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Metal–organic frameworks (MOFs), sometimes also known as coordination polymers, are a very versatile

group of materials consisting of metal nodes and organic linkers forming a tunable porous structure that

can exist in different structural phases. The capability to synthesise MOF films allows for application in

many different fields such as separation, energy, and catalysis. This perspective aims to explore the

transport mechanism and tuning strategies in different types of MOF thin films tailored for different

applications. Intracrystalline transport, which has been widely studied, has been shown to successfully

aid in the selective transport of different molecules by adjusting the MOF's pore structure and

environment. However, in the context of thin film, it is also important to consider interframework (for

mixed matrix membrane (MMM) thin film) or intercrystalline (for polycrystalline thin film) based transport

as it also directly impacts the overall transport of the thin film. Here we highlight the current

intracrystalline and intercrystalline/interframework transport tuning strategies, as well as chart a course

for future transport tuning strategies tailored for current and future applications.
Introduction

Metal–organic frameworks (MOFs) are a group of versatile
porous materials that can be tuned to show specic transport
behaviours. These frameworks are formed by coordinating
metal ions/clusters and organic linkers, forming a highly
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accessible framework with varying pore volume and size, func-
tionalisation, rigidity, and many other tuning variables. They
are also known as porous coordination frameworks, a term that
was initially used during one of the rst studies of this kind of
framework material by Tomic in 1965.1,2 Interest in the tunable
properties of this material has resurfaced since the termMOF (a
much more used term to describe this framework in more
recent studies) was rst used in 1995 by Yaghi et al., and is
continually being studied to be further optimized for many
different applications.3–5

MOFs have also been shown to exist in many different crys-
talline phases, shapes and polymorphs – even with similar
metal nodes and organic linkers.6–9 They can also be tuned to
have different overall crystal sizes and shapes, towards their
designated applications.10–13 Recently, MOFs have been shown
to be capable of even existing in different structural phases such
as amorphous, liquid and glassy phases,14–18 allowing the
tunable capability of MOFs to be transferred between their
microscopic structures and macroscopic form factors. Due to
MOFs' high tunability, the host–guest interaction properties
can be adjusted such that the separation and transport become
more selective/permeable, thus beating the very basic Knudsen
diffusion behaviour, which is typically one of the rst aims for
many MOF based thin lm separations.

Since the rst reported MOF, the different varieties of
materials that fall under this porous structure family have
found application in many different elds such as but not
limited to separation, catalysis, sensing and biomedicine.19,20

One important aspect of MOF research is their thin lm forms,
J. Mater. Chem. A, 2022, 10, 14641–14654 | 14641
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which have managed to extend the usage of MOF materials as
practical devices, particularly for a multitude of molecular-
based separations. One of the more extensively studied trans-
port pathways in MOF media is within the gas separation
membrane eld, due to its highly tunable pores that can
selectively separate many different types of gases, from as small
as helium to larger gas molecules such as light hydrocar-
bons.19,20 MOFs have also been applied for liquid-based sepa-
ration, such as in the separation of oil emulsions, aromatics,
fuels and aqueous organic mixtures.21–24 Transport of different
substrates for catalysis in the thin lm form has also gained
traction in aiding a more efficient and useful catalysis–reactant
interaction, which has found application in many elds such as
biosensors and substrate size-selective catalysis. For example,
Chen et al. have demonstrated the capability of Tb-mesoMOF to
selectively facilitate the transport of two different substrates
through its pore via size exclusion, which only allows the
smaller sized substrate to react with the encapsulated
myoglobin.25 In this perspective, we will look at recent devel-
opments in tuning strategies to regulate the transport behav-
iours in MOF thin lms. This perspective will also shed light on
the possible new future research opportunities in this impor-
tant area.
MOF film transport behaviour tuning
considerations

In monitoring the transport of different molecules through the
porous MOF lms, two main transport pathways, namely
intracrystalline and intercrystalline transport, are both equally
important. Intracrystalline transport is the transport mecha-
nism through the intrinsic MOF porous frameworks. Tuning
strategies for intracrystalline transport have been extensively
studied, as it is initially much more straightforward to vary the
MOFs' pore environment and properties by matching different
compatible (or incompatible) organic ligands and metals
together. The fundamental understanding of the interaction
between different organic ligands andmetal nodes in the earlier
stage of MOF research – such as reticular chemistry and
supermolecular building blocks – has fuelled newer research
and guided the synthesis of more specic and efficient MOFs
for a variety of applications including gas separation, catalysis
and energy storage.26–29 For example, more recent intracrystal-
line diffusion improvement strategies are achieved via hybrid-
isation of ligands/metal nodes or controlled defect introduction
into MOFs, both cases allowing for improved selective transport
in the form of MOF membranes.30,31 To fully utilise these
various unique intracrystalline transport capabilities of MOFs
on a more industrial scale for many different applications,
a MOF lm may be required, which leads to the importance of
the second medium of transport, the intercrystalline transport.

Intercrystalline or interframework transport is the transport
between the selective MOF and its additional surrounding
materials/substrates, be it a supporting polymeric framework as
can be seen in mixed matrix membranes (MMMs), or other
MOFs as can be seen in polycrystalline lms. The intra and
14642 | J. Mater. Chem. A, 2022, 10, 14641–14654
intercrystalline transport behaviours are equally important in
governing the overall transport of the target molecules through
the lm. For example, the strategy of highly controlled oriented
MOF growth and phase conversion of a crystalline MOF into the
glassy phase has been shown to form good MOF membranes
with minimised non-selective grain boundaries leading towards
higher transport selectivity.32,33
Intracrystalline tuning strategies

Many different tuning approaches have been explored for
intracrystalline transport in MOFs. This is to ensure that
a suitable pore environment favourable for the transport of
a target molecule is achieved to ensure more selective per-
meance or separation. The tuning can help change the prop-
erties of the pores such as the pore size and exibility/rigidity,
as well as the pore environment interactions with the target
molecule. These tunings have been performed via many
different strategies, which can be grouped into ligand modi-
cation, metal node variation, pore size modication/assisted
separation, the introduction of guest molecules, MOF
composites, and a mixture of these different strategies.
Tuning by ligand control

Ligand modication is one of the most common ways to ne-
tune the MOF pore environment for desired transport perfor-
mance. As MOFs are very porous and rely on the interaction of
the targeted molecules with the frameworks to facilitate diffu-
sion through the structure, it is a common strategy to introduce
functional groups within the pores, such as amino, carboxyl,
nitro, and alkane/alkene groups. One of the most studied MOFs
that uses this strategy is UiO-66, in which different functional
groups such as UiO-66-NH2, UiO-66-COOH, and UiO-66-NO2

have been synthesised and used for various separation
processes without a signicant change in their crystal struc-
ture.34,35 These functionalisation effects on different separations
have also been studied on other MOFs with easily functional-
ised organic linkers (e.g. terephthalic acid), such as in MIL-53,
MIL-101, and IRMOF.36,37

These functionalised ligands are usually used for targeted
separation/transport processes. For example, polar groups such
as NH2 and carboxyl groups are used for polar based separation
due to their biased interactions between polar molecules.
Amine functionalisation is one of the more widely studied
functionalisation routes in many MOF structures, typically for
CO2-targeted separations.38,39 This is due to the favourable
interaction of CO2 with amine groups, allowing for enhanced
CO2 selectivity. Polar –OH and –NO2 groups have also been used
to help selectively adsorb/separate CO2 from other gas mole-
cules via active diffusion.40 Functionalisation can also impact
the resulting pore size of the MOFs, despite the similar crystal
structure, leading to a better transport tuning based on
molecular size differences. This can be seen for the UiO-66
series in the separation of gaseous I2 in Fig. 1.36 As a result, it
is not as straightforward to select a specic functionalisation
rule in all MOFs for specic transport as different kinds of
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 I2 adsorption capacity of the UiO-66 series with different
functional groups based on its respective pore volume. Reproduced/
adapted from ref. 36 with permission.36
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MOFs may have different pore environment changes even with
the same functional group. For example, in the case of I2
adsorptive transport, the adsorptive capacity of the MIL-53
series decreases in the order of Cl z NH2 z H > CH3 > Br,
while in the UiO-66 series, the adsorptive capacity decreases in
a different order of H > NH2 > CH3 > Cl > Br, which may be due
to differing pore environments (different changes in pore size/
volume, different resulting polarity strengths, etc.).36 Other
than that, these polar groups have also been used to help
separate very similar molecules with slight polar differences.
For example, in the case of ethane/ethylene separation, which
has almost similar chemical and physical properties,
researchers have shown that polar groups such as sulfonate,
peruoro and amino groups help in the separation of these
light hydrocarbons.41–43 Different functional groups are also
used to introduce hydrophobicity in the structure. For example,
small alkane chains have been used to introduce hydropho-
bicity into MOFs, allowing for much better hydrostability.44

This strategy of introducing functional groups can be
implemented via two main methods. One of them involves
immediately using the functionalised ligand during MOF
formation or synthesis. The second method involves ligand
exchange where a non-functionalised pore MOF is synthesised
before functionalised ligands are introduced post-synthesis. A
recent example can be seen from the modication of ZIF-7,
where amino groups were introduced to form ZIF-7-NH2,
leading to an evident increase in CO2/CH4 selectivity.45

However, some modications are hard to perform in this way,
due to the interaction of the additional functional groups with
the metal nodes, forming a completely different MOF that does
not have the free desired functional group in its open pore
environment. This can be widely seen in carboxyl-based func-
tionalisation, leading to a limited example of carboxyl func-
tionalized MOFs as compared to other functional groups such
as NH2. However, NH2 based functionalisation can be easily
modied to accommodate different types of functional groups,
typically done via post-synthetic modication. For example,
Zhou et al. have managed to introduce the carboxyl group into
This journal is © The Royal Society of Chemistry 2022
MIL-101-NH2 via post-synthetic modication, resulting in an
enhanced selective CO2 adsorption, and thus improved CO2/N2

adsorption selectivity.46

Functionalisation of organic linkers has also been shown to
directly impact the resultant MOF pore size and structure.
Depending on the type of MOF, the change of pore size has
different tendencies even with the same type of functional
group. For example, with the addition of an amino group into
the ligand, UiO-66-NH2 shows a smaller pore size as compared
to the non-functionalised UiO-66.47 ZIF-7 however shows an
increase in pore size as more NH2 groups are incorporated in up
to 70% functionalised ligand proportion.45 A 100% converted
amino functionalised ZIF-7 was not able to be achieved as the
particle loses its crystallinity beyond 70% functionalisation.45

The effect of pore size on separation will be further explored
later in this section.

A mixed linker approach can also be used to tune the MOF
for specic diffusion. An example is in the previously
mentioned ZIF-7-NH2, whereby only 70% NH2 benzimidazole
linker can be used in the structure before the structure loses its
crystallinity.45 Another interesting mixed linker MOF is ZIF-62.
With both benzimidazole and imidazole as linkers, the MOF
was endowed with an ultrahigh glass-forming ability.48 The
glassy state of the metal–organic framework is a subset of the
solid amorphous state of MOFs which has a clear transition
temperature for transformation into a liquid-like state (Tg).49,50

This denition of the terminology of MOF glasses distinguishes
it from other known amorphous states of MOFs and other types
of amorphous solids. The main method to synthesise MOF
glasses is via the quenching of a MOF from its liquid state.
However, MOF glasses can also be synthesised via mechanical
vitrication of crystalline MOFs or direct synthesis from the
MOF's precursors.49,50 This capability allows crystalline ZIF-62 to
form glass by melt-quenching, which improves its molecular
sieving capability for CO2 against N2 and CH4 and has been
shown to successfully and selectively improve the permeation of
CO2 to the other larger gases.32,48 This meltable ZIF-62 MOF has
also shown tunable selectivity in hydrocarbon separation.51 The
meltable properties of ZIF-62 also allow for better control of
inter-lm formation leading to a much better intercrystalline
transport, which will be discussed in the following section. A
further example of the mixed linker strategy is the addition of
another completely different connecting ligand that can aid in
the transport of specic species. For example, in some coordi-
nation polymers (e.g. [Zn(HPO4)(H2PO4)2](imH2)2), phosphoric
acid is added to the coordination polymer structure, which
results in a chain of phosphoric acid within the framework
structure.52 This chain of phosphoric acid, which is now part of
the coordination polymer structure, allows for the continuous
ow of protons through its structure, leading to enhanced
proton transport.53
Tuning by metal nodes

MOFs can also be tuned by changing their metal node. This has
been seen in many different MOFs such as ZIF-4, ZIF-62, ZIF-7,
and MOF-74. Some of these MOFs may also be denoted using
J. Mater. Chem. A, 2022, 10, 14641–14654 | 14643
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different names such as ZIF-7, which has zinc metal nodes but
is denoted as ZIF-9 when substituted with cobalt metal nodes.9

In many cases, the substitution of metal nodes is usually for
catalytic purposes, in which the metal nodes assist in a specic
catalytic reaction.54 There have also been cases where the metal
nodes are used to tune the diffusion of different matter through
their structure. These MOFs usually contain open metal sites
due to the removal of coordinated solvent molecules within the
structure during synthesis.20 These open metal sites can act as
Lewis acidic sites which allows for reversible binding of gas
molecules through hemi-coordination or coulombic attrac-
tions.20 Some of the studied MOFs for separation based on their
open metal sites include HKUST-1, M3(BTC)2, and most exten-
sively M-MOF-74.20,55

The effects of different open metal sites on gas adsorption
have been studied extensively. For example, in terms of CO2 heat
adsorption at the open metal sites in HKUST-1, the adsorption
heats follow the sequence of Ni > Ru > Cu > Mo or Cr.20 He et al.
also found that for M-MOF-74 where M denotes different types of
metal centres, Mg and Co metal centres work best for CH4 based
separation from other light hydrocarbons.57 Fe, Co or Mg centres
perform better with C2 and C3 based hydrocarbon separations.57

Geier et al. also reported that Fe-MOF-74 has the strongest
interaction with ethylene for ethylene-based separation, whilst
Mn-MOF-74 has the strongest interaction with propylene for
propylene-based separations.58 The open metal site in MOF-74
has also been shown to selectively adsorb benzene over cyclo-
hexane via p-complexation as can be seen in Fig. 2.56 Although
this benzene–cyclohexane separation was reported only as
a powder adsorbent, MOF-74 has been repeatedly shown to be
able to transfer its selective adsorbent capability towards thin
lm membrane separation, leading towards the possibility of
utilising this in the form of a membrane in future research.59–62

Luo et al. reported the effects of different geometries of open
metal sites on gas separation. They compared UTSA-74 with Zn-
MOF-74 (two MOFs which have similar metals and ligands)
with Zn2+ sites in different geometries, showing how the geom-
etries caused a signicant difference towards CO2 selectivity over
acetylene during separation.63
Tuning for pore rigidity/exibility

The exibility of MOFs allows for the adsorption of different
species of gases or other guest molecules at variable pressures
to induce an aperture size change.64,65 This phenomenon is
commonly referred to as the breathing effect or gate opening
Fig. 2 Role of metal site in MOF-74 towards the separation of
benzene from cyclohexane. Reproduced/adapted from ref. 56 with
permission from The Royal Society of Chemistry.56

14644 | J. Mater. Chem. A, 2022, 10, 14641–14654
effect of MOFs, which has been seen in different MOFs such as
MIL-53, ZIF-7 and ZIF-8.66–68 It is usually reversible, and the large
pore or narrow pore phases of the “breathing MOFs” are
determined by the osmotic thermodynamic potential.66,69 These
pore changes are typically reliant on the exible MOF's pore
volume and guest chemical affinity and could affect the gas
molecular transport through the MOF pores depending on the
existing phases.69 It is also important to note that since the
exibility or pore opening capability in these MOFs is inu-
enced by the chemical affinity within the pore environment, the
pore opening capability varies with different transporting
molecules. Due to the differing transport behaviour at different
pressures, the gate opening mechanism is usually applied for
pressure-based gas separation by exible MOFs. Gases of
different sizes can pass through a exible MOF at different
pressures, by overcoming the typical hydrogen bonds that hold
the MOF's initial resting pore aperture structure.70 This is due to
the interaction of the adsorbate with the linker within the MOF,
allowing for the linker to change in conformation inside the
MOF structure to allow for the molecules to pass at different
pressures (‘breathing’ or ‘gate opening’).71 ZIF-7, despite having
a very small pore size of �3 Å, was able to selectively separate
ethylene from ethane, and CO2 from CH4 via this mecha-
nism.67,71 We have also demonstrated the capability of control-
ling this breathing effect via the crystal–glass composite
structure.72 We have shown that the capability of permanently
retaining the large pore phase of breathable MIL-53 is possible
in a crystal–glass composite structure with glassy ZIF-62.72 This
enables more CO2 adsorption in MIL-53 at a lower pressure as
compared to its narrow pore structure which usually occurs at
lower pressure.72

The capacity to control pore stiffness also allows for selective
gas transit. The presence of guest molecules coordinated within
the structure can affect the rigidity of the pore in the framework.
The coordinated water molecules present in UTSA-280 lead to
a more rigid pore structure, resulting in great molecular sieving
separation performance for ethylene over ethane.73 The absence
of coordinated water molecules in the structure causes the
structure to lose its rigidity, and thus lose its excellent gas
separation capabilities. For ZIF-7, the DMF in the structure can
be stripped if over-activated, resulting in a phase change from
phase 1 to phase 2, which is a distorted version of phase 1.9

However, the impact of this more distorted version has yet to be
fully studied in terms of gas transport within thin lms.

A control of rigidity in MOFs has also been studied by Hou
et al. to nd the optimised component ratio to obtain the best
transport selectivity across a Co-based ZIF-67/Zn-based ZIF-8
hybrid membrane as can be seen in Fig. 3.74 It was shown that
by combining a rigid part (Co-containing ZIF-67) into a more
exible part (Zn-containing ZIF-8), the intrinsic exible struc-
ture that could limit further enhancement of selectivity for
propylene/propane with very similar sizes could be overcome,
allowing for a selectivity of propylene/propane of �200 in the
resulting mixed metal membrane.74 The control of rigidity
combined with crystallisation kinetics was also shown to be
able to form a much better inter-grain boundary structure,
which will be discussed in later sections.
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Balance between framework rigidity and flexibility with grain
boundary structure towards sieving capability in MOF film, realised
through metal node substitution. Reprinted (adapted) with permission
from Q. Hou, S. Zhou, Y. Wei, J. Caro and H. Wang, J. Am. Chem. Soc.,
2020, 142, 9582–9586. Copyright {2020} American Chemical
Society.74

Perspective Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
7 

H
az

ir
an

 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
4.

06
.2

02
4 

18
:5

5:
50

. 
View Article Online
Tuning by guest molecules, secondary components and
composites

Another more common method is to add specic molecules
within the pores that do not impact the framework. These small
molecules usually improve the transport or diffusion of specic
molecules through different MOF structures. An example of this
phenomenon is using an ionic liquid. For example, ionic liquids
(e.g. 1-ethyl-3-methylimidazolium thiocyanate ([Emim][SCN]))
were introduced into MOFs to improve the ion conductivity.75,76

There have also been instances where an ionic liquid was
introduced into ZIF-8 to improve the transport of CO2.77

On the other hand, the molecular transport through a MOF
thin lm can also be tuned by growing a secondary MOF layer.
For example, a ZIF-8 on ZIF-7 composite membrane has been
observed to enhance the selectivity of H2/CO2 separation.78

Furthermore, ZIF-67 has also been composited with ZIF-8 to
selectively separate propylene from propane and managed to
obtain a selectivity of �200, one of the highest selectivities for
propylene/propane to date for MOF based membranes.79,80

Another example of MOF on MOF is the hybrid of UiO-66-NH2

and ZIF-8, leading to one of the highest performing monovalent
ion-selective membranes for alkali metal to date.81 The ultra-
high selectivity is attributed to the effects of spatial hindrance
and nucleophilic entrapment as the ions move across the
hetero-structured MOF on MOF lm, which is closely inspired
by a biological ion channel responsible for regulating ion
transport across cell membranes.81,82

A combination of these different strategies has also been
found to be employed to enhance the transport of the target
molecules through the selected MOF. For example, by
combining the gate opening mechanism and the NH2 func-
tionalisation, the ZIF-7-NH2 membrane resulted in a selective
CO2/CH4 separation beyond the Robeson upper bound.45 While
these intracrystalline strategies have certainly been developed
to provide tunable transport performance needed for many
This journal is © The Royal Society of Chemistry 2022
different applications, a good intercrystalline tuning is also
required for optimised usage in the form of thin lms. This is to
ensure that the full capabilities of these intracrystalline tunings
are fully accessed and functioning during use. The issues and
strategies for transport for intercrystalline diffusion are
explored in the following section.
Intercrystalline/interframework tuning
strategies

Intercrystalline/interframework transport is the transport of
molecules between the MOF crystals, or between the selective
MOF and its additional polymeric framework. This transport
tuning is very important to ensure that the intracrystalline
properties can be properly accessed and utilized during
molecular transport through the MOF lms. Current MOF thin
lm production mainly falls into two main categories: poly-
crystalline lms or mixed matrix membranes (MMMs).
Tuning strategies for mixed matrix lms

Polymeric mixed matrix membranes provide one of the more
common and easier methods to synthesize MOF based thin
lms. The selective MOFs are usually prepared in advance and
dispersed in selective polymers and dried to form a selective
thin lm. However, one of the main issues usually found in
these types of membranes is the poor interfacial compatibility
between theMOF and the polymer matrix.83,84 It can result in the
agglomeration of the MOF particles, and/or formation of void
spaces between the MOF and its surrounding polymer. The
presence of agglomeration can cause the MOF to be less evenly
distributed throughout the matrix layer, while the presence of
voids can limit and lower the interaction of the MOF with the
adsorbent, thus lowering the capability of the MOF to actively
govern the transport of different molecules through the lm.

A few different methods have been studied to solve these
stated problems. One common method is MOF functionalisa-
tion, either throughout the MOFs or at least at the surface, with
functional groups that interact well with the polymeric struc-
ture. This functionalisation can either promote hydrogen
bonding between the MOF and the polymer matrix or has
favourable hydrophobic/hydrophilic interaction, which has
been shown to help increase the interfacial compatibility
between the two components. For example, the use of amino
groups has been widely found to improve the interfacial
compatibility of MOFs with various polymeric substrates. The
favourable interactions between NH2 groups and imide groups
in polymers have been shown to help reduce the interfacial
issues faced by many different MOFs.83 Hydrophobicity and
hydrophilicity of the MOF ller and the polymer matrix have
also been widely studied as a strategy to reduce the voids due to
interfacial issues within the matrix.83

Other than that, in situ crystallisation of MOFs during the
formation of polymers has also been seen. MOFs and polymers
are formed in situ to allow for the covalent bonding of specic
linkers with the polymer, thus eliminating the possible
agglomeration or void formation.85–87 It was also found that the
J. Mater. Chem. A, 2022, 10, 14641–14654 | 14645
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MOF particle size plays an important role in the prevention of
agglomeration and void formation within the polymeric
framework matrix.84 The agglomeration of MOFs within the
polymer matrix could provide an alternative non-selective
pathway as can be seen in Fig. 4, which is not desirable in
selective transport. A recently developed method that combines
the usage of small MOF nanoparticles with selective function-
alisation has been shown to help mitigate agglomeration,
allowing for higher MOF particle loading. Knebel et al. have
introduced two different N-heterocyclic carbenes (NHCs) onto
the surface of ZIF-67 nanoparticles, allowing for dispersion in
previously non-dispersible solvents such as mesitylene.88 This
functionalisation has allowed the ZIF-67 to be more liquid
processible, allowing for better stability and dispersion when
introduced into mixed matrix membranes. This leads to a much
higher mixed matrix membrane loading not possible with non-
functionalised ZIF-67, resulting in a more selective and
permeable membrane for propylene/propane separation.88

Another approach to improve the interfacial compatibility
between the MOF and its surrounding polymer matrix is
changing the MOF phase to a more owable phase within the
structure to help remove void formation. This can be seen in our
work in which we melted ZIF-62 particles within the polymer
matrix itself.89 Aer melting and quenching the ZIF-62 particles
while being conned, the initial void present within the struc-
ture was drastically reduced through the formation of the liquid
intermediate phase, as probed by FIB-SEM analysis. In all these
cases, the improvement of interactions has greatly improved the
MOF to ensure a better lm separation.
Tuning strategies for polycrystalline lms

Polycrystalline lms have been extensively investigated in
recent decades, allowing MOFs to be used in a wide range of
applications. Following this, a multitude of different MOF lm
Fig. 4 Diffusion pathway across the M2(dobdc) membrane with
respect to MOF particle size. Reprinted/adapted with permission from
Springer Nature Customer Service Centre GmbH: [Springer Nature], J.
E. Bachman, Z. P. Smith, T. Li, T. Xu and J. R. Long, Enhanced ethylene
separation and plasticization resistance in polymer membranes
incorporating metal–organic framework nanocrystals, Nature Mate-
rials, 2016, 15, 845–849, copyright (2016).84
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synthesis methods has been studied and reviewed. There are
three main intercrystalline/bulk tuning strategies that are
crucial for regulating the transport of different molecular
species through the MOF lm: tuning of lm thickness,
substrate to lm interaction, and MOF–MOF interaction.

One of the more basic tuning strategies in MOF lms is the
tuning of lm thickness itself. Early research on MOF lm
synthesis has seen examples of lms with a thickness of around
20–30 mm for the case of ZIF-8, in sharp contrast to the more
current thin lms for ZIF-8 that have reached a thickness as
small as 85 nm, which is a reduction of around 95%. The
motivation for thinner MOF lms is to reduce the diffusion time
through the MOF, thus allowing for a much more efficient
permeation.90–93 However, a thinner lm can also pose a disad-
vantage over selective transport if the substrate to lm inter-
action and MOF–MOF interaction in the crystalline layer is not
designed properly. This will result in transport defects, which
become more pronounced as the lm becomes thinner.

One of the more pressing issues in polycrystalline MOF lm
formation is the compatibility between the MOF lm and its
substrate. Substrates are usually required to maintain the
mechanical integrity of the MOF membrane when an ultrathin
MOF lm is targeted for high separation efficiency. By func-
tionalising the substrate, we can help tune the MOF growth
such that a better polycrystalline lm is formed. This is
commonly required as a necessity as the MOF heterogeneous
nucleation on substrates, when compared with homogeneous
nucleation, is usually unfavourable. For example, electrostatic
repulsion can occur between alumina and some MOF precur-
sors, leading to the inhibition of the MOF nucleation on its
surface.94 Different kinds of functional groups such as tannic
acid (TA)–Fe, polydopamine/polyethyleneimine (PDA/PEI), and
TiO2–(3-aminopropyl)triethoxysilane have been developed to
promote MOF growth.95–97

On a more related aspect, the selection of functional groups
on the substrate plays an important role in the transport
properties of the synthesized lms. We investigated the ZIF-8
deposition process on differently functionalised substrates,
i.e. TiO2 inorganic nanoparticle coated and PDA/PEI function-
alised substrates.97 Functionalising the substrates with PDA/PEI
results in stronger interaction with ZIF-8 during growth, leading
to a slightly contracted MOF lattice structure.97 However, the
usage of TiO2 on the substrate allows for less contraction and
better preservation of the original inherent ZIF-8 crystal struc-
ture both at the interface and the bulk of the thin lm (Fig. 5).
This leads to a better-dened CO2 transport over bulky gases
such as N2 and CH4, and thus a better selectivity.97 This
contraction behaviour of MOFs at the interface may directly
impact the initially engineered intercrystalline tuning design,
leading to varied transport selectivity. Although transport will
mainly be governed by the bulk of the lm for a thick lm, the
current goal in this area is towards a thinner lm for improved
permeance. Therefore, the substrate to MOF interaction effect
becomes increasingly important and should be given more
attention in future research.

Another important property that governs transport in MOF
lms is through the intergrain boundaries. While many
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Effect of functionalisation towards the contraction of MOF film
structure. Reprinted (adapted) with permission from J. Hou, P. D.
Sutrisna, T. Wang, S. Gao, Q. Li, C. Zhou, S. Sun, H.-C. Yang, F. Wei, M. T.
Ruggiero, J. A. Zeitler, A. K. Cheetham, K. Liang and V. Chen, ACS Appl.
Mater. Interfaces, 2019, 11, 5570–5577. Copyright {2019} American
Chemical Society.97
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researchers have reported the non-selective behaviour of inter-
grain boundaries, this can also help to improve permeance
through the lm. The intergrain boundary or intergrain voids
would be benecial for applications which require high lm
permeance rather than selectivity, or processes that involve the
transport of bulk materials that are larger than the MOF
inherent pores, such as for membranes and lms with immo-
bilised catalysts or biocatalysts.98,99 In this case, the strategy for
creating a highly packed yet highly permeable lm via inter-
grain boundary diffusion is highly desired. Thin lms with high
intergrain boundary pathways can be easily formed via a simple
dip-coating method involving immersion into a thick MOF
solution to form a thick MOF coated lm. These MOF particles
will be densely packed while having a huge amount of inter-
grain voids for diffusion. However, intergrain boundaries are
not as benecial for molecular-based separation and ionic/
charge conduction.

Intergrain boundaries in MOF lms have been shown to
provide a nonselective pathway in polycrystalline lms, leading
to poor selectivity for molecular transport throughMOF lms as
can be seen in Fig. 6. For example, in comparison with the
polycrystalline ZIF-8 membrane, the single crystal ZIF-8
membrane shows a signicantly higher selectivity with good
comparable permeance over other polycrystalline ZIF-8
membranes for different gas separation pairs.100 For molec-
ular transport, a thicker lm can be formed to mitigate the non-
selective transport through the intergrain boundary by
Fig. 6 Intracrystalline and intercrystalline transport through a poly-
crystalline MOF thin film.

This journal is © The Royal Society of Chemistry 2022
increasing the tortuosity in the lm and allowing for more pore
diffusion, but at a price of a much lower overall permeance/
diffusivity.101 Intergrain boundaries have also been shown to
lead towards higher surface roughness and discontinuity in
electrical ow, both contributing towards poor conductivity and
ionic transport through the polycrystalline lm.102,103 Intergrain
boundaries also provide conductivity resistance to the thin lm,
leading to a declined conductivity.104

Multiple strategies have been developed to overcome the
non-selective transport through the intergrain boundary in
polycrystalline thin lms. Slow epitaxial/heteroepitaxial growth
is shown to be able to minimise grain boundary effects, allow-
ing for the intrinsic pore properties to be fully utilised, leading
to higher CO2/N2 and propylene/propane selectivity.79,105

Oriented growth has also shown promise to mitigate the non-
selective transport issue through intergrain boundaries. For
example, UiO-66-NH2 grown by well-controlled in-plane orien-
tation results in a much better-intergrown lm with reduced
grain boundary defects and enhanced transport selectivity
performance.106 Wei et al. have also grown a well oriented ZIF-8
membrane with its selective face being the main window for
transport.33 This well oriented ZIF-8 has been shown to help
form a more tightly intergrown ZIF-8 lm, coupled with selec-
tive transport through its h1 0 0i window, leading to an increase
of �3 times in terms of selectivity for ethylene/ethane separa-
tion.33 Additionally, it is reported that the intergrain boundary
can be tuned via manipulating the crystallisation kinetics of
frameworks by bimetallic approaches, such as mixing Zn and
Co as metal nodes in ZIFs.74,79,105 Co-based ZIFs are usually
much more rigid, thus providing a much better pore environ-
ment for molecular sieving based separation. However, Co-
based ZIFs usually have much faster crystallisation kinetics,
leading to a very poor grain boundary structure.74 Zn-based ZIFs
however usually have much slower crystallisation kinetics, and
thus can form polycrystalline lms with a better intergrain
boundary. But due to their exibility, they can have a less
selective transport through their inherent framework pores.74

Combining these two metals allows for better polycrystalline
growth kinetics, leading to a much better selective poly-
crystalline lm transport. This is due to the presence of rigidity
from the Co metal node while maintaining reasonable crystal-
lisation kinetics, allowing for a minimised non-selective inter-
grain boundary.74

MOF glass, a new MOF phase recently discovered, has also
shown promise in the thin lm application. Due to its more
continuous layer and ease of processing, MOF glass has been
hailed as one of the solutions to the intergrain boundary issues
in thin MOF lm.32 The liquid phase of MOF glass allows for
better interaction between the MOF elements, and the issue of
grain boundary is also eliminated upon quenching.32 This
glassy lm has been widely studied for its conductive proper-
ties, exhibiting a good performance in proton transport prop-
erties.53 Glassy MOF and coordination polymer lms have also
been studied for gas separation processes fairly recently,
showing good selective transport through the lm.32,107

However, the study of glassy lm transport is still very limited
J. Mater. Chem. A, 2022, 10, 14641–14654 | 14647
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and opens to a much wider exploration for many different
separation applications in the future.

Other than attempting to eliminate the intergrain bound-
aries, the intergrain boundaries can also be used to add func-
tionality that can aid in the transport of the desired molecules.
For example, in an amino-functionalized UiO-66 membrane,
the grain surface allows for a much faster transport pathway for
protons as compared to through their pores.108 The ow of
aqueous solution through the ZIF-8 membrane was shown to be
dominated by its intergrain boundary layer due to ZIF-8's
hydrophobicity.101 This is apparent when the boundaries are
grown carefully such that the defects in the intergrain bound-
aries are covered by hydrophobic 2-methylimidazole ligands,
which further limits the transport of water through the lm.109

Loading the intergrain boundary layer with a selective carrier is
also another strategy to improve selective transport through the
intergrain boundary layer. Yang et al. impregnated layered MOF
membranes with AgBF4/ionic liquid to make the intergrain
from non-selective pathways to a highly selective pathway for
olen–paraffin separation.110

Another type of polycrystalline lm is a lm that was formed
using MOF particles that have been synthesised using their
typical solvothermal method and then deposited onto
a substrate. However, with 3D MOFs, the packing density is very
limited, which can lead to very poor selective intracrystalline
separation due to the presence of voids within the MOF that
greatly impacts the selectivity. This method is more viable for
2DMOFs due to its high packing density, which can be achieved
via ltration coating, spin coating or self-assembly driven by the
entropy terms. The tuning strategy of such 2D lms is that it
differs based on the two possible transport mechanisms – either
through the MOF's pores or via interlayer spacing between the
2D MOF sheets. Transport that requires the lm to go through
the 2D MOF pores, as for the ZnbIm nanosheet, requires the
stacking to be less laminar and much more disoriented.111 This
helps prevent the pore blockage that may occur during stacking.
This is starkly different to other 2D materials that prefer
laminar stacking as it depends on the interlayer spacing to
ensure selective transport. For example, graphene oxide
membranes have been modied and functionalised to obtain
the desired interlayer spacing suitable for the separation of
organic matter and ionic species.112–114 Functionalised graphene
oxide was shown to have a smaller operational interlayer
spacing, leading to a lower transport of small ions.112 In this
case of separation via an interlayer spacing basedmechanism, it
is more rational to have a more laminar stacking as the sepa-
ration is based on the interlayer spacing rather than through
the pores of the MOF. As 2D MOFs can be easily tuned to have
specic pore and surface properties, it is important to ensure
that the tuning is designed to suit the target separation mech-
anism. A combination of these strategies for 2D MOF lm can
also be implemented in future research to ensure improved
transport. Future 2D MOF lms can be tuned such that the
pores of the 2D MOFs can selectively allow the transport of one
species over another while having a well-tuned laminar inter-
layer spacing such as to also have selective transport via this
pathway without blocking the pores.
14648 | J. Mater. Chem. A, 2022, 10, 14641–14654
Future applications and improvements
in MOF thin film
Prospective tuning strategies

Although intracrystalline transport strategies have been exten-
sively studied in the past, there remain possible new intra-
crystalline transport strategies that should be further explored.
The creation of molecular pumps has provided a new area for
intracrystalline transport tuning exploration in MOF thin lms.
A molecular pump is generally a mechanism that helps trans-
port molecules against their concentration gradient. Currently,
relatively little research has been conducted on this process in
MOF thin lms for selective transport. One example can be seen
from the use of a porphyrin-based MOF membrane, in which
the MOF can help pump cations through the membrane against
the concentration gradient when subjected to light.115 This
research however has only shown the pumping capability of the
MOF and the selective capability of the ion pump has not yet
been extensively explored. Thus, this strategy opens a new
avenue for future MOF transport tuning design by including the
possibility of ionic/molecular pumping in MOFs to allow for
selective transport against the concentration gradient.

Single crystal MOFs have been shown to have good transport
selectivity and diffusion because the separation is largely gov-
erned by the intracrystalline diffusion in the single crys-
tals.100,116,117 In this case, the intracrystalline design dominates
the separation process without having to worry too much about
intercrystalline diffusion. However, single crystals are usually
very small – on the microscale – and thus are not viable to be
made into a proper lm. With better control over the synthesis
conditions and substrate treatment, a macroscopic single-
crystal MOF lm could be formed on the surface of
substrates, similar to the single-crystal metal halide perovskites
formed between two clamping glass slides, to generate a large
continuous monolith for lm formation.118 Nevertheless,
growing a sufficiently large crystal, to form a large enough good
lm, is usually very challenging as a slight lattice mismatch and
defects in the structure can lead to the formation of more
thermodynamically preferable polycrystalline lm. Another
approach is to control the substrate pore opening such that
single crystals can easily sit on the substrate opening and
ensure that transport through the substrate is fully governed by
the single crystals. The performance of single crystals has been
measured by sitting the crystal onto a very small hole and has
shown good selectivity as shown in Fig. 7. This technology may
be scaled up by covering multiple pore holes on the substrate
with many single crystals. However, the current technology is
still not advanced enough to upscale the formation of these
multiple holes covered by multiple single crystals in a nan-
cially viable manner, leaving this subject open for further
research. Future research may concentrate on functionalisation
at the substrate pore opening, which could aid in regulating
single crystal formation at the substrate pore opening.

Another interesting material that requires a more in-depth
transport tuning analysis is the recently discovered MOF
glassy phase. Recent studies on MOF glass composites and
This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Transport pathways through single crystal and polycrystalline
ZIF-8 as membrane. Reprinted from C. Chen, A. Ozcan, A. O. Yazaydin
and B. P. Ladewig, Gas permeation through single-crystal ZIF-8
membranes, Journal of Membrane Science, 2019, 575, 209–216,
copyright (2019), with permission from Elsevier.100

Perspective Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
7 

H
az

ir
an

 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
4.

06
.2

02
4 

18
:5

5:
50

. 
View Article Online
functionalisation are focused on particle preparations. For
example, halogenated and amino functionalised ZIF-62 glass
particles showed interesting properties for gas separation, and
possibly other separation processes.17,119 The intracrystalline
transport of MOF glass can also be tuned by post-synthetic
modication strategies as experienced by the widely studied
MOF crystals as discussed. MOF glasses are promising candi-
dates to be further explored in thin lms and membranes
mainly for separation processes. There have been very few MOF
glass membranes/thin lms that have been reported, and this
opens a lot of exploration possibilities in MOF glass membrane
separation.

A mixed-phase strategy, like a mixed matrix membrane, can
also be explored with this glassy MOF phase. Selected MOF
crystals can be surrounded by a better contacting phase such as
the MOF glassy phase, thus eliminating or reducing the inter-
grain boundary issues faced by a typical polymeric mixed matrix
membrane. We recently developed a crystal–glass MOF
composite between ZIF-62 glass and MIL-53 crystals.72 The
ndings have shown good contact between MIL-53 crystals and
ZIF-62 glass allowing for better hydrostability and phase control
of MIL-53, leading to possible good molecular separation
applications.72 While this strategy has been performed on
a particle system, it is yet to be extensively explored in a thin
lm form, thus opening this area to a wide array of exploration
opportunities. Similar to the polymeric mixed matrix
membrane, the addition of selective and permeable MOF crys-
tals into the MOF glass matrix could further help improve
selectivity and permeance within the crystal–glass composite
membrane. MOF glass has also been shown to have good
contact with functional materials such as lead halide perov-
skites, leading to phenomenal stability and optoelectronic
improvements.120 Good contact and porosity of MOF glass also
allow for the possibility of a functional catalytic MOF glass thin
lm composite by applying a MOF with catalytic capability.121

Further tuning the transport selectivity and properties in MOF
glass will also open its usage in selective catalysis processes,
allowing for only specic species to go through and interact
with the catalysts, thus further improving the selectivity and
stability of the catalyst. The melting temperatures for the MOF/
coordination polymer glasses have also recently been found to
be able to reach reasonably low temperatures, down to 80 �C,
allowing them to composite with other functional materials
with low thermal stability, to further improve the transport
This journal is © The Royal Society of Chemistry 2022
properties, or to endow the material with additional
properties.52

Another MOF conguration with possible further transport
tuning is the 2D MOF layered thin lms. As explained in the
previous sections, a strategy using a hybrid of both transport
mechanisms through the MOF pores and interlayer diffusion
should be further explored for layered 2DMOF based thin lms.
This strategy may be more efficient as these two distinct
transport mechanisms can work synergistically to promote the
selectivity and permeability in the layered lm as can be seen in
Fig. 8. In terms of tuning the 2D MOF pores, strategies
explained in the intracrystalline transport tuning sections such
as pore functionalisation could be employed to preferentially
transport one species of the molecule over another. This func-
tionalisation technique can also be used to tune the interlayer
spacing between the 2D MOFs, allowing for selective transport
via interlayer diffusion without blocking the pores of the 2D
MOFs. Tuning of a 2D material's interlayer spacing by func-
tionalising the material has been proven to be successful in
other materials such as graphene oxide. The interlayer spacing
between graphene oxide sheets has been reduced when sub-
jected to N-(trimethoxysilylpropyl)ethylenediamine triacetic
acid (EDTA) functionalisation but could be increased when
functionalised with t-butyl hydrazinecarboxylate or triethanol-
amine.122–124 Due to the ease of MOF functionalization, this
technology can be easily transferrable to the synthesis of future
selective two-dimensional MOFs for selective transport. Guest
molecules can also be introduced to control the transport via
interlayer diffusion. The guest molecules can not only help to
adjust the interlayer spacing but also facilitate transport
through the interlayer diffusion. The presence of water and ions
has been shown to swell or shrink the interlayer spacing of
various stacked 2D materials (such as graphene oxide).122,125,126

Thus the same strategy could be used to induce swelling or
shrinking in stacked 2D MOF thin lms. A selective guest
molecule such as an ionic liquid can also be used based on this
strategy to tune the interlayer spacing of 2D MOFs and provide
an additional selective diffusion.

A MOF-on-MOF strategy for MOF thin lm can also provide
a possible tuning mechanism for selective transport. MOF-on-
MOF growth can facilitate partial ligand/metal exchange
coupled with the capability to close up non-selective intergrain
boundaries. This can be seen in the ZIF-67–ZIF-8 MOF-on-MOF
membrane that allows for the mitigation of non-selective
intergrain boundary, coupled with possible optimal pore
rigidity structure by a mixed metal framework that has allowed
Fig. 8 Transport diffusion pathways in stacked 2D MOF films.
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the membrane to achieve a very high propylene/propane selec-
tivity of �200.74,79 This transport tuning strategy can be further
applied for other molecular pairs with very similar chemical and
physical properties, such as ethylene/ethane, whereby two
MOFs with smaller pore size, but different rigidity and crystal-
lisation kinetics could be combined in aMOF-on-MOF structure
to help achieve similar transport selectivity performance.
Another MOF-on-MOF strategy involves the formation of MOF
lm with different hierarchical pore sizes, where spatial
hindrance could aid in the selective transport of molecules
through theMOF thin lmmembrane.81 However, the growth of
MOF-on-MOF lms has been hindered by the crystallisation
growth limitation between the different MOFs, where the lattice
between the two different MOFs must closely match for the
secondary MOF to successfully grow on the initial MOF
layer.127,128 If there are clear differences in the lattice structure,
a connecting molecule such as a surfactant or random copol-
ymer glue is usually required for a successful secondary MOF
lm growth.81 A promising alternative is to introduce a glassy
MOF phase as a secondary layer on the MOF-on-MOF lm,
where the issue of lattice mismatch is no longer relevant. The
possibility of ux melting MOF glass provides the possibility of
a hierarchical MOF glass pore structure by controlling the
diffusion of the ux melted MOF into the bulk MOF glass phase
during melting. The usage of a non-ux-meltable MOF will also
be able to create a good hierarchical pore structure, as meltable
MOF glasses have been shown to have good contact with other
MOFs due to their owability during the formation of a liquid
state.72 These MOF-on-MOF strategies open a huge exploration
possibility for selective transport in MOF thin lm future
research.
Prospective MOF thin lm applications

One prospective future application for tunable lm-based
separation/transport lies in the eld of quantum-based sepa-
ration. H2 and its isotopes such as D2 and T2 have been applied
in many different areas such as nuclear magnetic spectroscopy
and nuclear fusion.129–133 However, current methods for
obtaining the isotopes of hydrogen gas including the chemical
exchange Girdler-sulde method, cryogenic distillation and
electrolysis are highly energy-intensive due to the very close
physical properties of the isotopes (boiling point: 20.3 K for H2

and 23.6 K for D2).131,132 This property leads to a selectivity of
only 3 at 20 K via cryogenic distillation.132 MOFs have been
presented for quantum-based separation via two main
methods, kinetic and chemical affinity-based quantum
sieving.133 MOFs have shown that via quantum sieving based
adsorption, they can reach a selectivity of more than 90 for D2/
H2 separation, and over 200 for T2/H2 separation.131 For kinetic
based separation, a smaller quantum effective pore size (QEPS)
is much better, with QEPS lower than 3 Å having D2/H2 selec-
tivity of more than 50. Meanwhile, for chemical affinity-based
quantum sieving, larger pores with functionalisation have also
shown good selectivity. For example, in the case of MOF-74, the
presence of lone pair electrons in the pore allows for D2/H2

separation to occur despite the larger pores.129 Another MOF,
14650 | J. Mater. Chem. A, 2022, 10, 14641–14654
FJI-Y11, has also shown good D2/H2 selectivity despite its
considerably large pores (5.9 Å) due to the interaction between
hydrogen with oxygen groups within the pores.134 However, all
these studies have only been performed on a particle–adsorbent
process basis. The capability of a MOF to be tuned to have the
desired pore size and pore environment can certainly be
extended towards membrane and thin lm processes for
quantum sieving based separation.

It is important to address the intercrystalline challenges
stated in the previous section for fully utilising the capability of
pore engineering performed on MOFs. One possible solution is
fusing MOF glass lms for these hard to separate quantum
molecules. By applying MOF glasses it is possible to remove the
intergrain boundaries while having excellent contact with the
substrate.32,107 One of the more widely studied MOF glasses, ZIF-
62, has a pore size of �3.2 Å, which falls within the sweet spot
for quantum-based separation.32 The pore size of ZIF-62,
coupled with the absence of intergrain boundaries in ZIF-62
membranes, should make ZIF-62 membranes promising
candidates for quantum sieving based separation in the future.
Scaling up of MOF-based thin lms

As the technology for MOF-based thin lms progresses, it is
important to explore the larger-scale production of MOF-based
thin lms. This is to secure the transition from lab-scale to
industrial-scale processes or end-user applications using MOF-
based thin lms. However, the formation of a large continuous
area of MOF lms remains a challenge as the formation of defects
within the large area lm could signicantly reduce the selective
transport capability of the resulting MOF lm, especially for
sensitive separation processes such as gas separation. As the
technology continuously demands thinner selective lms, it is
important to develop scale-up methods/strategies that are able to
consistently form continuous defect-free MOF lms.

Spraying is a successful method for forming larger MMM
MOF membranes. A simple electrospraying method has been
developed by Elsaidi et al. to introduce HKUST-1 based MMM
lm onto a substrate over a 116 cm2 area, with the possibility of
further scale-up.135 This approach can also be combined with
the method of forming a highly stable dispersed MOF solution
developed by Knebel et al. to ensure increased MOF loading
within the larger MMM lm.88 The method involves function-
alisation of the MOF outer surface with N-heterocyclic carbene
ligands, which results in a stable MOF solution for up to a year.
This allows for better storage life of the MOF precursor, allow-
ing for easier scale-up into the industrial manufacturing
processes.88 Quan et al. reported a one-step reactive extrusion
compounding of MOF loaded polymer pellets.136 This method
can be combined with in situ MOF formation during polymer-
isation of the MMM polymer matrix, as explained in the
previous section on tuning strategies for mixed matrix
membrane thin lm, within the extruder.85–87 This can result in
the formation of MOF–polymer pellets with high interfacial
interaction between the MOF crystals and polymer matrix,
leading to better selective transport. The resulting MOF polymer
pellet can then be used to create excellent MOF MMMs using
This journal is © The Royal Society of Chemistry 2022
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existing polymer membrane synthesis methods for industrial-
scale manufacturing.

Other than MMMs, spray coating has also successfully been
applied for larger-scale production of polycrystalline MOF thin
lms. Spray coating has been shown to successfully synthesise
a large area of different MOFs including ZIF-67, ZIF-8, and
HKUST-1, and is predicted to be able to produce even up to 1000
m2 area of the polycrystalline thin lm membrane.137,138 Ma
et al. demonstrated the capability of a semi-solid dip-coating
method coupled with less than 15 minutes of thermal conver-
sion to form a continuous ZIF-8 membrane over a large area of
alumina substrate.139 Brown et al. also demonstrated the
microuidic-based contra-diffusion growth method to extend
the large scale formation of ZIF-8 polycrystalline thin lm
beyond a at sheet to a hollow bre-based substrate.140 These
methods have been proven to be excellent methods to produce
MOF thin lms over a large area and can be extended to form
other functional selective MOFs to allow for the scale-up of
other MOF thin lms for different targeted applications.

Conclusion

MOFs are a family of porous materials with ultra-high tuning
capabilities and are still being extensively researched today. The
transport tuning inMOFs has always been a very important eld
of research due to the modiable porous nature of MOFs. This
results in MOFs nding application in many different processes
that require specic transport of molecules through their pores,
usually by selective transport. The capability of MOFs to be
tuned is still actively studied, but the tuning of MOFs is starting
to gravitate towards governing harder to separate molecules.
For example, more investigation is starting to focus on the
selective transport of molecules with smaller differences in their
chemical and physical properties, such as in ethane/ethylene
separation and multiple other monovalent ionic separations.
Some complex separations such as quantum-based separation
have also started to emerge, demonstrating the wide range of
MOF's ability to selectively allow specic molecules to pass
through when properly tuned. While a lot of focus has been
placed on the intracrystalline transport of MOFs, more explo-
ration should also be done on the larger context of lm
research, which is to focus on the intercrystalline tuning of MOF
lms. This is because the next phase of research for multiple
different applications will require the use of a much larger area
of active MOF separation to be more industrially attractive.
Thus, to fully utilise the actively researched intercrystalline
tuning capabilities of MOFs, an equal amount of research
energy should be focused here too. Continuous research
towards the tuning of these MOF materials will without a doubt
help the advancement of the separation process in many
different elds, such as but not limited to, gas separation, ionic
separation, process intensication, fuel cell technologies, and
catalysis.
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71 C. Gücüyener, J. van den Bergh, J. Gascon and F. Kapteijn, J.
Am. Chem. Soc., 2010, 132, 17704–17706.

72 J. Hou, C. W. Ashling, S. M. Collins, A. Krajnc, C. Zhou,
L. Longley, D. N. Johnstone, P. A. Chater, S. Li,
M.-V. Coulet, P. L. Llewellyn, F.-X. Coudert, D. A. Keen,
P. A. Midgley, G. Mali, V. Chen and T. D. Bennett, Nat.
Commun., 2019, 10, 2580.

73 R.-B. Lin, L. Li, H.-L. Zhou, H. Wu, C. He, S. Li, R. Krishna,
J. Li, W. Zhou and B. Chen, Nat. Mater., 2018, 17, 1128–
1133.

74 Q. Hou, S. Zhou, Y. Wei, J. Caro and H. Wang, J. Am. Chem.
Soc., 2020, 142, 9582–9586.

75 X. Yu, N. S. Grundish, J. B. Goodenough and A. Manthiram,
ACS Appl. Mater. Interfaces, 2021, 13, 24662–24669.

76 Q. Xu, X. Zhang, S. Zeng, L. Bai and S. Zhang, ACS
Sustainable Chem. Eng., 2019, 7, 7892–7899.

77 Z. Zhang, X. Jia, Y. Sun, X. Guo, H. Huang and C. Zhong,
GreenChE, 2021, 2, 104–110.
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121 V. Pascanu, G. González Miera, A. K. Inge and B. Mart́ın-
Matute, J. Am. Chem. Soc., 2019, 141, 7223–7234.

122 B. Lee, K. Li, H. S. Yoon, J. Yoon, Y. Mok, Y. Lee, H. H. Lee
and Y. H. Kim, Sci. Rep., 2016, 6, 28052.

123 J. Bhagavathsingh, R. Pugulanthi, P. Devi, A. Angamuthu,
D. K. Janapala, N. Moses, V. Sivasankaran, S. P. Anthony
and R. Venkatasan, MRS Commun., 2022, 12, 37–44.

124 B. Song, C. Sizemore, L. Li, X. Huang, Z. Lin, K. Moon and
C.-P. Wong, J. Mater. Chem. A, 2015, 3, 21789–21796.

125 S. Liang, L. Mu, L. Chen, J. Jiang, Y. Yang and H. Fang,
Chem.–Asian J., 2020, 15, 2346–2349.
14654 | J. Mater. Chem. A, 2022, 10, 14641–14654
126 Y. Yang, L. Mu, L. Chen, G. Shi and H. Fang, Phys. Chem.
Chem. Phys., 2019, 21, 7623–7629.

127 K. Ikigaki, K. Okada and M. Takahashi, ACS Appl. Nano
Mater., 2021, 4, 3467–3475.

128 K. Ikigaki, K. Okada, Y. Tokudome, T. Toyao, P. Falcaro,
C. J. Doonan and M. Takahashi, Angew. Chem., Int. Ed.,
2019, 58, 6886–6890.

129 S. A. FitzGerald, C. J. Pierce, J. L. C. Rowsell, E. D. Bloch and
J. A. Mason, J. Am. Chem. Soc., 2013, 135, 9458–9464.

130 G. Han, Y. Gong, H. Huang, D. Cao, X. Chen, D. Liu and
C. Zhong, ACS Appl. Mater. Interfaces, 2018, 10, 32128–
32132.

131 D. Liu, W. Wang, J. Mi, C. Zhong, Q. Yang and D. Wu, Ind.
Eng. Chem. Res., 2012, 51, 434–442.

132 B. Paschke, D. Denysenko, B. Bredenkötter, G. Sastre,
A. Wixforth and D. Volkmer, Chem.–Eur. J., 2019, 25,
10803–10807.

133 I. Savchenko, A. Mavrandonakis, T. Heine, H. Oh, J. Teufel
andM. Hirscher,Microporous Mesoporous Mater., 2015, 216,
133–137.

134 Y. Si, X. He, J. Jiang, Z. Duan, W. Wang and D. Yuan, Nano
Res., 2021, 14, 518–525.

135 S. K. Elsaidi, M. Ostwal, L. Zhu, A. Sekizkardes,
M. H. Mohamed, M. Gipple, J. R. McCutcheon and
D. Hopkinson, RSC Adv., 2021, 11, 25658–25663.

136 Y. Quan, R. Shen, R. Ma, Z. Zhang and Q. Wang, ACS
Sustainable Chem. Eng., 2022, 10, 7216–7222.

137 S. Hurrle, S. Friebe, J. Wohlgemuth, C. Wöll, J. Caro and
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