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Metal-organic frameworks (MOFs) are now attracting more and more attention due to their various special
properties and functions. They are regarded as potential candidates for gas separation, adsorption, chemical
sensing, catalysis and many other applications. Many types of two-dimensional (2D) architectures are
developed, which exhibit great potential in charge transfer, catalysis, luminescence and so on. 2D
architectures based on MOFs are developed, including MOF membranes, MOF thin films and 2D MOFs.
Herein, we mainly overview the synthetic methods and device applications of these MOF-based 2D
architectures, and finally proposed some prospects for the development of these MOF materials. Some
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1. Introduction

Since the definition of metal-organic frameworks (MOFs) in
1995 by Yaghi et al.,* MOFs have attracted much attention from
many researchers due to their potential in separation, adsorp-
tion, catalysis, chemical sensors, miniaturized electronic
equipment, optical materials, drug delivery, NLO materials,
electronic and optoelectronic devices and so on.>™ Their
structure tailorability, vast diversity,*** high thermal as well as
mechanical stability and organic functionality®>" have
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key scientific problems and their possible solutions are also proposed in this review.

attracted much attention. Supramolecular building blocks*
and secondary building units (SBUs)* can be used to design the
structure of MOFs at the level of building units rather than the
level of primary building blocks.?

Recently, two-dimensional (2D) architecture materials, such
as graphene,**** metal nanosheets,?® and 2D hexagonal boron
nitride,””*® have exhibited great potential in electrochemistry,*
light-emission,* gas separation®* and so on. Since Furukawa
et al. divided hierarchically structured MOF architectures into
four categories,* those MOFs with 2D architectures such as
MOF thin films, membranes and 2D MOFs have received more
and more attention. The thickness of 2D MOFs is mainly on the
atomic scale, and the thickness of MOF thin films can range
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from the nanoscale to the millimeter scale, while MOF
membranes mainly represent the membranes with adsorption,
separation or separation-based functions (Fig. 1). 2D MOFs
could be exfoliated from MOF thin films which are composed of
MOF nanolayers. MOF membranes should have adsorption,
separation or separation-based functions (i.e. battery systems,
which will be discussed later), but MOF films do not have this
restriction. That is, the differences between MOF membranes
and thin films mostly lie in the functions, rather than in
chemical essence. Various properties of MOF membranes, thin
films and 2D MOFs have been developed, and efforts towards
the improvement of these materials are being carried out.

Generally speaking, in order to optimize the properties of
MOFs, we can start from choosing a suitable synthetic strategy,
metal ions and organic ligands,*” chemically modifying using
various functional groups, designing MOFs with a variety of
different topologies* and combining MOFs with other mate-
rials to obtain various composites.**** The metal ion clusters of
most MOFs are based on di- or trivalent ions of 3p and 3d
metals or lanthanides.*® And especially, many kinds of MOF
membranes, films and 2D MOFs are based on d'° metal ions.
The d'° metal configuration is related to the coordination
environment, so they are very suitable for the construction of
coordination polymers, the structure of which can be finely
tuned.*”** Each gram of MOF material has a surface area of up
to several thousand square meters. The pore size can be
adjusted by selecting an appropriate linker, the metal ion
centre, and controlling the reaction conditions.*® The physico-
chemical properties and topological structure of MOFs mainly
depend on the binding sites and the orientation of their organic
ligands, and the coordination number and geometry of metal
ion clusters.* In view of the above aspects, MOFs with improved
properties and various functionalities could be designed and
prepared, and MOF membranes, films and 2D MOFs could be
further improved.

Since some excellent reviews have summarized MOF
membranes, thin films, 2D MOFs and their device applica-
tions*' respectively, here we review the synthetic methods of
MOF membranes, thin films and 2D MOFs, and some applica-
tions, including some latest research. Some strategies to
improve the properties of these MOF materials are also
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Fig. 1 The difference between MOF thin films, MOF membranes and
2D MOFs.
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summarized. Finally, the prospects for their development have
also been proposed.

2. 2D MOFs

Two-dimensional materials have attracted much attention since
graphene was discovered in 2004.*> As a new class of 2D mate-
rials, 2D MOFs have been marked by their high conductivity,
chemical tunability and high structural porosity,**** and usually
exhibit three, four or six connected network topologies.*
Generally, three available metal coordination sites are usually
contained in the metal complexes of the MOF to construct the
2D structure.*>*” 2D polymers have become research hotspots,
including graphene and 2D MOFs.*® The synthetic methods of
different 2D MOFs are various, including the Langmuir-
Blodgett method, sonication exfoliation, mechanical exfoliation
and the like. Besides, many aspects of 2D MOFs have already
been studied, including chirality,* magnetism,* and lumines-
cence.” In general, several kinds of methods have been used to
prepare 2D MOFs. Although excellent reviews about 2D MOFs
have been published recently,**** here we mainly introduce
some novel synthetic strategies together with classical method,
and some special properties and characterization of 2D MOFs
are also mentioned.

2.1 Synthetic methods of 2D MOFs

Similar to most nanomaterials, according to the synthetic
approaches of 2D MOFs, the synthetic methods could be
generally divided into bottom-up and top-down strategies.*
Briefly, the bottom-up strategy refers to the direct assembly of
metal ions and organic ligands to construct the MOF layers,
while the top-down one refers to exfoliation from bulk MOFs.
Different 2D-MOF layers are linked by weak interactions, such
as van der Waals forces, w- stacking and the like. Hence, one
can detach MOF layers from bulk MOFs to obtain 2D MOFs.
Typically, the top-down strategy usually includes sonication
exfoliation and mechanical exfoliation, while the bottom-up
one consists of the Langmuir-Blodgett method, modulated
synthesis and the like. Typical synthetic strategies are going to
be summarized here.

2.1.1 Langmuir-Blodgett method. The Langmuir-Blodgett
(LB) method is a feasible method to prepare ordered, large-area,
thin nanosheets on the surface of a liquid.*®* The monomers of
2D materials were spread over the surface of a liquid and
packed into a dense film, followed by the injection of a metal
ion solution.*® This method could give rise to monolayers or
polylayers of MOFs, which makes it a flexible approach to
prepare 2D MOFs.

In fact, the LB method is usually combined with the layer-by-
layer method to assemble several MOF nanosheets together to
form a nanofilm. Makiura et al. prepared a series of nanofilms
of metal-organic frameworks on surfaces (NAFS) which are
composed of 2D MOF nanosheets based on metalloporphyrin
linkers and metal ion centres.”® They assembled copper ions
and 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin (H,TCPP)
molecules to obtain NASF-2. As illustrated in Fig. 2, a 2D MOF is
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Fig. 2 Illustration of the formation of NASF-2.5° Copyright 2011,
American Chemical Society.

firstly formed on the surface of the solution via the LB method,
and then a second monolayer is formed to obtain a multilayer
nanofilm. The monolayers are assembled by connected water
molecules. Actually, NAFS-1 has also been prepared by the LB
method earlier.*® A definite advantage of this method is that, the
absence of pillaring units between layers makes the interlayer
space tunable. Axially coordinated water molecules could be
substituted by suitable components, and the interlayer space
could further be controlled. Although this method is employed
to prepare nanofilms, obviously it could also result in MOF
monolayers.

2.1.2  Sonication exfoliation method. As for 2D-MOF crys-
tals, different layers are connected through weak interactions,
including hydrogen bonding as well as van der Waals forces.
Provided that the weak interactions are broken, single-layered
2D MOFs could be obtained. And this could be achieved by
a concise sonication exfoliation method (or a liquid exfoliation
method), which could further lead to 2D-MOF nanosheets.” A
2D MOF-2 nanosheet was prepared by the sonication exfoliation
method. Dried powder of MOF-2 was sonicated at room
temperature to carry out delamination in acetone. Then after
the sedimentation of the layered suspension, a colloidal
suspension could be obtained. And the 2D MOF-2 nanosheets
could be obtained by volatilizing the acetone.’” Zamora et al.
deposited sonicated solutions of Cu(i,u) CPs on highly oriented
pyrolitic graphite and obtained isolated monolayers.*® Some
other studies preparing 2D MOFs via the sonication exfoliation
method have also been proposed,* ' and an excellent review
has been presented about the liquid exfoliation method.® In
fact, many types of exfoliation methods of bulk materials have
been developed, which will be discussed below.

2.1.3 Mechanical exfoliation method. Similar to the soni-
cation exfoliation approach mentioned above, mechanical
exfoliation is also an excellent method to prepare 2D materials,
including 2D MOFs. The differences between sonical and
mechanical exfoliation methods are shown in Fig. 3. Typically,
a Scotch-tape method has been used for the exfoliation of gra-
phene or some other materials®® rather than coordination
polymers because of the fragility of crystals. A mechanical
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Fig. 3 Comparative illustrations of sonical (a) and mechanical (b)
exfoliation methods.

exfoliation approach has been reported recently by Espallargas
et al. They took [Fe(bimCl),] (HbimCl = 5-chlorobenzimidazole)
for instance, and demonstrated that the mechanical exfoliation
method could be extended to almost all 2D materials.>® Bulk
crystals could be exfoliated simply using plastic tape, and the
flakes of monolayers could be obtained and observed. This
method could be extended to the preparation of almost all 2D
coordination polymers.

2.1.4 Modulated strategy. As is known to us all, MOFs
could exhibit 3D structures thanks to the noncoplanar multi-
coordination of metal ions or organic ligands. In order to
obtain 2D MOFs, monodentate ligands could act as a modulator
and be employed to react with metal ions to resist the growth of
MOF crystals along special directions. This can result in the
anisotropic growth of MOF crystals and promote the formation
of 2D MOFs.*® Wang et al. employed acetic acid to modulate the
growth of a tetragonal crystal MOF, and successfully lead to the
anisotropic growth.** The acetic acid on the metal ion cluster
causes steric hindrance and fewer haptos in a special direction,
further statistically leading to the anisotropic growth. Actually,
the roles that modulators may play mainly include: (1)
controlling the number of haptos on metal ions to control the
direction of the growth, (2) causing steric hindrance to result in
anisotropic growth, (3) regulating the growth kinetics, and (4)
preventing the aggregation of crystals.

Provided that we prefer to obtain single 2D-MOF nanosheets,
we could employ monodentate ligands to occupy the nonco-
planar haptos of metal ions and leave the coplanar ones, which
could further lead to the formation of MOF nanosheets (Fig. 4).
We may exploit the trans effect to control the reaction. We could
choose monodentate ligands with a stronger trans effect than
organic linkers so as to achieve para substitution. This strategy
could result in 2D MOFs whose original structure is 3D. The
varieties of 2D MOFs could be expanded rather than confined to
the original MOF nanosheets.

2.2 Various topology of 2D MOFs

The topology of 2D MOFs has been studied in many reports.
Traditionally, the topology control of MOFs is achieved by the
selection of metal ions, organic linkers and synthetic condi-
tions.*> We would like to emphasize that, although some 2D
networks of MOFs are involved in the formation of layered
crystals macroscopically, their monolayer nanosheets could be

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 lllustration of the modulated synthetic strategy.

easily obtained by exfoliation methods mentioned earlier
because the layers are packed by van der Waals forces rather
than chemical bonds or interpenetration structures. Hence we
could regard them as 2D MOFs and discuss their topology.
Many studies constructed disperse 2D MOFs by stepwise
reactions. Choe et al. developed a bridging-linker replacement
strategy to obtain special structures.®® 2D MOFs with a disperse
topology can be obtained through many new methods. Unlike
covalent-organic frameworks (COFs),** MOFs always exhibit
a complex topology. Yaghi et al. proposed the topology analysis
of MOFs, but mainly focused on 3D construction.®” However,
thanks to the coplanar structure, the topology of 2D MOFs is
more concise. In a way, it can be explained with the minimal
transitivity principle.*” The planar structure prevents the
arrangement of organic linkers in 3D space, and further
reduces the types of vertices that the linkers might act as in
a net. This may finally cause minimal transitivity of the 2D
MOFs, and make their topology more concise. The bridging-
linker replacement 2D structures are mostly based on (4,4) or
(6,3) topological nets.”® For example, the first 3d-4f hetero-
metallic framework containing supramolecular 1D channels
with a (6,3) topology was reported.®® A 2D MOF containing
equivalent 2D network was also reported, which exhibits a (4,4)-
sql topology.” We can design different 2D MOFs based on the
same topology, although the metal ion clusters and organic
linkers could be changed. This strategy is called the isoreticular
principle.”

Differently, a 2D network {[Zn,(BPBP)(4,4’-sdb),]},, (BPBP =
5,5-bis(4-pyridyl)-2,2’-bithiophene, and 4,4-H,sdb = 4,4’-sul-
fonyldicarboxylic acid) was constructed, which displays
a{4*-6}-sql topology. The coordination environment of Zn(u) is
shown in Fig. 5a, in which the two Zn(u) ions are crystallo-
graphically independent. Each Zn(u) ion is coordinated by two
symmetrical 4,4’-sdb ligands through four oxygen atoms and
a BPBP ligand through one nitrogen atom. A dinuclear Zn(u)
“paddlewheel” type SBU is generated by connecting the pairs of
Zn(u) ions using the symmetrical 4,4"-sdb ligands. And as Fig. 5b

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) Coordination environment of Zn(i) ions. The hydrogen
atoms are left out in view of clarity. (b) The 1D chain composed of 4,4/ -
sdb ligands and Zn(i) ion centers. (c) The structure of the 2D MOF. (d)
The sqgl topology of the 2D MOF.” Copyright 2013, American Chemical
Society.

shows, these SBUs are bridged through the second carboxylate
groups of the 4,4’-sdb ligands to form a 1D [Zn,(4,4’-sdb),],
chain containing a 10.25 A x 13.75 A loop. Then the 1D
[Zn,(4,4’-sdDb),], chains are connected by BPBP ligands to form
a 2D layer with the distance between Zn(u) ions being 18.830 A
(Fig. 5c¢). Taken together, the sql topology can be shown as in
Fig. 5d.”> Hence the topology of 2D MOFs is related to not only
the coordination of groups in the structure, but also the lengths
of the groups. The length of ligands plays an important role in
the stability of MOF structures. In general, MOFs based on
nanoscopic ligands exhibit the tendency to collapse in a vacuum
due to the instability of the long ligands after the guest mole-
cules are removed. Some PCNs are constructed from cubocta-
hedral cages in a (3,24)-connected topology to form
microwindows to improve the stability of PCNs.”?

An important tool to study the topology of MOFs is their
simplified underlying net.”* Taking the MOF in Fig. 5c as an
example, the atoms are apparently not coplanar; however, the
propagation direction of the crystal is in a plane (along the a-
and b-axes in the crystallographic plane), and the crystallo-
graphic planes are linked by secondary bonds rather than
chemical bonds. Hence, it should be regarded as a type of 2D
MOF. Actually, the structure of 2D MOFs may not necessarily
require the coplanarity of all atoms, such as the structure in
Fig. 5c. Hence, we may define that, a type of MOF, so long as its
simplified underlying net is in the same plane, can be called
a 2D MOF.

J. Mater. Chem. A, 2019, 7, 21004-21035 | 21007
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Based on the topology of 2D MOFs, one can choose appro-
priate metal ions and organic ligands to construct the target
MOFs. Many potential factors, such as the coordination number
of metal ions and the length of ligands should be taken into
account. For 2D MOFs, the haptos of ligands should be in the
same plane to ensure that the subsequent MOFs have a 2D
structure, or, according to our aforementioned discussion in
2.1.4, appropriate monodentate ligands should be introduced
in order to control the growth of MOFs in special directions.

2.3 Relationship between 2D and 3D MOFs

In some cases, lots of 3D MOFs could be regarded as the
assembly of 2D MOFs. 3D MOFs could be split to 2D MOFs in
order to study their structures and topology. Thus, we are going
to discuss the relationship between 2D and 3D MOFs. Actually,
apart from the 3D structure connected by coordinated small
molecules we have mentioned in Section 2.1.1,>> many
connection styles are also developed. A 2D MOF can be formed
into a laminated form by inter-layer m-7 interactions to
construct a 3D MOF.” According to a previous report, [Zn(-
BBC)5(BPDC),(H,0)10](NO3)  (DEF),5(H;0)s (DUT-43) was
prepared under solvothermal conditions, where BBC = 4,4',4"-
(benzene-1,3,5-triyl-tris(benzene-4,1-diyl))tribenzoate and
BPDC = 4,4’-biphenyldicarboxylate. It has a 3D structure, which
is formed by two kinds of 2D MOFs. One is a kind of honeycomb
layer composed of structural units and based on BBC as an
organic linker; the other is composed of three honeycomb layers
which are connected by BPDC. The simplified three-
dimensional structure has been given (Fig. 6a), which shows
the three-dimensional structure of the two three-layer struc-
tures interspersed by a single-layer structure.” Similarly,
[Cuy(TPOM),L,]-3H,0 (HsL = 1,3,5-benzenetricarboxylic acid
and TPOM = tetrakis(4-pyridyloxymethylene)methane)”® can
also form 3D networks.

Apart from the inter-layer -7 interactions, organic linkers
could also join 2D layers together to form 3D MOFs. A 3D MOF,
[Co,(TCTA)(BPY),(H,0)4)n, (H,TCTA = p-tert-butyl-thiacalix[4]
arene tetraacetic acid, BPY = 4,4'-bipyridine), was constructed
from 2D sheets, which are connected by TCTA (Fig. 6b).”” The
two formations to construct 3D MOFs from 2D structures could
be extended to the construction of other frameworks.

Interpenetration is also an important formation of the
construction of 3D structures from 2D MOFs. The

__=TCTA § =co(on) | =BPY

Fig. 6 3D MOFs constructed from 2D sheets by (a) inter-layer -
interactions.” Copyright 2012, Royal Society of Chemistry. And (b)
organic linkers.”” Copyright 2011, American Chemical Society.
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interpenetration in 2D structures has been reviewed earlier.
According to the earlier review, parallel and inclined interpen-
etration are two types of interpenetration between 2D layers.*® A
{[Cd,(oba),(IP),(H,0)]-H,0}, (1, Hyoba = 4,4’-oxybis(benzoic
acid), and IP = 1H-imidazo[4,5-f][1,10]-phenanthroline)
compound was prepared, which exhibits a parallel inter-
penetrating structure (Fig. 7a).”® Two 2D-MOF sheets in 1 are
displayed in Fig. 7a, which are on the left side and right side,
respectively. The 2D-MOF sheets stack alternately and could
finally form a 3D structure. A Co{{HBDC][BDC], s[INH]} (2, BDC
= 1,4-benzenedicarboxylic ~acid, and INH = Iiso-
nicotinylhydrazine) 2D coordination polymer also exhibits an
interpenetrating structure (Fig. 7b),” which is constructed by
interpenetration of closed paths. The Schlifli symbol of 2 is 6°.
The interpenetration provides the structure of 2 with higher
thermal stability. In fact, 3D MOFs can also exhibit inter-
penetrating structures.*

The discussion about the relationships between 2D and 3D
MOFs is helpful for the synthesis of 2D MOFs. As is emphasized
in the previous section, 2D MOFs could be exfoliated from 3D
MOFs which are composed of monolayers to obtain MOF
nanosheets. There are mainly four connection styles, namely (1)
small molecule connection (intermolecular force), (2) inter-layer
-7 interacting connection, (3) organic linker connection, and
(4) interpenetrating connection. Obviously, an exfoliation
method is not suitable for the latter two connection styles for
the sake of the strong combining ability of covalent bonds in the
3D network. Hence, exfoliation methods could only be applied
to the 3D MOFs constructed by intermolecular force or -7
interacting connection.

2.4 Applications of 2D MOFs

2D MOFs, also known as MOF nanosheets, frequently exhibit
impressive nano effects. On the edge of 2D MOFs, lots of
unsaturated active sites endow them with high reactivity or
responsive activity, which is called the surface effect. And the
planar structure of the nanosheet leads to a conjugation system,
which further allows electron delivery on the nanosheets. 2D
MOFs have wide application in sensors, conductive devices,
switch devices® and so on. In view of typicalness, here we
mainly introduce the application of 2D MOFs in sensors,
conductive devices and catalysis.

2.4.1 Sensor. Recently, the selective and sensitive detection
of gaseous mixtures is in great need.*” Gas sensors have a great
influence and a wide range of applications, which include

(a)

Fig. 7 The interpenetrating structures of (a) 1® (copyright 2012,
Elsevier) and (b) 27° (copyright 2013, Elsevier) respectively.

This journal is © The Royal Society of Chemistry 2019
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industrial process management, food quality control, environ-
mental monitoring, chemical threat detection, occupational
safety, and medical diagnostics.**®*® The rich host-guest
chemistry and porous structures that respond to external
stimuli of MOFs have attracted much attention of researchers
for the development of biological and chemical sensors.?”*® In
fact, many kinds of MOFs can be used as sensors, not only for
gas monitors, but also for other applications, due to their
photochromic, electrochromic, photoluminescence, electrolu-
minescence and other characteristic responses. As is well
known, 2D nanosheets could exhibit special nanoeffects. Their
sufficient unsaturated active sites and planar structure are
convenient for the stimulation and deliver of electrons. This
further enable them to be used in sensors. Based on 2D MOFs,
many research studies have been conducted aimed at the
application of MOFs as sensors.

The MOFs with photochromic or electrochromic properties
can be applied in photoelectric conversion devices. NBU-3 is the
first 2D MOF with both electrochromic and photochromic
properties. The photochromic process is reversible, changing
between yellow and dark green. This type of discovery can be
used in the fields of memory materials and photoelectric
conversion.?

NUS-1a which displays responsive turn-on fluorescence to
many volatile organic compounds has been reported. It is an
activated analogue of 2D layered NUS-1. It could be obtained by
evacuating the crystal of NUS-1 to remove the solvent molecules
in the crystal. The sensing study was carried out by immersing
NUS-1a in different volatile organic compounds followed by
photoluminescence tests. Compared with the pristine crystals,
NUS-1a immersed in benzene exhibited a red shift, and the
crystal soaked in mesitylene exhibited a blue shift. The rela-
tionship between fluorescence emission and the emission
wavelength is displayed in Fig. 8. According to previous litera-
ture, a coplanar conformation can promote 7 electron conju-
gation, which further leads to a red shift, while a perpendicular
conformation can weaken 7 electron conjugation which further

80 .
DPEB
g 60+ &
k=} s
Q2 | O
> 40_/\/7.\ é Cyelohexane
S "'.4: o e, .vahmu ' ﬁ J )
€ o O
S 204 NUS-1 ® e |
(¢} ® ° V‘."»%
NUS-1a
0 ——— " ——————— .
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Shift of A, Compared to NUS-1a (nm)
Fig. 8 The fluorescence emission spectra of NUS-1a in different

volatile organic compounds.®* Copyright 2014, American Chemical
Society.
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results in a blue shift.*>*® When NUS-1a is exposed to analytes,
the conformation of the dangling phenyl rings might be
changed. This further leads to the peak shifts of the electrons.
Interactions between the dangling phenyl rings of NUS-1a and
analytes could impede the rotation and/or vibration of the
phenyl rings and further hinder trigger peak shifts as well as the
responsive turn-on fluorescence. NUS-1a could be used as the
sensor for various volatile organic compounds and might
further find wide application in sensing.”

2.4.2 Conductive devices. Most of the current research is
mainly focused on the application of MOFs in catalysis, sepa-
ration and gas storage. In fact, MOFs can also be used in the
field of electronic devices.” ** However, the poor conductivity of
MOFs limits their uses in batteries, fuel cells and many other
applications.” Thus, the design and modification are needed.
Fortunately, the rigid or flexible structures of MOFs enable
them to be tuned to reach a higher conductivity.®® The incor-
poration of satisfactory magnetic and/or electrical properties
into a MOF requires embedding these materials into nano-
sheets, which can prepare transparent and flexible electronic
and/or optoelectronic devices or functional membranes and
molecular sieves.”” The crystal engineering strategy can help us
design the structure of MOFs via the selection of organic linkers
and metal ion clusters. Actually, the preparation of MOFs into
nanoflakes can optimize their electrochemical performance, in
which MOFs remain highly crystalline and porous, with
increased specific capacitance.*”® As mentioned earlier, the
planar conjugated structure of 2D MOFs endows them with
high electron conductivity. Lots of studies have been carried out
to develop conductive devices based on 2D MOFs.

A 2D cobalt 2,3,6,7,10,11-triphenylenehexathiolate frame-
work has been reported, which exhibits temperature-dependent
charge transport properties. The temperature-dependent resis-
tivity of the 2D MOF was measured on a pressed pellet of the 2D
MOF with various thicknesses. According to the measurement
results, it exhibits a pronounced temperature-dependent resis-
tivity and a strong correlation between the transition tempera-
ture and film thickness (Fig. 9). According to the authors, the
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Fig. 9 The variable-temperature resistivity measurement for the 2D-
MOF material. Inset in the panel shows the SEM image of the 2D-MOF
material.?® Copyright 2017, American Chemical Society.
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changes of conductivity of the 2D MOF might be due to the
changes in the interlayer spacing, vibrational modes and
morphology, which could be influenced by temperature.®

The Seebeck effect describes the relationship between the
difference in temperature and current. The Seebeck effect has
been observed in some 2D MOFs. 2D MOFs X;(HITP), (X = Ni,
Pt or Pd, and HITP = 2,3,6,7,10,11-hexaiminotriphenylene) has
been reported, which have large Seebeck coefficient values of
600 vV K ' at room temperature.’® This impressive perfor-
mance makes 2D MOFs potential temperature sensors.

The requirement of novel semiconductor materials is
increasing due to the miniaturization of the feature sizes of the
integrated circuits as well as the development of the semi-
conductor industry. Particularly, MOFs could be a potential
candidate for new semiconductor materials in microelec-
tronics, although the integration is still at an early stage of
development. As for 2D MOFs, lots of semiconductor materials
have been developed. Su et al. developed a calcium-based 2D
MOF by a solvothermal method.*” In this study, a dual-channel
emitting pathway theory was proposed. In the 2D MOF prepared
in this study, the energy emission below 500 nm could be
attributed to the interlayer trapped excitons by 2D layers after
charge transfer while the energy emission above 500 nm could
be imputed to intralayer formed excimers. The emissions
exhibit an excitation-dependent shifting tendency. For low
energy excitation (excitation wavelength = 460-530 nm), the
dominant energy emission is above 550 nm; at an excitation
wavelength of 420-450 nm, a pronounced long wavelength
emission above 550 nm was observed; and at an excitation
wavelength of 265-408 nm, an apparent emission which shifts
from 430 to 470 nm could be observed. This excitation-
dependent shifting tendency allows the 2D MOF to be used in
the semiconductor field.

2.4.3 Catalysis. Typically, the catalytic properties of MOFs
attract much attention from researchers. Lots of reactions can
be promoted by MOFs and their derivatives efficiently. Thus, it
is vital to study the design of MOF catalysts. The catalytic
properties of MOFs strongly depend on the nature of the metal
ion clusters as well as the additional organic linkers.'*> Hence
the selection of metal ions and organic linkers is very impor-
tant. Especially, indium'” and some transition metal ions
exhibit considerable catalytic activity. As for organic linkers,
a conjugated system is useful for the improvement of catalytic
activity. In view of this, different combinations of metal ions
and organic linkers can be developed to obtain efficient cata-
lysts. Benefiting from the sufficient active sites and large
conjugated structures, 2D MOFs exhibit impressive catalytic
performances.

High-standard electrocatalysts are greatly required in many
energy storage and conversion systems.'®™% In many ways,
electrocatalysis of the hydrogen evolution reaction (HER),
oxygen evolution reaction (OER) and oxygen reduction reaction
(ORR) is vital for the solution of energy shortage and environ-
mental pollution. Hence, the search for effective electrocatalysts
is an important topic. 2D cobalt 1,4-benzenedicarboxylate
(CoBDC) and TizC,T, nanosheets were combined through an
interdiffusion reaction-assisted strategy, and the composite is
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denoted as TizC,T,~CoBDC. Ti;C,T,—~CoBDC exhibits an elec-
trocatalytic activity for the OER, which shows a Tafel slope of
48.2 mV dec™ ' at a current intensity of 10 mA cm > and an onset
potential of 1.51 V (vs. RHE).**® In order to introduce more
hydrogen active sites into 2D MOFs to improve the catalytic
activity of 2D MOFs towards the HER, metal bis(diamine)
(MN,4, M = Co and Ni), metal bis(dithiolene) (MS,) and molec-
ular metal dithiolene-diamine (MS,N,) complexes were incor-
porated into carbon-rich 2D MOFs. They act as electrocatalysts
for the HER during the process. The combination of nitrogen,
sulfur and metal synergistically facilitated the adsorption/
desorption of H,. In this study, the operating potential of Co
dithiolene-diamine coordination was found to be 283 mV at 10
mA cm~ >, and the Tafel slope was found to be 71 mV dec™,
indicating an excellent electrocatalytic activity towards the
HER.*™

2D MOFs could also be used as catalysts for organic reactions
because they can act as a Lewis acid. A 2D framework, [Sc,(-
pydc);(H,0),]-5H,0, was  synthesized from  2,3-pyr-
idinedicarboxylic acid (H,pydc) and Sc(ur) ions. The 2D MOF
exhibits excellent catalytic activity for the cyanosilylation of p-
nitrobenzaldehyde in acetonitrile. With this 2D MOF, the
conversion of p-nitrobenzaldehyde was reported to be 99% after
90 minutes of reaction, indicating the excellent catalytic prop-
erties of the 2D MOF. The pronounced Lewis acid catalytic effect
of the 2D Sc-based MOF could be attributed to the electron-
unsaturated Sc(m) metal sites, which lead to its high elec-
tronic reception capability.'”” Hence, the selection of metal ions
to construct a 2D MOF could remarkably influence the catalytic
activity of the 2D MOF, and the 2D MOFs based on unsaturated
metal ions could act as electrophilic reagents in organic reac-
tions. Two highly active species obtained from the 2D Co-based
MOF exhibits high catalytic activity towards the transformation
of biomass-derived furfural, which also indicates the important
role that the open metal centres play in organic reactions.**®

2.4.4 Precursor of nanoparticle doped carbon nanosheets.
Some derivatives of 2D MOFs also exhibit enhanced catalytic
performances. Dong et al. reported an in situ synthetic strategy
of ultrathin ZIF-67 nanosheets with a salt-template, and the
nanosheets are carbonized to prepare Co/N co-doped carbon
nanosheets (Co, N-C NSs) which exhibit electrocatalytic activity
towards the ORR. NaCl powder and a methanol solution of
MelIm and CoCl, were mixed under stirring so as to obtain ZIF-
67 nanosheets. Then the methanol solvent was evaporated and
Co, N-C NSs were obtained through in situ pyrolysis. The brief
illustration of the preparation process is shown in Fig. 10a.
Different Co, N-C NSs were caused by different pyrolysis
temperatures, and are denoted as Co, N-C NS-T °C where T
refers to 600, 700, 800 or 850. Meanwhile, a Co/N co-doped
carbon nanoparticle denoted as Co, N-C NP-800 °C was
prepared from rhombic dodecahedral ZIF-67 nanocrystals for
comparison. The electrocatalytic activities of different samples
towards the ORR were studied. According to Fig. 10b, Co, N-C
NS-800 °C exhibits the highest current density and the most
positive onset potential as well as halfwave potential among the
Co, N-C NS samples, indicating the enhanced ORR activity of
Co, N-C NS-800 °C. And as shown in Fig. 9¢, Co, N-C NS-800 °C
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Fig.10 (a) lllustration of the synthesis process of ZIF-67 nanosheets as
well as Co, N-C NS derived from ZIF-67 nanosheets. (b and c) Linear
scanning voltammetry curves of different Co, N-C NSs, Pt/C and Co,
N-C NP-800 °C.*° Copyright 2017, Royal Society of Chemistry.

exhibits a halfwave potential of 0.869 V, which is more positive
than that of Co, N-C NP-800 °C (0.832 V) and Pt/C (0.846 V),
which suggests the enhanced electrocatalytic activity of Co,
N-C NS-800 °C.* This study suggests that effective electro-
catalysts could be obtained from the derivatives of 2D-MOF
nanosheets.

3. MOF membranes

In recent years, MOF membranes have attracted much attention
from researchers due to their excellent gas separation capacity,
considerable catalytic properties and so on. However, there are
still many challenges in these fields. Regarding controllability,
although many MOF membranes exhibit separation capacity,
the modification of their structures as well as functionality is
still a great challenge.*

As for application aspects, industrial gas mixtures are often
multi-component systems. If it is desired to selectively separate
a certain gas from a mixed gas through a MOF membrane, this
membrane should be required to have a good selective
adsorption function; however, the selectivity of many MOFs
cannot meet this demand.** Besides, many MOF membranes
have poor proton-conductivity capacities, so they should be
prepared based on conductive substrates.’'® However, accord-
ing to relevant reports, the influence of the matrix on the
properties of the membranes is stronger than that of the MOF
itself. MOF membranes with better gas selectivity tend to
adhere to inorganic substrates, which are relatively expensive.
We hope that the MOF layer can be built on porous polymers,
but the realization of this goal is still limited by technology.'™
The main restriction is the poor combination force between
substrates and MOF membranes."® Recently, many excellent
reviews have been published, which summarized the structure,
design, construction and application of MOF membranes.*>*"”
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Here we choose to introduce MOF membranes with respect to
synthetic methods as well as applications.

3.1 Synthetic methods of MOF membranes

About 10 years ago, the construction technology of MOF
membranes nearly hadn't been developed,**® but great progress
has been made in a decade. We mainly summarize the reports
of MOF membranes divided according to synthetic strategies.
Especially, because various synthetic strategies of MOF
membranes have already been developed, we are going to
organize this section by the classification of their synthesis
methods, and the experimental methods are introduced below.

3.1.1 Solvent method. The solvent method is the most
common strategy for the preparation of MOF membranes.
Typically, precursor solutions are mixed and the reaction is
carried out under heating or at room temperature, followed by
filtration to obtain MOF membranes. In fact, lots of strategies
which will be discussed later are based on the solvent method
(i.e., spin rotation method). The solvothermal method is a kind
of solvent method. In the solvothermal method, the substrate is
preliminarily placed in a reaction solution, and the solution is
heated. Sometimes it is necessary to preheat the reaction solu-
tion. The solvothermal method can lead to thinner MOF
membranes.'® In detail, the solvothermal method includes two
strategies, namely in situ method and secondary growth.**® The
in situ synthesis method could lead to substrate corrosion and
the lack of control to prepare a homogeneous coating; however,
the secondary growth requires nano-sized MOF seeds.'*
Sometimes, the surface of the substrate can be modified with
hydroxyl, carboxyl or other functional groups in order to
increase the bonding strength between MOF films and the
substrate.”” However, though the solvothermal method is
a classical strategy to obtain MOF membranes, there are still
a lot of obstacles in the development of this method: (1) control
of the synthesis and growth of membranes can be difficult to
implement, which results in thick MOF membranes; (2) the
cracks between the substrates and membranes may cause
different thermal expansion coefficients if the reaction system is
cooled back to room temperature; and (3) the prohibitive cost
limits its large-scale application.”” The synthetic methods of
MOF membranes should be able to improve their separation
performance. Appropriate MOFs and matrices have been
chosen to construct MOF membranes and many strategies have
been developed.

Typically, ZIF-9 can be synthesized from Co(NO3),-6H,0 and
benzimidazole (bIM), while ZIF-67 from Co(NO3),-6H,0 and 2-
methylimidazole (mIm). Zhang et al. synthesized a ZIF-9-67
membrane which is based on ZIF-67 and ZIF-9 from
Co(NOj3),-6H,0, bIM and mIm. In this research, a-Al,O; was
used as a matrix. The ZIF-9-67 membrane exhibits great selec-
tivity for CO, separation (Fig. 11). According to Fig. 11a, CO, has
the lowest permeance value among various gases, and it has
a different behavior from other gases. An increase appears when
temperature is higher than 330 K. The ZIF-9-67 membrane
exhibits great selectivities for a mixture of CO, and other gases,
especially H, (Fig. 11b). The ideal separation factor of CO,-H,
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Fig. 11 (a) The permeance of different gases at various temperature;
(b) ideal separation factor of different gases at various temperatures.*®
Copyright 2013, Royal Society of Chemistry.

reaches nearly 16, indicating the considerable separation
capacity of the ZIF-9-67 membrane.*

Knebel et al. successfully prepared a 200 nm UiO-66
membrane deposited on an a-Al,O; substrate. Azobenzene
(AZB) is loaded in the pores of the UiO-67 membrane. The
control of CO, permeability and H,/CO, separation based on
AZB-loaded UiO-67 membranes were tracked by in situ irradia-
tion and permeation. Changes in external conditions can switch
the gas composition. This resulted in an ultrathin smart UiO-67
membrane. The permeability of this UiO-67 membrane to
a single gas and the permeability of the AZB-laden UiO-67
membrane to a gas mixture are shown in Fig. 12.*°

Flexibility is an important feature for the usefulness of the
material in many applications.****** Most MOFs are structurally
flexible, which promotes their application in various fields.****¢
Hence it is vital to embed MOF membranes into flexible
substrates to retain the flexibility. Nanofibrous mats can also be
used as a perfect substrate for the growth of MOF membranes
because of their large porosity, high specific surface area, and
enormous structural as well as chemical tunability. Wu et al.
reported the fabrication of several MOF membranes with elec-
trospun nanofibrous mats being used as the substrate. HKUST-
1, ZIF-8, Zn,(bpdc),(bpee) (bpee = 1,2-bipyridylethylene) and
MIL-101(Fe) are fabricated via this method. Two steps are
included during the modification, which are the impaction of
MOF crystal seeds and the integration of MOF crystals, respec-
tively (Fig. 13). The crystal seeds can be embedded via the sol-
vothermal method. And the integration of MOF crystals can be
implemented by dropping the MOF precursor solution under
applied voltages. By this modification, MOFs can be embedded
into flexible substrates and be used in flexible devices.**”

(®)

—~
2
=
m
&
L |

|
|
<

Permeance (mols™m*Pa”)

n
»

H; CO; N, CH, CH; CH,

HAJ/CO, Hy/N, Hi/CH, HyC;H, HJCiH,

Fig. 12 (a) The single-gas permeances; (b) the ideal permselectivities
of different gas mixtures.® Copyright 2017, Royal Society of
Chemistry.
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Fig. 13 Scheme of the electrospun nanofibrous mats used as the
substrate for MOF membranes.*?” Copyright 2012, Royal Society of
Chemistry.

Jeong et al. modified an IRMOF-1 membrane with a surfac-
tant in order to avoid fractures and cracks in the membrane
during the drying process.”® The surfactant can reduce inter-
facial tension, which represses the formation of cracks as well
as fractures. An IRMOF-1 membrane was also prepared by the
solvothermal method in their study.'™ Heptanoic anhydride
(AM6) was used to modify the membrane. The IRMOF-1
membrane was immersed in a chloroform solution of AM6 to
complete the modification. Then the membrane was kept in
a chloroform solution of Pluronic P123 or Span 80 (Sorbitan
oleate). After these processes, the membrane was dried without
the generation of any fractures or cracks.

Different from the traditional strategy of preparing
a membrane by directly mixing a metal ion solution, an organic
linker solution and a substrate, Livingston et al. used two
methods to prepare HKUST-1 on Polyimide P84 supports.
Traditionally, in situ synthesis refers to the preparation of
a HKUST-1 film by directly mixing an aqueous solution of
copper acetate, a solution of H3BTC in octanol, and the
substrate. And Livingston et al. proposed two different facile
strategies. Scheme A indicates that the substrate can be first
soaked in the aqueous solution of copper acetate for a period of
time. After the substrate is taken out, the solution of H;BTC in
octanol is poured on the surface of the substrate. In contrast, in
Scheme B, the substrate is first used in the H;BTC solution.
Then the aqueous solution of copper acetate is used. The
HKUST-1 film synthesized by Scheme A is mainly located on the
surface of the substrate, while the HKUST-1 film prepared by
Scheme B is embedded on the surface of the substrate. The
solute retention of the composite membrane prepared by
Scheme A is about the same as that of the composite membrane
obtained by the in situ synthesis method, but its permeance
value is more than 4 times as much as that of the latter.’*®

Interestingly, Coronas et al. synthesized ZIF-7 and ZIF-8
membranes on the inner-side of polysulfone (PSF) via pump-
ing reaction solution through the PSF hollow fiber, which
exhibits gas separation capacity. This strategy could be devel-
oped and expanded to adsorption and catalysis fields."**

This journal is © The Royal Society of Chemistry 2019
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Many efforts have been made to optimize the formation of
MOF membranes on substrates. Especially, according to
a previous report, sonication can clean the sample,*** reduce the
size of MOF crystals and improve the affinity to substrates.™®
Zhu et al. synthesized HKUST-1 membranes based on poly(2,6-
dimethyl-1,4-phenylene oxide) (PPO) with the assistance of
sonication. They prepared HKUST-1 membranes which are
named CuBTC-S1/PPO (under the sonication of 40% ampli-
tude), Cu-BTC-S2/PPO (under the sonication of 100% ampli-
tude), and Cu-BTC-p/PPO (without the assistance of sonication).
Fig. 14 shows the SEM images of the PPO membrane and the
composite membranes incorporated with HKUST-1. As shown
in Fig. 14b, the Cu-BTC-p/PPO membrane exhibits some voids
between Cu-BTC and the substrate, while the PPO membrane
exhibits a smooth surface (Fig. 14a). According to Fig. 14c and d,
smaller Cu-BTC crystals are generated by sonication treatment,
and CuBTC-S1/PPO and Cu-BTC-S2/PPO show a crater-like
morphology.*** Additionally, sodium formate treatment in the
synthesis process deprotonates the reaction system.'** 3¢ It
gives rise to uniform distribution of MOF crystals in all direc-
tions and finally leads to continuous well-intergrown
membranes.**®

Sonication was also used by Vankelecom et al. to construct
NH,-UiO-66-ABA (ABA = 4-aminobenzoic acid).””” However, they
also pointed out the essential role the amine group plays in the
formation of a stable membrane. A composite membrane based
on NH,-UiO-66-ABA and Matrimid 9725 was prepared, and the
amine group on the outer surface of the MOF moiety results
in covalent linking, which contributes to the stable
membrane.'?*%°

Apparently, the solvent method is concise in technology and
independent of special devices. It could lead to well-crystalline
and homogeneous MOF membranes. It might be the most
potential method for the manufacture of MOF membranes and
thin films. However, as the most common strategy, the solvent
method might cause some defects in membranes. Additionally,
compared with some novel strategies, the solvent method is

Fig. 14 SEM images of different samples, which are (a) the PPO
membrane, (b) Cu-BTC-p/PPO, (c) Cu-BTC-S1/PPO, and (d) Cu-BTC-
S2/PPO.**3 Copyright 2013, Royal Society of Chemistry.
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difficult to endow the MOF membranes with specific functions.
According to the aforementioned strategies, surfactant- and
ultrasonic-assisted solvent methods could be employed to
overcome these disadvantages, and some other methods have
also been developed.

3.1.2 Contra-diffusion method. In order to achieve well-
intergrown ZIF membranes, it is vital to achieve the heteroge-
neous nucleation of MOFs on substrates. Many strategies have
been developed, such as the modification of the surfaces of
substrates as well as the addition of crystal seeds on supports.
However, these strategies usually complicate the membrane
synthesis."® Researchers have developed a contra-diffusion
method to synthesize MOF membrane and films. Briefly, two
precursor solutions are placed at both ends of the substrate,
respectively, and the solutions each contain one reactant and
the same solvent. The two solutions diffuse in opposite direc-
tions through the substrate. When the two solutions meet,
a ZIF-8 membrane or film can be generated.™*'****> Previously,
ZIF-8 membranes have been synthesized on polymer substrates,
such as bromomethylated poly(2,6-dimethyl-1,4-phenylene
oxide)"* and poly-thiosemicarbazide,""* in order to avoid the
disadvantage of using inorganic substrates. Jeong et al
prepared a ZIF-8 membrane on a porous a-alumina support via
this method, and obtained excellent separation properties for
propylene/propane. And the composite is denoted as ZIF-8/a-
Al,03.* Particularly, MOF membranes can grow on the inner
side of hollow fibers by employing the contra-diffusion method.
This approach is convenient to control and helpful for the scale-
up fabrication of MOF membranes.* In another report, ZIF-8
and HKUST-1 were grown on either the inner or the outer
surface of polybenzimidazole based hollow fibers (PBI-Bul-HF)
via the contra-diffusion method. The sketch maps of the
synthetic strategy are shown in Fig. 15b. Zn(NO;), was dissolved
in water and circulated through the inner side of the fibers, and
2-methylimidazole (2-mIm) was kept on the outer side of the
fibers to prepare the ZIF-8@PBI-Bul-In composite. Conversely,
one can inject the solution of 2-mIm into the inner side of the
fiber, while inject the solution of Zn(NO3), to the outer side.

ey [
ZIF-3@PBI-Bul-Out | CuBTC@PBI-Bul-Out

Q' CuBTC at Inner/Outer Surface

Fig. 15 (a) The photograph of the CuBTC@PBI-Bul-Out composite.
(b) The sketch maps of the synthetic scheme of CuBTC@PBI-Bul-Out
as well as CuBTC@PBI-Bul-In. (c) Microscopic images of different
composites based on PBI-Bul-HF.*** Copyright 2015, Royal Society of
Chemistry.
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Then the ZIF-8@PBI-Bul-Out could be obtained. And the same
process is used to prepare HKUST-1@PBI-Bul-In and HKUST-
1@PBI-Bul-Out. The microscopic images of the composites in
this study are shown in Fig. 15c, displaying well-decorated
hollow fibers."** The contra-diffusion method could lead to
MOF membranes embedded into matrixes, further resulting in
a strong combination between MOF membranes and
substrates. However, the matrices of this method are limited to
the ones with high permeability.

3.1.3 Rapid thermal deposition method. The traditional
MOF membrane preparation methods are mainly in situ
synthesis and secondary growth, which are limited by their low
reproducibility and scalability and high manufacturing cost.
Shah et al. used the rapid thermal deposition (RTD) method to
prepare a MOF membrane.

Actually, the RTD method is more similar to the liquid phase
evaporating (LPE) method, which will be discussed in the MOF
Films section. Typically, the main difference between RTD and
LPE methods lies in the treatment of the matrix. After the matrix
is treated (i.e. soaked or slid-coated), for the RTD method, the
matrix would be heated and the solvent evaporates; however, for
the LPE method, the matrix might be cooled to promote the
crystallization of the MOF. The difference is illustrated in
Fig. 16. In the RTD method, the solution is driven from the
inside of the porous matrix to the outside. At this point, crys-
tallization will occur both outside and inside the matrix. RTD is
used to prepare the membranes of ZIF-8 and HKUST-1. The gas
permeability is significantly different from that of the
membrane prepared by the conventional method (Fig. 17),
making it more suitable for gas separation.”® This method
could lead to MOF membranes spread evenly both outside and
inside the matrix.

3.1.4 Interfacial synthesis method. Zhu et al. have reported
a new Interfacial Polymerization (IP) method which can help
synthesize thin-film nanocomposite (TFN) membranes. They
deposited ZIF-8 on polyacrylonitrile UF membrane (PAN)
substrates. The PAN substrates are sequentially immersed in
sodium hydroxide solution and deionized water to modify the
substrate to obtain HPAN. At the same time, ZIF-8 is modified
with poly(sodium 4-styrenesulfonate) (PSS) to be hydrophilized
to obtain mZIF. It can be evenly distributed in water (Fig. 18a).
The polymerization process can be implemented via following
steps (Fig. 18b). This facilitates the mixing of ZIF-8 with other
hydrophilic reactants. The mZIF is dispersed in an aqueous
solution of piperazine. Subsequently, the above suspension is
poured on the substrate for particle deposition. The substrate is

I Solution Evaporating
‘ RTD Method

Crystallize

~ LPE Method

‘ Solution Treatment
—_—

Fig. 16 Illustration of RTD and LPE methods.

21014 | J Mater. Chem. A, 2019, 7, 21004-21035

View Article Online

Review

100000
"By RTD ¥ By secondary growth
10000

1000 I I i i J
1
H, co, N, CH, SF,

Fig. 17 Gas permeances of HKUST-1 membranes prepared by RTD
and traditional methods (secondary growth).*** Copyright 2013,
American Chemical Society.
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Fig. 18 (a) Comparison of aqueous suspensions of ZIF-8 and mZIF
nanoparticles. (b) Scheme of synthesis of TFN containing mZIF
nanoparticles via the IP method.**¢ Copyright 2017, American Chem-
ical Society.

immersed in a solution of trimesoyl chloride (TMC) in n-hexane
for a period of time, followed by warming to further polymerize.
Using this method, a TFN-mZIF membrane can be made.
Because of the hydrophilicity of mZIF, the TFN-mZIF
membrane can be used as a nanofiltration membrane for
aqueous solution.**® ZIF-11 and MIL-101(Cr) were embedded in
the same membrane by IP of polyamide (PA), according to
a previous report, in order to combine their different textural
and chemical properties. Interfacial growth methods have
also been used by other research,'*® which leads to a free-
standing conductive MOF membrane.

3.1.5 Postsynthetic polymerization method. Another
strategy that can avoid cracks in MOF membranes is the
photoinduced postsynthetic polymerization method, according
to a previous report.’* In general, nanocrystals of MOFs are
firstly prepared, followed by their modification (for instance
using polymers) which endows them with polymeric activity.

Then the nanocrystals are polymerized together under some
special treatment (such as ultraviolet light) and form a whole
membrane. Nanosized UiO-66-NH, was polymerized induced by
UV light with the aid of methacrylic anhydride and butyl
methacrylate after the formation of UiO-66-NH, (Fig. 19), which
strengthen the connection between polymer chains and MOF
particles. According to the report, the strong combination
between the MOF and polymer chains leads to fewer cracks in
the membrane and high separation capacity, but the synthesis
of nanocrystals of MOFs could be difficult, indicative of the

This journal is © The Royal Society of Chemistry 2019
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Fig. 19 Post-synthetic polymerization of UiO-66-NH, with the aid of
methacrylic anhydride and butyl methacrylate under the irradiation of
UV light.**® Copyright © 2015 John Wiley & Sons, Inc.

extremely complex procedures of the postsynthetic polymeri-
zation method.

3.1.6 Pressure-assisted preparation method. As a way to
obtain a strong combination between MOF membranes and
substrates, the pressure-assisted preparation method has been
developed. Generally, one side of the matrix is immersed into
the precursor solution, and pressure is applied on the other
side. The solution could penetrate through the matrix under the
action of pressure difference and a homogeneous membrane
could be obtained. Peng et al. prepared a HKUST-1 membrane
based on polyvinylidenefluoride (PVDF) which is precoated with

HKUST-1 layer formed on
PVDF hollow fiber

Fig. 20 Preparation of a HKUST-1 membrane based on PVDF hollow
fibers precoated with CHN.**° Copyright 2014, American Chemical
Society.
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copper hydroxide nanostrands (CHN). The process of the
preparation can be summarized as in Fig. 20. One end of the
PVDF hollow fiber was sealed with suction filtration in order to
achieve the precoating. Then the HKUST-1 membranes were
prepared by immersing the modified PVDF hollow fibre into an
ethanol/water solution of H;BTC at room temperature under an
external pressure of 90 kPa which was applied by using
avacuum pump.**® This strategy leads to dense membranes and
a strong combination between MOF membranes and
substrates. Obviously, matrices with high permeability are also
required in this method.

3.1.7 Spray method. The MOF powder prepared by sol-
vothermal methods is usually difficult to process. It is still
needed to enable the fabrication of large-area and well-
performing MOF membranes. In a previous study,"* a spray
method was developed to obtain large-area MOF membranes
and control the thickness of MOF membranes. Precursor solu-
tions are sprayed with moveable nozzles alternatively on the
substrate. The spray nozzles of different precursor solutions are
moved in front of the substrate so as to enable the even distri-
bution of the solutions, which leads to large-area membranes.
For example, in order to obtain a HKUST-1 membrane, etha-
nolic solutions of trimesic acid and copper(u) acetate are both
used and an energy dispersive X-ray spectrometer (EDX)
exhibits the homogeneity of the HKUST-1 membrane on the
support (Fig. 21). In this strategy, the maximum size of the
membrane is only decided by the traverse paths of the spray

o
de

EDX Substrate

Fig. 21 Synthesis of HKUST-1 using the spray method and the EDX
images of the MOF membrane.*** Copyright © 2017 John Wiley & Sons,
Inc.
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nozzles. Not only the size but also the thickness of the
membranes is controllable.

3.1.8 Ligand-induced permselectivation method. Recently,
a ligand-induced permselectivation (LIPS) approach was devel-
oped by Tsapatsis et al.,, which was used to prepare a ZIF-8
membrane.” This method is mainly based on atomic layer
deposition, which will be discussed later. Briefly, ZnO was
deposited on a porous Al,0; matrix through a reaction between
diethylzincs and hydroxy groups in an Al,O; matrix, and the
pores of the matrix were blocked, which exhibits a low
propylene flux; then the composite was treated with mIm
ligand-vapor to form ZIF-8, which allows the entrance of
propylene. This LIPS method endows membranes with excellent
separation capacity.

3.2 Applications of MOF membranes

As defined earlier, MOF membranes mainly refer to 2D-
architectured MOFs with separation or separation-based func-
tions. Therefore, they are frequently applied to some special
fields, which are going to be discussed in detail.

3.2.1 Separation. The efficient separation of gas mixtures is
of great societal and industrial value. Membrane technology has
been widely used in purification and separation processes due
to its low energy consumption, good safety, good environmental
compatibility and short operating time since the late
1960s."*>'** Membrane-based separations have obvious advan-
tages in large-scale applications when compared with other
strategies.””>™” As for MOFs, their selective adsorption,****°
high surface areas and uniform pore sizes** demonstrate that
they have great potential in separation. Compared with zeolites
and polymers, moderate compliance of pores imparts to MOFs
great separation performance.'® MOFs are structurally flexible,
which is beneficial for applications where elasticity is needed,
such as adsorption-based separation. One can tune the guest
adsorption by changing the structure of flexible MOFs.*** Due to
the advantages of both the membrane and MOF in separation
technology, MOF membranes are ideal candidates for separa-
tion. Besides, the high porosity, large surface area, high energy
efficiency, easy operation, low cost and recyclability enable MOF
membranes to be applied in gas separation.**'*> Hence, MOF
membranes are suitable for separation. In fact, MOF
membranes have been developed as a unique medium for gas
separation over the past decade.’®® Building blocks in the
nanoparticulate form and/or with large aspect ratios are needed
to obtain formation of membranes and improved separation
performance.’®* There have been some reviews on the separa-
tion properties of MOF membranes.!''*!43160:165172 However,
some problems arise when MOF membranes work as molecular
sieving membranes. Generally, it is recommended that MOFs
are deposited on the surface of inorganic substrates (e.g. TiO,)
when applying them as molecular sieving membranes, but the
accomplishment of this strategy is limited by the brittleness of
the inorganic substrates and high cost. And the lack of active
sites on the surface of inorganic substrates also makes the
deposition harder. The modification of inorganic substrates can
be developed as a good way to solve these problems.'”® And
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apart from MOF membranes, monolayer films based on 2D
MOFs have also been expected to act as an important source of
nanosheets for separation,'”* which will soon be discussed later.

Generally, the assessment of the separation properties is
based on selectivity and separation factors. The definition of gas
selectivity («) for a binary gas mixture can be summarized by

eqn (1):

a= 27 ™
YViXi
in which y; and y; refer to the mole fraction of species i and j in
the permeate stream while x; and x; are the mole fraction of
species 7 and j in the feed stream, respectively.'®*'”

ZIF-8 is a great candidate for gas separation due to its self-
assembly.'”® To evaluate the adsorption performance of ZIF-8
nanoparticles on different alcohols, polymethylphenylsiloxane
(PMPS) was used as a polymer substrate to prepare organophilic
pervaporation membranes. The membranes were prepared in
the interior of a cathedral capillary via a solution-blending dip-
coating method, and denoted as ZIF-8-PMPS membranes
(Fig. 22a). The pervaporation recovery of isobutanol on the ZIF-
8-PMPS membrane was tested and the separation factor is
between 34.9 and 40.1. The permeability and separation factors
of the ZIF-8-PMPS membranes are superior to those of most
OPV membranes which have already been reported (Fig. 22b). In
addition, the ZIF-8-PMPS membrane can also recover other
alcohols from water (Fig. 22c), and the recovery rate is consid-
erable.'** Additionally, the ZIF-8-PMPS membrane can also be
loaded on a hierarchically ordered stainless-steel-mesh
(HOSSM), which exhibits considerable separation properties

factor

Separation

H
&
H
1
&%

Ethanol  n-Propanol  n-Butanol  n-Pentanol

Butanol permeance / 1000 GPU ——

Fig. 22 (a) SEM images of the ZIF-8-PMPS membrane from the cross
view; (b) the H,O and butanol separation factor versus permeance for
different membranes and 1 GPU refers to 1 x 107° cm?® (STP) cm™2
s™t cm Hg™%; (c) alcohol permeability as well as separation factor of
PMPS membranes, which are shown as line filled and open columns,
and ZIF-8-PMPS membranes, which are shown as light gray and gray
columns, for different alcohols in aqueous solution, and 1 barrer refers
to 1 x 107% cm® (STP) cm cm™2 s~ cm Hg ™16t Copyright © 2011
John Wiley & Sons, Inc.
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towards furfural/water.””” Similarly, ZIF-8 membranes have
been prepared in the interior of a cathedral capillary and 3-
aminopropyltriethoxysilane was used as the substrate.'”®
Global warming and the energy crisis have become very
important concerns.**'”® CO, separation from a flue gas attracts
much attention of researchers. Currently, the separation of CO,
from a mixed gas is accomplished mainly by sorption or cryo-
genic methods; however, the application of both of these
methods is limited by their high cost and low efficiency. Thus, it
is crucial to find an efficient environmental-friendly method to
realize the separation of CO,."™ Membrane-based separation
properties are usually limited by the trade-off between selec-
tivity and permeability.”®"'®* The combination between the
molecular sieving and the adsorption properties of MOFs and
the processing properties of polymers could lead to gas selective
membranes.’® MOFs and polymers are usually combined to
form mixed matrix membranes (MMMs), which could improve
the separation properties of MOF membranes. Urban et al. re-
ported a hybrid membrane with dual transport pathways, which
is based on UiO-66-NH, as well as PSF. Gas molecules can
permeate the membrane through both UiO-66-NH, and PSF.
This hybrid membrane isn't affected by the trade-off. In their
study, UiO-66-NH, was dispersed in PSF solution and sonicated.
The solution was then dropped on the surface of a substrate and
evaporated, and then the hybrid membrane was formed. The
permeability and selectivity of CO,, CH,, and N, in different
mass fractions of UiO-66-NH, are provided (Fig. 23). For
convenience, we name these membranes which contains
different contents of MOF after the mass fraction of UiO-66-
NH,. According to the result, at 40 wt%, the CO, permeability is
8.1 times higher than that of pure PSF, which is 46 barrer. This
membrane is denoted as UiO-66-NH,/PSF (40 wt%). The
permeabilities of all hybrid membranes are apparently higher
than those of pure PSF membranes (Fig. 23a). And as shown in
Fig. 23b, there is little relationship between the selectivity of the
hybrid membrane and the mass fraction of UiO-66-NH,."** In
addition, COFs have also been used in the separation field.
COFs are crystalline polymers which could be obtained from
various organic building blocks and have porous structures
with a high surface area.® ™ Gao et al. successfully loaded
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Fig. 23 (a) Permeabilities of CO, (shown as triangles), N, (shown as
squares), and CH,4 (shown as circles) at 35 °C and 3 bar of hybrid
membranes in various mass fractions of UiO-66-NH,. Error bars in the
figure refer to single standard deviation; (b) ideal hybrid gases of CO,/
N, (shown as squares) and CO,/CH4 (shown as circles) selectivity at
35°C and 3 bar of hybrid membranes in various mass fractions of UiO-
66-NHo,. Error bars in the figure refer to single standard deviation?®?
Copyright 2016, Royal Society of Chemistry.
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different doses of Schiff based COFs (SNW-1) on PSF, and tested
their separation capabilities. As a result, the separation factors
reach the maximum when the content of SNW-1 is 12 wt%, and
are 40 and 34 for CO,/N, and CO,/CH,, respectively, and the
membranes is denoted as SNW-1/PSF (12 wt%)."*® Similarly,
Mustafa et al. modified ZIF-8 with amino and dispersed it in
a PSF matrix to form a dual transport pathway,'*® and Zornoza
et al. dispersed NH,-MIL-53(Al) in a PSF membrane to prepare
NH,-MIL-53(Al)/PSF and obtained a high CO,/CH, separation
selectivity.'®® Besides, polyamide can also work as a substrate
when MOFs work as fillers."® In fact, the interactive thermal
effects on PSF-based MOF membranes have been studied.**
Especially, Kertik et al. dispersed amorphous ZIF-8 in polyimide
(PI) via the in situ method and obtained hybrid membranes with
different mass percents of ZIF-8 after treated at different
temperatures. According to the separation experiment, the
hybrid membrane with 30 wt% ZIF-8 (ZIF-8/PI (30 wt%)) which
is treated at 350 °C exhibits the highest CO,/CH, selectivity,
which is 162. And ZIF-8/PI (40 wt%) which is treated at 160 °C
exhibits the highest CO, permeability of 57 barrer."*> A MOF
[Cd,L(H,0)],-5H,0 (Cd-6F)"**'** was combined with 4,4’-(hex-
afluoroisopropylidene) diphthalic anhydride-4,4"-oxydianiline
(6FDA-ODA) polyimide to obtain a MMM, which exhibits an
enhanced separation properties towards CO,/N, and CO,/
CH,."”® Lots of similar studies that use polymer materials as the
substrates have also been reported.'”>'**>*! Some derivatives of
PSF have also been used as substrates.>”

In contrast, a polymer membrane based on a MOF was
developed, which exhibits optimal CO,/N, separation proper-
ties which have been reported.>* A raw MOF/anodisc (RMA) was
developed by modifying the amino group in NH,-MIL-53 with a-
bromoisobutyryl bromide and immersing this MOF membrane
in solutions of polyethylene glycol dimethacrylates (PEGDMA)
in different concentrations. The PMA membranes obtained
from different concentrates of PEGDMA are denoted as PMA-A,
-B and -C (PMA-A < PMA-B < PMA-C). As a result, PMA-C has the
highest selectivity for CO,/N, separation among the three
membranes but without a high CO, permeance. PMA-B was
expected to have the best CO,/N, separation properties, with
a selectivity of 34 and a CO, permeance of 3000 GPU.

Generally, the ionic liquid decoration strategy could serve as
an efficacious method to fill the interfacial pores in MMMs.?**
Ionic liquids@MOF membranes also show separation capac-
ities for gas mixtures such as CO,/N,. The selectivity of CO,/N,
and CO, permeability in the composite BMI-SCN@IRMOF-1
(BMI" = 1-butyl-3-methylimidazolium, SCN~ = thiocyanate)
membrane and [BMIM|PFs|@IRMOF-1 ([BMIM|PFs] = 1-n-
butyl-3-methylimidazolium hexafluorophosphate) membrane
have been studied respectively.>*>>* This research indicates that
ionic liquids@MOF membranes also exhibit separation
capacity.*”’

It is difficult to rely on experiments to test all the MOFs one
by one to evaluate their gas separation performance.”*® Sumer
et al. evaluated the CH,/N, separation capacities of 102 MOFs
with the aid of Grand Canonical Monte Carlo (GCMC).
According to their conclusion, the MOFs that have these prop-
erties always exhibit better separation capacities for CH4/N,,
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which are (1) pore limiting diameters ranging from 2.4 to 3.7 A,
(2) largest cavity diameters ranging from 4.6 to 5.4 A, (3)
porosities less than 0.5 and (4) surface areas less than 2000 m”
gfl‘zog

Besides the deposition of MOF membranes on substrates, it
is also feasible to deposit MOF nanoparticles in the pores of
porous substrates in order to improve the permeability and
rejection properties of composite membranes.>*****

Interestingly, Knebel et al. found that an external electric
field can stiffen the ZIF-8 lattice through polarization and
reduces the molecular transport and improves its molecular
sieving capability.”®®> Hara et al. synthesized a HKUST-1
membrane within the pores of an a-alumina substrate, which
possesses an advanced H,/CH, selectivity.**?

Jiang et al. reported a computational method to screen the
best MOFs for the separation of N, as well as CO, from CH,
from 137 953 MOFs via single-step membrane separation
without adsorption. Four steps are consisted in the strategy
(Fig. 24a), which are (1) the calculation of the pore limiting
diameters (PLDs) to select 17 257 MOFs with a diameter of 3-4
A, (2) the estimation of Henry's constants and diffusivities of
CH,4, N,, and CO, in the 17 257 MOFs at 298 K and the quan-
titative relationships versus the PLD are found, (3) the pre-
screening of 24 MOFs based on permselectivity and (4) the
simulation of the permeation, diffusion, and adsorption of CH,/
N,/CO, in the 24 MOFs at a temperature of 298 K and the
pressure of 10 bar. Finally, the 5 best MOFs for the separation of
N, as well as CO, from CH, were found. This computational
study reveals that the percentage of pore size distribution and
the PLD are two key factors which have a high effect on diffusion
and permeation. According to a report, there is a positive
correlation between P° and PLD, volumetric surface area (VSA),
and porosity (¢), which is shown in Fig. 24b-d.***

Differently, the separation capacities of MOF membranes are
sometimes related to the orientation of crystals. The oriented
growth of MOFs is essential for separation application because

ailey
5254 MOFs over Robes @82 MOFs over Robesan's | =
upper bound for CO. upper bound for NC1l,
s’ 10%harrer - 23, S0 harrer | 3 0.

P, (Barrer)
3

W,
A

Fig. 24 (a) The scheme of the screening strategy. (b) The relationship
between permeability P versus VSA, ¢, and PLD for N,, CO,, and
CH,4.2** Copyright 2016, Royal Society of Chemistry.
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the orientation of MOF crystals dictates the penetration direc-
tions of target gases.”* The selectivities of HKUST-1 membranes
towards CO,/SFs are 1.9 and 13.1 when the preferred orienta-
tions are [001] and [111], which is related to the kinetic diam-
eters of gas molecules.”® According to an earlier report, the
orientation of crystals could be confirmed by X-rays,*** which
could be helpful for the oriented growth of MOF thin films and
membranes.

Additionally, the anisotropic thermal expansion of MOF
membranes and thin films should be considered to improve the
separation properties. MOF membranes which exhibit
pronounced stability in heating—cooling cycles could be applied
to membrane separation. The anisotropic thermal expansion of
a HKUST-1 SURMOF membrane based on a gold substrate was
studied. The HKUST-1 SURMOF membrane exhibited apparent
stability in heating-cooling cycles despite the mismatch of
anisotropic thermal expansion at the interface. Thus, the
HKUST-1 SURMOF membrane could be used for membrane
separation at high temperatures.””” More efforts should be
made to control the thermal expansion behaviors of MOF
materials to obtain enhanced separation properties.

In general, according to these reports, we can draw the
conclusion that the separation properties of MOF-based
membranes can be improved by these following strategies: (1)
applying an appropriate external electric field; (2) combining
a MOF membrane and substrate which both have good sepa-
ration properties to achieve a dual transport pathway; (3)
depositing MOF nanoparticles on porous substrates to improve
the hole structure; (4) choosing an optimal orientation; (5)
combining two materials with different selectivity and flux to
obtain a membrane with better separation capacity, such as the
combination between polymers with easy processability and
MOFs with superior separation properties.>***** Altogether, the
separation capabilities of different MOF-based membranes are
concluded as in Table 1.

Various substrates are suitable for the deposition of MOF
films and membranes, such as titania, alumina, silica, graphite,
and nylon.” Especially, some types of matrices which are
beneficial for the improvement of separation capacity are
summarized as follows: (1) a-Al,O3; (2) polymer substrates, such
as PSF and polyoxazoline (POZ);*** (3) organosilica;*** (4) foam
substrates, e.g. Ni-foam substrates.?*?

Apart from gas separation, nanoparticle filtration could also
be achieved by using 2D MOFs. A type of 2D MOF in the form of
powder or monolayer films was prepared using tri(B-diketone)
and Cu®" ions. According to the report, it could be used in the
size-selective filtration of Au nanoparticles with a cutoff of about
2.4 nm.**

3.2.2 Water treatment. Previously, we have reviewed the
catalytic properties of MOFs and COFs, and a wastewater
treatment based on catalysis is involved in the earlier review.**
Herein, we are going to introduce some reports about waste-
water treatment based on adsorption and separation. A poly-
tetrafluoroethylene (PTFE) microfiltration membrane was
modified with ZIF-8 and applied for the removal of micro-
pollutants from water, which is denoted as ZIF-8-PTFE. The ZIF-
8-PTFE membrane was prepared via a solvent evaporation

This journal is © The Royal Society of Chemistry 2019
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strategy. The removal is based on adsorption. Progesterone was
used as the model pollutant in order to test the filtration
performance of the membrane. According to the result, the
removal of progesterone reaches nearly 100% in about 24 hours,
indicating the considerable filtration performance of the ZIF-8-
PTFE membrane.>** MOF-polylactic acid (PLA) membranes were
developed via an in situ growth method. A Cu-MOF was chosen
in this study, and the MOF membranes was based on the PLA
substrate obtained by 3D printing. The Cu-MOFs/PLA
membranes can absorb malachite green (MG) in waste water,
and researchers observe a >90% removal efficiency in adsorbing
MG for 10 minutes. A number of adsorption/desorption cycles
were performed to examine the recyclability of Cu-MOFs/PLA
membranes. The membrane exhibits a removal efficiency of
80% for MG after three cycles, while a removal efficiency of 60%
after five cycles. The Cu-MOFs/PLA membranes could also be
a potential candidate for wastewater treatment because of their
adsorption capacity for MG.>*”

Membrane-based capacitive deionization (MCDI) attracts
people's attention. As a potential water desalination method, it
is expected that it can help solve the water shortage problem.
Ding et al. synthesized bimetallic metal-organic frameworks
(BMOFs) with different Co and Zn molar ratios based on ZIF-67
and ZIF-8 and obtained derivatized carbides of these BMOFs.
These carbides can remove NaCl from the solution. The device
model is shown in Fig. 25, which is used to test the desalting
capacity. The conductivity of the solution reflects the amount of
residual NaCl. The desalting capacity of the porous carbon ob-
tained when the Zn : Coratiois 3 : 1was 45.62mgg 'ina1.4V
environment.”®® This study can be used for seawater desalina-
tion. Therefore, the most common methods of wastewater
treatment are adsorption, catalysis and filtration. In view of
these aspects, more efficient devices could be designed and
constructed for wastewater treatment.

3.2.3 Battery systems and fuel cells. Energy consumption
will increase steeply by 56% from 2010 to 2040. In order to solve
this problem, several new energy technologies have been
proposed, including new battery technology.”*® The tunability of
the structure and the function of MOFs endow them with
excellent functions in mass transport in the battery system: (1)
absorbing specific ions or molecules to limit them in a differ-
ential region; (2) preventing ions and molecules from passing
across it except for some specific ions or molecules, according
to the review published by Zhou et al**® The poor physical
connection between the solid-state battery and the electrodes

Inlet

o—
. Acrylic cap
. Porous carbon electrode
E (cathode)
B ¢ D s ['f,, . Cation-exchange membrane
¢ . Spacer
5 Anion-exchange membrane
3, . Porous carbon electrode
AL = (Anode)
i H.  Outlet

Fig. 25 The sketch of the MCDI testing cell.?*® Copyright 2017, Royal
Society of Chemistry.
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results in large interfacial resistance.>*'>** Hence, based on the
definition of MOF membranes we proposed, it is MOF
membranes that are used in battery systems.

However, in fact, MOF membranes usually exhibit poor elec-
troconductivity, indicating that the MOFs used in battery systems
are frequently derived (i.e. carbonized) in order to improve their
conductivity.*** Lithium-ion batteries which exhibit high energy
density and low self-discharge without memory effects are always
regarded as the energy sources for portable electronic equip-
ment,***>" electric cars and smart grid systems,***?** according
to previous reports and reviews. MOF-derived hollow and porous
carbon nanostructures may store more lithium due to their large
surface areas, reduced Li* diffusion distance and the mechanical
stress buffering caused by the void space.”* For instance, Lou
et al. prepared multi-shelled Co;0,@Co3V,05 nanoboxes from
ZIF-67, which were used in lithium-ion batteries as electrode
materials in the study. Besides, ZIF-67 derived symmetric Coz0,
hollow dodecahedra have been reported, which has an enhanced
lithium storage capability.”* Similarly, Mn, gFe; ,0, nano-
cubes*? and ZnO/ZnCo,0,/C hybrids*** derived from MOFs were
obtained, which also improve the performances of lithium ion
batteries. Apart from lithium-ion batteries, derivatives of MOFs
could also be used in sodium-ion batteries. Various types of
MOFs are employed to obtain high electrical performing
composites, such as Co0¢Sg/ZnS,>* C0304/Zn0,>** Nb,05/C,*’
CoSe,/ZnSe**® and MoS,/C hybrids,*® which have high sodium
storage capacity. We expect that, more efficient lithium- and
sodium-ion battery materials will be developed from MOF-based
membranes and thin films.

4. MOF films

According to our aforementioned definition, MOF thin films
mainly refer to the ones without separation-based perfor-
mances, which makes them different from MOF membranes.
Therefore, they may not exhibit 2D-type performances.
However, it is still meaningful and useful to continue the study
of MOF thin films. We could design and synthesize MOFs from
the perspective of films. We could obtain MOFs via a film-
forming method, and thus optimize the structural integrity by
regarding the materials as thin films rather than just bulks. In
other words, although MOF thin films may not show 2D-type
performances, their study provides some new ideas for the
design and synthesis of MOFs. The first MOF film is synthesized
via the solvothermal method by Hermes et al.**® An excellent
review about MOF films has been published earlier.”** Many
excellent reviews have summarized some classical synthetic
methods of MOF films, including in situ growth, secondary
growth, the liquid-phase epitaxy (LPE) method and so on.
Herein, we summarize some new research concerning the
synthesis of MOF thin films and some new synthetic strategies.

4.1 Synthetic methods of MOF films

4.1.1 Solvent method. Various synthetic methods have
been proposed to improve the performances of MOF films or
endow them with special functions. Guo et al. have prepared
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a NbO-type MOF denoted as Cu,(EBTC)(H,0),[G] (EBTC refers
to 1,1’-ethynebenzene-3,3',5,5-tetracarboxylate; G refers to
different ligands), which is based on paddle-wheel-type dinu-
clear Cu, SBUs and the EBTC*™ linker. Interestingly, different
MOFs can be obtained by filling the pores with different
ligands. Provided that DMSO, DMF and H,O occupy the pores,
the MOF is denoted as 1; the MOF is named 2 when H,O and
CH,;O0H fill the pores. 1 and 2 can be synthesized via a sol-
vothermal method on Al,O3, and the composites are denoted as
1/Al,0; and 2/Al,03, respectively. They exhibit thermochrom-
ism properties. Both of them have the same trend with
temperature change. Their color deepens when temperature
increases (Fig. 26). Most interestingly, these changes are
reversible. According to the authors, this reversible change is
due to lattice expansion, which leads to the change of coordi-
nation situation. Then the color of the film is changed.>*

A general method which can encapsulate various functional
components in MOF films via a metal-hydroxide-nanostrand-
assisted method based on solvent has been developed.”® Five
negatively charged functional species were encapsulated into
a HKUST-1 film based on CHN, including [AuCl,]”, Au nano-
particles, ferritin and glucose oxidase, polystyrene spheres and
single-walled carbon nanotubes (CNTs). The negatively charged
functional species were incorporated into CHN thin films by
mixing the component dispersion,”* and HKUST-1 was
synthesized based on the modified CHN (Fig. 27). From this
encapsulated strategy, some bio-electrochemical, synergistic
and size-selective catalytic, conductive and flexible materials
could be constructed via encapsulating different species into
diverse MOFs.>%

From the traditional solvothermal method, a microcontact
click printing strategy was developed. Silicon wafers could be
patterned with carboxylic acid functional groups by employing
copper-catalyzed alkyne-azide cycloaddition. A MOF-5 thin film
could be subsequently prepared (Fig. 28a). Generally, silicon
wafers which have been functionalized with alkylazides are
subjected to printing with pentynoic acid and copper to form
rows of pentynoic acid and unreacted azide. Then the wafers
were dealt with the DEF solution of Zn(NOs),-6H,0 and ter-
ephthalic acid to form a MOF-5 thin film. Finally, the large

25°C 30°C 40°C 50°C 60 °C

Fig. 26 The upper and lower columns of the pictures indicate the
changes in the color of the 1/A,O5 film and 2/AL,Os film, respectively,
as the temperature increases.?®? Copyright 2014, Royal Society of
Chemistry.
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Fig. 27 Illustration of the encapsulation process and SEM images of
the thin films.2®®* Copyright © 2014, Springer Nature.

crystals are removed mechanically. The SEM and AFM images of
the MOF-5 thin film are shown in Fig. 29b and c, respectively,
which show the apparent boundaries between the rows of MOF-
5 and the rows of unreacted azide.**

Besides, a ZIF-8 film was grown on a copper-based substrate
via secondary growth with the assistance of acetate, and
according to the report, the addition of acetate might lead to
bigger crystals, which further results in oriented crystals in
planes {200} and {110}. Hence, the employment of acetate could

H 0
Zn(NO,),
DEF /48 h /85 °C
OH

Thin Film

~t

Cu(l) OH

Fig. 28 (a) The schematic illustration of the microcontact click
printing synthesis of the MOF-5 film. (b) The SEM image of the as-
prepared film, in which the dark region refers to the MOF-5 film. (c)
The AFM image of the as-prepared film, in which the dark region refers
to the unreacted azide surfaces.?®®> Copyright 2011, American Chem-
ical Society.
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Fig. 29 (a) Diffusion device for the preparation of ZIF-8 films; (b) the
diagram of the ZIF-8 films on the both sides of the nylon substrate via
the contra-diffusion method of two solutes (Hmim and Zn?*) through
the pores of the nylon substrate.**> Copyright 2011, Royal Society of
Chemistry.

give rise to MOF thin films with oriented crystals, which have
excellent mechanical and thermal stability.>*®

The aforementioned concept we propose in this review
demonstrates that there do not exist many differences between
MOF membranes and thin films at the level of chemical
essence. Since the general strategy and properties of the solvent
method have been discussed in Section 3.1.1, in view of the
simplification of this review article, we do not explore it in detail
here.

4.1.2 Electrochemical deposition. Electrochemical deposi-
tion has been used to construct MOF films. Typically, as for
cathodic electrodeposition, a two-electrode cell is frequently
employed for the electrochemical deposition. A graphite rod
usually serves as the anode while Fluorine-doped Tin Oxide
(FTO) conductive glass works as the cathode. A solution of
nitrate and ligand act as the electrolyte solution. Cathodic
generation of hydroxyl ions could lead to the deprotonation of
the ligand. Metal ions move to the cathode and further cause
the growth of MOFs on the FTO conductive glass.”®” Actually,
some excellent reviews have summarized the electrochemical
deposition of MOFs.?>'**?%® Kaur et al. reported a kind of gra-
phene-MOF composite based on graphene and Eu-MOF. This
composite film can be prepared via electrochemical deposition.
The Eu-MOF can be synthesized via mixing 1,3,5-tris(4-
carboxyphenyl)benzene (H;BTB) and Eu(NOs);-5H,0. Then an
aqueous suspension of graphene and a DEF dispersion of Eu-
MOF are mixed, following by putting in an electrochemical
cell, in which TiO,/FTO works as the electrode. A graphene-
MOF composite film is deposited on TiO,/FTO.** Liu et al. ob-
tained a [{{Eu(HBPTC)(H,0),]-2DMF},,] (BPTC refers to benzo-
phenone-3,3',4,4"- tetracarboxylate) film, which is denoted as
Eu-HBPTC via this method, and the film can be applied to
a photoluminescent device and chemical sensor, which will be
demonstrated later.>”® Besides, a patterned luminescent MOF
thin film was grown via an electrochemically assisted micro-
wave deposition strategy, which could have potential for anti-
counterfeiting barcode applications.””* The electrodeposition
method could give rise to MOF thin films with controllable
thickness. However, metal ions with high inertness might
separate out on the cathode and the ligands might be oxidized.

4.1.3 Contra-diffusion method. As mentioned earlier,
a ZIF-8 film can be synthesized via a contra-diffusion method,
which is based on a nylon substrate. Just as Fig. 29 shows, the
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two solutions diffuse from opposite sides of the nylon
membrane in opposite directions and ZIF-8 films are formed on
both sides of the membrane."** The contra-diffusion method
could lead to the controllable thicknesses of MOF films, and the
thicknesses can be tuned by the reaction time as well as the
metal ions (ligands ratio in the reaction system).””> Actually, this
part is similar to Section 3.1.2. Hence no further details are
given here.

4.1.4 Layer-by-layer (LBL) method. The LBL method is also
an effective method to obtain MOF films, in which the
substrates are placed in the solution in a stepwise way.® A
typical scheme of the LBL method is shown in Fig. 30.
According to this method, MOF thin films could be con-
structed by depositing alternating layers of oppositely
charged material. The detailed parameters could vary
according to the types of MOFs. Interestingly, a polydopamine
(PDA) layer which can work as a nucleation centre for MOFs is
discovered and studied. PDA can be compactly formed on any
types of solid surfaces and can work as an effective and valid
nucleation centre for the deposition of MOF thin films. As for
the preparation of MOF films, there are two issues that need
to be considered, namely obtaining sufficient bond strength
between polymer fibres and MOFs and effective deposition of
MOFs. Four polymer films were chosen as substrates for the
deposition of MOF materials, namely polystyrene (PS), poly-
ethylene (PE), polypropylene (PP) and polyvinylidene fluoride
(PVDF). The PDA modification of the substrate can be
accomplished by immersing this type of substrate in a weakly
basic dopamine HCI solution. The MOF was deposited on the
modified polymer film using the LBL method. Since the
catechol group on the PDA coating has a strong coordination
ability with metal ions, the catechol group can be combined
with metal ions. The MOF can be deposited on the substrate
by synthesizing the MOF based on the coordination of the
metal ions and the check group. MIL-100 (Fe), MOF-5,
HKUST-1, and ZIF-8 were deposited on the modified
substrate, respectively. Taking PP as an example, their SEM
images are given (Fig. 31).>” The LBL method may lead to the
good control of layer thickness and give rise to oriented
films.?”*>"® However, the LBL method can only be used to
prepare particular types of MOF thin films, which limits its
application.”*

4.1.5 Hot-pressing method. The hot-pressing (HoP)
method can produce MOF films without a binder and solvent.
The precursor of MOFs is connected with the functional group

Fig. 30 Illustration of the synthesis of MOF films using the LBL
method.?”®
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Fig. 31 The SEM images of the (a) pristine PP membrane, (b) PP
membrane modified with PDA, and the SEM of modified PP
membranes deposited with (c) HKUST-1, (d) MOF-5, (e) MIL-100(Fe),
and (f) ZIF-8.27> Copyright 2015, Royal Society of Chemistry.

of the substrates at high temperature (probably by heating with
an electric iron), and then MOF films begin to grow on the
substrates.” The HoP method can grow MOFs on flexible
materials and is expected to be applied to flexible electronic
devices.”®® Chen et al. used the HoP method to prepare MOFs
under both solvent-free and binder-free conditions. Controlling
the temperature and pressure of the reaction, organic linkers,
metal ions, or MOF precursors can react with metal sites or
surface functional groups on the substrate as a basis for the
growth of MOFs on the substrate. Taking ZIF-8 as an example,
a mixed powder of Zn(OAc),, polyethylene glycol (PEG) and 2-
methylimidazole is evenly coated on carbon cloth and wrapped
in aluminum foil. ZIF-8 coated carbon cloth can be obtained by
heating with an electric iron. By the same strategy, ZIF-9, ZIF-67,
Ni-ZIF-8, Co-MOF, Cd-MOF and MOF-5 were successfully coated
on carbon cloth (Fig. 32). Moreover, the successful preparation
of the Ni-ZIF-8 coating shows that this method is beneficial to
the preparation of mixed metal MOF coatings. The HoP method
can produce a uniform MOF coating and maintain the original
microporosity and crystallinity of the MOF,*** and avoid the use
of solvent. However, this method has a high requirement for the
thermal stability of MOFs.

4.1.6 Liquid-phase epitaxy approach. As an efficient
strategy to obtain oriented and well-defined MOF thin films
based on various substrates, the LPE method has been devel-
oped several years ago. In this method, MOF crystals are
precipitated from solution and then deposited on a substrate to

This journal is © The Royal Society of Chemistry 2019
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Fig. 32 HoP method for the preparation of various MOF thin films.28°
Copyright © 2016 John Wiley & Sons, Inc.

form a thin layer of single crystals.?”*** Detailed procedures of
the LPE method are mentioned in Section 3.1.3. Many MOF
films have been synthesized via the LPE method in many recent
reports.”® A spray LPE method was used to prepare an elec-
tronically conductive MOF, namely Cu; (HHTP),, where HHTP
refers to 2,3,6,7,10,11-hexahydroxytriphenylene. Ethanol and
solutions of Cu(OAc), and HHTP are alternately sprayed on the
surface of the substrate to obtain a thin film. The number of
layers can be decided by the control of the spraying times.?*

The LPE method is used in some studies to construct special
thin films. The encapsulation of guest molecules into the
structure of MOF thin films could be achieved via the LPE
method. A trans-azobenzene@HKUST-1 thin film was prepared
by immersing substrates in copper acetate solution, BTC solu-
tion, and trans-azobenzene solution successively. A hundred
cycles were used to prepare the trans-azobenzene@HKUST-1
thin film.”®* Lanthanide coordination compounds were also
encapsulated into HKUST-1 thin films via the LPE method.*®
Eddaoudi et al. have grown Cu-tbo-MOF-5 on HKUST-1 and
obtained a MOF-on-MOF heterostructure with hierarchical
porosity, which exhibits [001] directional growth.?®®

Especially, 2D MOFs and MOF thin films for quartz crystal
microbalance (QCM) sensors are usually prepared via the LPE
method. A QCM is helpful for the estimation of the sorption
performances of MOF thin films.>® Fischer et al. developed
a direct growth strategy of MOF thin films on the surface of
QCM sensors via the LPE method, which allows the adsorption
performances of the heterostructures to be able to probed in
real time, indicating the important role that the matrix plays in
MOF thin films.?®® Furukawa et al. prepared sophisticated het-
erostructured non-centrosymmetric binary Janus 2D-MOF
coatings based on a QCM.”® The LPE method is popular for
the preparation of MOF thin films because of the simple
synthetic procedure and high growth rate. Additionally, highly
crystalline and oriented MOF thin films could be obtained via
this method,?******* and it also enables great control of the film
thickness and compositions of films along the vertical direc-
tion.”®® The LPE method could also give rise to MOF thin films
with the potential for optical sensing.>>*
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4.1.7 Spin coating method. MOF films can be prepared via
the spin coating method. A matrix is placed on a spinning
surface, and different precursor solutions are dropped on the
centre of the matrix. Precursor solutions are thrown centrifu-
gally towards the side of the matrix, and uniformly coat it.
According to a previous report, Chernikova et al. proposed
a spin coating method based on the liquid-phase epitaxy
approach, which can lead to thin and smooth MOF films in
a short time. The coating was performed using a fully automatic
spin coater equipped with 4 micro-syringes (Fig. 33). First,
a solution containing metal ions is added dropwise using
a syringe. As the device is in rotation, the solution can be
uniformly distributed throughout the substrate surface. Then,
the solvent is added dropwise using the syringe to wash the
substrate. Repeating the above process can achieve the coating
of the organic linker. These four steps are considered as one
cycle. The thickness of the film can be increased after multiple
cycles. In the preparation process, the spin-coating time, spin-
coating speed and injection volume/concentration may affect
the coating effect. According to this method, Cu,(bdc),-xH,O0,
Zn,(bdc), - xH,0, HKUST-1, and ZIF-8 films have been success-
fully prepared. This method can be used to construct MOF films
whose thickness ranges in from the micron scale to the nano-
scale. Especially, this method can shorten the reaction time,
reduce the reactant consumption and effectively reduce costs.”**
Similarly, some other studies also used this strategy.>** In fact,
as a mature technology, the spin coating method is used in
many other reports.>*® The spin coating method could give rise
to coatings with a high density and uniform thickness, despite
the defects of crystals it might cause.

4.1.8 Atomic layer deposition (ALD) method. Atomic layer
deposition (ALD) is a technique where two precursors are
respectively blown onto the surface of the substrate with a pulse
of gas to form a thin film. It could give rise to ultrathin and
uniform MOF films. The excess precursor is further blown out
by using an inert gas. The same process is repeated for another
precursor. A film could be constructed via repeating the steps
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Fig. 33 Schematic representation of the coating process.?** Copyright
2016, American Chemical Society.
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mentioned above.>*”*® UiO-66 is one of the most stable MOFs
and was first successfully prepared by Cavka et al.>*® Therefore,
UiO-66 is suitable to prepare the film. Thin film deposition of
UiO-66 in an all-vapor phase process has been reported. This
deposition is achieved by ALD. The continuous reaction of 1,4-
benzenedicarboxylic acid and ZrCl, produces an organic-inor-
ganic hybrid film. The film is subsequently crystallized into
a UiO-66 crystal structure in acetic acid vapor.>®” As an impor-
tant method to obtain MOF thin films, ALD is an efficient
strategy to achieve the control of localized MOF thin film
formation.**

4.1.9 Template growth method. The template growth
method could be regarded as an efficient method to prepared
MOF films with preferred crystalline orientation and other
special properties. Some templates, such as linear polymers,
could act as the template to guide the growth of MOF thin films
and further endow them with high orientation. Different types
of templates have been used to construction MOF thin films,
which will be discussed below.

According to some researches, MOF thin films could be
prepared assisted by some oriented linear species. MOF layers
could be deposited on the matrix in the direction of the linear
species. Typically, nanowires and surfactant could be used as
the linear species in this method. The surfactant-assisted
synthetic method refers to the use of a surfactant to guide the
deposition direction of the film so that the formed film has
anisotropy (Fig. 34). Typically, Wang et al. used a heme-like
ligand, TCPP (Fe) (Fe(m) tetra(4-carboxyphenyl)porphine chlo-
ride), for the first time to synthesize an ultra-thin 2D MOF. Then
the deposition of 2D MOFs leads to a MOF film. Co-TCPP (Fe),
Cu-TCPP (Fe), and Zn-TCPP (Fe) nanosheets can be prepared
using the surfactant-assisted synthetic method. These nano-
sheets can be deposited on the electrode as multilayer films by
the Langmuir-Schéfer method. It can be used as a chemical
sensor for detecting H,0,.>*** Similar to the surfactant-assisted
synthetic method, different IRMOFs prepared with the assis-
tance of zinc oxide nanowires have been reported. Zinc oxide
nanowires have been grown on the substrate before the nano-
wire substrate is immersed in the IRMOF precursor solution.
The resulting film is highly crystalline and the out-of-plane

Q

Co,(C00),
TCPP(Fe) 2D Co-TCPP(Fe) nanosheets
® Co ® Fe % PVP

Fig. 34 The surfactant-assisted synthesis of Co-TCPP(Fe) nano-
sheets.3°* Copyright © 2016 John Wiley & Sons, Inc.
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orientation varies with the type of IRMOF. IRMOF-1 and
IRMOF-3 exhibit the (220) orientation while IRMOF-9 exhibits
the (111) orientation.*” This method could lead to highly crys-
talline MOF thin films.

A templated growth method was developed to prepare free-
standing thin films based on porous coordination networks
(PCNs),****** namely PCN-221, PCN-222 and PCN-223. Accord-
ing to the report, HeTCPP, ZrCl,, and acetic acid (orbenzoic
acid) are dissolved in N,N-dimethylformamide in different
proportions. The solution is heated to prepare different PCN
thin films on various substrates, such as flat surfaces, inclined/
curved supports, complex 3D-printed objects and the inner
walls of hollow pipes. The thin film could be detached by
soaking it in acetone and activated by dissolving in DMF and
heating. PCN thin films with various shapes could be obtained
in this study.**”

4.1.10 Femtosecond pulsed-laser deposition method.
Since the manufacture and modification methods of MOF films
based on chemical means have been developed,**® physical
deposition relatively has not been used very widely. According
to a report, a femtosecond pulsed-laser deposition (femto-PLD)
method was developed to prepare MOF thin films, which
extends MOF film fabrication methods to physical vapor
deposition. The procedure of this method is shown in Fig. 35.
In the study, ZIF-8 powder was immersed in PEG-400 (PEG =
polyethylene glycol) for stabilization, and then the targets were
prepared by pressing the immersed powder into a pellet. A
PEG@ZIF-8 film was deposited onto a sapphire substrate at
room temperature by the ablation of the target in a vacuum.
Apparently, the pretreatment and ablation of the precursor are
central steps in this strategy. According to a report, the femto-
PLD strategy is suitable for the construction of thermally labile
and highly porous MOF films because of the addition of
stabilizing additives.*"”

4.2 Applications of MOF films

Unlike 2D MOFs, the thickness of MOF thin films is greater than
that of atomic monolayers. For manufacture and practical

2D array formation on liquid surface by
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2D array deposition and LbL film growth

Fig. 35 Scheme of the fabrication of ZIF-8 by using the 2D array
deposition and LBL film growth strategy.**” Copyright 2017, American
Chemical Society.
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applications, MOF thin films have the following advantages: (1)
the MOFs are not restricted to the ones that have a 2D planar
structure, indicative of the extensive sources of MOF films; (2)
compared with 2D MOFs, the exfoliation process could be
avoided, which simplifies the preparation; (3) the higher
thickness probably endows MOF films with enhanced
mechanical strength.

4.2.1 Sensor. Apart from 2D MOFs, MOF thin films could
also be used as sensors. Luminescence was defined as the
emission of light caused by energy absorption.**® MOF-based
luminescent materials for sensing applications have been
reviewed earlier.*” Photoluminescence has attracted much
attention because of its potential application in sensors. Just as
mentioned earlier, the Eu-HBPTC film exhibits special photo-
luminescence properties. The luminescence properties of Eu-
HBPTC films in DMF, water and CO;>~ solution were investi-
gated (Fig. 36). Both water and CO;>~ solution can lead to the
decrease of emission intensity. According to the report, this
decrease is due to the replacement of DMF molecules by H,O
since the Eu-HBPTC film is synthesized in DMF solution and
channels are filled by DMF molecules. Since the luminescence
of the Eu-HBPTC film disappears with the existence of CO5>~, it
can be used as a chemical sensor by simply coupling with a UV
cash detector, which can help detect CO;* .>° In fact,
lanthanide-based MOFs*’**'**"* and novel metal-based MOFs*"*
usually exhibit apparent light-emitting performance, which
endows them with the potential for application in sensors.

Design of the metal ion centre and ligand could apparently
affect the luminescence of MOFs. Two types of CP films based
on zig-zag Cu,l, chains have been developed, which show
reversible thermo/mechano-luminescence. The isonicotinate
ligands in CPs were functionalized with amino groups, which
further affects the symmetry of Cu,l, and Cu-Cu distances.**

Fluorescence quenching phenomena were also employed for
sensors in a number of research studies. Lanthanides which act
as prominent emitting sites are mainly reported as “turn-on” or
“turn-off” sensors, depending on intensity changes of the
luminescence.** As one of the lanthanide elements, terbium

= —n—in DMF

—0.5
—&—in Water
—e—in10°M CO,*

——— o
001 v r . , : r v .
0 20 40 60 80
Time/min

Fig. 36 The relationship between the ratio I/l of the Eu-HBPTC film
and time in different media, which reflects the luminescence inten-
sity.?’° Copyright 2014, Royal Society of Chemistry.
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could act as the metal ion centre in MOFs and endow MOFs
with excellent performances in the application of sensors. A Tb-
MOF thin film was developed via an electrodeposition method,
which could act as the sensor of 2,4-dinitrotoluene (DNT). The
MOF is able to detect DNT at concentrations of 0.1 mM (cor-
responding to circa 23 ppm) independently of the substrate
used for the synthesis (Tb metal or TbOx). At a DNT concen-
tration of <0.1 mM, the luminescence intensity of Tb(u) was
quenched to 90% of the initial intensity, indicating a potential
use of the Tb-MOF thin film as a sensor.>** Hence lanthanide
containing MOF thin films could be good candidates for
tunable luminescent sensors. Besides, the combination
between lanthanide elements and other metal elements could
also lead to luminescent materials.*”® A 2D interdigitated
architecture, {[Cd,(sdb),(4-bpmh),(H,0)]},-2n(H,0) (sdb =
4,4’-sulfonyl dibenzoic acid, and 4-bpmh = N,N-bis-pyridin-4-
ylmethylene-hydrazine), was prepared. A fluorescence quench-
ing was observed after the addition of nitrobenzene, which may
follow the fluorescence quenching mechanism. After the addi-
tion of 40 ppm (98%) of nitrobenzene, the luminescence
intensity was completely quenched, and the fluorescence
intensity almost recovered after five cycles. As is mentioned in
the report, the fluorescence quenching could be attributed to
the electron transfer from the MOF to electron deficient nitro-
benzene through interspecies contact.*'®

Three MOFs, PCN-14, NOTT-100 and NOTT-101, are depos-
ited on surface acoustic wave sensors, according to a previous
report. These MOFs exhibit the “nbo” topology and have
different space groups. These MOF-coated membrane sensors
can respond reversibly to the vapours of acetone, n-hexane and
water, which is shown in Fig. 37, and their responses are
compared with that of HKUST-1. In fact, all four membranes
respond to water vapor more sensitively than to organic
compound vapours.””®* HKUST-1 was used to coat a plasmonic
substrate to amplify the sensing signal of localized surface
plasmon resonance spectroscopy, which was used as the sensor
of CO, in the study.*”” Besides, some gas sensors towards
NH;,*%%8 0,,*"° and H,S** have also been developed until now.

4.2.2 Conductive devices. As mentioned earlier, the design
of MOFs could result in improved conductive devices. However,
integrating conductive ligands into MOFs to achieve conduc-
tivity and achieving selective attachment to the substrate
surface are still difficult. The design of conductive MOF struc-
tures needs the measurement of the electronic structure, which
can provide the feedback and instruction for the design process.

A B M c
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— eonil  tdeagdd et . st
M NOTT-101
1
j\\\\\. noT9 MMH/J\‘M\'/WMW WMWM
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Fig. 37 The phase shift intensity versus experimental time for surface
acoustic wave sensors which are coated with NOTT-100, NOTT-101,
PCN-14 and HKUST-1 upon the injection of (A) water, (B) acetone and
(C) n-hexane.?”® Copyright © 2016 John Wiley & Sons, Inc.
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Elzein et al. used a clean structural synthesis combined with
photoemission spectroscopy in a vacuum system in a glove box
to study the Frontier orbital structure of MOF films which is
self-assembled. This research reveals the characterization of the
interfacial electronic structure which is composed of polymeric
materials and conductive small molecules. Suitable metal ions
and organic linkers can be selected and decided via this
measurement technology.’*

Talin et al. designed a HKUST-1 thin film with tunable
electrical conductivity. The HKUST-1 film was grown on silicon
wafers which were covered with SiO, and prepatterned with Pt
pads. Then the film was infiltrated with 7,7,8,8-tetracyanoqui-
nodimethane (TCNQ), redox-active and conjugated guest
molecules. The conductivity is caused by TCNQ guest molecules
bridging binuclear copper paddlewheels, which leads to
apparent electronic coupling between dimeric Cu subunits.**

In addition, in order to improve the conductivity of MOFs,
a blue pillared-paddle wheel MOF film was constructed on
a ZnO substrate, and m-acidic methyl viologen guests infiltrated
the film. After the infiltration, the electrical conductivity of the
MOF film rose from ca. 6 x 10 >Sm ' (25°C)t0 2.3 x 10 °> S
m ', indicating that the complementary guest 7-systems could
tune the conductivity of MOFs, because the complementary -
systems can give rise to long-range electron delocalization.?>

4.2.3 Switch device. Liu et al. introduced the resistance
conversion properties of MOF films in alcohol-mediated and
memory devices. An alcohol-mediated multi-resistor switch
device based on ZIF-8 was proposed (Fig. 38a). ZIF-8 films were
placed between the electrodes to set up Ag/ZIF-8/Si structures.
Alcohol vapors are exploited to explore and verify chemically
mediated memory effects. ZIF-8 (Fig. 38b) has permanent
porosity and high thermal stability and chemical stability and
can therefore be used to fabricate memory devices. Atomic force
microscopy (AFM) and SEM images of this film are shown in
Fig. 38. Studies have shown that the ordered arrangement of
hydrogen bonding systems and guest molecules in MOF crystals
leads to dielectric conversion of alcohols. Such a memory device

Alcohols Ag electrodes

Adsorption

Fig. 38 (a) The diagram of the alcohol-mediated resistance-switching
device; (b) the diagram of the structure of ZIF-8; (c) AFM image of the
ZIF-8 film on silica; (d) SEM image of the device from the top view; (e)
SEM image of the device from the cross view.*?* Copyright © 2016
John Wiley & Sons, Inc.
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is expected to be made into an environmental response device,
and it has a bright future in a wearable information storage
system. It is worth noting that if such a MOF film is coated on
a flexible substrate, it can be used in a flexible electronic
device.***

A resistance switching random access memory (ReRAM)
device was designed by introducing a ZIF-8 thin film prepared
by the solvothermal method as a resistance switching layer. The
ZIF-8 thin film was stacked in between Al and Au thin films,
which act as the top and bottom electrodes respectively, and the
film exhibited a resistive switching behavior under a DC voltage

indicating its potential programmable memory
325

sweep,
properties.

4.2.4 Catalysis. Apart from 2D MOFs among 2D-
architectured MOFs, MOF thin films also exhibit catalytic
activity towards CO, reduction, degradation of pollutants and
so on. The treatment of carbon dioxide is crucial to solve the
greenhouse effect and energy crisis. Apart from the separation
of CO, from gas mixtures, some catalysts can also be applied to
promote the reduction of CO,. Li and colleagues have proved
that electrons which are produced by semiconductor moieties
can be transferred to MOF moieties so they can participate in
photocatalytic reactions. Thus, the combination between MOFs
and semiconductor nanoparticles can lead to favorable cata-
lysts. Maina and co-workers encapsulated Cu-TiO, and TiO,
nanoparticles into the pores of ZIF-8. They modified a stainless
steel substrate with graphene oxide (GO) which serves as the
substrate for the ZIF-8 film (Fig. 39a). This hybrid film shows
photocatalytic activity for the reduction of MB under the irra-
diation of UV light. As shown in Fig. 39b, after the encapsula-
tion of Cu-TiO, or TiO, nanoparticles, the photocatalytic
activity is improved apparently. Besides, the relationship
between photocatalytic properties and the content of Cu-TiO, is
also studied, and is shown in Fig. 39¢.**® The photoactive tri-
phenylamine moiety was incorporated to construct a Gd-MOF
film based on an «-Al,O; plate, which exhibits considerable
photocatalytic activity towards the reduction of CO,. The a-
Al,O; plate could prolong the lifetime of the catalytic system
because of the combination between the large surface areas of

P
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Fig. 39 (a) The modification of a substrate and the encapsulation of
semiconductor nanoparticles into MOF membranes. (b) The photo-
catalytic activities of different membranes. (c) The relationship
between photocatalytic activity and the content of Cu-TiO,.32¢
Copyright 2017, American Chemical Society.
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Fig. 40 (a) Tafel plot of partial current density for carbon oxide
production. (b and c) The SEM images of MOF thin films before and
after the reaction, respectively.*?® Copyright 2015, American Chemical
Society.

a-Al,O; plate and the high porosity of MOFs.**” Yaghi and Yang
et al.**® examined the electrocatalytic activity of the Co-based
MOF thin film towards the reduction of CO,. The chemical
formula of this MOF is Al,(OH),TCPP-Co (TCPP-H, = 4,4',4" 4-
(porphyrin-5,10,15,20-tetrayl)tetrabenzoate). The MOF thin film
was prepared by the ALD strategy. The active sites in molecular
porphyrins are exposed to the electrolyte and linked to the
support electrically, which enables the MOF thin film contain-
ing porphyrin moieties to be used as an electrocatalyst. CO, was
reduced to CO in this study. The Tafel plot displayed in Fig. 40a
shows a Tafel slope of 165 mV dec™ ' in the low-overpotential
region, indicating the probable rate-limiting step caused by
the reduction of CO, to form a CO, radical. And the SEM images
before and after the catalytic reaction suggest that the plate-like
morphology of the MOF thin film has been retained during the
reaction (Fig. 40b and c). It could be a promising electrocatalyst
candidate towards the reduction of CO,.

5. Conclusions

In this contribution, we have successively overviewed the
synthetic strategies of 2D MOFs, MOF membranes and MOF thin
films. These MOF-based materials could be prepared by some
classical methods, such as solvent methods, LPE methods and so
on; meanwhile, they can be obtained via many newly developed
and novel strategies. By choosing the synthetic methods, MOF-
based materials with various properties, such as flexibility and
good orientation, could be obtained. Then the device applica-
tions of the aforementioned MOF-based materials have been
summarized, which exhibit bright prospects in many fields.

However, as far as we are concerned, more efforts should be
done in many future studies to obtain more improved MOF-
based films. For instance, an important aspect is that the
current studies of MOF membranes and thin films are mainly
based on the MOFs with mature synthetic methods, such as ZIF-
8 and HKUST-1. Some other MOFs, such as MOF-177,**° are
hardly used to prepare membranes and thin films. Thus, future
research could aim at the synthetic strategies of membranes
and films of those MOFs which haven't been prepared as
membranes or thin films.

We can conclude that there are several ways to improve the
stability and close combination of MOF membranes, which are
(1) applying sonication to the synthesis of membranes,*** (2)
introducing amine groups into MOFs so as to form covalent
linking,"*” and (3) doping MOFs with rare earth element and
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combining MOFs with some organic solvents such as polymers
and gel materials.***?** We can get inspiration from many
existing studies to obtain improved 2D MOFs, MOF
membranes, MOF thin films and devices.

The strategies for other kinds of MOF materials are also able
to be extended to the application of MOF membranes. Apart
from the matrices we mentioned before, some special
substrates can be used to improve the adsorption capacity of
MOFs, such as marine sponges®? and diatoms.*** In fact,
Morph-Genetic MOFs should be paid more attention to.
Patterned MOF thin films have been prepared via various
methods,***>*”*3%* and we should pay more attention to their
potential for barcodes and many other applications. Meso-
porous MOFs should also be paid attention to, because of their
bright prospects for the discovery of various applications.***
From the selectivity MOF regulators proposed by Zhao et al.,*”
MOF membranes can be designed as catalytic reaction regula-
tors based on gully or porous substrates. Interestingly, a hier-
archical MOF-on-MOF structure has been prepared, which
could be helpful for the construction of MOF-based MOF
membranes.**® A COF-on-MOF structure has also been devel-
oped and exhibits excellent photocatalytic activity towards the
degradation of organic pollutants.®* All in all, as far as we are
concerned, the further effort on MOF thin films, membranes
and 2D MOFs to construct new types of membranes and obtain
MOFs or composites with improved properties could be aimed
at: (1) the combination between MOFs and COFs or different
kinds of MOFs; (2) the use of sacrificial templates for the
construction of MOF membranes; (3) the control of the
mechanical properties; (4) the preparation of patterned MOF
thin films via electrochemical deposition, template guidance or
other strategies. Besides, there are still some applications of
MOF thin films, membranes and 2D MOFs that aren't covered
in our review, such as breathing MOFs,** supercapacitors,*****’
dielectric materials,**® barcode systems,*”*** and osteogenic
and antibacterial effects,>® which require more in-depth
studies. MOF membranes, thin films and 2D MOFs have
bright prospects in device applications, but still require more
studies.
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