.

In addition to the recent research progress we have dis-
cussed, new research related to MOF membranes has been re-
ported for separation applications. Tomographic FIB-SEM may
be a powerful technique to assess the spatial distribution of
MOF llers,156 the polymer, and the void space in the membrane
in 3D. When combined with image analysis, it provides
a convenient method to quantify the ller–matrix contact,
which is an essential feature for the performance of MMMs. The
precise and quantitative insight into the key structural features
in the nanoscale range offers feed-back to the membrane
casting process. Therefore, it represents an important progress
toward the rational design of MMMs with enhanced structural
features and separation performance.

Thus, it will be fantastic to have a membrane combining the
ease of processing of polymers and the ordered pore structure of
MOFs. Beyond MOFs, some crystal materials constituted by
reversible bonds have similar unique pore sizes as MOFs and
can be dissolved in the solution and recrystallized into the
membrane. In the work reported by Prof. Wu, polyanionic
clusters as connection nodes and cationic pseudorotaxanes
acting as bridging monomers were connected, giving a single-
layer ionic self-assembled framework.157 The single layer with
a uniform mesh-like structure was dispersed in aqueous solu-
tion and ltrated on the porous substrate into the membrane to
sieve quantum dots within 0.1 nm. The so supramolecular
polymer framework is promising for the separation of gas
molecules due to its advantage of a uniform pore size, 2D ex-
ible structure, and solution processability.

Turning the perspective from 2D to 0D, Prof. Cooper et al.
demonstrated that porous organic cages (POCs) could be
solution-processed into coherent thin lms with a tunable
structure and porosity.158 As shown in Fig. 23, POCs with
a designated structure were dissolved in the solution like
polymers and dispersed on the substrates via spin-coating. By
varying the speed of spinning and the concentration of the cage
molecules in solution, POC membranes with different thick-
nesses were obtained aer the solvent evaporation. Due to their
advantage of solution processability, these POC materials with
This journal is © The Royal Society of Chemistry 2017
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Fig. 23 Synthesis of POCs and the solution-processing of POCs into
thin films. (a) Synthetic pathways and chemical structures of POCs. (b)
3D crystalline structure of the CC3 cage. (c) Schemes showing the
ordered assembly of cage molecules into crystals, and (d) the disor-
dered packing of cage molecules in the amorphous state. Molecular
simulation of (e) crystalline structure and (f) amorphous packing of the
cage CC3. (g) SEM image of CC3 crystals, (h) photograph of crystalline
CC3 cage solids (left) and solution of cage molecules dissolved in
solvent (right), (i) photograph of cage thin films spin-coated on glass
slides (left: transparent cage film coated on glass alone, right: cage film
stained with iodine). (j and k) Scheme illustrating spin-coating of the
cage solution into an ultrathin layer of cage films on (j) a nonporous
substrate, and (k) a porous substrate, forming a thin-film composite
membrane with a molecular sieving function. (Reprinted with
permission from ref. 158. Copyright 2016 Nature publishing group.)

Fig. 24 (a) Single-gas permeation of a 40 nm membrane. (b) A
10 000 min continuous test of a 40 nm membrane for the separation
of an equimolar H2/CO2 mixture at room temperature. (c) A snapshot
of MD simulation for the separation of an equimolar H2/CO2 mixture
through a bilayered MAMS-1 membrane. (d) Gas permeance and H2/
CO2 separation factors of a 40 nm membrane under seven heating/
cooling cycles. (Reprinted with permission from ref. 69. Copyright
2016 Nature publishing group.)
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unique pore size are attractive to be prepared into large-scale
membranes for gas separation. However, the stability issue
should be addressed when the POC membrane is applied in
a practical process. Post-reinforcement of POC membranes,
more robust cages for membrane preparation, and POC-based
MMMs may be the future research focuses of this kind of
membrane.159

Furthermore, the gating-open effect of the channels in some
MOF materials is another advantage for gas separation.160–166 It
has been demonstrated that the gas adsorption property can
benet from the exibility of the framework. Involving this
property into membrane separation will allow gas permeation
to be adjusted by changing the operating conditions, such as
temperature, pressure, even light and electrical stimulation. A
mixture of three or more gases can be separated stepwise by
using a condition switching program on a single membrane,
which could be called a “smart membrane” and is effective for
the separation process. However, this will be a challenging topic
as the crystal may crack at the micro level during the gate
opening/closing process. Several groups are working on this
direction presently and in the work reported by Heinke and co-
workers, a MOF membrane based on the azobenzene side-
groups was reported.167 Under irradiation with ultraviolet or
visible light, the azobenzene moieties can be switched from the
trans to the cis conguration, leading to a changing pore size
and gas separation selectivity. In a very recent research, Zhao
reported a reversed thermo-switchable molecular sieving
membrane composed of 2D MOF nanosheets for H2/CO2 sepa-
ration, combining the advantages of exibility and an ultrathin
membrane.69 As illustrated in Fig. 24, the 40 nm membrane in
This journal is © The Royal Society of Chemistry 2017
that study exhibited an adjustable gas separation performance
corresponding to the operation temperature. The freely rotated
tert-butyl groups in the framework is the key point for the
thermo-switchable separation behavior, characterized by in situ
variable temperature PXRD.

The separation of mixtures without using heat would change
the world in terms of lower energy consumption and pollution.1

Compared with other porous materials, the multifunction
group, tunable pore size, and exible framework make MOF-
based membranes promising materials for some of the crucial
gas separations, such as hydrocarbons separation and CO2

capture (pre-combustion and post-combustion). Based on the
crystal engineering, large numbers of MOF structures with
different surface chemistries and pore sizes have been added
into the candidate database, which is an advance and chal-
lenging aspect. Preparation and performance studies have been
done widely on some famous and promising MOFs, such as the
ZIFs series.117 More potential MOFs with low-cost ligands, scale-
up preparation methods, stable and suitable structures will be
found and selected from the database, and computational
studies may play the role of a guide for effective seeking good
candidates.
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