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Metal-Organic Framework Composites: From
Fundamentals to Applications

Shaozhou Li#" and Fengwei Huo

Metal-organic frameworks (MOFs) are a class of crystallized porous polymeric materials
consisting of metal ions or clusters linked together by organic bridging ligands. Due to their
permanent porosity, rich surface chemistries and tuneable pore sizes, MOFs have emerged
as one kind of important porous solid and attracted intensive interests in catalysis, gas
adsorption, separation and storage over the past two decades. Compared with pure MOFs,
the combination of MOFs with functional species or matrix materials not only shows
enhanced properties, but also broadens the applications of MOFs to new fields such as bio-
imaging, drug delivery and electrical catalysis owing to the interactions of the functional
species/matrix with the MOF structures. Although the synthesis, chemical modifications and
potential applications of MOFs have been reviewed previously, there is increasing
awareness on the synthesis and applications of their composites which have rarely been
reviewed. This review aims to fill this gap and discuss the fabrication, properties, and
applications of MOF composites. The remaining challenges and future opportunities in this
field, in terms of processing techniques, maximizing composite properties, and prospects for

applications, have also been indicated.

1. Introduction
Metal-organic frameworks (MOFs), also known as porous
coordination polymers (PCPs), are a class of crystallized porous
polymeric materials formed by the coordination of metal
ions/clusters and organic bridging ligands. Although the
synthesis of coordination polymers with microporous structures
such as Prussian blue can be traced even back to the 18th
century, ! the systematic studies of MOF synthesis and their
applications only started about two decades ago. The pioneer
work has been done by Robson, 2 3 Moore, 4 5 Yaghi, ¢ and
Zaworotko 7 in early 1990s. From then on, attracted by the
vision that such materials can be incorporated with the designed
structural, magnetic, electrical, optical, and catalytic properties
through choosing appropriate metal ions and organic ligands,
many scientists started to join this young but dynamic field.
With their effort, many synthetic strategies have been
developed to form the MOFs with different crystal structures,
pore sizes and surface chemistries.® °

Compared with other porous materials such as zeolites,
active carbon and mesoporous silica, MOFs show a better
chemical tailorability owing to their diversified functional
groups on the frameworks. This rewards MOFs with the
applications beyond traditional areas of porous materials (such
as molecule storage, ' ! separation, '> 13 and catalysis!* %)
which mainly utilize the pore structures of materials.16-18
However, the fragileness of the functional groups in ligands of
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MOFs greatly restricts the development and application of
functional MOFs. For the applications such as sensing and
catalysis, robust MOFs are required which excludes many
MOFs formed by the room temperature synthetic strategies as
the MOFs synthesized under low temperature are rarely highly
thermally or chemically stable.®* To form sturdy MOFs,
elevated temperatures, solvothermal reactions or the microwave
irradiations are often employed to activate the coordination
reactions. These on the other hand degrade the active functional
groups on the ligands and thus restrict the functionalities of the
MOFs synthesized. Some alternative approaches have been
developed to circumvent these issues and post-synthetic method
is one popular strategy among them. Through chemical
modifications of the organic linkers in MOFs with designed
functional groups, this method can introduce functionalities into
the MOFs preformed.?0: 21

The study of MOFs was originally carried out by chemists
from both the fields of coordination and solid-state/zeolite
chemistry. Recently, MOFs also attract the growing attentions
of material scientists. Like the method of post-synthetic
modification of MOFs via a series of chemical reactions was
adopted by chemists to introduce the functionalities, material
scientists learn from the development of composite materials
and tend to impart functionalities into MOFs by the integration
of functional species such as organic dyes, small bio-molecules,
NPs, NWs, nanofibers and polymers through the formation of
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composites.?222 MOF composites can be made either @ by
growing or depositing of MOFs on a two-dimensional planar or
curved substrate to form the thin films, or @ by incorporating
MOFs with other components to form mixed structures. The
preparations and applications of MOF thin films grown on
different substrates have been fully reviewed by Bradshaw and
Fischer, separately.?* 25 Therefore, this review will focus on the
second case and try to provide a broad overview of the MOF
composite materials that have this far been reported. Strategies
employed to synthesize MOF composites according to their
formation process were introduced first and the potential
applications and adopted application-specific configurations of
MOF composites were discussed as follows. Finally, the current
challenges and future opportunities of MOF composites, in
terms of processing techniques, maximizing composite
properties, and prospects for applications were provided.

2. The formation of MOF composites

Composite is a solid material composing of two or more
substances which retain their own identity while contributing
desirable properties to the whole system. Usually, there is at
least one substance dominating the material which is denoted as
the matrix. Therefore, the MOF composites formed were
described as A/B in this paper in which A stands for the
functional species and B denotes the matrix materials as
adopted by Stock and Biswas.!® Such notation has also been
adopted by the nomenclature of the traditional composite
materials.?® The physicalfragility of MOFs has greatly limited
their fabrication processibility. 2’ Thus, MOF/A composites in
which the MOF crystals were embedded into one continuous,
flexible matrix have been produced for the applications such as
small molecule separation, purification and catalysis. The
matrices in such structures not only allow the reuse and recover
of the MOFs, but also enhance the formability of MOF
materials. Apart from functional species, MOFs themselves can
also serve as matrices for the applications such as
heterogeneous catalysis and drug delivery which correlating to
the functionalities stemming from both the MOFs and the
active species having been imparted. In these applications,
MOFs are the stabilizing matrix materials to provide confined
spaces for the functional species. The unique structures of
MOFs not only restrict the possible diffusions and aggregations
of species loaded in the MOFs, but also can change the reaction

pathways taking placed, thus leading to new catalytic properties.

2.1 MOFs as functional species

The applications of MOFs for molecule storage, separation and
catalysis are limited by their poor processability. To circumvent
this difficulty, researchers start to investigate the incorporation
of MOF crystals into polymer matrices. Polymers have the
advantage of good mechanical, thermal and chemical stability.
Moreover, the good formability of polymers also eases the
fabrications of their composites. Apart from polymers,
inorganic materials like porous silica and porous alumina have

also been used as the matrices. Based on the processes involved,
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the formation of MOF/matrix composites can be categorized as
follows (Figure 1):
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Figure 1. Overview of the MOF composites and their correlated synthesis
methods. The composites are categorized as (a) MOFs as functional species,
and (b) MOFs as matrix materials.

2.1.1 Formation of MOF composites by solution blending
method

The solution blending method is briefly described as this.
Mechanical stirring or sonication was applied to the mixture of
polymers and the functional species to enhance homogeneity of
the incorporated materials in solution before the solvent is
vaporized to leave a polymer-based composite. As many
polymers can dissolve into liquid solvents, this method has
been widely used in the synthesis of polymer-based
composites.?® Flexible MOF/polymer membranes such as
HKUST-1/PMMA,?° ZIF-8/P1,%° ZIF-90/matrimid, 3 MOF-
5/matrimid, 32 HKUST-1/matrimid, 33 Cu-BPY-HFS/matrimid,
34 CUTPA/PVA 3 and ZIF-8/PSU3% have been produced by this
method. The ease of mass production makes these
MOF/polymer membranes highly in demand for industrial
applications. However, the variation of MOF lattice resulted
from the host-guest interactions of MOF structures when
solvents removal leads to a weak adhesion between polymers
and MOF particles. Moreover, the MOF/polymer membranes
formed are often highly defective with uncontrollable voids
inside. These issues are undesirable to the membranes used for
gas separation and liquid filtration. To improve the
compatibility between polymer matrices and MOF particles, N-
methyl-N-(trimethylsilyl)-trifluoroaceamide was used as the
silyating agent to modify the surface of MOF particles
(HKUST-1, MIL-47, MIL-53 and ZIF-8) before they were
incorporated into PDMS.3” The gas diffusion properties of the
membranes formed were studied and an improvement in the gas
transport was shown in these MOF/PDMS composite
membranes.

2.1.2 Formation of MOF composites by electrospinning

As one technique to produce fibre structures in polymer
engineering, electrospinning has also been employed to the

This journal is © The Royal Society of Chemistry 2012
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synthesis of MOF/polymer composites. This process can be
simply described as follows. A high voltage is applied to a
liquid droplet to make it charged, the high cohesion of molecule
to liquid leads to the formation of a charged liquid jet and the
fast vaporization of solvent during the liquid jet flight results in
the formation of fibre composites. This technique allows for an
easy generation of fibre composites from a wide variety of
MOF/polymer combinations. Moreover, the diameters of fibres
and the MOF loadings also can be tuned by varying the
polymer concentration and polymer to MOF ratio in the spun
mixtures. ZIF-8/PVP, % HKUST-1/PS, *° ZIF-8/PS and MIL-
101(Fe)/PS #° fibrous composites have been produced by this
method. With a combination of the facile electrospinning
technique and the diversified functionalities of MOFs, the
MOF/polymer composite fibres not only show many
applications in the fields of gas separation but also can be
potentially used for personal protective systems to remove the
toxic gases in the environment.3°

2.1.3 In-situ growth of MOFs in the matrices

In-situ growth is another widely used method to form MOF
composite materials. The matrices were immersed into the
solution containing MOF precursors and then heated to
designed temperature to induce the growth of MOFs on the
matrices internal/external surface which yields the formation of
MOF composites. Porous metal oxide spheres and porous
polymer membranes have been used to synthesis MOF
composites by this method.

Silica and alumina microspheres are the widely used
matrices for in-situ growth of MOF composites. By
solvothermal reaction of HKUST-1 precursor solution in the
presence of silica microspheres, HKUST-1 particles were
formed and attached firmly on the silica spheres with adjustable
porosity.*> 42 The SIM-1/alumina spheres formed by in-situ
growth of SIM-1 (a substituted imidazolate-based MOF) onto o
or y-alumina beads under mild heating conditions was reported
by S. Aguado et al. (Figure 2a).*3 Interestingly, the SIM-1
crystals cover on the a-alumina bead to form a core-shell type
structure while the majority of the MOF crystals resides within
the cavities of the support when y-alumina was used. The latter
structure is particularly attractive for catalysis applications
owing to its good mechanical strength and attrition resistance.

The in-situ growth method shows its advantage in palliating
the low surface area of MOF composites resulted from the
blockage of the MOF pore aperture by polymer chains which is
one key issue of the solution blending and electrospinning
processes. For example, A MOF/polymer foam was prepared
by direct synthesis of UiO-66 over the PU foam template.** The
composited foam not only maintains the macrostructure and
flexibility of PU foam, but also exhibits the micro-porosity,
high surface area, and adsorption properties of UiO-66.
Through the in-situ growth of MOF crystals, HKUST-1 and
ZIF-8 on PSU based porous asymmetric ultrafiltration
membranes have also been synthesized.*® Apart from foams and
membranes, macro-beads of MOF composites (Co-CPO-
27/PAM and HKUST-1/PAM) have also been synthesized by
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the solvothermal reaction of PAM beads in MOF precursor
solutions or via loading the metal ions into the pre-swelled
PAM beads, immersing the beads into the ligand solutions and
following with solvothermal reaction (Figure 2b).*6 By a step-
by-step impregnation and crystallization process, monolithic
HCM has also been used as the matrix in which HKUST-1
crystals were in situ synthesized to form HKUST-1/HCM
composite (Figure 2c).*’
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Figure 2. Growth of MOFs in the matrices. (a) SIM-1 supported on y-
alumina and o-alumina beads. (1-2) SEM images of the beads and view of
the cross-section. (3-4) SEM image and (5-6) EDS mapping of the core and
surface. (b) Digital image of HKUST-1/PAM beads. (c) Digital image of
HKUST-1/HCM. Reproduced with permission.*3 46. 47

2.1.4 Surface coating with silica or polymers

MOFs can be used for bio-applications such as the bio-imaging
and drug delivery. Due to the cytotoxicity and the intrinsic
instability of many MOFs under physiological conditions, the
MOFs as-synthesized are typically further coated with thin
silica or bio-polymer shells to optimize their in vivo
performance. 17 8 The silica/polymer coating also used on
controlling the release of loaded drugs in MOF cavities during
drug delivery.*® Moreover, these shells also are platforms for
surface modifications to both improve the water dispersity of
MOFs and add the affinity of MOFs to the molecules to target
specific cells or tissues, thus provide the MOF composites with
many potential advantages over their pristine counterparts. A
silica layer is usually prepared by the slow hydrolysis of TEOS
on MOF surface under acidic conditions. By applying this
process, Rieter et al. have covered the MOF NPs made of a
cisplatin derivative and Th3* ions with a silica shell of around 7
nm.*® Liu and co-workers have reported the stabilization of
phosphorescent ruthenium MOF [Ru-{5,5"-(CO2H).-
bpy}(bpy)2]1(PFs)2([L-H2](PFs)2) with amorphous silica shells.>°
The targeting efficiency of this MOF composite was further
improved by a surface coating of PEG and PEG-anisamide
(AA). Taylor et al. synthesized two Mn-MOFs: Mn(1,4-
BDC)(H20)2 and Mn3(BTC)2(H20)s, which were then coated
with thin silica shells and subsequently functionalised with a
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cyclic peptide c¢(RGDfK) and a fluorescence dye-Rhodamine B
for the target-specific imaging applications.>!

2.1.5 Other methods

Kaskel et al. have demonstrated the incorporation of HKUST-1
particles into polyHIPEs by a three-step synthetic route: 52 @O
synthesis of the macroporous polymeric support based on 4-
vinylbenzyl chloride cross-linked with divinylbenzene; @
hydrophilization of the polyHIPE by introducing hydroxyl
groups into the material; and & impregnation with precursor
solution and hydrothermal synthesis of HKUST-1 within the
interconnected voids of the macroporous monolith. As the
polyHIPE composite enclosing MOF crystals can be
synthesized with user-defined geometry, this synthetic
techniqgue would enhance the workability of the MOF
composites produced.

2.2 MOFs as matrix materials

As the matrix materials in composites, MOFs show many
unique properties compared with other porous solids: @ The
nanometre scaled cavities of MOFs can be accessed by the
reactants from exterior and thus allow the direct reaction and
formation of active species inside the frameworks, @ The
internal surfaces of MOFs are chemically tuneable to optimize
the molecule adsorption/binding and chemical reactions, and 3)
The designed pore matrices make MOFs excellent sieving
materials.

2.2.1 Impregnation of MOFs with functional species

MOFs can be impregnated with precursors through a
diffusion/deposition process owing to their accessible pores to
metal ions and small molecules. The procedure usually consists
of two steps:@ MOF solids were immersed into the solution
containing the precursors for impregnation, and @ the adsorbed
precursors either were the final active species or further reacted
(by reduction, decomposition or other chemical pathways) to
form new functional phase inside the MOF matrices. MOFs
provide a confined space to limit the growth of these functional
species and impede their agglomeration. Therefore, highly
stable MOFs are often required as a sequential of reactions may
be necessary before the formation of final MOF composites.

To impregnate the precursors into MOFs under solvent
conditions, three loading strategies, namely direct adsorption,
incipient wetness and ion exchange, have been employed. The
process of direct adsorption can be described as this. MOF
powders were immersed into the solution containing metal ions
without considering the stoichiometry of MOFs and metal ions.
Metal NPs usually grow indiscriminately inside the MOF
cavities and on the MOF outer surface in this approach due to
the out-diffusion of precursors during their reduction. Therefore,
an incipient wetness infiltration method has been developed to
control the spatial distributions of the NPs inside MOFs.
Incipient wetness infiltration once was a commonly used
technique for the synthesis of heterogeneous catalysts.
Typically, the metal precursor is dissolved in a solution which
is added to a catalyst support containing the same pore volume

4| J. Name., 2012, 00, 1-3

as the volume of the solution that was added. The capillary
action draws the solution into the pores and solution added in
excess of the support pore volume causes the solution transport
to change from a capillary action process to a diffusion process,
which is much slower. The product can then be calcined to
remove the volatile components and leave the metal catalysts
deposited. This method has been employed to the synthesis of
Pd NP/MOF-5, 53 Pd NP/MIL-101 5% 5 and Pt NP/MIL-101
composites. 56 To further inhibit the growth and aggregation of
NPs on the external surface of MOFs, double solvents have
been used for the precursor loading by Xu’s group (Figure
3a).56.57 Both a hydrophilic solvent (water, containing the metal
precursor with a volume set equal to or less than the pore
volume of the adsorbent) and a hydrophobic solvent (hexane,
suspending the adsorbent and facilitating the impregnation
process) were used. Through this method, Pt NPs (size 1.2-3
nm) 56 and AuNi NPs (size 2-5 nm) have been successfully
incorporated into MIL-101(Figure 3b).5” lon exchange is
another loading method (Figure 3c) which is mainly used in the
synthesis of Pd NP/MOF composites. The complexes of
PdC13™-MIL-NHs* were formed by mixing MIL serials MOFs
(such as MIL-53(Al), MIL-101(Cr) and MIL-53(Al)-

NHz,which contain or have post-functionalised with amine
group) with the solution containing PdCIZ~.The mixture was
then reduced by NaBH4 to yield Pd NP/MOF composites.58-60
Due to the well dispersion of Pd NPs in the composites formed
and the high chemical stability of MIL-MOF structures, these
activity

materials show high chemical
reactions.®

in the catalytic

MOF DXP@MOF
O W
o)

U pd(Noy, L
solution 7 P
o i om \
Figure 3. Overview the strategies of forming MOF composites by the
impregnation of functional species. (a) Schematic representation of
formation metal NP/MOF composites by a double-solvent method. (b) TEM
images of the obtained composites of AuNi NP/MIL-101 reduced by
different amount of NaBH,. (c) Schematic illustration of the ion exchange
method to form Pd NP/MOFs with amine groups. (d) DXP/MOF composite
formed by the vapour deposition. (e) and (f) The scheme of Pd NPs formed
in MOF SNU-3 by auto-redox and the TEM image of obtained Pd

NPs/SNU-3, (f) T Reproduced with permission. 57 60.62.68
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Without further treatments, cluster/MOF and
molecule/MOF composites are the products usually formed
after the impregnation process. For example, the large
mesoporous cage (34 A) and microporous window (16 A) of
MIL-101(Cr) allows for easy loading of POM clusters, a class
of solid-acid catalysts for many acid-catalysed organic
transformations and industrial applications, within their pores
through liquid filtration.6! Other clusters such as the highly
emissive perylene derivative DXP and the iridium complex,
Flrpic have also been incorporated into MOF-5, MOF-177,
UMCM-1 and MIL-53(Al) by vapour deposition and a loading
rate of 1.4 wt.% for DXP/MOF-5 and 8 wt.% for DXP/UMCM-
1 was reported (Figure 3d).%2

In most of cases, however, the employment of additional
chemical treatments such as hydrolysis or chemical reduction
are necessary to convert the impregnated precursors into final
functional species. (ZnO)/MOF-5 composite has been
synthesized by the vapour deposition of Zn-organometallic
precursor in MOF-5 following with a mild hydrolysis/oxidation
process.®®* ZnO NP/MOF-5 and TiO2 NP/MOF-5 were
synthesized through the dry oxidation of loaded metal
compound precursors such as ZnEt> or Ti{OCH(CHzs)2}4 in
MOF-5 crystals, into their metal oxides, respectively.4 65 Metal
nitride NPs embedded inside MOFs have also been formed
through a similar chemical pathway.®® A GaN NP/ZIF-8
composite was synthesized by the loading of ZIF-8 with
[(CH3)sNGaHs] via vapour deposition which yields
(H2GaNH2)s/ZIF-8 through ammonia treatment and the
intermediate eventually gave the GaN NPs/ZIF-8 composite
through further annealing.

Chemical reduction happens in the procedure of converting
metal ions impregnated inside MOFs into metal NPs. The
reduction can be carried out by MOFs themselves or with the
assistance of external stimuli such as reducing agents, solar
light, UV and even microwave irradiation. Auto-redox takes
place when MOFs with redox sites, such as reductive functional
groups on the ligands or metal nodes with low oxidation
potential, were used. The idea of synthesizing metal
nanostructures encapsulated via redox sites in the porous
materials is not totally new. Kim and co-workers have
demonstrated the synthesis of single-crystalline Ag NWs of 0.4
nm diameter with CHQ NT as the template.®” The Ag* ions in
CHQ were reduced to Ag® by hydroxyl groups on inner surfaces
of CHQ and the Ag atoms then packed along the hydroquinone
channel to form Ag NWs. Although some MOFs used for the
auto-redox of metal ions show more rigid structures compared
with CHQ, it is interesting to note that the metal nanostructures
resulted in auto-redox MOFs are not defined by the MOF
channels like in CHQ and NPs with average diameters much
larger than the MOF pores usually forms.

[Zna(ntb)2(EtOH)2]*4EtOH (denoted as SNU-3) synthesized
by Suh’s group has been used to reduce Pd ions into NPs.%8 Pd
NPs with the size of 3-4 nm were formed inside the channels of
SNU-3 owing to the redox of Pd** by 4, 4, 47-
nitrilotrisbenzoate (ntb®) (Figure 3e-f) and the doping amount
of Pd NPs in composites can be tuned through varying the

This journal is © The Royal Society of Chemistry 2012
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immersing time of SNU-3 in Pd(NOs)2 solution. Rb-CD-MOF
and Cs-CD-MOF (CD = y-cyclodextrin) containing
cyclodextrin and OH- counter ions, have also been used to form
the metal NP/MOF composites through auto-redox reactions.®®
After immersing the CD MOFs into AgNO3 or HAuUCI4 solution
separately, Ag NPs (~2 nm) and Au NPs (3-4 nm) were formed
inside the matrices. As these CD-MOFs can dissolve in water to
release the metal NPs into solution and also considering the
antibacterial Ag and Au NPs and the nontoxic MOFs, these
MOF composites are potentially applicable in biomedicines.
Apart from active functional groups, metal nodes in MOFs
can also act as redox sites. The oxidation of Ni (I1) to Ni (I11)
sites in Ni-MOF has been employed to reduce the metal ions in

MOFs.70-73 Three Ni(11)-MOFs:
[{Ni(C10H26Ns)}3(bpdc)s] 2CsHsN 6H:20,
{[Ni(cyclam)]2[BPTC]}n 2nH20, and

{[Ni(cyclam)]2[TCM]} 2DMF 40H20 have been applied to
reduce the metal ions loaded (Ag*, AuCl* and Pd?*) in their
cavities into the corresponding metal NPs. Ag NPs of ~ 4 nm,
Au NPs of ~2 nm and Pd NPs of ~3 nm were synthesized in
these three MOFs, respectively.

External stimuli have been widely used to reduce metal ions
inside MOFs and yield metal NP/MOF composites. For
example, a hydrogenolysis process has been developed to
reduce the organometallic precursors inside MOF crystals and
generate metal NP/MOF composites. The synthesis of Au
NP/MOF-5 with (CHs3)Au(PMes) as the precursor,’* Cu
NP/MOF-5 with (n%-CsHs)Cu(PMes) as the precursor,’* Pd
NP/MOF-5 with (n°-CsHs)Pd(n3-C3Hs) as the precursor,’ Ru
NP/MOF-5 with Ru(cod)(cot) as the precursor,”> Au NP/ZIF
with Au(CO)CI as the precursor, ® Ni NP/MesMOF-1 with
NiCp2 as the precursor,’”” and Pd NP/MIL-101 with (n°-
CsHs)Pd(n3-CsHs) as the precursor 78 have been reported
through employing this process. Apart from hydrogenolysis, the
metal ion/MOF intermediates also can be reduced by agents
such as PVP, NaBH4 and N2H4+H20 to yield the final products,
which was exemplified by the formation of Pd NP/MOF-5, 7% 80
Au@Ag core-shell NP/ZIF-8, 8 and Au NP/MIL-101. 82
Additionally, microwave processing is one immerging
technique to activate/accelerate chemical reactions and has also
been used for the synthesis of MOF composites. Through the
irradiation of the specific composites of metal ion/MIL-101
with microwave, Pd-Cu NP/MIL-101 8 and Cu NP/MIL10184
composites have achieved. Last but least, heat treatment was
also applied to the synthesis of MOF composites. Pd NP/MIL-
101 composite has been synthesized by the reduction of
Pd"/MIL-101 with the assistant of H at high temperature.85-87

2.2.2 Encapsulation of the structures pre-synthesized into
MOFs

Many properties of nano-objects are their size, shape and
composition related.® 8 The impregnation strategy lacks of
tuneability on these parameters for the incorporated structures,
thus narrows the applications of MOF composites. Novel
strategies of encapsulating the nano-objects pre-synthesized
with post-formation of MOF shells on their surfaces have been
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developed to circumvent this difficulty. The MOF shells can be
formed either by post-growth in the MOF growth solution or
via chemical conversion of the pre-deposited metal compound
structures into MOFs.

2.2.2.1 MOF shell formed by the post-growth

The formation of MOF shells is an interface related process, of
which there are three general types: Wthe “build-bottle-around-
ship” method to encapsulate clusters into MOF composites, @)
the selective nucleation and growth of MOFs on the surface of
inorganic nanostructure, and 3 the heteroepitaxial growth of
MOF shell on another MOF crystal surface.

A typical “build-bottle-around-ship” synthesis procedure
has usually been adopted in which the desired catalytic metallo-
complex was encapsulated inside the nanopores/channels of
porous materials in the presence of synthetic precursors of the
porous materials. This method was originally employed to
encapsulate metallocomplexes into the cage of zeolites, *°and
has been employed to synthesize MOF composites recently.
POMs were chosen as the encapsulated clusters to form the
cluster/MOF composites. Su and co-workers have synthesized
POM/HKUST-1 composites (NENU-n, n=1 to 6) by one-step
hydrothermal reaction of copper nitrate, 1, 3, 5-BTC, and
different kinds of POMs (Figure 4a). ®* NENU-n show high
thermal stability and the high loading amount of POMs (~50
wt. %) exceeds most traditional POM-supported catalysts.
However, copper carboxylate based MOFs usually dissolve in
water and this might rule out their practical use for many
aqueous phase applications. The more stable POM/MOF
composites, POM/MIL-101(Cr) % and POM/MIL-100(Fe)
were synthesized and these two composites are stable in
aqueous solution with no POM leaching. Compared with
NENU-n, these two composites also show much higher surface
areas. The surface area decreases from >1000 m? g of pure
HKUST-1 to ~460 m? g-! for NENU-1, while the BET values of
POM/MIL-101(Cr) and POM/MIL-100(Fe) are almost same
with their pure counterparts.

(a) BB )

" «> =
Metallon Dicarboxylate N Ligand

Preferential Growth on Au  Au/MOF Nanocrystal A
& S

ve e - <
B 5’ :$£ I
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(c) [V (dcarboxyae) (N kgand)).] [

Surface
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s TEE—— &
Conversion of ;
alumina into PCP

GNR@[AI(OM;(‘LA—ndc)]_ GNR@alumina

Figure 4. Overview of the methods to encapsulate the pre-synthesized
structures into MOFs. (a) The encapsulation of POM clusters into HKUST-1
by “build-bottle-around-ship” method. (b) Au NP/HKUST-1 synthesized by

surface modification of MUA. (c) Scheme of the controlled encapsulation of
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NPs in ZIF-8 crystals with the assistance of PVP. (d) Schematic illustration
of the heteroepitaxial growth of MOF@MOF structures with the [M2(L)2(P)]
(L=dicarboxylate; P=diamine pillar) isoreticular family, and (e)Scheme of
the Au NR@MOF composite synthesized by scarified template method.
Reproduced with permission.®% 94 99, 102,108

Figure 5. Electron microscopy images of the nanostructures@ MMOF
composites. (@) TEM image of Au NP@HKUST-1. (b) TEM images of ZIF-
8 composites containing different types of NPs. (1) and (2) Hybrid crystals
containing 3.3 nm Pt NPs. (3) Hybrid crystals containing Ag cubes (~ 160
nm). (4) Hybrid crystals containing 180 nm PVP-modified PS spheres with
surfaces that were partially coated with unmodified 13 nm Au NPs. (5)
Hybrid crystal containing homogeneously distributed 13 nm Au and 34 nm
Au NPs in the central area. (6) Hybrid crystals consisting of 34 nm Au NP-
rich cores, 13 nm Au NP-rich transition layers and NP-free shells. (c) Pd
nanocrystal@ZIF-8 yolk-shell nanostructures. (d) Enlarged TEM image of
the yolk-shell nanostructure. The cores are Pd octahedra with edge sizes of
60 nm, and the shells are microporous ZIF-8 with thickness of~ 100 nm. (d)
TEM images of Au NR@[AI(OH)(1,4-ndc)], core—shell composite.
Reprinted with permission.®+ 99 101, 108

To selectively nucleate and grow of MOF shells on the
surfaces of incorporated nanostructures, chemical modifications
of the functional structures with organic molecules such as
surfactants or polymers are often involved. The modified
substances are added into the growth solution containing
suitable MOF precursors and subsequently MOF shells are
constructed around their surfaces. Noble metal NPs are the
well-studied species encapsulated due to their broad
applications on heterogeneous catalysis and also because of the
well-established surface modification techniques of noble
metals. Through functionalising the Au NPs with MUA and
subsequently transferring them into the Cu?* and 1, 3, 5-BTC
mixing solution, Au NP@HKUST-1 core-shell crystals were
synthesized (Figure 4b and 5a).%* Here the symbol @ is adopted
from the notation of core-shell nanostructures in nanoscience
and nanotechnology.®® Au NP@MIL-100(Fe) and Pt NP@ZIF-
8 composites have also formed by this method.?® 97 What’s
more, functional species beyond metal NPs can also be
incorporated into MOF crystals through this approach with the
suitable surface treatments to trigger the heterogeneous
nucleation of MOF crystals. Through heterogeneous nucleation
of porous MOF networks on the outer surface of magnetic NPs,

This journal is © The Royal Society of Chemistry 2012
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iron oxide NPs have been successfully incorporated into three
MOFs (DUT-4, DUT-5 and HKUST-1).%8 Huo’s group reported
the incorporation of diversified kinds of inorganic
nanostructures such as Au NPs, Pt NPs, CdTe NPs, FesOs NPs,
NaYFs NPs, Ag Nanocubes, B-FeOOH NRs and even organic
nanostructures such as PS nanospheres into ZIF-8 crystals
through capping the nanostructures incorporated with PVP
before the growth of ZIF-8 shells (Figure 4c and 5b).%°
Meantime, controlled incorporation of multiple species within
one ZIF-8 crystallite by this strategy was also demonstrated. In
their following paper, this method was further extended to the
encapsulation of NPs into other MOFs such as ZIF-7, MIL-53
and MIL-101-NH2.1% Using thin Cu20 layer to activate the
heterogeneous nucleation and growth of ZIF-8, Tsung’s group
has synthesized yolk-shell Pd NP@ZIF-8 structures (Figure
5¢).101 The selective growth of ZIF-8 shell is believed
attributable to the similar binding properties expressed by zinc
and copper ions to 2-metythylimidazole, which enhance the
heterogeneous nucleation and growth of ZIF-8 on the surface of
metal NPs.

The growth of MOF shells on the surface of another MOF
crystal has also been investigated. Unlike the MOF composites
discussed above, the formation of MOF core and MOF shell
structures strongly relies on the close lattice mismatch between
the two MOFs. Therefore, a heteroepitaxial property is usually
shown between the two MOFs and a preferred crystal
orientation along the MOF interface to maximize coincidence
between the two lattices was observed in the MOF
heterostructures. For example, Kitagawa and co-workers have
explored the heterometallic epitaxial growth of tetragonal [Cu2
(ndc) 2(dabco)] shell on the pre-formed [Zn2 (ndc) 2(dabco)]
MOF surface through a solvothermal reaction of core-MOF in
the growth solution of shell-MOF (Figure 4d).1%?2 A perfect
mismatch between [Cuz (ndc) 2(dabco)] and [Zn2 (ndc) 2(dabco)]
at the (100) surface was shown on the synchrotron X-ray
diffraction pattern whereas rotational growth of two Miller
domains of the shell lattice at the (001) surface with an average
rotational angle of 11.7° between them (Figure 6a).

(a) (c) 2 g
.
jii‘" e e
A Y 8
pinEEL ¥
eees -
0. » 200 mm

<J
SEEC NN
s
- e EERy
7

(b)

Size selectvity

Storage Reaction Affinty

Fluorescene

» ' Reactor
s e T2\ - - A
S s\'/ o — s\; © — }————

This journal is © The Royal Society of Chemistry 2012

Nanoscale

Figure 6. Characterizations of the MOF@MOF structures. (a) Schematic
model of the structural relationship between the core lattice
[Znz(ndc).(dabco)] and the shell lattice [Cuy(ndc).(dabco)] on the (001)
surface. The red lines indicate the commensurate lattice between the core
lattice and the shell lattice; the (5>6) structure of the core crystal or the (26
x326 ) structure of the shell. Two Miller domains of the shell crystal are
grown on the (001) surface of the core crystal while maintaining the
rotational angle (Agay =11.6518), which corresponds to the V26 direction of
the (001) surface.(p) MOF
functionalisation systems. (c) Microscope images of core—shell MOFs (1)
IRMOF-3(shell) @MOF-5(core), (2) MOF-5(shell) @IRMOF-3(core). (d)
SEM images of the MOF crystals (mixture of bio-MOF-11 and bio-MOF-14.
Reprinted with permission. 102 104, 105,106

crystal hybridization for sequential

Apart from metal nodes, the bridging ligands also can be
varied to form the MOF core-MOF shell structures which was first
demonstrated by Kitagawa’s group (Figure 6b).1031%4 Through
controlling the location of individual functional ligands, the
MOF@MOF structures with spatially separated porous
networks of differential pore sizes and chemistries have been
synthesized. The combination of small and large pore sizes in
one heterogeneous structural crystal provides a simultaneous
size selectivity and storage of small molecules. Koh et al. have
prepared the IRMOF-1/IRMOF-3 core-shell MOF structures
which present good colour contrast arising from colourless
IRMOF-1 and orange IRMOF-3 and the core-shell structures
can be synthesized in both ways (Figure 6c).1% Li et al. have
designed and synthesized a mixed MOF composite comprising
porous bio-MOF-11/14 and less porous bio-MOF-14 by
applying the ligands variation method (Figure 6d).106

2.2.2.2 Chemical conversion of the pre-deposited inorganic
structures into MOFs.

Conversion chemistry is a versatile approach for the conversion
of one compositional nanostructure into another. Through the
chemical conversion process, metal compound materials which
serving both as the source of metal ions and to introduce the
interface for MOF growth, have been used for the synthesis of
MOFs. Kitagawa and co-workers have employed this method to
synthesize Al20s/[Al(OH)(1,4-ndc)]n composites and Au
NR@[AI(OH)(1,4-ndc)]n  NPs by the pseudomorphic
replication of Al2Os structures preformed (Figure 4d and 5d).19"
108 The conversion was realized through the reaction of alumina
with the ligand (H2(1,4-ndc)) under high temperature in
microwave reactor. Apart from Al203, ZnO and Cu20 were also
the conversion materials. ZnO@ZIF-8 NW arrays were formed
by partially chemical conversion of the ZnO NW to ZIF-8 in
DMF/H20 or 1-octanol with the assistance of 2-
methylimidazole at elevated temperature.'%® 110 As Cu20O can
dissolve gradually in the mildly acidic growth solution of 1,3,5-
BTC and direct the growth of HKUST-1, the encapsulation of
NPs pre-synthesized into HKUST-1 can be achieved by using
NP@Cu20 core-shell nanostructures as the self-template.!'!
With the protection of Cuz20 shell, various NPs (Au NPs, Au
NRs, Pd nanocubes, and Pt-on-Au dendritic NPs) could be
encapsulated into HKUST-1 easily to form a yolk-shell
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structure without being aggregated or dissolved in the reaction
mixture. As many metal compounds dissolve in acid or basic
conditions to give the metal ions at elevated temperature, also
given the facts that diversified kinds of metal compounding
core-shell nanostructures have been synthesized, 112 it is
expected that this method is widely applicable to the synthesis
of different kinds of nanostructure@ MMOF composites.

2.2.3 Other methods

One-pot synthesis, a strategy to improve the efficiency of a
chemical reaction whereby a reactant is subjected to successive
chemical reactions in just one reactor, was also applied to the
synthesis of MOF composites. Tang’s group recently reported
the synthesis of Au NP/MOF-5, Au NP/ZIF-8, Au NP/IRMOF-
3 and Ag NP/MOF-5 composites through directly mixing and
reaction of either the Au or Ag and MOF precursors in the
reaction solution containing DMF, PVP and ethanol.lt3
Bandosz’s group has demonstrated the synthesis of graphite
oxide/MOF-5, graphite oxide/HKUST-1 and graphite oxide/Fe-
MIL-100 composites through one-pot reactions of the mixing
solutions of graphite oxide and the MOF precursors.14116 The
graphite oxide/MOF-5 composite prefers to adopt a lamellar
structure constructed from the alternative layers of graphite
oxide and MOF-5. The formation mechanism was explained
based on the interactions between the epoxy groups on
graphene sheet and the oxide clusters in MOF-5.11 Similar
laminar structures were also observed on the in-situ synthesized
graphene-porphyrin MOF composite.'® However, the other
graphite oxide/MOF composites synthesized by Bandosz’s
group, such as the graphite oxide/HKUST-1 and graphite
oxide/MIL-100, did not show such hierarchical structures. This
architecture deference is believed to attribute to the different
growth mechanisms of HKUST-1, MIL-100 and MOF-5 on the
surface of graphite oxide.

Apart from one-pot synthesis, solid grinding strategy has
also been employed to form MOF composites. Through solid
grinding of (Me)Au(acac) with the MOF powders and
following with Hz reduction at elevated temperatures, different
Au NP/MOF composites ( CPL-1, CPL-2, MIL-53, MOF-5,
HKUST-1 and ZIF-8) have been synthesized.119-121

3. Applications of MOF composites

3.1 Small molecule absorption, storage and separation

3.1.1 Gas absorption and storage

Stimulated by the sharply rising level of atmospheric CO2, one
of the greatest environmental concerns facing our civilization
today, 22 the adsorption/capture of CO: is becoming one
important application of MOF composites. GO/MOF or
graphite oxide/MOF composites are well studied on this owing
to the synergistic effects for the reactive adsorption of CO:
correlating to the active sites formed at the interface between
graphene layers and the MOFs.12® The capabilities on the CO:
absorption are greatly enhanced for ZIF-8 and HKUST-1 when
compositing with GO or graphite oxide. The CO:2 uptake
increases from 27.2 wt. % (pure ZIF-8) or 33 wt. % (pure GO)

8 | J. Name., 2012, 00, 1-3

to 72 wt. % (ZIF-8 composite with 20 wt. % GO) at 195 K for
the GO/ZIF-8 composites.'?* The graphite oxide/HKUST-1
composite shows a CO2 uptake as high as 4.23 mmol/g at room
temperature, which is twice of the pristine HKUST-1 powder
and 10 times higher than that of the graphite oxide sample.1?®
Apart from COg, the absorption and removal of other toxic
gases such as NHs, H2S and NO2 by MOF composites have also
been investigated.45126-128

Hydrogen storage is another important application of MOF
composites. Energy sources with low or no carbon are expected
to decrease COz2 level in environment and hydrogen is one of
the most promising candidates. It has an energy density much
greater than gasoline and emits no CO: after burning. The H:
uptakes are generally represented as excess and total adsorption
amount.'?® Up till now, the highest excess H: storage capacity
reported so far for MOFs is 99.5 mg g at 56 bar and 77 K in
NU-100 and the highest total H2 storage capacity reported is
176 mg g (excess 86 mg g!) in MOF-210 at 77 K and 80
bar.130-131 \Whereas MOFs show high hydrogen uptake at low
temperatures, they do not show advantage on hydrogen storage
at room temperature compared with other porous materials such
as active carbons and zeolites.'31%% The weak interactions
between Hz molecules and the MOF structures at room
temperature are believed one important reason. Therefore, new
methods to enhance the interactions of MOFs with Hz through
incorporating functional species have been developed and
better hydrogen adsorption performances at room temperature
were achieved by these MOF composites.

3.1.1.1 Optimize the pore size distributions of MOFs with the
corporation of other porous materials

The large void spaces in MOFs are often not completely
utilized for hydrogen storage and these spaces can be optimized
through the incorporation of other microporous materials.
Carbon materials have been widely used in composite systems
for diversified applications. Particularly, CNTs have been used
for the preparation of composite materials with enhanced gas
storage capacity. The CNT/MOF-5 composite shows not only
about 50% increase in the hydrogen storage capacity (from 1.2
to 1.52 wt. % at 77 K and 1 bar and from 0.3 to 0.61 wt. % at
298 K and 95 bar) but also much improved environmental
stability in the presence of ambient moisture compared with the
pristine MOF-5.13* The incorporation of SWCNT into MIL-101
also results in an increase of hydrogen storage from 0.23
(pristine MIL-101) to 0.64 wt. % (8 wt. % SWCNT in MIL-101)
at 298 K and 60 bar condition.*3® Other carbon materials have
also used to enhance the hydrogen uptake of MOF composites.
The GO/HKUST-1 composite with GO content of 9 wt. %
exhibits about 30% enhancement in Hz capacity compared with
the pristine HKUST-1(from 2.81 wt. % to 3.58 wt. % at 77 K
and 42 bar).136

3.1.1.2 FEnhance the hydrogen storage by “spillover” effect

The spillover effect involves the dissociative chemisorption of
hydrogen on the surface of metal NPs to atomic hydrogen and
its subsequent migration onto adjacent surfaces via diffusion.

This journal is © The Royal Society of Chemistry 2012
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Combining this property with the high surface-volume ratio of T BT
MOFs, the metal NP/MOF composites are promising materials

to enhance hydrogen capacities. Two major approaches to HIKUST-1/PPO™ 1050w % COMe. =25 so'e
facilitate the hydrogen spillover in MOF composites have been
reported: @O building carbon bridges between the dissociative cosertn =0
metals and MOFs, and @ direct doping of dissociative metals —
(Pt, Pd, and Ni) into MOFs.
A carbon bridge between the metal catalyst and MOF can HafCHa ~30
form via the linkage of amorphous carbon through the
carbonization of saccharides such as glucose or sucrose. With  zicgsrpadurene™ 333wt Hy 2136 H/COy, 12 35°C, 35 bar
the bridging of metal catalysts and MOFs, the spillover effect
takes place on the catalyst surface and the recombination of N;,137 Ha/Nz,141
atomic hydrogen formed is retarded by the MOF channels. Pt
NPs are often used to combine with the matrices such as 0,449 H2/CH;, 203
IRMOF-81%7-140 or MIL-101'4! through the bridging reaction.
The Pt NP/MOF composites formed show much enhanced Chis; 140
hydrogen capacity at room temperature and a capacity of as
high as 4 wt.% was achieved at 100 bar for the Pt NP/IRMOF-8, M5 20-40 % COCH, 77

which is much higher than the pristine IRMOFs (usually <1  (AWpolyimide®
wt.% at room temperature).

The spillover of hydrogen also takes place in the MOFs
with directly doped metals NPs.53 68 142-143 meta] NP/MOF  /matrimid™
composites such as Pd NP/MOF-5, Pt NP/MOF-177, Ni
NP/MIL-101, Pd NP/MIL-100(Al) and Pd NP/{[Zns (ntb)
2(EtOH) 2] -4 EtOH} n have been synthesized by the reduction
of metal ions inside MOF matrices and these composites show
higher hydrogen capacities compared with their counterparts.

Cu-BPY-HFS 10-40 wt.% CHaNz, 1.21

ZIF-8/matrimid® 0-80 wt.% 0, 1.13-5.88 H2/CO2, 3-4 35°C, 2.7 bar

COg, 4.72-24.55 CO,/CH,,44-125

H, 18.07-71.22

Table 1. Gas separation performance of MOF/polymer membranes

ZIF-90/6FDA-DAM* 15 wt.% CO, 590-720 CO,/CHs, 37 25°C, 2 bar
MOF/polymer MOF Permeability Selectivity Test
loading conditions HKUST-1/matrimid® CO2/Ny, 23-27 35 °C, 10 bar
MIL-53(Al)-NH. 10-15 wt.% COy, 57-137 Ho/CHa, 34.7 35 °C, 3 bar US> FEESh,
Icopolyimide®®
CO2/Nz,
CO,/CH,, 35.8
MIL-101(Al)- 5-10 wt.% CO, 53-151 H,/CH,, 67.3 35°C, 3 bar
NHalcopolyimide™™ 3.1.1.3 Formation of hydrides
COX/CH, 42.2 Metal hydrides are also the storage medium of hydrogen.
Latroche and Ferey et al. reported that the Pd NP/MIL-100(Al)
ZIF-7/Pebax™™ 834Wt%  COy 41-145 COuICHy, 44 25 °C, 3.75 bar composite shows an increased hydrogen uptake as twice that of
the pristine MOF powder at room temperature and 40 bar (the
CO2/N:, 105 excess hydrogen capacity increases from 0.19 wt.% to 0.35
wt.%).144 The diffraction peaks of Pd shift with the increase of
Cu-bipy/PSF 0-5wt.% Ha/CHs, ~200 35°C, 1 bar H. pressure, indicating the formation of Pd hydride due to the
insertion of hydrogen atoms at the interstitial sites of Pd. It
CH4/N,, ~10 R .
R should be noted that the hydride and dehydride processes are
not reversible under mild conditions for many metals.
MIL-53(Al)- 8-40 wt.% CO,, 5 CO,/CHa, ~25 35°C, 3 bar . . R
s Therefore, selecting the suitable metals is one key factor to
NH2/PSF**® - .
enhance the hydrogen capability of metal NP/MOF composites.
- , For example, Pt NP/MOF-177 adsorbed 2.5 wt. % of H: at
MIL-101/PSF 0-24 wt.% 0Oy, 6 02/N;, 5-6 30 °C, 3 bar ) ) i
room temperature and 144 bar in the first adsorption cycle. The
RUSTIRSES ST e Pl capacity decreased to 0.5 wt. % (close to the pure MOF-177) in

the second cycle due to the irreversible dehydride process of Pt
hydrides at room temperature.43

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 9



Nanoscale

3.1.2 Liquid adsorption

MOFs have been investigated for the adsorption of harmful
materials from liquids and the adsorption efficiency can be
greatly enhanced with the introducing of metal ions/clusters or
NPs inside MOFs. Jhung’s group has systematically studied the
remove of sulfur-containing compounds (such as Th, BT and
DMDBT) and nitrogen-containing compounds (such as QUI
and IND) in fuels by MOF composites. They found that the
adsorption capacity of BT by CuClz-loaded MIL-47 (310 mgg™*
for CuClz (0.05)/MIL-47) is much higher than that of pure
MIL-47 (231 mgg™?) and even higher than that of Cu'-Y, which
once showed the highest capacity before (254 mgg?).14> With
the loading of CuCl, the adsorption capacities of CuCl/MIL-
100(Cr) for QUI and IND have improved by 9% and 15%
compared to pristine MIL-100(Cr), respectively.#” In these two
cases, the enhancement of adsorption was explained to attribute
to the m-complexation effect of the Cu* sites. They also
introduced POM clusters into MOFs and the adsorption
capacity of basic QUI increased by 20% with 1 wt. % PWA
impregnation in MIL-101.1*8 Apart from MIL-101, the
impregnation of PWA in HKUST-1 also results in an increase
by 26% of BT adsorption compared with the pure HKUST-1.14°
Moreover, graphite oxide/MOF composite has also been used
for the adsorption studies.’®® The graphite oxide/MIL-101
composite synthesized by Jhung’s group shows the highest
adsorption capacity for QUI and IND (863 mgg?) among
reported adsorbents so far.

Apart from removing sulphur- and nitrogen-containing
compounds in fuels, MOF composites have also been used to
adsorb other adsorbates such as ethylene and toluene. The
cuprous NP loaded MIL-101 shows an enhanced ethylene
adsorption capacity and higher ethylene-ethane selectivity
(14.0), compared to pure MIL-101 (1.6).15! The PdCl/MIL-101
shows excellent toluene adsorption and an uptake of 660 mgg™
was achieved for the 3 wt. % PdCl2/MIL-101,'52 representing
an enhancement of 450% over that of unmodified MIL-101.

3.1. 3 Molecule separation

MOFs are ideal materials for small molecule separation owing
to their high surface areas, adjustable pore dimensions, and
tuneable surface functionalities. However, given the fragility of
MOFs, formation of high quality MOF crystal membranes is
still a great challenge. Fabrication of mixed-matrix membranes
(MMMs) through the incorporation of MOF crystals with
polymeric matrices is an alternative approach to solve this
problem. One key advantage of such MMMs is that they have
combined the high processibility and mechanical stability of
polymers with the excellent gas separation properties of MOF
solids. A short summary of current publications on the gas
separation performance of MOF/polymer membranes is listed
at Table 1.

Apart from gas separation, MOF contained MMMs have
also been used for liquid separation. The MMMs with MOFs
(HKUST-1, MIL-47, MIL-53(Al) and ZIF-8) as dispersed
phases in PDMS have been used for the separation of Rose
Bengal (RB) from isopropanol.3” An increased permeance from
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0.54 L-m2-h" bar(unfilled PDMS membranes) to 0.7-0.9 L-m’
2-h1 bar! was reported. Sorribas et al. have synthesized MMMs
containing a range of 50-150 nm MOF NPs (ZIF-8, MIL-53(Al),
NH2-MIL-53(Al) and MIL-101(Cr)) in a PA thin film layer and
the organic solvent nanofiltration of membranes was evaluated
on the basis of MeOH, THF permeances and rejection of
styrene oligomers.162, MeOH and THF permeance increase
when the MOF particles were embedded into the PA layer,
whereas the rejection remains higher than 90% in all
membranes. The permeance is also enhanced with the increase
of pore size and porosity of the MOFs. Within all the
membranes, the membrane of MIL-101(Cr) (pore size~3.4 nm)
leads to an exceptional increase in permeance from 1.5 to 3.9
and from 1.7 to 11.1 L m2 h1 bar! for MeOH/PS and THF/PS,
respectively.
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Figure 7. The applications of MOF composites for fast separation. (a)
HPLC experiments for the separation of mixtures of ethylbenze and styrene
on (1) a pure HKUST-1 column (2) an unmodified column of Nucleosil-100
silica and (3) the HKUST-1-silica composite column. In chromatogram 3,
ethylbenzene is eluted first with a retention time of 4.1 min followed by
styrene at 12.3 min. The separation factor for this mixture is 5.2. (b) A SEM
image of the silica@HKUST-1 particles. (c) (1) The chromatogram showing
that the column packed with silica particles cannot separate styrene and
ethylbenzene. (C) The chromatogram with silica@HKUST-1 particles
packed for the separation of toluene (1), ethylbenzene, (2), and styrene (3).
Reprinted with permission.** 42

Through coating on the surface of porous oxide
microspheres, MOFs also can be employed as the stationary
phases in liquid chromatography in molecule separations.
Ameloot et al. have prepared silica@HKUST-1 particles for the
separation of ethylbenzene/styrene and the particle column
shows extremely effective on the separation of ethylbenzene
and styrene with relatively low backpressure (Figure 7a).*%. As
the comparison, a pure HKUST-1 column also can separate
these components but the peaks are much broad (Figure 7a-1),

This journal is © The Royal Society of Chemistry 2012
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while the bare silica column has no observable resolution to
them (Figure 7a-2). The separation of
toluene/ethylbenzene/styrene and toluene/o-xylene/thiophene
by silica@HKUST-1 microspheres packed columns has also
been demonstrated. (Figure 7b-c).*> When a pure silica packed
column was employed, the three xylene isomers were eluted as
a single broad peak (Figure 7c-1). The separation can be easily
realized with a silica@HKUST-1 packed column (Figure 7c-2).
The silica@ZIF-8 microspheres have also been prepared as the
stationary phase and a high column efficiency (23 000 plates m-
1 for bisphenol A) for the HPLC separation of endocrine-
disrupting chemicals and pesticides was achieved.163

3.2 Catalysis

MOFs and their composites have emerged as the novel
materials with promise in catalysis. The catalytic properties can
stem from the MOFs themselves for pure MOF, 4 the
incorporated functional species in the MOF composites, or the
combination of both. The application of metal NP/MOF
composites on heterogeneous catalysis has been fully reviewed
by Dhakshinamoorthy and Garcia.’®* Therefore, this paper
emphasises on the catalytic properties of MOF composites
integrated with other functional species such as clusters and
semiconductor NPs which have not been fully reviewed yet.

3.2.1 Catalysis by cluster/MOF composites

POMs are polyatomic ions (usually anions) that consisting of
three or more transition metal oxyanions linked together by
shared oxygen atoms to form large, closed 3-dimensional
frameworks. The huge range of size, structure and elemental
composition lead the POMs a wide range of properties.
Especially, the high thermal stability and reversibly reducibility
of the Keggin ions by accepting electrons make them good
catalysts for a range of organic reactions such as epoxidation,
alcohol oxidation, sulfoxidation and alkeyl arene oxidation.65
However, the low specific surface area, low stability under
catalytic conditions and high solubility in aqueous solution
restrict their catalytic applications. Owing to the higher surface
area, enhanced chemical stability and ease to reuse of the
POM/MOF composites compared with pristine POMs, the
formation of POM contained MOF composites have attracted
much attention.

Hydrolysis of ester in excess water was employed as a
demonstration of the catalytic properties of POM/HKUST-1
composites ((NENU-n, n=1-6)).1 The NENU-n show a
superior catalytic activity compared to most inorganic solid
acids. Among all the synthesized NENU-n composites, NENU-
3a has a highest catalytic activity of 313.8 mmol molacida.”* mint
which even exceeds the best prior results of 275 mmol molacia.™
min-! obtained by HsPW12040 immobilized in organomodified
mesoporous silica.'®® The conversion of ethyl acetate reaches a
maximum of >95% at ~ 7 h (Figure 8a).%! The PMo012-nVn (N=1-
3)/HKUST-1 composites were applied to the liquid
hydroxylation of benzene with Oz and the phenol yield can
reach up to 7.37% in 20 min and a high TOF of 44.2 h'! was
obtained.*®” A comparison of the catalytic capabilities between

This journal is © The Royal Society of Chemistry 2012
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POM/MOF and zeolite has been carried out through the
esterification reaction of acetic acid with 1-propanol (Figure
8b). POM/HKUST-1 outperforms zeolite Y and shows an as
high as 30% conversion rate after 7 hours, comparing with only
15% conversion in 7 hours for zeolite Y.1%8 Moreover, the
POM/HKUST-1 composites also exhibit higher catalytic
performances than the pure HKUST-1, or y-Al203, and y-Al203
supported POM catalysts (Figure 8c). The dehydration of
methanol to dimethyl ether was employed to investigate the
effect of particle size of POM/HKUST-1 on their catalytic
activities.’®® NENU-1 with average particle diameters of 23,
105, and 450 pm were prepared and it is interesting to note that
the reaction can be carried out at a lower temperature when
NENU-1 (23 nm) was used as the catalyst. Moreover, even the
cheap methanol with high water content can be used as the
starting material when NENU-1 (23 nm) particles were used.
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Figure 8. The catalytic capability of POM/MOF composites. (a) Results for
the hydrolysis of ester in the presence of NENU: 1) methyl acetate; 2) ethyl
acetate; 3) methyl benzoate; 4) ethyl benzoate and 5) 4-methyl-phenyl
propionate. (b) Esterification reaction of acetic acid with 1-propanol.
Conversion of acetic acid (1) without catalyst, on (2) hydrothermally
synthesized micron-sized HPW/Cu3(BTC),, (3) ultrastable Y zeolite (4) 65
nm-sized HPW/Cu3(BTC), and (5) 50 nm-sized HPW/Cu3(BTC), catalysts.
(c) Conversions of methanol dehydration to DME over catalysts of (m)
Cu3(BTC),, () y-Al,03, and NENU with the average particle diameters of
(V) 23, (A) 105, and (#) 450 pm at the pressure level of 0.6 MPa and
LHSV of 2 h?l (d) Yields and selectivities over time for fructose
dehydration using PTA(3.0)/MIL-101 in DMSO at 130°C; m fructose

retention, ®HMF yield, A HMF selectivity. Reprinted with permission.%%:
168, 169, 171

As the copper carboxylate based MOFs degrade in water, 17°
researchers started to replace HKUST-1 with chemically more
stable MOFs such as MIL-101. PTA (H3sPW12040) was
encapsulated into MIL-101(Cr) and its catalytic capabilities on
the selective dehydration of fructose and glucose to HMF have
been tested.!™ An HMF yield of 79 % from fructose was
obtained after 2.5 h and the TOF of the solid catalyst (reaction
time of 10 min) was about 350 h. The HMF yield was 63 %
and the selectivity was 77 % after 0.5 h for the dehydration of
glucose (Figure 8d). This PTA/MIL-101(Cr) also can be
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recycled under the same reaction conditions. Moreover, the
POM/MIL-101(Cr) also shows the highest catalytic activity
(TOF >656 h') in all the literatures so far in the Knoevenagel
condensation between benzaldehyde and ethyl cyanoacetate in
solvents such as toluene, DMF and ethanol at 313 K.”8

3.2.2 Catalysis by semiconductor/MOF composites

The applications of MOFs on light harvesting have attracted
much attention recently. Apart from designing the MOFs with
photoactivities such as Ui0-66,72 amino-functionalised
Ti(IV)MOF'"® and Ru-based MOFs,'7# an alternative way is the
formation of semiconductor/MOF heterostructures with better
capability on light harvesting owing to the synergistic effect.
Although porphyrin-based MOFs are attractive for solar
photochemistry applications, their absorption bands provide
limited coverage in the visible spectral range. Jin et al. have
functionalised an porphyrin-based MOF with CdSe/ZnS
core/shell QDs for the enhancement of light harvesting via
energy transfer from QDs to the MOF.1"® This sensitization
approach results in a >50% increase in the number of photons
harvested by a single monolayer MOF structure with a
monolayer of QDs on the surface of MOF. By solvothermal
reaction of Cd(Ac)2 2H20 in DMSO with the presence of MIL-
101 crystals, CdSe NP/MIL-101 composite has been
synthesized and the embedding of CdS NPs significantly
increases the photocatalytic efficiency of the composite in the
reaction of visible-light-promoted photocatalytic hydrogen
production. The rate of Hz evolution increases from no
detectable H2 evolution of the pristine MIL-101 to a maximum
of ~150 umol h* after embedding of CdS NPs on MIL-101.17®

3.3 Biomedical applications

MOFs can be designed to response to the external stimuli such
as heat, light, magnetic force, etc. The resulted microstructure
evolutions show implications on the disease therapy and the
signal produced can be analysed for the health diagnosis. The
review by Horcajada et al. has provided a detailed discussion
on pure MOFs as drug carriers (including the cytotoxicity of
MOFs, the interactions between MOFs and the loaded
molecules, and the controllable drug release by the designed
MOF structures).!” Therefore, this section emphasises on the
bio-applications of MOF composites, which could be MOFs
with surface coating to enhance their bio-compatibility or
MOFs with nanostructures embedded to introduce more
functionalities.

3.3.1 Biomedical imaging

Silica/polymer coated MOFs have been studied in biomedical
imaging owing to the unique fluorescence and magnetic
properties of MOFs.Y”7 Silica coated phosphorescent ruthenium
MOF [Ru-{5,5’-(CO2H)2-bpy}(bpy)2](PFs)2([L-H2](PFs)2) with
high dye loadings has been synthesized by Liu and co-workers
and the targeting efficiency of this material was further
improved by coating with PEG-AA.5° This MOF composite is
an efficient optical imaging contrast agent and exhibits
excellent cancer specificity as demonstrated by the uptake
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studies and confocal microscopy of H460 cells in vitro (Figure
9a). Significant MLCT luminescent signal was observed in the
confocal z section images for H460 cells incubated with the
MOF composite and less luminescence was observed for H460
cells incubated with the non-targeted MOF. Through further
functionalization of the silica shell with contrast agents, MOF
composites with multimode imaging properties have been
achieved. The Ln (BDC) 15(H20) 2 (Ln= Eu®*, Gd*, or Th3*
and BDC=1, 4-benzenedicarboxylate) MOFs with the surface
modification of a silylated Tb-EDTA monoamide derivative
(3’-Th-EDTM), can selectively detect DPA, a major constituent
of many pathogenic spore-forming bacteria, in the presence of
biologically prevalent interferences such as amino acids.!’®
Through the attachment of multifunctional polymer chains to
Gd-MOF NPs, a novel theragnostic device with the bi-functions
of tumour targeting and diagnostic imaging was prepared by
Rowe and co-workers.1”® Apart from imaging, the MOF NPs
also show dose-dependent inhibition of growth of the FITZ-

HSA tumour cells in the cell growth inhibition studies.
(a) a) 0 um Control b) 25 pm PEG-SiO@2 c) 25 um AA-PEG-SiO,@

40 UM 40 UM 40 um

(b) 4
20 p.m
l‘

Figure 9. The applications of MOF composites on bio-imaging. (a)
Confocal microscopy images of H460 cells that have been incubated without
any particles (1), with PEG-SIiO, coating (2) and with AA-PEG-SiO; coating
(3). (b) Merged confocal images of HT-29 cells that were incubated with
different MOF NPs. The blue colour was from DRAQS5 used to stain the cell
nuclei while the green colour was from Rhodamine-B. (c) Overlayed DIC
and confocal fluorescence images of the DRAQ5channel (blue, nuclear stain)
and the BDC-NH-BODIPY channel (green) of HT-29 cells incubated with
no particles (left), 0.19 mg/mL of NPs (equivalent to 17 uM BODIPY)
(middle), and 0.38 mg/mL of NPs (equivalent to 34 puM BODIPY)
(right).Reprinted with permission.50 51180

The MOF@sillica core-shell NPs have also been used for
the bio-imaging and drug delivery simultaneously. A
preliminary work on the utilization of MOF composites in MRI
and anticancer drug delivery has been reported by Lin’s
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group.5! They synthesized silica coated Mn-BDC MOF NPs
and functionalized them with both fluorophore and cell-
targeting peptide. These particles display large transverse
relativities (Rz2) of 112.8 mM-1s on a per NP basis. Meanwhile,
the MOF particles with the targeting peptide also show
enhanced uptake of ¢ (RGDfK) compared with those without
the targeting peptide, which was confirmed by the confocal
image studies (Figure 9b).5! In their following paper, the
loading of organic fluorophore and anticancer drug via covalent
modifications of the as-synthesized MOF NPs and the
utilization of such system in optical imaging and anticancer
therapy have been demonstrated in vitro (Figure 9¢).18 Laser
scanning confocal microscopy studies on the HT-29 human
colon adenocarcinoma cells show fluorescent labelling in a
dose dependent manner. The BODIPY fluorescence is present
in cells incubated with MOF NPs but absent in cells without the
MOF NPs.

3.3.2 Drug delivery
MOFs have been widely studied as drug carriers in which the
delivery process of medicines by intrinsic MOFs and the
toxicity of MOFs are the main concerns to be investigated.
However, the manipulation of delivery and release pathways of
drugs which is critical during the therapy, has not been fully
investigated in MOF systems yet. Thus, this section emphasises
on this immerging field and discusses the methods have been
employed to control the drug delivery and release in MOFs.
Although bio-recognition by MOFs has been reported, 5! the
manipulation of intrinsic MOF drug cargo by magnetic forces
has not been reported owing to the restricted cooperative
interactions in inorganic-organic network of MOFs. The
combination of MOFs with magnetic NPs becomes an
alternative solution to circumvent this difficulty. Upon
conjugation with target-specific biomolecules, the magnetic
NPs can travel in human bodies via blood or lymphatic vessels
and recognize desired biological targets. Meanwhile, magnetic
NPs also can direct therapeutic agents to a localized target by
focusing an external magnetic field to the region.8? The
magnetic NPs will heated up when subjected to a magnetic AC
field due to the losses during magnetization reversal process of
the particles.’® The implication of magnetic hyperthermia to
heat up MOFs was first demonstrated by Kaskel et al. through
triggering the release of drugs loaded in the y-Fe2O3
NP/HKUST-1 composite by magnetic forces (Figure 10a).%8
The magnetic field induces heating of y-Fe2Os NPs which was
monitored at a frequency of 183 kHz and a specific absorption
rate (SAR) of 11.1 W g was calculated from the slope of the
curve which is equivalent to 105.7 W g'(Fe) (Figure 10b). As
the comparison, they also loaded HKUST-1 with ibuprofen
using a wet infiltration technique and measured its release rate
under different temperatures in the control experiment, which
shows the significantly accelerated release rates at higher
temperatures.

Apart from magnetic hyperthermia, local heat also can be
converted from the NIR light irradiation through the

This journal is © The Royal Society of Chemistry 2012
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photothermal effect.!8 The manipulation of the molecule
release from MOFs by utilising photothermal effect has been
demonstrated by the NIR light controlled anthracene release
from Au NR@ [AI(OH)(1,4-ndc)]n composite.’’® The release
rate of anthracene from the channel of [Al(OH)(1,4-ndc)]n was
enhanced by the heat produced through the highly efficient
conversion of optical energy by Au NRs (Figure 10d). The
intensity of anthracene in the solution after 120 min was 13.4
times higher than the one without irradiation. Without the Au
NR inside, the fluorescence intensity maxima measured after
120 min for the irradiated sample was only 1.4 times higher
than the one without irradiation. Therefore, the burst release of
anthracene unambiguously attributes to the local heating
generated by the Au NRs through photothermal conversion.
Given the abundant kinds of bio-molecules/drugs can be loaded
in MOFs and the possibility to spatially control their release
during the travel in body via local heating, these two strategies
will show broad applications in the field of cell biology and
clinic therapy
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Figure 10. The applications of MOF composites on drug delivery. (a) SEM
and TEM images of HKUST-1-magnetite composite. (b) Magnetic heating
curve of 324 mg (a) in 30 ml of ethanol at 183 kHz and a field strength of
1.7 kA m, giving a specific absorption rate (SAR) of 114.2 W g* based on
the Fe content (X).The arrows indicate the initial release rates for ibuprofen
at 20 and 40 °C, respectively. (c) EDX elemental mapping images of single
Au NR@I[AI(OH)(1,4-ndc)]n core—shell composite. (1) TEM image of
composite and elemental mapping images by (2) Au, (3) Al, (4) all merged,
(5) O, and (6) C. (d) Evaluation of anthracene release from (1) core—shell
composites and (2) [AI(OH)(1,4-ndc)], crystals without Au NRs. The graphs
show linear plots for fluorescence intensity maxima of the released
anthracene versus time with (red) and without (black) NIR light irradiation.
Reprinted with permission.%: 108

3.4 Electrical applications

A combination of the high porosity of MOFs with
protonic/electronic conductivity should open up a range of new
applications such as electrical-sensors and fuel cells. However,
MOFs are typically poor conductors because their metal nodes
are not in a redox-active form and most organic ligands used in
MOF synthesis do not facilitate electron transfer.'84 Strategies
to synthesis the MOFs with enhanced conductivity rely on the
use of redox-active metal centres or/and organic linkers,8 or
electron donor and acceptor building blocks,8 which suffering
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from some serious limitations in terms of structural integrity
upon redox changes and the conditions to active their
conductivities.

To enhance the protonic conductivity of MOFs, Kitagawa’s
group has developed a hybridization method by filling the MOF
channels with proton-carrier molecules such as imidazole or
histamine (Figure 11a).%87. 18 The synthetic proton-conducting
MOFs usually show the conductivity ranging from 10 to 10”7
S/cm 189 1% Owing to the strong host-guest interactions, the
proton-carrier molecule/MOF composite can generate a good
proton-conductivity larger than 10~ S/cm at high temperatures.

To enhance the electrical conductivity of MOFs, GO, which
can be reduced to form rGO, has been used for the synthesis of
MOF composites. The combination of high surface area,
abundant functional groups of MOFs with the good carrier
conductivity and thermal stability of rGO makes their
composites well suitable for electrocatalysis.’®> Through
functionalising the GO surface and using it as the interlayer for
MOF growth, Loh’s group has synthesized the graphene-
porphyrin MOF composite (Figure 11b).}'8 This composite
exhibits catalytic activity towards the ORR in alkaline medium
with an onset potential of ca.0.93 V vs. RHE. The incorporation
of G-dye into the MOF, as opposed to physical mixing of G-
dye and MOF, offers better electrocatalytic behaviour (Figure
11b-3) owing to the unique structure of the graphene-porphyrin
MOF hybrid where G-dye interconnects with the Fe-MOF in a
3-D manner. Moreover, the large bond polarity and framework
porosity of this MOF composite affords a near 4-electron ORR
pathway. Compared with the commercial Pt catalyst, this
porphyrin-MOF composite possesses a much higher selectivity

for ORR and a significantly reduced methanol crossover effects.

In the following paper, they also synthesized a GO-copper
cantered MOF composite.'®? Due to the unique porous scaffold
structure, improved charge transport and synergistic
interactions between the GO and MOF, the GO-incorporated
Cu-MOF composite exhibits smaller overpotentials and higher
current for all three electrocatalytic reactions (HER, OER and
ORR) and better stability in acid media compared with the
intrinsic Cu-MOF. Moreover, the GO-incorporated Cu-MOF
composite delivers a power density that is 76% of the
commercial Pt catalyst in polymer electrolyte membrane fuel
cell testing which implies that this material is potentially a
lower cost substitute to previous reported noble metal catalysts.

Owing to the molecular sieving property of MOFs, their
composites also show the implications on molecule sensing and
detection. The application of MOF composites on electrical
sensing has been demonstrated through the detection of H20: in
buffer solution by the ZnO@ZIF-8 NR arrays (Figure 11c).1%°
H20: is much smaller in size than the aperture of ZIF-8 and its
easy penetration induces the enhancement of the photocurrent
response (Fig. 11c-2 and 11c-3) while ascorbic acid, a larger
molecule, cannot penetrate the MOF shell and leads to the
decrease of the current, which confirmed that the ZnO@ZIF-8
NR arrays have distinct PEC response to the hole scavengers
with different molecule sizes. Moreover, the positive influence
of H202 on the PEC response of ZnO@ZIF-8 NRs is linear to
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the concentrations of H202 within a certain range, indicating
that the as-prepared MOF array can be used as the PEC-based
sensor.

(a)

XYYy J " 40 08 06 a4 02 00 02
( C) Potential (V vs AG/AGCT)

(1) 2.,

onoff  zno @2IF-3

2008
Zo.03]
S000p— |
G 01 02 03 04
=001

0,011
0.03{

1
T3
of
Current (A)
s o ©
g2 8 ¥
o
g
g
g
H
F
8
g

CHi
it
oo

AA

Figure 11. The electrical applications of MOF composites. (a) Imidazole
molecules are densely packed with a low mobility that adversely affects the
proton-transport process. (1) This occurs in the bulk solid. (2) Imidazole
accommodated in a nanochannel containing the active site with a high
affinity to imidazole. The strong host—guest interaction retards the mobility
of imidazole to afford the low proton conductivity. (3) Imidazoles are
accommodated in a nanochannel without strong host—guest interaction, and
therefore, the molecules obtain the high mobility to show high proton
conductivity. (b) The schematic structures of graphene-porphyrin MOF
composite and its DE voltammograms of Graphene, (Fe-P)n MOF, (G 50
wt % -FeP)n MOF, G-dye 50 wt % -Fe-Porphyrin, (G-dye 50 wt % -FeP)n
MOF and GO at a rotation rate of 2000 rpm. (c) Schematic diagram of the
PEC sensor with selectivity to H,O,, Photocurrent responses of the
ZnO@ZIF-8 NR array in the presence of H,O, (0.1 mM) and AA (0.1 mM)
and Al —Al, curves in the presence of H,O, and AA with the concentrations
as functions. Reprinted with permission.188 118,109

4. Conclusions

With more than twenty years’ development, MOF studies are
shifting from the design and synthesis of functional crystal
structures to the application and commercialization of MOFs
and their derivatives. Composite formation is one alternative
way to broaden the application scopes of MOFs from gas
absorption, separation and catalysis to new fields such as
vapour sensing, drug delivery, electrical applications and even
beyond. As the MOF structures may be destroyed during the
formation of composites, the stability and activity of MOFs
under processing conditions are the key points to be addressed.
The MOFs must be retained with high surface area, ordered
framework structure and fully accessibility of their pores to the
substrates and reagents. Therefore, before and after the
formation of MOF composites, the materials should be
characterized correctly to confirm their stability. XRD of the
pristine MOFs and their composites should be compared to
evidence that the crystal structures of MOFs were remained.
The data about surface area and pore volume would be given by
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nitrogen isothermal adsorption measurement before and after
processes.

Although much effort has been dedicated to the study of
composite formation strategies, some drawbacks of these
approaches restrict their potential utilizations. Given the facts
that abundant kinds of ligands with reducing functional groups
and polyvalent metal nodes are available for the MOF synthesis,
it might be expected that the auto-redox strategy is widely
applicable to the synthesis of diversified kinds of metal
NP/MOF composites. However, the MOF structures after the
compounding process may degrade due to the oxidation of the
functional groups or metal nodes as both of which can induce
the collapse of the micropores. Moreover, the amount of NPs in
the MOF composites is restricted by the maximum loading of
metal ions in incipient wetness filtration and ion exchange
strategies. The solubility of the precursors in solution and the
immersing time of the MOF powders determine the amount of
metal ions loaded for incipient wetness filtration and the
maximum loading in ion-exchange strategy depends on the
amount of active sites in MOFs. Therefore, increasing the metal
NP loading and avoiding their aggregation in MOFs
simultaneously become one of the main challenges on the
synthesis of metal NP/MOF composites.

In order to realize the high performance separations for
industry applications, many improvements are required on the
preparation of MOF contained MMMs. The size, dispersion of
MOF particles and their interactions in the matrices are critical
to the synthesis of high quality MOF MMMs. The high
homogeneity and dispersion of MOF particles will improve the
capability of separation of the membranes. Thus the surface
functionalized, size-tuneable MOF particles are highly
demanded. However, the study on this is only at its infant stage
and more effort should be dedicated in the future.l®® Another
key challenge on the fabrication of MOF MMMs is the trade-
off between gas selectivity and permeability. The permeability
of the MOF MMMs usually decreases with the increase of
MOF content when small pore sized MOFs were used, while
the gas selectivity enhances owing to the molecular sieve effect
of the MOF crystals.’® The trend is adverse when MOFs with
large pores were used.®* Moreover, the affinity of functional
groups and the open metal sites in MOFs should also be
considered in the applications of gas storage and separation. For
example, due to the interaction of the quadrupole moment of
CO2 with localized dipoles generated by heteroatom
incorporation, the polarizing groups such as —NH: and -CF3
have strong affinity to bind with CO2.1%* Open metal sites can
also enhance the CO:2 adsorption by serving as effective binding
sites in the MOF materials.'?> Meanwhile, engineering of the
interface between dispersed MOF particles and the matrices is
also one challenge on the synthesis of high quality MOF
MMMs.2% As has been discussed in section 2.1, solvent-
involved strategies are often employed to the fabrication of
MOF MMMs which may induce the formation of
uncontrollable voids in the composites. Therefore, solvent-free
processes to enhance the adhesion between MOF/polymer
interfaces are wanted.
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The investigations on the new properties of MOF
composites owing to the coupling and synergy affect that
originated from the collective interactions between the two
constituents are very rare. For example, oxide-supported metal
NP/cluster catalysts are essential components of many
important chemical processes required by modern industrial
economies.’® Fundamental understanding of the roles of
supported oxide in the reactions has been intensively studied.
Compared with metal oxides, MOFs show richer surface
chemistries and coupling effects can happen in the MOF
channels when reactions catalysed by MOF composites are
taken place. However, the research on the catalytic properties
of metal NP/MOF and cluster/MOF composites is just at its
early stage nowadays and a deep understanding of the possible
interactions between MOFs and NPs/clusters during the
catalytic reactions is still a long-term vision.

Lastly, simulation is becoming an indispensable tool for
MOF design and applications by taking advantage of high-
speed calculations of today’s computer that can accelerate the
generation of new insights.'®” Currently simulations are mainly
emphasised on the studies of adsorption of gases such methane,
hydrogen, and acetylene in pristine MOFs. Given the fast
development of MOF composite materials on molecule storage
and separation, more effort on the simulation should be made to
guide the design and optimize of MOF composite materials for
better properties.

In summary, by the combination of MOFs and other
functional species, the MOF composites synthesized show
enhanced gas absorption, separation, storage capability and
catalytic properties. Furthermore, the interaction of functional
components/matrix materials with MOF structures can also
widen the applications of MOF composites to new fields such
as drug delivery/release, fuel cells and electrical catalysis.
Although many challenges still remain, it is highly expected
that the sustained research effort towards this exciting field will
lead the practical applications of MOF composites to be
realized in the future.
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Flrpic  2-carboxypyridyl)bis(3,5-difluoro-2-(2-
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