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ABSTRACT

Research on metal-organic frameworks (MOFs) based membranes has gained a lot of attention in the last decade thanks to the unique and
highly versatile chemistry of MOFs, which allows one to synthesize a variety of structural dimensions, topologies, pore sizes, pore shapes,
functional groups, and chemical environments. For membrane application, the field is rapidly progressing, with the focus shifting from the
synthesis of pinhole-free polycrystalline films to the synthesis of ultrathin MOF films on scalable support to surpass the performance of
polymeric membranes. In this research update, we review promising methodologies for the synthesis of ultrathin MOF membranes. We
then discuss the application of these ultrathin MOF films in gas separation, ion transport and ion—-ion separation, and desalination. We then
provide our perspective on opportunities and challenges for the future development of ultrathin MOF membranes.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0169507

I. INTRODUCTION

Metal-organic frameworks (MOFs) represent an attractive class
of materials with exceptionally high porosity where pores can be
designed to be in the ultramicropore to mesopore regime.' * MOFs
are composed of metal or metal oxide nodes, which are coordinated
with organic linkers. Traditionally, MOFs have an ordered frame-
work, although recently, amorphous MOFs have been repor‘[ed.’"'S
Their topology and chemical composition are uniquely tunable
either by pre-synthetic structural design,' thanks to the ease of
manipulating coordination chemistry, or by postsynthetic modi-
fication.” This has resulted in a variety of structural dimensions,
topologies, pore sizes, pore shapes, functional groups, and chem-
ical environments. This has allowed one to tailor the guest-host
interactions, e.g., selective molecular binding and gas diffusivity.
These aspects make MOF highly attractive as the selective layer in
membrane-based molecular separation, especially when compared
to membranes based on other microporous materials such as zeolite
(Scheme 1). Motivated by this, there has been extensive research on
the synthesis of MOF as a thin polycrystalline film.

Other promising materials for membrane-based separation
include polymers,m " carbon molecular sieves (CMS),IS"“ dense

metals (Pd for H, separation),mS covalent organic frameworks
(COFs),” 2 g—C3N4,3'2 » and graphene derivatives.”*%* Polymeric
membranes have been commercialized for gas separation owing
to their ease of processing and low raw-material costs. However,
their performance is limited by an intrinsic permeability-selectivity
trade-off known as the Robeson upper bound.'’”'* Pd membranes
have shown one of the best performances for hydrogen purifica-
tion but suffer from high Capital Expenditure (CAPEX) and stability
issues in the presence of CO and H,S. Nanoporous membranes
based on MOFs, zeolite, CMS, and graphene derivatives display
improved performance because of highly selective and rapid diffu-
sion through the nanopores; however, a combination of issues such
as high synthetic complexity and reproducibility have been a key
bottleneck. Among these, MOF membranes are highly attractive, as
explained earlier. Therefore, in its current state, the field of MOF
membrane stands to benefit from scalable synthesis protocols result-
ing in robust selective layers yielding high-performance separation.
These three aspects, namely, scalability, a robust selective layer, and
high-performance, are discussed below.

Scalable synthetic protocols refer to the ease of fabrication
of membranes. Protocols that can be adapted to continuous man-
ufacturing are preferred. In this context, membranes based on a
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SCHEME 1. A comparison between MOFs and zeolite membranes, which shows as to why MOFs are highly attractive for membrane separation applications.

29-36

polymeric selective layer have an intrinsic advantage because
polymer films can be conveniently deposited as a thin film in a solu-
tion. MOF films are not too far from continuous manufacturing.
The synthesis of MOF has evolved tremendously from protocols
mimicking zeolite film synthesis (i.e., seeded secondary growth).
In the last decade, the field has seen accelerated progress in the
development of protocols that cut down the time for the synthe-
sis of MOF films to a few minutes at room temperature and can
be adapted for continuous manufacturing. Examples include inter-
facial synthesis, current-driven synthesis, precursor flow mediated
synthesis, and filtration. While these methods involve a higher level
of complexity compared to simple deposition-based protocols for
polymeric membranes, they are amenable to continuous manufac-
turing upon further development. Furthermore, the highly robust
nature of MOF, combined with high-performance separation from
MOF membranes, justifies their development as the next-generation
platform material for membranes.

Robustness relates to the structural stability of the selective
layer in the relevant separation environment. In this respect, MOFs
show a distinct advantage compared to polymeric materials. Poly-
meric films have intrinsic limitations due to the thermodynamically
driven aging of the free volume element. Another issue is the
swelling of a free volume element in the presence of a solvent or a
highly condensable solute, e.g., plasticization with CO,. These issues
lead to loss of permeance (aging-driven) or selectivity (swelling-
driven). Thanks to the rigid nature of the coordination bond and the
permanent porosity of MOFs, they are not susceptible to aging and
swelling. This makes MOF film attractive as a selective layer in sev-
eral separation applications involving gases, liquids, and ions.”””*’
In addition, they provide several distinct advantages. Several MOFs
(Ui0-66,"" MIL-101,” and MOF-808°) show structural integrity
at or above 200°C.""" Several MOFs also show stability in harsh
chemical environments. MOF structures composed of high valence
metals like Zr'*"" and AI’**® can tolerate acidic and basic solutions
to a certain extent including involving those harsh temperatures and
chemical conditions. This includes H,/CO, separation (precombus-
tion carbon capture), the pulp and paper industry dealing with black
liquor recovery, the chemical and petrochemical industry dealing
with acidic or basic streams, etc. This gives MOF membranes an

ideal playing field where polymeric membranes are not suitable and
more robust materials (e.g., zeolites”” ") are relatively challenging
to synthesize using scalable protocols.

High-performance relates to either high permeability, high
selectivity, or a combination of both. MOFs possess a low-density
framework, affording them a high specific surface area. MOFs also
yield high diffusivity thanks to their porous topology and high
porosity. One can obtain selectivity based on size-sieving (rely-
ing on the size exclusion of larger species from MOF pores),
kinetic separation (relying on the relative difference in diffusivi-
ties), and/or the relative difference in adsorption affinity (relying
on the binding of the solute). Yet, to achieve extremely high per-
meance, one needs to synthesize pinhole-free films that have a
thickness below 500 nm. Realizing films with low thickness is highly
desired to achieve large permeance, as demonstrated by recent
studies.” " This is because permeance is inversely proportional
to its thickness. In this regard, scalable protocols yielding ultra-
thin and pinhole-free MOF film based selective layers are highly
attractive. A series of syntheses and strategies have been intro-
duced to fabricate ultrathin MOF membranes, including direct syn-
thesis,’! secondary growth,” electrochemical depositionf‘"““‘“ o7
vapor deposition,””* interfacial synthesis,”’ " layer-by-layer (LBL)
deposition,”* nanosheet stacking,”””’>"® postsynthetic modifica-
tion,” etc. Continuous MOF membranes with a selective layer
thickness below 50 nm have been successfully prepared.” Given the
growing importance of this field, we review the reported synthetic
protocols to form ultrathin MOF membranes and their reported
applications. Finally, we provide a perspective on the challenges and
opportunities for ultrathin MOF membranes.

Il. SYNTHESIS OF ULTRATHIN MOF MEMBRANES

In order to synthesize ultrathin (<500 nm) MOF membranes,
a fine control of the synthesis conditions is necessary, including
reactant concentrations, temperature, substrates, etc.” """ Sey-
eral methodologies have been proposed and successfully applied in
the fabrication of ultrathin MOF membranes (Scheme 2 and 3).
These are direct synthesis,”" secondary growth,* electrochemical

Py 56,60,63-67 ags 58,68 . . . 69-73
deposition,”*"*"*" vapor deposition,”*"" interfacial synthesis,"
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Continuous ZIF/GO seeds Ammonia-assisted strategy polarization induction Asymmetric pore windows
MOF-5 (25 um) ZIF-8 (100 nm) Znz(blm)s (50 nm) LC-ZIF-8 (58 nm) M-fumez-messs-fcu-MOF (30 nm)
Lai, 2009, Ref. 90 Wang, 2016, Ref. 97 Zhang, 2018, Ref. 54 Zhong, 2020, Ref. 70 Eddaoudi, 2022, Ref. 56

Electrophoretic nuclei assembly
for crystallization
ZIF-8 (500 nm)

Agrawal, 2018, Ref. 63

Al-MOF nanosheet
membrane
AI-MOF (100 nm)
Zhang, 2020, Ref. 57

One step in situ growth
ZIF-8 (1.5 ym)
Jeong, 2013, Ref. 73

Gel-vapour Depostion
ZIF-8 (17 nm)
Zhang, 2017, Ref. 55

Reversed thermo-switchable
membrane
MAMS-1 (40 nm)
Zhao, 2017, Ref. 103

Nanosheet stacking
Znz(blm)s (few nm)
Yang, 2014, Ref. 59

Postsynthetic linker
exchange
ZIF-8 (< 1 pm)
Jeong, 2018, Ref. 79

Electrochemical directed-assembly
strategy
M-fum-fcu-MOF (75 nm)
Eddaoudi, 2021, Ref. 85

Microwave-assisted synthesis Layer-by-layer depostion Ligand-induced Aqueously cathodic deposition
ZIF-8 (30 um) HKUST-1 (450 nm) permselectivation ZIF-8 (500 nm)
Caro, 2009, Ref. 91 Heinke, 2017, Ref. 102 ZIF-8 (tens of nm) Lai, 2020, Ref. 64

Tsapatsis, 2018, Ref. 58

SCHEME 2. Timeline of syntheses of ultrathin MOF membranes by different strategies, where black and orange colors represent solvent-based or vapor-based synthesis,

respectively.
Direct synthesis Secondary growth Interfacial synthesis
: : oD S (LI R I
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SCHEME 3. Schematic of the syntheses of ultrathin MOF membranes by different strategies.
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layer-by-layer deposition,”* nanosheet stacking, postsyn-
thetic modification,” etc., where some are solvent-based and others
are vapor-based. The thicknesses of these MOF membranes range
from as thin as 17 nm to a few hundred nanometers. Considering
that the MOF unit-cell parameters are in the nanometer range, some
of the ultrathin MOF membranes contain only tens of unit cells.
Many kinds of MOFs with distinct two-dimensional (2D) and
three-dimensional (3D) structures have been utilized to form films,
such as ZIF-8,°%"% Zn (bIm)4,*! Y-fum-fcu-MOF,*® Zr-fum-feu-
MOE,* HKUST-1,% Zn,(bim)s,"” NH,-MIL-53(Al),”* NH,-CAU-
10(Al),”® Ica-CD-ZIF-8,” etc., indicating the universality of these
methods. The structures of MOFs discussed in the research update
are summarized in Fig. 1. This is helped by a number of available
characterization techniques, which greatly help in understanding

Zn,(Bim),

pubs.aip.org/aip/apm

the morphology, chemical composition, defects, and structure of the
resulting films. For example, optical microscopy along with scanning
electron microscopy (SEM) can help understand the morphology.
Several linkers are fluorescent, and fluorescent confocal optical
microscopy can be used to understand grain-boundary defects along
the thickness of MOF. For crystal structure determination, x-ray
diffraction (XRD) is an extremely useful way to determine the
structure of MOF. For ultrathin oriented films, grazing incidence
diffraction has been successfully used to detect lattice planes at
an angle to the substrate. The recent emergence of low-dose elec-
tron microscopy, helped by the emergence of electron-counting
cameras, has allowed the use of transmission electron microscopy
(TEM) to characterize beam sensitive MOFs. This, coupled with
selected area electron diffraction (SAED), has also been used to

61:¥0:80 ¥20T YdJeN L1
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FIG. 1. Representative MOF structures in MOF membranes with their pore aperture sizes.
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determine the crystal structure of the film, including the structure
of the grain boundary.*® The growth of extremely thin MOF films
or 2D MOFs (e.g., MOF nanosheets) can be characterized by atomic
force microscopy (AFM), which can resolve thickness with an accu-
racy of an angstrom. Finally, the chemical environment and bonding
configuration in MOFs can be studied by x-ray photoelectron spec-
troscopy (XPS), x-ray absorption spectroscopy (XAS), and infrared
(IR) spectroscopy. Diffused reflectance infrared Fourier transform
spectroscopy (DRIFTS) is quite powerful in identifying open metal
site or linker vacancy defects, which in the past has been able to
attribute lattice strain and framework flexibility, parameters that
greatly influence molecular transport.

Optimization of synthesis conditions with the aid of these
diverse characterization techniques allows one to develop a proto-
col for ultrathin MOF film while solving the constraint of keeping
the film continuous and pinhole-free. The description of various
synthetic strategies is discussed in detail in the following sections.

A. Direct synthesis

Direct solvothermal synthesis is the common approach for the
crystallization of MOFs powder. As a result, it became quite pop-
ular for the synthesis of MOF membranes. However, in order to
synthesize ultrathin films, fine-tuning and the design of reaction

A  Porous alumina tube

Coaiif\gJ

Dip-coating technique

pubs.aip.org/aip/apm

conditions are necessary.”” In this regard, in 2009, Lai et al. reported
that MOF-5 membrane was synthesized by immersing porous
a-alumina substrate in the reaction solution, and its thickness was
25 ym.” In the same year, Caro et al. synthesized a 30-ym-thick
ZIF-8 membrane on a porous titania support.”’ Although there are
a variety of reports about the direct synthesis of MOF membranes,
most of them are thick.”””” This may come from the uniform
heterogeneous nucleation and growth during the synthesis, which
calls for thick film to fix this problem. As a result, sophisticated
designs were created to make ultrathin MOF films. Zhang et al. pro-
posed an ammonia assistance method to synthesize highly oriented
Zn,(bIm), (bIm = benzimidazole) membranes by the localized self-
conversion of a pre-deposited thin layer of ZnO [Fig. 2(a)].”* At the
beginning, they investigated the formation of a Zn, (bIm)4 nanosheet
from ZnO nanoparticles. These ZnO nanoparticles were prepared
by the reaction of Zn(Ac), with monoethanolamine (MEA), fol-
lowed by calcination at 400 °C for 2 h [Fig. 2(b)]. Following this,
they reacted with bIm/NH4OH in a methanol/toluene solution for
3 h. The resultant sample showed a continuous layer was formed
on the surface of ZnO nanoparticles [Fig. 2(c)] and expanded with
a longer reaction time, accompanied by the disappearance of ZnO
nanoparticles [Fig. 2(d)]. This indicates that MOF nanosheets were
generated by the localized self-conversion of the ZnO nanoparticles.
SAED and XRD data confirmed the crystal structure of Zn,(bIm),

Ammonia-assisted ZnO self-conversion

61:¥0:80 ¥20T YdJeN L1
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FIG. 2. Synthesis of highly oriented 2D ZIF nanosheet membranes through the solvothermal method. (a) Schematic of the synthesis process. (b)-(d) TEM images of ZnO
nanoparticles, partially and fully conversion of ZIF formed from ZnO nanoparticles, respectively. (e) SAED pattern of 2D ZIF nanosheet. (f) XRD pattern of ZnO nanoparticle
and 2D ZIF nanosheet. (g) Cross-sectional SEM image of the ultrathin ZIF membrane.>* Reprinted with permission from Li et al., Nano Res. 11(4), 18501860 (2018).
Copyright 2018 Springer Nature.
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nanosheets [Figs. 2(e) and 2(f)]. With this result, Zhang et al. syn-
thesized a Zn,(bIm); membrane based on the same condition by
dip-coating ZnO nanoparticles on a porous alumina tube, and the
thickness was only 50 nm [Fig. 2(g)]. It is worth noting that NH,OH
played an important role in determining the oriented morphology
of the membrane, where aggregated ZIF particles were formed when
NH,;OH was absent.

B. Seeded secondary growth

Seeded secondary growth for MOF film was adopted from
extensive research in the field of zeolite membranes in the early days
of MOF membrane research.”® Compared to direct solvothermal
synthesis, it has the advantage that the pre-deposited seeds promote
heterogeneous nucleation for the formation of a continuous film. In
this way, secondary growth reduces defects and pinholes when the
target is to make ultrathin film.%

In 2016, Wang et al. reported an ultrathin ZIF-8 membrane
taking assistance from graphene oxide (GO) nanosheets.”” In their
method, GO nanosheets were first added to the ZIF-8 precursor
solution at room temperature. The ZIF-8 formed on the surface
of nanosheets for some time to obtain the seeds, named seeds-x
h (where x notes the synthesis time). Seeds-3h was suspended in
methanol and spin-coated on the anodized aluminum oxide (AAO)
substrate. Finally, the sample was immersed into the ZIF-8 precur-
sor solution again to produce the final intergrown ZIF-8 membrane
(Fig. 3). The SEM image showed the final ZIF/GO membrane is well-
intergrown and free of pinholes. The thickness of the membrane

i

ZIF-8/GO nanosheets

mm

ZIF-8/GO seeded support

A

Supported ZIF-8/GO membrane

REVIEW pubs.aip.org/aip/apm

was only 100 nm (Fig. 3). It was reported that the GO nanosheet
facilitated ZIF-8 growth, especially at the interface between the film
and the porous support, while at the same time restricting the
diffusion of precursors into the support pores. In this way, GO
nanosheets acted as a barrier for the entry of synthesis solution
inside the support pores, which paved the way for the ultrathin
membrane.

C. Electrochemical deposition

The precursors for MOF nucleation, metal ions and deproto-
nated linkers, are charged. This makes the electrochemical method
attractive because it allows one to regulate heterogeneous nucle-
ation on the desired substrate with the applied current and
voltage.””***"% This way, reaction kinetics can be controlled to a
much greater extent compared to direct growth or seeded secondary
growth.

In 2018, we described an approach to synthesize MOF mem-
branes [Fig. 4(a)], where a seeded layer was first deposited on
porous substrates by electrophoretic deposition within a few min-
utes [Fig. 4(b)].° Then, the nuclei film was left in the precursor
solution for a short period of time to get the final well intergrown
membranes [Fig. 4(c)]. This method was further developed for crys-
tallization using sustained precursors (CUSP) in 2020.”” In this way,
a continuous precursor solution was spread on the same nuclei film
from the previous approach at a constant rate while avoiding the
transition to the Ostwald ripening stage, thus resulting in a uniform
grain size. In the same year, Lai et al. presented aqueous cathodic

ZIF-8/GO membrane

Intensity (a.u.)

LSO

ZIF-8/GO seeds-3h

| ZIF-8 simulated

10 15 20 25 30 35 40
20(degree)

FIG. 3. (a) Schematic of secondary growth of ultrathin ZIF-8 membrane using 2D ZIF-8/GO hybrid nanosheets as seeds. (b) SEM image of seed powder and on-top view (c)
and cross-section (d) of ZIF/GO membrane. (e) PXRD pattern of seeds-3h powder and ZIF/GO membrane.’? Reprinted with permission from Hu et al., Angew. Chem., Int.

Ed. 55(6), 2048 (2016). Copyright 2016 Wiley.
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FIG. 4. (a) Schematic of the electrophoretic deposition process for the synthesis of MOF films. (b) and (c) SEM images and cross section of ZIF-8 nuclei and membranes on
AAO support, respectively.5> Reprinted with permission from He et al., Adv. Funct. Mater. 28(20), 1707427 (2018). Copyright 2018 Wiley. (d) Schematic of the ACD process
for the synthesis of MOF films. () and (f) SEM images and cross section of ZIF-8 membranes synthesized at 30 and 40 min, respectively.®* Reprinted with permission from

Wei et al., Adv. Funct. Mater. 30(7), 1907089 (2019). Copyright 2019 Wiley.

deposition (ACD) of ZIF-8 membranes [Fig. 4(d)].* They directly
fabricated ZIF-8 membranes on porous substrates by using a dilute
precursor solution and low current without the addition of any sup-
porting electrolyte or modulator. OH™ ions were detected from the
reduction of water near the cathode, which is hypothesized to facili-
tate the deprotonation of the zinc-ligand complex near the substrate,
thus helping the formation of membranes. The thickness of ZIF-
8 membranes could be controlled by deposition time [Figs. 4(e)
and 4()].

Eddaoudi et al. developed an electrochemical directed-
assembly strategy to fabricate polycrystalline metal-organic frame-
work films (Fig. 5).*” In this method, the linker deprotonation rate
was controlled by electrochemistry, which balanced nucleation and
crystal growth for continuous membrane formation. In addition,
ligand-to-cluster ratios also played an important role, where opti-
mal ratios were reported for various structures. For example, a ratio
of 5.6:1 provided a defect-free Y-fum-fcu-MOF membrane with
a thickness of 85 nm (~45 unit cells) at a cluster concentration
of 15 mM and a current density fixed at 1.5 mA cm™2. By this
method, a series of iso-reticular MOF membranes with different
metals and linkers were fabricated, with a thickness ranging from
75 to 890 nm.

In a follow-up study, mixed linker Zr-fum-fcu-MOF mem-
branes, where fumarate linker was partially (from 21% to 59%)
substituted by mesaconate linker, were synthesized by the same
electrochemical deposition method (Fig. 6).°° Because of the extra
methyl group in the mesaconate acid linker, the aperture of the MOF
structure was changed from the original triangle to an asymmetric
trefoil-shaped pore aperture, which effectively blocked the diffusion
of CH4 molecules because of a shape mismatch between them. While
the linear molecules CO; and N, were unaffected, this provided an
ideal pore shape for the separation of N, from CHy.

D. Vapor deposition

Vapor deposition has been proven to be a useful strategy
for the fabrication of ultrathin 2D materials such as single-layer
graphene and metal dichalcogenides, which depend on the reaction
of the vapors of the reactants, leading to a continuous and uniform
morphology. Compared to conventional solution-based methods,
the vapor deposition method is environmentally friendly, incurs
a lower cost, and is easier to scale-up. Recently, this method has
been introduced into the synthesis of ultrathin MOF membranes.
Ameloot et al. developed one of the first chemical vapor depositions
of ZIF thin films in 2016.”® They first coated a layer of ZnO by
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FIG. 5. Electrochemical directed-assembly strategy to fabricate polycrystalline metal-organic framework membranes. (a) Schematic of the synthesis of MOF membranes. (b)
and (c) lllustration of control of equilibrium between protonated and deprotonated forms during the formation of MOF membranes. (d) SEM images of a series of fcu-MOF
membranes.5> Reprinted with permission from Zhou et al., Nat. Energy 6(9), 882 (2021). Copyright 2021 Springer Nature.

atomic layer deposition (ALD) on the substrate, followed by the
reaction of ZnO with 2-methylimidazole (HmIm) vapor. The thick-
ness of these MOF films could be controlled by the deposition time
of ZnO. This method led to thin but smooth and continuous MOF
films, which showed advantages in processability compared to the
conventional solution-based method. Zhang et al. developed the
gel-vapor deposition method to fabricate the ultrathin MOF mem-
branes.”” In this way, they combined the sol-gel coating to make
a thin film for the metal precursor and introduced linker vapor
to complete the reaction. The Zn based sol-gel was prepared by
the reaction of zinc acetate dihydrate and ethanolamine in ethanol.
This could be conveniently coated on a porous polymeric substrate,
which yielded the gel precursor upon heating to 150 °C. Following
this, HmIm vapor was introduced while the substrate was heated to
react with gel to form the final ZIF-8 membrane [Fig. 7(a)]. SEM
images confirmed the transformation of the morphology of the sur-
face. They could achieve a well-intergrown ultrathin ZIF-8 layer
by this method [Fig. 7(b)]. Furthermore, by tuning the synthesis
time and concentration of Zn, they could tune the thickness of the

membranes. The thinnest membrane was only 17 nm [Fig. 7(¢)],
representing one of the thinnest MOF membranes reported so far.
This indicates the advantage of the vapor deposition method for
the synthesis of ultrathin MOF membranes, which can fine-tune
the thickness by controlling the deposition conditions, and the pre-
deposited precursor will also guide the formation of continuous
membranes. XRD of the powder based on the same method con-
firmed the crystal structure of ZIF-8. Similarly, Zhang et al. applied
this method to the synthesis of an ultrathin layered Co,(bim)s mem-
brane,®® where Co-based gel was dip-coated on the surface of a
porous a-alumina tube, followed by treatment with benzimidazole
vapor to get the final membrane. Before coating the Co-based gel,
GO was utilized to smoothen and functionate the surface of porous
a-alumina tubes. The thickness of the Co,(bim), membrane could
be controlled by the dip-coating time of the Co-based gel, leading to
57-570 nm thick films. The resulting film was c-oriented based on
the XRD measurements.

In 2018, Tsapatsis et al. reported an all-vapor-phase fabrica-
tion method to synthesize ultrathin ZIF-8 membrane.” Compared
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to Zhang’s work, it was solvent-free, and the precursors and resul-
tant ZIF were filled in the pores of the substrate. This method
is composed of two steps. First, diethylzinc was loaded on the
surface of substrate alumina by atomic layer deposition, where
diethylzinc reacted with introduced water to form zinc oxide and/or
zinc hydroxide. Second, the sample was exposed to an HmIm gas
atmosphere to get the final ZIF-8 membrane [Fig. 8(a)]. A high-
angle annular dark-field scanning transmission electron microscopy
(HAADEF-STEM) image and corresponding energy-dispersive x-ray
(EDX) based mapping of the cross-section were used to determine
the morphology of the ZIF-8 membrane. These techniques were
quite useful in resolving the interface of ultrathin film, which is a
tough challenge. As expected, only the Al signal was detected in the
substrate. Zn signal was obtained only after ZnO deposition, where
it is present at the top 200 nm of the substrate [Fig. 8(c)]. In addi-
tion, after the formation of ZIF-8, the distribution of the Zn signal
changed dramatically as Zn was mobilized during the HmIm-vapor
treatment [Fig. 8(d)].

E. Interfacial synthesis

Interfacial growth has been a dominant technology for the fab-
rication of commercial polyamide nanofiltration (NF) and reverse

osmosis (RO) membranes.”” In this method, a microporous poly-
mer substrate is exposed to an aqueous solution of amine monomer,
followed by exposure to an organic solution of acyl chloride. The
two monomers react on the surface of the substrate, forming a thin
selective layer. Similar to the case of polyamide, for MOF films, there
are also two precursors, metal ions and organic ligands. Motivated
by this, interfacial growth has also been applied in the syntheses
of MOF membranes.””*”’*'"" In this regard, a porous substrate is
treated with metal ion and organic ligand solutions, respectively,
to form a thin MOF film, where the reaction kinetics are finely
controlled by the concentration of precursors. Zhong et al. pro-
posed an interface layer polarization induction approach in 2020.”°
A polymeric substrate was immersed in the methanol solution of
metal ions and linkers, where the metal ions and organic linkers
were adsorbed on the surface of the substrate, yielding an ultra-
thin MOF film [Fig. 9(a)]. Three different MOF membranes, ZIF-8,
DZIF-8, and Cu-BTC, were obtained by this method. All could be
prepared in ultrathin morphology, with thickness ranging from 58
to 110 nm. The structures of these MOF membranes were deter-
mined by XRD [Figs. 9(b)-9(d)]. As for DZIF-8, diethanolamine
(DEA) was mixed with HmIm to make an isoreticular structure
with ZIF-8 but containing more open metal sites, which favored gas
separation.
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Similar to interfacial growth, the contra-diffusion method was
proposed to synthesize thin MOF membranes. Here, a porous sub-
strate is placed between two precursors so they can react on the
surface of the substrate to form a thin film. Compared to inter-
facial growth, only one cycle of synthesis is needed here. In this
regard, Wang et al. carried out the synthesis of the ZIF-8 mem-
brane with the assistance of modified carbon nanotubes (CNT) as
a nano-scaffold.'’" Especially, CNTs coated with a layer of poly-
dopamine (PDA) were vacuum-filtered onto an anodized aluminum
oxide (AAO) disk. Following this, ZIF-8 membranes were synthe-
sized on this substrate by the room-temperature contra-diffusion
method with varying synthesis time [Fig. 10(a)]. The results showed
ZIF-8 films were formed on top of modified CNTs and fully covered
them after 60 min of reaction [Fig. 10(e)]. The resulting membranes
were only 100-200 nm thick, yet they were well-intergrown and
free of pinholes [Figs. 10(e) and 10(f)]. XRD of this ultrathin film
matched well with the simulated pattern of ZIF-8 [Fig. 10(g)]. It is
worth noting that the ZIF-8 film was formed only on one side of
the support. This morphology results from the fine design of the

substrate, where attractive hydrophobic interaction between the
organic ligands and aromatic units at the top layer of PDA results
favored the formation of the ZIF film.

F. Layer-by-layer deposition

The layer-by-layer strategy is a promising method for the
fabrication of ultrathin membranes, where the thickness can be pre-
cisely controlled by the number of synthesis cycles. It is also an
extremely scale-up friendly method, as layer deposition and washing
can be carried out by an automated system. In 2017, Heinke et al.
reported the preparation of a thin HKUST-1 membrane by a step-
by-step spraying technique.'”” Solutions of copper(II) acetate and
trimesic acid in ethanol, both with a concentration of 0.1 mM, were
sprayed onto the AAO surface sequentially. Ethanol was used to
rinse the sample in between the metal and organic linker deposition
[Fig. 11(a)]. SEM images and energy-dispersive x-ray spectroscopy
(EDS) mapping revealed a uniform film morphology [Fig. 11(a)]. A
cross-sectional SEM image revealed that thickness after 100 cycles
of spray was 450 nm [Fig. 11(b)], which then increased to 500 nm
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after 150 cycles. HKUST-1 membrane with a size of 1.8 cm could be
prepared by this method [Fig. 11(c)].

Wang et al. reported the synthesis of the ZIF-8 membrane by
a repetitive spin-coating protocol.” In their method, Zn** was first
mixed with g-C3Ny4 and spined-coated on the AAO substrate, fol-
lowed by the spin-coating of HmIm. This process was repeated for
10 cycles, and the sample was heated at 60 °C overnight [Fig. 12(a)].

The final ZIF-8 membrane was 240 nm thick and highly crystalline
[Figs. 12(b) and 12(c)].

G. Nanosheet stacking

2D MOF nanosheets or MOF platelets are advantageous for the
construction of ultrathin membranes. This is because they can be
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because individual monolayers can be as thin as those represented
by a unit-cell parameter.””**"'**!%* In 2014, Yang et al. exfoliated
Zn;(bim)4 by wet ball-milling and ultrasonication to obtain mono-
layer nanosheets (Fig. 13). After that, a colloidal dispersion of these
nanosheets was hot-dropped onto the surface of an a-Al, O3 disk
to obtain an ultrathin film. XRD combined with SAED was used
to confirm the crystal structure of the nanosheet [Fig. 13(d)]. The
thickness of the nanosheet was 1.12 nm based on the AFM data
. -1 C [Fig. 13(e)].”” This method is versatile and attractive to synthesize

m S 2 W‘:’\ a number of 2D MOF nanosheets, such as Zn,(bim)s,"”” MAMS-
1,'% Nx-Zn,(bim)s,'"* etc. Wang et al. also synthesized Al-MOF and

exfoliated the nanosheets by sonication to get nanosheets. This facile
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Reprinted with permission from Hou et al., Chem. Eng. Sci. 182, 180 (2018).
Copyright 2018 Elsevier.

by direct bottom-up approach. For example, thin nanosheets of
a NH,-MIL-53(Al) and ZIF-8 were obtained by a surfactant-
assisted’”'"” synthesis approach. Gascon et al. used a cationic
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346(6215), 1356-1359 (2014). Copyright 2014 from AAAS. (f) Crystal structure of MAMS-1.19% Reprinted with permission Wang et al., Nat. Commun. 8, 14460 (2017).
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surfactant, cetyltrimethylammonium bromide (CTAB), to pre-
organize metal jons into an oligomeric structure and then intro-
duced the organic linker to obtain the platelet morphology
[Fig. 14(a)]. Small-angle X-ray Scattering (SAXS) was applied to
obtain insights into the formation mechanism of the structure. A
quasi-Bragg peak at g = 1.6 nm ™' for the CTAB-treated AI’* system
was observed, indicating stacking of nanosheets [Fig. 14(b)]. Inter-
estingly, this peak vanished after the addition of the linker, which
was attributed to the formation of the NH,-MIL-53(Al) nanosheet
by the perturbation of the APP*-CTAB system. CO, adsorption,
TEM, and XRD were used to confirm the crystal structure. High-
resolution TEM (HRTEM) and SAED of the sample confirmed the
presence of 1D pores perpendicular to the nanosheet [Fig. 14(c)]. By
using the same method, they successfully synthesized another MOF,
NH,-CAU-10(Al). We recently synthesized ZIF-8 nanosheets using
sodium dodecyl sulfate (SDS) as a surfactant.'”> The morphology

of the resultant ZIF-8 nanosheet was controlled by the synthesis
temperature and time, where 40°C and 3.5 h were found to be
optimal. XRD and SAED were performed to confirm the crystal
structure of the ZIF-8 nanosheet. AFM was used to determine the
thickness of the nanosheet (about 40 nm). The membrane was fabri-
cated by directly filtering the growth precursor solution containing
nanosheet without any further purification or treatment of the
precursor, resulting in a c-out-of-plane-oriented film on a porous
substrate, as confirmed by XRD. This approach greatly minimizes
the number of processing steps and reduces waste in the synthesis of
membranes.

H. Postsynthetic modification

Postsynthetic modification can be applied to fine-tune the
crystal structures of MOF membranes, which can then be used
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FIG. 14. (a) lllustration of the synthesis of the NH,-MIL-53(Al) membrane by a bottom-up surfactant-assisted synthetic approach. (b) SAXS patterns acquired at 373 K for an
aqueous solution of CTAB and Al(NOs)3-9H,0 before and after adding the deprotonated linker (blue and black points, respectively). (c) HRTEM image and SAED pattern of
NH,-MIL-53(Al) nanosheet.”® Reprinted with permission from Pustovarenko et al., Adv. Mater. 30(26), 1707234 (2018). Copyright 2018 Wiley.

to tune the separation performance. This is one of the strong
advantages of MOFs compared to other porous materials, e.g.,
zeolite. Jeong et al. reported this method to decrease the effec-
tive thickness of MOF membranes.”” They first synthesized a 1-
pm-thick ZIF-8 membrane using a counter-diffusion-based in situ
method. Next, they solvothermally treated the membrane with a 2-
imidazolecarboxaldehyde (Ica)/methanol solution at 60 °C for 1-4
days to get the final Ica-CD-ZIF-8 membrane. Due to the smaller
size of Ica compared to HmIm, the effective pore aperture of Ica-
CD-ZIF-8 is 5.0 A, in contrast to 4.0 A for as-synthesized ZIF-8. As
a result, the Ica-CD-ZIF-8 layer was not the selective layer for gas
separation; however, it increased the overall gas flux. By controlling
the exchange process, the thickness of the selective ZIF-8 layer could
be tuned to a value significantly smaller than 1 ym [Fig. 15(a)]. This
method is attractive because it allows thickness modulation for the
selective layer without changing the crystallinity of the MOF film
[Figs. 15(b) and 15(c)].

Although several strategies for the fabrication of MOF mem-
branes can be used to synthesize ultrathin MOF membranes, some
of them are advantageous, while others are disadvantageous in terms
of conditions and criteria. As for the thickness, vapor deposition
and nanosheet stacking provide thinner membranes compared to
others (Table I). This may come from the intrinsic design of these
experiments, where the vapor deposition method is based on vapor.
Vapor concentrations can be quite dilute while maintaining a homo-
geneous distribution of reactions. This aspect is difficult to realize
in solution-based syntheses. As for nanosheet stacking, it is based
on nanosheets of MOF crystals, which have a thickness down to
one unit-cell, i.e., a few nanometers. Therefore, continuous mem-
branes can be formed by stacking a few layers, resulting in ultrathin
MOF membranes. As for defect control in polycrystalline MOF
membranes, a key challenge is understanding and controlling the
contribution of grain boundaries to molecular transport. All of
the above-discussed methods have the potential to control defects,
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e.g., by extending synthesizing time and/or by increasing precursor
concentration. Similarly, an extension of deposition cycles is also
usually applied in deposition methods to control defects. For the
electrochemical route, this can be realized by increasing the cur-

rent. All of these routes have a trade-off; that is, they will lead to
a thicker membrane. Nevertheless, the “Holy Grail” for the fabri-
cation of ultrathin MOF membranes is single layer MOF film, akin
to two-dimensional materials such as graphene, with a large area of

TABLE I. Comparison of conditions and criteria for the fabrication of ultrathin MOF membranes.

Thickness Defect control Scalability Solvent Generality References

Direct synthesis >50 nm Easy Water/organic Yes 54, 89-95
solvent

Seeded secondary  >100 nm Extension of synthesis time/increase  Difficult Water/organic Yes 62,72,and 96
growth of concentration of precursors solvent
Interfacial >58 nm Easy =~ Water/organic Yes 53,69, 70, and 99-101
synthesis solvent
Postsynthetic Tens of Difficult Water/organic No 79
modification nanometers solvent
Nanosheet >10nm  Extension of deposition cycles/increase  Difficult Water/organic No 59,76, 87, and 103-105
stacking the concentration of nanosheets solvent
Layer-by-layer >240nm  Extension of deposition cycles/increase Easy Water/organic Yes 52 and 102
deposition the concentration of precursors solvent
Vapor deposition ~ >17 nm Easy No solvent No 55, 58, 68, and 98
Electrochemical >30 nm Extension of synthesis time/increase Easy ~ Water/organic Yes 56, 63, 64, 67, 85, and 97
deposition of concentration of precursors/ solvent

increase of the current
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single crystal domain. Such a material will have much reduced grain
boundaries. This may be realized by fine-tuning the syntheses condi-
tions and crystallization kinetics inspired by the synthesis of layered
MOF.

In terms of versatility to synthesize many kinds of MOF struc-
tures, the nanosheet stacking approach is only suitable for 2D
structures, and the vapor deposition method requires a low sub-
limation temperature. However, the solvent-free nature of vapor
deposition also makes it easy to scale up. The postsynthetic modi-
fication method is based on the functionalization of organic linkers
or metal ions in the structures of present MOF membranes, which is
also limited by those structures with similar organic linkers or metal
ions. Theoretically, other methods including direct synthesis, seeded
secondary growth, interfacial synthesis, layer-by-layer deposition,
and electrochemical deposition can be applied in the synthesizing
of several MOF structures into permselective membranes. However,
there are only a few MOF structures that have been fabricated into
ultrathin membranes, although there have already been more than
100 000 structures reported to date. One of the reasons behind this
is that several MOFs have a large pore size, which limits their appli-
cation in separations where the addition of expensive MOFs brings
value in terms of performance gain. The second reason is that sev-
eral MOFs are synthesized at high temperature and pressure, which
hinders their synthesis in the form of ultrathin pinhole-free films
on a porous support. Therefore, more efforts are needed to develop
generic synthetic methodology for the fabrication of ultrathin MOF
membranes.

I1l. APPLICATIONS OF ULTRATHIN MOF FILMS
A. Ultrathin MOF films in gas separation application

Ultrathin MOF films are attractive for gas separation because
the low thickness of the selective layer promotes gas permeance,
as shown in Fig. 16. A trend can be observed for H, and C3;Hg
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permeances and for H,/CO; and C3He/C3Hjs separations as a func-
tion of the film thickness. The letters in Fig. 16 correspond to
references, as mentioned in the figure caption. However, this trend
is not an entirely straightforward relationship between thickness
and permeance. This is because pinholes and grain boundary defect
populations also dictate gas permeance, which is often described
qualitatively. In this section, we present a summary of the chal-
lenges and performance of ultrathin MOF films (less than 500 nm
thick) toward various gas separations, including carbon capture
(CO2/Ny), hydrogen purification (H,/CO>), and propylene/propane
separations (C3He/C3Hs).

The mechanism by which selective gas transport is achieved
from MOF films varies based on the MOF structure and composi-
tion and the properties of the involved gases. For H, purification
from larger molecules, MOFs offering molecular sieving potential
are used. Here, one exploits the diffusivity cutoff based on the size
of the pore aperture and molecule. This is typically observed for
MOFs with small and rigid pores such as Zn;(bim)s, Zn,(bim)3, and
MAMS-1, as illustrated in Fig. 1.

In the case of CO,, a combined effect of diffusion and sorp-
tion selectivity determines the separation performance. Examples
include lattice-stiffened ZIF-8, UiO-66, KAUST-7, and KAUST-
8. For C3He/C3Hs separation from ZIF-8, kinetic separation is
achieved. Essentially, the flexible lattice of ZIF-8 accommodates both
gases, which are larger than the crystallographically determined dia-
meter of ZIF-8. However, C3Hs has a higher diffusivity in ZIF-8
than that for C3Hg, thanks to the smaller cross-sectional area of the
former.

1. Post-combustion carbon capture

Energy-efficient and low-cost CO, removal from flue gas has
emerged as one of the most important problems in a bid to reduce
the carbon emission footprint and limit climate change.'”” By cap-
turing and storing CO; emissions from various industrial processes,
including power generation and cement manufacturing, carbon
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FIG. 16. Observed thickness-permeance relationship in the reported ultrathin MOF membranes, and the blue and red rhombuses represent the MOF films for (a) Hp/CO,
and (b) C3Hg/C3Hg separations, and the letters a to q in the figure correspond to the Refs. 55, 58-60, 63, 64, 68, 70, 85, 87, 106107, and 108, respectively.

APL Mater. 11, 100602 (2023); doi: 10.1063/5.0169507
© Author(s) 2023

11, 100602-17

61:70:80 ¥20C YdIelN |1


https://pubs.aip.org/aip/apm

APL Materials REVIEW

capture has the potential to significantly reduce greenhouse gas
emissions and help limit the impact of climate change. For car-
bon capture applications, commercial amine-based absorption has
a high energy requirement to strip the absorbed CO, and regen-
erate the solvent (from 3 to 4 MJ/kgcoz)'"’ and a large capture
penalty for the scale-up facilities (48-111 $/toncoz).''"""” In con-
trast, membrane-based separation has been shown to cut down on
this cost because membranes do not rely on thermal energy. Attrac-
tive savings can be achieved using high-performance membranes.
However, diffusion-driven separation of these two species is par-
ticularly challenging, given their similar kinetic diameters [d(CO3)
=33 A and d(N,) = 3.64 A]. Fortunately, CO, has a powerful
quadrupole moment that provides a way for separation through
chemical attraction (selective adsorption) instead of just relying on
molecular size (selective diffusion). In this aspect, certain ultrathin
MOF films have been investigated for carbon capture, and some
of them fulfill the separation criteria through either adsorption-
based selectivity, diffusion-based selectivity, or a combination
of both.

Table IT summarizes the top-performing ultrathin MOF films
for carbon capture-based separations. Top-performing films to date
involve polycrystalline films of KAUST-7 on KAUST-8,% lattice
stiffened ZIF-8,'"* and (111)-oriented UiO-66.> In the subsequent
paragraphs, we explain these membranes in detail.

A pivotal approach in the advancement of MOF membranes for
post-combustion carbon capture lies in achieving a robust molecu-
lar sieving effect between CO, and N,. Among the potential MOF
candidates, ZIF-8 stands out, with an aperture size of ~3.4 A,
strategically positioned between the sizes of CO, (~3.30 A) and
N, (~3.64 A). However, the occurrence of a “gate opening” effect
leads to an enlargement of the pore size, resulting in a relatively
modest CO,/N; selectivity of only about 5."'* Our group first
reported a postsynthetic rapid heat treatment (RHT) method to
stiffen the lattice.!'> After a few seconds of treatment at 360 °C,
the ZIF-8 membrane exhibited unprecedented CO,/CH,4, CO,/N,,
and H,/CHy selectivities exceeding 30, 30, and 175, respectively,
and complete blockage of C3Hg. Another study fabricated the (111)-
oriented UiO-66 membranes by secondary growth using nanosheets
as the seed layer.”” They first created uniform triangular-shaped
UiO-66 nanosheets that were 40-nm-thick using an anisotropic
etching method. By implementing confined counter-diffusion-
assisted epitaxial growth, they were able to create a highly (111)-
oriented 165-nm-thick UiO-66 membrane. The framework’s signif-
icant reduction in thickness and diffusion barrier contributed to the

TABLE II. CO,-selective ultrathin MOF membranes.

pubs.aip.org/aip/apm

membrane’s CO, permeance of 2070 gas permeation units or GPU
(1 GPU = 3.35x 107 molm2s7! Pafl) and CO,/N; selectivity
of 35.4.

An alternative approach for CO, separation involves harness-
ing the CO;-philic groups within the MOF structures. Recently,
the fluorinated metal-organic framework (KAUST-7) membrane,
wherein the pyrazine linkers have great potential for strong CO,
adsorption behavior, has been fabricated via in situ secondary
growth.®” The selectivities for CO,/N3, CO,/H;, and CO,/CH, were
375, 60, and 175, respectively, and the film also showed tolerance to
H,S and water vapor. The KAUST-7 film, which was 800 nm thick,
was fabricated using secondary growth on the KAUST-8 seed layer
and was smoothened by vapor-assisted treatment. The excellent CO,
separation performance was attributed to the optimal combination
of adsorption affinity and molecular sieving. Given the remarkable
reported selectivity and the unique CO,-recognition behavior, fur-
ther studies on this MOF would be of interest to uncover the mech-
anism underlying these findings and to improve the CO, permeance
of this MOF.

Overall, for post-combustion carbon capture, the reported pure
MOF membranes are listed in Table I1. Top-performing films to date
involve polycrystalline in situ growth films of KAUST-7 on KAUST-
8, lattice stiffened ZIF-8, and (111)-oriented UiO-66. However, to
date, there has been no reported MOF membrane where a sharp cut-
off between CO; and N, molecules has been reported. Therefore, the
synthesis of a suitable MOF film for CO, separation remains highly
attractive for post-combustion capture.

2. Hydrogen purification

A modern method of power generation, distinct from the tra-
ditional approach of directly burning fossil fuels, involves reforming
fossil fuels or biomass into hydrogen. After reforming and the water-
gas shift reaction, the gas composition is close to 56% H,, 40% CO>,
and small quantities of other gases, such as CO and H,S, depend-
ing on the nature of the fossil fuel. The temperature of this gas for
the low-temperature water-gas shift reaction is usually between 200
and 300 °C. Membranes can be used in this process to capture CO,
from this stream to realize a pure stream of H, which can then
be used as an emission-free fuel for a power plant. Therefore, this
separation is also referred to as precombustion capture. Hydrogen-
selective membranes can also be used to perform other separations
such as modifications of the syngas ratio.

Table 11T summarizes the literature on ultrathin MOF films that
have been reported for H,/CO, separation. ZIFg 0887106115 40 g

Thickness Pressure Permeance  Separation
MOF Highlight (nm) T (°C) (atm) Gas pair (GPU) factor Reference
Strong CO; adsorption 25 1 CO,/N; 50 375 .
KAUST-7&8 with pyrazine linker 800 25 1 CO,/H, 80 60 o7
RHT-ZIF-8 Lattice stiffening via 550 25 1 CO3/N,; 104 30 113
rapid heat treatment
UiO-66 111 oriented stacked UiO-66 ~200 25 1 CO2/N, 2070 354 62
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TABLE Il Hydrogen separation performance of ultrathin MOF films.
Thickness Pressure Permeance  Separation
MOF Highlight (nm) T (°C) (atm) Gas pair (GPU) factor Reference
Cu-TCPP Cu-TCPP on ZnO bulffer layer 80 450 1 H,/CHy4 671 50 116
MIL-96 c-oriented 170 25 1 H,/CO;, 1600 12.6 117
ZIF-95 Solvent-free secondary growth 1000 100 1 H,/CO, 746 184 115
Coy(bim), Vapor phase transformation 57-750 30 1 H,/CO, 507 58.7 68
from Co gel to Co,(bim)4
Zn;(bim)y Wet ball milling of exfoliation, ~10 200 1 H,/CO, 2700 291 59
hot drop-coating
MAMS-1 Freeze-thaw process of solvents 4-40 20 1 H,/CO, 553 235 118
of exfoliation, hot drop-coating
Zn;(bim)s Hot drop-coating ~10 160 1 H,/CO, ~900 166 87
UiO-67 Light-responsive azobenzene ~200 25 1 H,/CO;, ~3000 8 107
doped
ZIF-95 Vapor assisted in-plane growth 500 100 1 H,/CO, 2358 322 106

their derivatives have exhibited high performance in this regard.
Moreover, several other MOFs, such as Cu-TCPP,''® MIL-96,'"”
and MAMS-1,""* demonstrate high performance as well. We briefly
summarize ultrathin MOF films for hydrogen purification below.

An effective strategy for H, separation involves introduc-
ing small molecules as dopants into the large pores. This dopant
approach serves to reduce the pore size, enabling selective sieving of
H, from an H,/CO, mixture. Caro et al. developed a smart mem-
brane with tunable gas permeation by depositing a 200-nm-thick
UiO-67 film onto a porous a-Al,O3; support using solvothermal
growth.!’” The UiO-67 membrane was loaded with light-responsive
azobenzene (AZB) as guest molecules in its pores. The researchers
demonstrated that by in situ thermally controlling the desorp-
tion of AZB from the membrane, light-induced gate opening and
closing would happen, and the gas permeation could be altered.
The UiO-67 membrane yielded H,/CO, selectivity of 8 and H,
permeance over 3000 GPU. This uncomplicated and effective tech-
nique resulted in a light-responsive membrane with controllable gas
permeation.

Certain MOF structures exhibit a distinctive H, sieving effect
within specific facets. By fabricating a facet-oriented MOF mem-
brane that is selectively permeable to H,, we can push the separation
performance of this material to its maximum potential. Huang
et al. reported a c-oriented ZIF-95 membrane via a vapor-assisted
method.'” By exposing a 500-nm-thick c-oriented ZIF-95 seed layer
to a DMF/H,0 atmosphere, they could obtain in-plane film growth
that maintained the same thickness as the seed layer. Because of
the unique pore size of the ZIF-95 along the c-axis (~0.29 nm),
the c-oriented ZIF-95 film displayed superior separation perfor-
mance, with H,/CO; and H,/CHj selectivities of 32.2 and 53.7 and
H, permeance of 2358 GPU. This concept was further extended to
eliminate the grain boundaries between ZIF-95 nanosheets.''” By
grinding and adding the reactant powder to the seed layer without
solvent, a 1-ym-thick film became defect-free. The oriented ZIF-
95 exhibited an enhanced H,/CO; selectivity of 184, with an H,
permeance of 746 GPU. Liu et al. developed a highly c-oriented Cu-
TCPP composite film through in situ growth on a layered double
hydroxide (LDH) based ZnO buffer layer.''® The ZnAl-NO3; LDH

was initially synthesized on a y-Al, O3 substrate via a hydrothermal
reaction, followed by calcination to form a ZnO buffer layer. The
resulting 80-nm-thick Cu-TCPP layer exhibited a layered stacking
along the c-axis, resulting in a narrow pore size (~5.4 A) and inter-
locked interlayer gallery. The membrane showed excellent molecular
sieving separation performance, with H,/CHj selectivity of 50 and
H, permeance of 671 GPU. Moreover, they extended their work
to fabricate a highly c-oriented, well-intergrown ultrathin porous
membrane. For this, they used monodispersed MIL-96 nanosheet
seeds with a trace amount of polyvinyl pyrrolidone (PVP) in the
seed suspension to avoid aggregation and N-dimethyl formamide
(NMEF) as a solvent during secondary growth. The resulting MIL-96
membrane was 170-nm-thick with a c-oriented microstructure and
demonstrated an H,/CO; selectivity of 12.6 and an H, permeance
over 1600 GPU.

An alternative method for fabricating oriented MOF mem-
branes is a top—down approach involving the synthesis or exfoliation
of H,-selective MOF nanosheets. Zhang et al. reported a 2D Co-
based MOF nanosheet hollow fiber membrane through a vapor
phase transformation strategy.*® A 57-nm-thick Co,(bim), film was
transformed from the Co-based gel layer via ligand vapor phase
transformation. The gel layer has a multifunctional role such as
providing an active metal source, guiding the oriented growth of
the nanosheets, and controlling the membrane thickness in the
formation of the nanosheet membrane. The resulting Co,(bim),
film exhibited separation performance with H,/CO; selectivity of
42.7 and H, permeance of 507 GPU. Yang et al. introduced a
novel method for ultrathin MOF films utilizing lamellar Zn,(bim),
nanosheets as building blocks.” Initially, they exfoliated Zn,(bim)s
nanosheets from a bulk cubic powder by means of wet ball milling
and ultrasonication. Subsequently, they fabricated a MOF film that
was 10-nm-thick by hot drop-casting the nanosheet dispersion onto
a 120 °C AL, O3 substrate [Figs. 17(a)-17(c)]. The MOF membrane,
with a transmembrane pressure difference of 0 bar, exhibited a
H,/CO; selectivity of 291 and a H, permeance of 2700 GPU. To
further expand on this concept, the researchers synthesized another
2D nanosheet of Zn,(bim); using a top—-down exfoliation method.*”
The Zn,(bim); nanosheets were only 1.6 nm thick. A10-nm-thick
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FIG. 17. (a) SEM top view and (b) cross-sectional view of a Zny(bim)s nanosheet layer on a-Al,O3 support. (c) Scatter plot of H,/CO, selectivities measured from 15
membranes. The red line with symbols shows the average selectivity and dispersion of selectivity of the membranes prepared at different coating temperatures.” Reprinted
with permission from Peng et al., Angew. Chem., Int. Ed. 56(33), 9757-9761 (2017). Copyright 2017 from Wiley. (d) SEM images of the top view and (e) cross-section view
(bottom right) of the Zn,(bim)s nanosheet membranes); (f) binary gas separation performance of equimolar Hy/CO, through the Zn;(bim); nanosheet membranes prepared
at different temperatures via the hot-drop coating method.>° Reprinted with permission from Peng et al., Science 346(6215), 13561359 (2014). Copyright 2014 from AAAS.

stacked film demonstrated a hydrogen permeance of 3136 GPU and
H,/CO; selectivity of 130 [Figs. 17(d)-17(f)]. Zhao et al. utilized a
mild freeze-thaw approach to exfoliate MAMS-1 crystals and pro-
duce 12-40 nm films of 2D MAMS-1 nanosheets on AAO.''® Of
these films, the 40-nm-thick film exhibited the best overall perfor-
mance, with an H, permeance of 800 GPU and an H,/CO; selectivity
of 268. The MAMS-1 showed a pore opening phenomenon between
-196 and 20°C, with increasing temperature causing an intensi-
fied vibrational mode of the tert-butyl groups, leading to a lattice
expansion in the ab plane. However, above 60 °C, the H, permeance
decreased, and the film became nearly impermeable at 100 °C. This
decrease in permeance was attributed to the reduction in interlayer
distance in the c direction upon heating. XRD analysis at tempera-
tures ranging from 20 to 100 °C indicated a shift in the (002) crystal
plane, reflecting a contraction of the lattice spacing from 1.90 to
1.79 nm. As a result of this contraction, the rotation of the tert-butyl
groups was significantly sterically hindered, leading to a decrease in
permeance.

Overall, several pure MOF membranes have demonstrated
exceptional H,/CO, separation performance. However, these mem-
branes still encounter challenges related to pressure stability arising
from grain boundary effects and linker rotation. Consequently,

the application of MOF membranes in high-pressure operations
remains unexplored. Addressing this issue will be crucial for
realizing practical applications of MOF membranes in H,/CO,
separations.

3. C3Hs/C3Hg separation

Separating olefins from paraffins is a crucial process in the
chemical industry, but the traditional method of cryogenic fractional
distillation is highly energy-intensive.”*''* Membrane technology
presents a promising alternative for olefin/paraffin separations as
it eliminates the necessity for phase change. However, this separa-
tion remains challenging because of their similar kinetic diameters
[d(C3Hs) = 4.0 A and d(C3Hg) = 4.3 A].'™* To achieve this, a rough
estimate of the desired membrane performance would be to achieve
a C3Hg/C3Hs selectivity greater than 35''”'*" and C3Hs perme-
ance of the order of 100 GPU. Among the membrane materials,
MOF films have shown potential for C3He/C3Hs separation due to
their rigid structure, which endows the film with a strong molecular
sieving performance.

Table IV presents the selectivity and permeance data for the
most effective ultrathin MOF films for separating C3Hs/C3Hs, as
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TABLE IV. Summary of thin MOF membranes for C3Hg/C3Hg separation.
Thickness Pressure Permeance Separation

MOF Highlight (nm) T(°C) (atm) Gas pair (GPU) factor Reference
ZIE-8 ENACT approach 360 25 1 C3Hg/C3Hg 40 33 63
ZIF-8 ZIF-8_Cm phase dominated 205 25 1 C3He/C3Hg 54 300 60
ZIF-8 Low current density ACD 500 25 1 C3Hg/C3Hg 182 142 64

approach in fully aqueous phase
Zr-fum-fcu-MOF  High pressure resistance due to 150 25 7 C3Hg/C3sHg 120 125 85

the linker rigidity
ZIF-8 IOR strategy for thin MOF film 180 25 1 C3Hg/C3Hg 386 120 108
ZIF-8 Full vapor treatment 100 25 7 C3Hg/CsHg 70 300 58
ZIE-8 Gel-vapor deposition ~17 25 1 C3Hg/C3sHg 170 70.8 55
DZIF-8 Defective ZIF-8 45-150 25 1 C3Hg/CsHg  2000-3000 90-120 70

reported in the literature. These reports indicate that the separa-
tion of C3He/C3Hg has mainly been limited to ZIF-8. However, a
few other MOF membranes, such as those made of fcu-MOFs, also
exhibit attractive C3He/C3Hjg separation performance.

The electro-chemical deposition method offers a controllable
approach to synthesize defect-free ZIF-8 membranes, enabling effi-
cient C3Hg/C3Hg separations. Our group reported a novel method
to fabricate defect-free MOF films, which we called “electrophoretic
nuclei assembly for crystallization of highly intergrown thin-films”
(ENACT).® Thin nuclei film (~100 nm thick) could be prepared by
electrophoretic deposition of a few nanometer sized nuclei sponta-
neously forming in the growth solution. Following this, a 360-nm-
thick ZIF-8 membrane was synthesized on AAO substrates, which
yielded a C3Hs/C3Hs selectivity of 33 and a C3Hs permeance of
40 GPU. Wang et al. extended the application of electrochemical
synthesis of MOF films by using a fast current-driven synthesis
method.®” They successfully synthesized 200-nm-thick ZIF-8 films
composed of a novel polymorph of ZIF-8_Cm. The researchers dis-
covered that the ZIF-8_Cm polymorph exhibited less flexibility in
terms of linker rotation when compared to the more common ZIF-
8_I43m polymorph. Moreover, the new polymorph demonstrated
exceptional separation performance, with a C3Hg permeance of
52 GPU and a C3He/C3Hj selectivity of 304. This separation perfor-
mance was attributed to the beneficial lattice distortion caused by the
electric field applied during synthesis. Lai et al. reported the success-
ful synthesis of the ZIF-8 membrane via the ACD approach.** The
500 nm thick defect-free ZIF-8 membrane was deposited on AAO
substrates in a fully aqueous phase under an extremely low current
density (0.13 mA cm™?) within 60 min. The resulting ZIF-8 mem-
brane exhibited exceptional separation performance, with a C3He
permeance of 182 GPU and a C3Hs/C3Hs selectivity of 142. Wang
et al. employed an inhibited Ostwald ripening (IOR) technique to
produce ultrathin ZIF-8 films using electrochemical synthesis.'%"
They incorporated the polymer-based inhibitors to restrain the
metal-organic coordination for ZIF-8, resulting in a decrease in the
film thickness. The produced membranes were 180-nm-thick and
demonstrated a high C3He/C3Hs separation performance, with the
C3Hs permeance of 386 GPU and the C3He/C3Hs separation factor
of 120.

In addition to ZIF-8, applying the electro-chemical deposition
method to other pressure-stable MOF membranes can enhance their
pressure stability as well. Recently, Eddaoudi et al. reported the
electrochemical synthesis of a series of defect-free fcu-MOF poly-
crystalline membranes with molecular sieving abilities for hydrocar-
bon separations. A 150-nm-thick Zr-fum-fcu-MOF film displayed
a C3Hg permeance of 120 GPU and a C3He/C3Hs selectivity of
125.%° Furthermore, these membranes displayed excellent pressure-
resistant capability and demonstrated an increased separation factor
for C3He¢/C3Hg mixtures at practical feed pressures of up to 7 atm.
This increase was due to the triangular pore apertures in Zr-fum-
fcu-MOF that are constrained by fumarates with non-rotating C=C
double bonds, which provided the necessary intrinsic rigidity to
prevent deformation under high pressures, thereby preserving the
molecular sieving ability.

Apart from electrochemistry, various other deposition meth-
ods can also be employed for the growth of MOF membranes.
Zhang et al. utilized a gel-vapor deposition technique for creating
ultrathin ZIF-8 films, measuring ~17 nm.”” This method involves a
combination of sol-gel coating and 2-methylimidazole vapor depo-
sition, which allows for the transformation to ZIF-8 without the
use of solvents. Due to the film thinness, they displayed a C3Hg
permeance of 170 GPU with a C3He/C3Hg selectivity of 70.8. Tsap-
atsis et al. developed a novel all-vapor technique for fabricating
a 100-nm-thick defect-free ZIF-8 thin film on a ZnO-modified
a-alumina support called ligand-induced permselectivation.”® The
resulting ZIF-8 membranes demonstrated excellent performance,
with a C3Hg/C3Hjs selectivity of 110 and a C3Hs permeance of 152
GPU. The procedure involves modifying the porous support with
ZnO until it becomes impermeable, indicating that the substrate has
been sufficiently coated with dense ZnO. ZIF-8 was then formed
within the porous support by vaporizing 2-methylimidazole in the
presence of the modified substrate.

Defect-engineered MOFs hold great potential to significantly
elevate the separation performance by enhancing the interactions
between propene molecules and the open metal sites. Zhong
et al. developed one of the thinnest ZIF-8 membranes to date,
which is supported on commercial ultrafiltration polysulfone (PSf)
porous substrates using interface layer polarization induction.”’ The
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resulting defective ZIF-8 (DZIF-8) membranes had a thickness of
only ~45 nm and exhibited exceptional propylene permeance of
2000-3000 GPU and a remarkable propylene/propane separation
factor of 90-120. This high separation factor is believed to be due
to the presence of abundant open metal sites capable of forming n
bond interactions with propylene molecules.

Overall, numerous ultrathin MOF membranes, particularly
from the ZIF-8 framework, have been utilized for efficient
C3H¢/C3Hsg separation through various deposition and growth
methods. The tunable and highly selective pore structure of ZIF-8
enables preferential adsorption of propylene over propane, bene-
fiting from the size disparity between the two molecules. Ongoing
research has explored different strategies to enhance pressure sta-
bility while maintaining exceptional separation performance. The
remarkable chemical and thermal stability further solidify its poten-
tial for practical applications in gas separation processes, positioning
it as a promising candidate for industrially significant propylene and
propane separations.

B. Ultrathin MOF films in selective ion separation
application

The separation of protons and ions is important for fundamen-
tal as well as technological advancements, with the latter ranging
from water purification to energy storage. MOF films have emerged
as a promising solution for this, thanks to their distinct porous struc-
ture and functionality. The design of continuous thin films makes
them an ideal candidate for integration into devices such as pro-
ton exchange membrane fuel cells (PEMFCs), where effective proton
transport is crucial, and in desalination processes, which demand the
selective removal of certain ions.

The performance of PEMFCs relies heavily on proton conduc-
tance within the PEM. The proton movement is primarily facilitated
by two mechanisms, the Grotthuss mechanism'”! and the vehicle
mechanism.'*>'*’ The Grotthuss mechanism, commonly referred to
as “proton hopping,” involves the proton relayed along a sequence
of hydrogen-bonded water molecules and hydronium ions. While
the vehicle mechanism involves the migration of hydronium ions
through the membrane, proton transport based on the Grotthuss
mechanism is more efficient as it is less affected by the surrounding
medium.

Ion-ion separation in membranes is influenced by a combina-
tion of factors: size exclusion, charge exclusion (Donnan exclusion),
dielectric effects, and van der Waals forces.'”* A few small pore
MOF structures offer size-based selectivity, with pores that allow
ions of certain dimensions to pass while blocking larger ones. Don-
nan exclusion from MOFs with charged surfaces also plays a role,
causing ions with a similar charge (positive or negative) as that of the
pore to be excluded from the pore. In several cases, pores can force
the ions to undergo partial dehydration. The energy barriers created
by these combined effects are critical in determining the efficiency
of ion separation.

1. Proton conduction

Proton exchange membrane fuel cells (PEMFCs) are seen as
one of the potential solutions to renewable energy storage, thanks
to their low operating temperature compared to other fuel cells
such as those based on solid oxide, high energy density, and low

pubs.aip.org/aip/apm

carbon emissions.'”” '*" PEMFCs typically operate within the range
of 60-85 °C for low-temperature systems and 120-140 °C for high-
temperature systems. Their performance can be improved by strate-
gies that promote proton migration. One of these includes the use
of ultrathin MOF films as PEM. To facilitate high proton conductiv-
ity, various ligands with functional groups (-SO3H, -NH,, -COOH,
imidazole, ammonium cations, etc.) have been used.'”* *" While
several MOFs have proton conductance levels comparable to Nafion,
a widely used commercial PEM material with a conductance of
0.05-0.20 S cm™! at room temperature, most studies have only been
conducted in pellet form, with only a few in thin film morphology.

Deoxyribonucleic acid (DNA)-encapsulated ZIF-8 membranes
exhibited proton conductivity of 3.40 x 107" S cm™ at 25°C and
0.17 S cm ™" at 75°C."*! These membranes also demonstrated a low
methanol permeability of 1.25 x 107 cm? s, effectively inhibiting
methanol migration from anode to cathode, which might degrade
the cell performance in the methanol-based fuel cell. This combi-
nation of properties enhances the practical applicability of these
membranes in PEM fuel cells. These membranes were prepared
by a composite of zinc hydroxide nanostrands and single-strand
DNA, which were then immersed in HmIm. The advantage of
this approach is that single-strand DNA builds hydrogen bond
networks with water molecules and facilitates proton migration.
Another study utilized sulfonated spiropyran (SSP)-encapsulated
ZIF-8 membranes to demonstrate a light-responsive, on/off proton
conductivity ratio of 2.8 x 10*. This was attributed to the photoac-
tive SSP, where hydrophilic group density could be altered by the
conversion of SSP between merocyanine and spiropyran forms.'*?
The membranes exhibited a proton conductivity of 0.043 S cm™ at
75°C.

In another approach, hourglass-shaped nanochannels (NC)
of polyethylene terephthalate (PET) were utilized to grow MIL-
121, MIL-53(Al), and MIL-53(Al)-NH; MOF crystals. The exper-
iment was designed to grow MOF crystals in the PET nanochan-
nel via counter-diffusion.'** Unidirectional proton conduction was
observed from polymer to MOF. A strong rectification of up to 500
was reported and was attributed to a low energy barrier in proton
transport from disordered water clusters in PET nanochannels to
ordered water clusters in MOF. Proton conductivities of 240, 145,
and 70 mS cm™' were reported for MIL-121, MIL-53, and MIL-
53-NH,, respectively. This was in agreement with the number of
hydrogen-bonded pathways for proton transport in these MOFs, as
revealed by a dedicated molecular dynamics simulation.

Overall, polycrystalline MOF membranes have exhibited
attractive proton conductivity for PEM applications, as summarized
in Table V. However, these membranes still face significant chal-
lenges with regard to their structural stability and rigidity, and, as
such, the applications of MOF membranes in practical PEMFC have
not been extensively explored. High performance, stable, and defect-
free MOF membranes with high proton conductivity and high gas
barrier properties will be required in the practical applications of
PEMEC.

2. lon-ion separation

The development of ion-selective channels has shown great
potential in alkali metal extraction, molecular separation, and
biosensing. MOFs have emerged as promising materials for ion-ion
separation due to their unique pore size, which falls between the
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TABLE V. Summary of thin MOF membranes for proton conductance.

pubs.aip.org/aip/apm

MOF Fabrication method Thickness Proton conductivity Reference
—4 -1 o ()
DNA@ZIF-8 Solid confinement conversion 500 + 50 nm 34x10 °S Slln at 02 5 Cunder 97% RH 131
0.17 Scm™ at 75 °C under 97% RH
—4 -1 o 0,
SSP@ZIF-8 Solid confinement conversion ~500 nm 1710 S cgl at 205 C under 95% RH 132
0.043 Scm™ at 75 °C under 95% RH
MIL-53 (Al) ~0.145S cm™"
MIL-53 (Al)-NH, Counter-diffusion growth ~ Hourglass-shaped nanochannel’ ~0.07S cm™! 133
MIL-121 ~0.24 Scm™'

*Hourglass-shaped nanochannel: large base diameter~530 nm; small base diameter~140 nm; tip diameter~18 nm; length: 12 ym.

diameters of partially dehydrated and hydrated ions. In addition,
the presence of open metal sites and charges in MOF ligands is
attractive for charge-based (Donnan exclusion) ion tlransport.1 136
Current-voltage (I-V) by ion drift measurements’” 1 as well
as electrodialysis'*”'*’ have been extensively used to study MOF
membranes for ion separation.

The ion separation performance of several MOF membranes
has been investigated. For instance, the SSP@ZIF-8 membrane has
shown ideal selectivity of 77, 112, and 4913 for Li* over Na*, KT,
and Mg®*, respectively.'*! This selectivity was attributed to the much
smaller size of dehydrated Li* ions driven by an external electric
field. UiO-66-NH; and UiO-66-SO3 membranes, fabricated using in
situ growth on the AAO substrates held in the diffusion cell, demon-
strated excellent saline water stability. 139140 The Ui0-66-NH, mem-
brane exhibited high selectivity for monovalent ions (Na* and Li*)
over bivalent ions (Mg“), with selectivities of ~200 and ~60, respec-
tively. This was attributed to the intrinsically uniform pore size of
the UiO-66-NH, framework, which is lower than the hydration
diameter of Mg”*."”” On the other hand, the Ui0-66-SO3H mem-
brane yielded a higher cation permeation compared to that from the
UiO-66-NH; membrane. This was attributed to the facilitation of
cation permeation by the SO3H functional groups compared to the
-NHj; groups.'*’ Another study using counter-diffusion synthesis of
the ZIF-8 membrane using graphene oxide nanosheets reported a
Li*/Rb* selectivity of 4.6.""” This was attributed to a strong inter-
action between water molecules and ZIF-8 frameworks, resulting
in partial dehydration of the ions in ZIF-8. In this case, partial
dehydration imparted higher Li* mobility in ZIF-8.

Recent studies have investigated the use of UiO-66 crystals
filled into bullet-shaped poly(ethylene terephthalate) nanochannels
(PET-NC)'** to achieve high ion-ion selectivity among various
cations'”"**'* 7 and anions.'"” These nanochannels have a tip
diameter of ~30-50 nm, a base diameter of ~300-500 nm, and a
length of 12 ym. PET-NC allows for preferential ion current direc-
tion from tip to base due to the deprotonated carboxylic groups
on the channel wall, leading to fast metal ion transport. """’ Stud-
ies examining UiO-66-X [X = H, NH,, and N*(CH3);] PET-NC
have demonstrated F~/Cl™ selectivity of 53, 83, and 192, respec-
tively. This was attributed to a decreased pore size and a preferential
binding of F~ with the open metal sites on the UiO-66.""" Sul-
fonated UiO-66-X [X = SAG, NH-SAG, (NH-SAG), where SAG

refers to sulfonic acid] PET-NC channels yielded high proton selec-
tivity over other cations (K*, Na*, and Li") due to the formation
of proton channels from a high density of sulfonic acid groups.'*’
Ui0-66-(NH-SAG), PET-NC exhibited the highest proton selectiv-
ity among the three UiO-66-X channels, with H*/Lit, HY/Na', and
H*/K* of ~100, 80, and 70, respectively. UiO-66-COOH and UiO-
66-NH, were synthesized in ethanediamine (EDA)-functionalized
PET-NC to evaluate the effect of the surface charge.”*> The nega-
tively charged UiO-66-COOH-NC showed about two orders higher
K+/Mg2+, Na+/Mg2+, and LiJ'/Mg2+ selectivity of 772, 563, and
137, respectively, than the selectivity of positively charged UiO-
66-NH,-NC. This was because UiO-66-COOH-NC exhibited a
relatively low energy barrier (0.22 eV) for K* transport. Addi-
tionally, the effect of surface chemistry of PET-NC was system-
atically discussed by varying the functional group [ethylenedi-
amine (EDA) and (3-aminopropyl)triethoxysilane (APTMS)], shape
{cylindrical, bullet, cigar, and hourglass [Fig. 18(a)]}, size, and
density of nanochannels.'*® UiO-66-(COOH), synthesized in cylin-
drical EDA-functionalized PET-NC channels displayed the highest
Li*/Mg" selectivity of 3077, while a multichannel with a pore density
of 10°/cm” yielded a Li*/Mg** selectivity of 50.

Asymmetric UiO-66-(COOH), PET-NC was reported by the
counter-diffusion growth [Fig. 18(b)], which enabled a higher recti-
fication ratio due to the higher concentration of negative charges in
the tip region compared to the fully filled PET-NC.'* The resulting
Ui0-66-(COOH), PET-NC showed ultrahigh K*/Mg**, Na*/Mg**,
and Li*/Mg** of 4948, 3230, and 1590 [Figs. 18(c) and 18(d)],
respectively. This was because of the interaction between ions and
carboxyl groups, which then reduces the energy barrier for mono-
valent cations across the nanochannel. 4’-aminobenzo-15-crown-5
ether (15C5)-modified UiO-66-(COOH), PET-NC yielded a high
Na* selectivity over K™ and Li* of 360.1 and 1770, respectively, com-
parable to the biological systems.'*! In addition, a rectifying effect
has been observed due to the asymmetric modification of 15C5 on
the sides of the nanochannel. These results demonstrate the poten-
tial of MOF membranes for efficient ion-ion separation in various
applications.

MOF membranes with high ion-ion separation performance
are summarized in Table VI. While some membranes/nanochannels
have shown promising results for separating mono/divalent ions
through different testing methods, it is important to acknowledge
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FIG. 18. (a) Scheme of PET-NCs with different channel shapes.'“® Reprinted with permission from Hou et al., J. Membr. Sci. 674, 8 (2023). Copyright 2023 Elsevier. (b)
Scheme and SEM images of the fabrication of asymmetric UiO-66-(COOH), PET-NC. (c) |-V curves of asymmetric UiO-66-(COOH), PET-NC measured in 0.1M electrolyte
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TABLE VI. Summary of thin MOF membranes and nanochannels for ion separation.

pubs.aip.org/aip/apm

MOF Fabrication method Thickness Ton selectivity Reference
Li"/Na* =77
SSP@ZIF-8 Solid confinement conversion ~500 nm Lit/K* =112 141
Li*/Mg** = 4913
. ‘ Na*/Mg™* ~200
UiO-66-NH, In-situ growth <500 nm Li* /Miz * o 60 139
K*/Mg** = 5091 (ideal); 5.31 (binary)
Ui0-66-SOsH In-situ growth <600 nm Na*/Mg** = 2449 (ideal); 170 (binary) 140
Li*/Mg** = 776 (ideal); 1.88 (binary)
ZIF-8 Counter-diffusion growth 446 + 74 nm LiCl/RbCI ~ 4.6 137
H*/Li* ~ 100
Ui0-66-(NH-SAG); In-situ growth Bullet-shaped nanochannel® H*/Na* ~ 80, 143
H*/K* ~ 70
UiO-66 In-situ growth Bullet-shaped nanochannel” LiCl/RbCl ~ 1.8 137

Ui0-66-(COOH), Counter-diffusion growth

Bullet-shaped nanochannel”

K"/Mg™" = 4948
Na*/Mg** = 3230 138
Li*/Mg** = 1590

K"/Mg** =772.6

Ui0-66-COOH Na*/Mg** =563.0
-+ 24 _
In-situ growth Bullet-shaped nanochannel® Li"/Mg . 136.5 145
K*/Mg** =5.7
Ui0-66-NH, Na*/Mg** = 4.6

Li*/Mg* = 1.3

Na*/K* =360.1

15C5-Ui0-66-(COOH), Counter-diffusion growth ~ Bullet-shaped nanochannel’ Na*/Li* = 1770 144
UiO-66 F/Cl” ~53.08
UiO-66-NH, In-situ growth Bullet-shaped nanochannel® F7/CI” ~83.16 147
Ui0-66-N*(CH3)s F/Cl™ ~ 192.04

*Bullet-shaped nanochannel: tip diameter ~30 to 50 nm; base diameter ~300 to 500 nm; length: 12 ym.

that comparing ion-ion selectivity across different measurements
is not straightforward as the underlying ion transport mechanisms
vary significantly. Moving forward, the development of MOF mem-
branes for ion-ion separation should be innovated considering
real-world situations; for instance, exploring the potential of these
membranes in energy storage devices including redox flow batter-
ies and fuel cells and in lithium mining through techniques such as
electrodialysis or nanofiltration.

3. Desalination

Freshwater scarcity is anticipated to be one of the most signifi-
cant challenges that humanity will face in the forthcoming decades.
A vast yet underutilized resource for addressing this issue is saline
water, where drinking water can be obtained by the desalination pro-
cess, which removes ions and minerals from saline water. Membrane
separation technology has been highly successful in this process,

saving significantly more energy (>90%) compared to the con-
ventional distillation process.'”” Membrane-based desalination is
currently commercialized on a large scale, where membranes are
made of polyamide selective layers. MOFs are emerging as promis-
ing materials for water desalination due to their unique properties.
MOFs are characterized by their high porosity and tunable pore size,
which can lead to high water permeance and excellent salt rejection
rates. Certain MOFs such as UiO-66 exhibit excellent chemical sta-
bility, enabling them to withstand the harsh treatment conditions
often encountered in desalination processes.

Research on MOF-based membranes for desalination has been
dominated by nanocomposites of MOF particles and polymers (so-
called mixed-matrix membranes), and polycrystalline MOF films
for water purification have not been intensively studied.”"""*"""" In
the following paragraph, we present some examples of ultrathin
polycrystalline MOF films that demonstrate efficient desalination.
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with permission from Jian et al., Sci. Adv. 6(23), eaay3998 (2020). Copyright 2020 AAAS.

TABLE VII. Summary of thin MOF membranes for desalination.

MOF Fabrication method Thickness (nm) Water permeance and salt rejection Reference

. 0.0396 1m™> h™* bar™"
Al-MOF Vacuum filtration 100 NaCl, KCl, MgCly, CaCly, AICl;, and CoCl, ~ 100% >

. 3.61lm2h7! bar!
ZIF-8/TA In-situ growth 50 NaCl: 64.7%; Na»SOs: 92.2% 152

511m~2h7! bar™!

61:¥0:80 ¥20T YdJeN L1

2+ . -
ZIF-8/(TA-Zn™" ), Layer-by-layer 85 NaCl: 55.2%; Na»SO4: 93.6% 100
) . ~2981m2h7!

- - - g
ML-UiO-66 In-situ growth 103 + 14 NaCl: 99.99% 89
Ui0-66 In-situ growth 120 + 20 ~1991m~* b 89

& NaCl: 99.99%
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One promising report of an ultrathin MOF membrane is based
on aluminum tetra-(4-carboxyphenyl) porphyrin framework MOF
(Al-MOF).”” The membrane was prepared by the filtration of Al-
MOF nanosheets. The aligned pore channels of AI-MOF nanosheet
film [Figs. 19(a)-19(d)] facilitated water flow while preventing the
diffusion of ions, leading to >99.99% salt rejection and a water flux
of 22 mol m~2 h™! bar™" [Figs. 19(e) and 19(f)]. In another study,
ZIF-8 membranes were developed by coating tannic acid (TA) on
PES substrates. ZIF-8/TA and ZIF-8/(TA-Zn**) membranes were
fabricated through in situ growth of the ZIF-8 precursor and the
layer-by-layer (LBL) method by immersing the TA-coated substrate
in zinc acetate and 2-methylimidazole separately, respectively.'"'**
Both membranes exhibited high water permeance and NaCl and
Na,;SOj4 rejection. We do note that ZIF-8 stability in an aqueous
environment is arguable. There are many studies that show the rapid
dissolution of ZIF-8 in water.”” ">

Ui0-66 and missing-linker UiO-66 (ML-UiO-66) membranes
showed ultrahigh water flux of 19.9 and 29.8 1 m2h7}, respectively,
with NaCl rejection of 99.99%.*” The superior performance of these
membranes can be attributed to the size sieving effect of the rigid
pore, which allows the realization of very high rejection. In addition,
the missing linker defect increases hydrophilicity, facilitating water
transport.

Despite the promising performance of MOF membranes in
water desalination (Table VII), their practical implementation in
the industry is hindered by significant challenges including scalabil-
ity and high cost. Additionally, the production of defect-free MOF
membranes on an industrial scale remains a major hurdle to their
widespread adoption. As a result, despite their potential utility, MOF
membranes are still in the early stages of development and are far
from being ready for commercial use in water desalination.

IV. PERSPECTIVE

Overall, ultrathin MOF films from several different frameworks
have been demonstrated using various crystallization and fabrica-
tion strategies. Several of these films have demonstrated exceptional
performance in gas and ion separations, making them highly attrac-
tive for membrane-based separation applications. However, the field
is still far from its true potential. Concerning membrane morphol-
ogy, an important question to pose is whether the thickness of MOF
films can be reduced down to the thickness limit, i.e., to unit-cell
thickness.'”® This will require further fine-tuning of the crystal-
lization conditions that promote in-plane growth of the film but
completely suppress out-of-plane growth. Successful realization of
this feat will bring MOF membranes into the class of other 2D
films such as graphene, where MOFs will have a big advantage, i.e.,
uniform and high density of pores in MOF.

From a structure-property relationship point of view, while
there is agreement that thinner MOF films lead to higher permeance,
there are several other important aspects that control molecular per-
meance. This includes support resistance, lattice flexibility, the use of
functional groups that may enhance the adsorption of a component
and improve its uptake at a lower concentration, and measurement
techniques.

When designing ultrathin MOF film, one must consider the
support permeance. Traditional inorganic supports such as those

pubs.aip.org/aip/apm

prepared using asymmetric ceramic layers may or may not match the
permeance of the MOF film. If their permeance does not match that
of the MOF film, then the overall permeance as well as the molecu-
lar selectivity are restricted by the support. This can be determined
by a simple calculation using the transport resistance model, taking
support and MOF film resistance in series.

A large variation in the performance of MOF membranes
across the literature, especially for bidentate MOFs with flexible lat-
tice, can be attributed to the strain in the film, which controls lattice
flexibility and, hence, molecular permeance and selectivity. This is
especially true for ultrathin films, where a selective layer could often
be confined near support pores, generating strain in the lattice. Cur-
rently, there is no systematic data on the effect of lattice strain in
various support configurations or the effect of film thickness on
the gas pair selectivity. Such analyses will be extremely useful for
the field because several important separations from MOF mem-
branes (e.g., C3H¢/C3Hs from ZIF-8) rely on the kinetic diffusion
of gases through a flexible lattice. Therefore, methods that control
and tune lattice flexibility will be extremely useful in tuning gas
pair selectivity as well as gas permeance. Some progress has been
made in this respect, e.g., rapid heat treatment,''’ current-driven
synthesis,;““J 048 ete. An additional advance is needed to improve
the separation performance in a region of commercial interest.

Reports that facilitate the adsorption of molecules on MOFs,
e.g., by functionalization or by improving electrostatic interaction,
hydrogen bonding, van der Waals and - - -1 interaction, etc., have
started to emerge. Such approaches are highly attractive because they
improve the performance of membranes. However, careful consid-
eration should be given to performance as a function of molecular
activity, especially in gas mixtures, as well as poisoning of the func-
tional group, e.g., by trace amounts of impurities. Finally, while
several studies report high performance using isobaric measure-
ments where the net pressure difference between the feed side and
the permeate side is close to zero, often the performance drops upon
pressurization of the film. Therefore, one should carefully assess the
role of pinhole defects in the film and accompanying nonselective
viscous transport as opposed to selective diffusion from MOF pores.
A combination of molecular-sieving and competitive interactions
will likely yield the best-performing membranes.

Last but not least, the scalability of MOF membranes is always
one of the most concerning aspects of meeting realistic conditions.
This includes the use of low-cost supports, e.g., polymeric supports.
These supports can be fabricated either as a flat sheet (~10 $ m ™) for
spiral-wound modules or as hollow fibers (~2-5 $ m™2) for hollow-
fiber modules.'* There are already several pioneering examples in
this respect, e.g., interfacial crystallization and gel vapor synthesis
on polymer hollow fiber modules. Recently, the fabrication of MOF
membranes on ceramic hollow fibers has been reported.””” The
development of a spiral-wound module would be attractive from
the point of view that most reports have investigated the fabrication
of MOF films on planar supports. Currently, spiral-wound modules
based on ZIF-8 are being commercialized by UniSieve®, where the
selective layer is trapped in the pores of the support, which helps
to avoid crack formation in the film. Our view is that the availabil-
ity of ultrathin MOF films down to a few nanometers in thickness
may prevent crack formation tendency in MOF upon rolling the
membrane element into a spiral-wound module.
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