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The shaping of metal-organic frameworks (MOFs), referring to the integration of small submillimeter
MOF crystals into bulk samples with desired size, shape and mechanical stability, is an important step for
the practical use of this class of porous materials in many applications. MOFs are constructed by the
coordination bonding of metal ions/clusters and organic ligands. Since coordination bonds are mostly
weaker than covalent bands, MOFs show a relatively low stability compared to conventional porous
materials, such as zeolites or porous carbon-based materials. Thus, many shaping methods for the con-
ventional porous materials involving treatments under harsh conditions could not be directly applied to
prepare shaped MOFs. However, the inorganic—organic hybrid nature of MOFs also affords the opportu-
nity of developing unique methods for shaping the materials. Herein, an overview of some classic
methods for the shaping of MOFs is presented, including granulation, extrusion, spray drying, and press-
ing. In addition, the recently developed methods for the preparation of shaped MOFs used in separation
and gas storage, including templated shaping, self-shaping, shaping by in situ growth on substrates, and
shaping with sacrificial materials, are highlighted.
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1. Introduction

Over the last two decades, metal-organic frameworks
(MOFs)"® have been demonstrated to show great potential in
gas adsorption,” "' separation,">"” catalysis,"®** sensing®* >’
and many other applications due to their structural variety,
modifiable pore surface, controllable pore size, high specific
surface area, and so on.”**® The syntheses of new MOF struc-
tures have been extensively studied in the past decades.>”** In
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the last few years, increasing attention has been paid to the
utilization of MOF materials in practical use.**™*® Though
some commercial products based on MOF materials have been
launched recently,*® there are still some challenging issues to
be addressed for the application of MOFs in real devices,
including the shaping of MOFs. Generally, the as-synthesized
MOF samples are obtained as small crystals less than tens to
hundreds of microns, and a bulk sample of MOF crystals is
commonly in a powder form. However, the specific size,
shape, hardness, mechanical strength and/or microscopic
morphology of the materials are/is required in practical appli-
cations, because there are some disadvantages for powdery
materials, such as difficulty in handling, easy to spill, poor
mass/heat transfer rate, high pressure drop when being piled
up, unsatisfactory mechanical stability, and low volumetric
efficiency in a container.”®" Therefore, it is of great signifi-
cance to develop methods for the preparation of shaped MOF
products with better mechanical durability than the original
powdery samples without apparently sacrificing their intrinsic
properties. As a class of promising materials in many appli-
cations, the shaping of MOFs would be an important step for
future industrialization of MOF materials.

Many preparation methods for the shaped bulks or compo-
sites of MOF crystals have been reported, and the representa-
tive ones include granulation,*** extrusion,>” spray
drying,”®®° pressing,®’® sol-gel method®® and layer-by-
layer deposition.®”"®° In fact, many shaping methods for MOFs
are derived from the shaping of some conventional porous
materials, such as zeolites, porous carbon-based materials,
which are commonly found as granules, extrudates, spheres,
beads, honeycombs, foams, monoliths, and so on.>"”°
However, it should be noted that the shaping of MOFs cannot
completely follow that of the other materials. In fact, even the
shaping procedures for zeolites and porous carbon-based
materials are very different. The shaping of porous carbon-
based materials, such as activated carbons, carbon nanotubes
and templated carbons, is generally achieved by the high-
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temperature carbonization of the polymer precursors in the
molds.”" Unlike porous carbon-based materials, which are
amorphous structures, zeolites are usually submicron crystal-
lites, and typically shaped by making a mixture of zeolite crys-
tallites and an inorganic or organic binder (including silica,
metal oxides, tetramethylorthosilicate and methylsiloxane)
with a desired shape followed by calcination at high tempera-
tures.”> The high temperatures for shaping of zeolites or
porous carbon-based materials are generally higher than
800 °C. These conditions are harsh for MOFs because the
MOF structures are constructed by coordination bonding
between metal ions/clusters and organic ligands, which nor-
mally starts to decompose at the temperature range of
300-500 °C.”> The low stability (thermal, chemical, and
mechanical stability) of MOFs has long been regarded a draw-
back for this class of porous materials.”*’> This characteristic
also brings many difficulties to the shaping processes of
MOFs. However, there are still many encouraging works
reported on this topic. Particularly, in the past few years, some
new shaping methods for MOFs have emerged, including tem-
plated shaping,”®”® self-shaping,”® shaping by in situ growth
on substrates,’ and shaping with sacrificial materials,®"®*
besides the conventional mechanical shaping methods. With
the help of these methods, the powdery MOF samples can be
transformed into some special solid materials with certain
geometric shapes or sizes (Fig. 1).**> Herein, an overview of the
various existing methods for the shaping of MOFs is pre-
sented, and the recently developed methods for the prepa-
ration of shaped MOFs used in separation and gas storage are
highlighted.

2. The shaping of MOFs

The research works on the shaping of MOF materials have
attracted increasing attention in the past few years. Many
MOFs, including ZIF-8 (also called MAF-4),°%% MOF-55%%
MIL-101,%® MOF-177,%° Ui0-66,”° MIL-53,°'"%* HKUST-1,”* etc.,
have been studied for making shaped products. The shaped
MOF products of some well-known MOFs, such as HKUST-1,
ZIF-8, MOF-5, MIL-101 and MOF-177, have been already com-
mercialized by chemical companies worldwide, such as BASF,
Decco, and NuMat Technologies.*> The shaping processes of
these MOFs are very different. Bazer-Bachi et al. proposed that
the optimum method for the shaping of a MOF material is
highly dependent on the application, because the shape of the
product plays an important role in the practical application
process.” In addition, operating conditions in the practical
application, such as temperature, pressure and solvent
medium, which may generate stress on the MOF material,
need to be carefully pre-considered for the shaping process.
Previously, Stylianou et al. made a detailed summary on some
shaped products of MOF materials, such as granules, flakes,
films, foams, gels, paper sheets, hollow structures, etc.®> A
review of shaped MOFs by mechanical methods was reported
by Lee et al., such as granulation, extrusion, spray drying,
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Fig. 1 Examples showing different shapes of MOFs: (a) granule, (b) pellet, (c) thin film, (d) gel, (e) foam, (f) paper sheet, (g) monolith and (h) hollow
structure (scale bar 500 nm (inset 200 nm)). Reprinted with permission from ref. 83. Copyright 2018 Elsevier.

pressing, etc.”® Shah et al. discussed the mechanical properties
of some reported macroscopic shaped MOF structures, includ-
ing granules, pellets, tablets, monoliths, and gels.”” After
those works, some new and appealing methods for the
shaping of MOFs appeared. Herein, an overview of the recent
advances and some typical methods in the shaping of MOFs is
presented. From a different perspective compared with those
in the literature, the methods for the shaping of MOFs are
categorized into five classes in this work, namely, mechanical
shaping, templated shaping, self-shaping, shaping by in situ
growth on substrates, and shaping with sacrificial materials.
Specific subclasses of these methods have also been given. As
an extension of the design and synthesis, the shaping techno-
logy of MOF materials would also be of great significance to
the future practical application of this class of porous
materials. It should be mentioned that when this review was
under review a perspective about MOF gels and monoliths and
a review paper about monolithic MOFs were reported.’®®°

2.1. Mechanical shaping

Mechanical shaping is a method of integrating powdery
materials into bulky materials with a certain shape and size by
means of external tools. This class of shaping methods can be
further divided into several subclasses, including granulation,
extrusion, spray drying and pressing. The processes of
mechanical-shaping are relatively simple and fast, however,
the resulting materials often show a loss of structural integrity
and a compromise in porosity.

2.1.1. Granulation. Granulation is an early developed MOF
shaping method, which integrates powdery MOF grains into
large spheres by means of a granulator, centrifuge, syringe,
and so on. The granulation process can be dry granulation or
wet granulation depending on whether the shaping technology
involves a solvent and/or a binder. Due to the brittleness and
flexibility of the MOF structure, wet granulation is more
common. '

Two aspects should be considered for the auxiliary additives
in the wet granulation technology. On the one hand, dis-

2842 | Inorg. Chem. Front., 2020, 7, 2840-2866

persion media and binders generally act as auxiliary additives
to promote granulation in this technology, whereas the nega-
tive influence of these additives on the active sites and Lewis
acid sites of MOF materials needs to be avoided. Eddaoudi
and co-workers investigated the effect of rubbery and glassy
polymeric binders on the CO, adsorption performance of the
shaped MOFs.'"”" It was found that the CO, adsorption
capacity of NbOFFIVE-1-Ni was substantially retained after it
was fabricated into beads with 10% glassy polymer, poly
(methyl methacrylate) or polysulfone, while an obvious
reduction of CO, adsorption capacity was observed when the
rubbery polymer polyethylene glycol was used as a binder. Lee
et al. obtained the shaped products of several MOFs (including
MIL-100(Fe), MIL-101(Cr), UiO-66(Zr), and UiO-66(Zr)-NH,) by
using mesoporous alumina as a binder and water as the
solvent.>® The results of gas adsorption and penetration experi-
ments showed that the binder had little effect on the exposed
chemically active sites and Lewis acid sites on the pore surface
of the shaped MOFs. The MOF powder sample, adhesive amor-
phous mesoporous alumina, and dispersion medium (water)
were uniformly mixed. The mixture was rolled up to form
spherical bodies using a roller machine (Fig. 2). In another
example, it has also been demonstrated that the use of
adhesive additives had little effect on the physical and chemi-
cal properties of the granulated MOF spheres.'* A silica sol as
a binder was applied to prepare the shaped spheres with sizes
of 1.18-1.70 mm from a MIL-100(Fe) powder sample using a
mixing granulator. The adsorption capacity of granulated
MIL-100(Fe) decreased only in proportion to the binder
content compared to that of the original material, indicating
that there was no intrusion of adhesives into the pores of
MOFs.

On the other hand, the auxiliary additives benefit the
mechanical strength and wear resistance of the granulated
MOFs. It has been demonstrated that the addition of some
auxiliary reagents, such as powdery sucrose, polyvinyl formal
(PVFM), and calcium alginate, improves the mechanical
strength and wear resistance of the shaped MOFs. Ren et al.

This journal is © the Partner Organisations 2020
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Fig. 2 The preparation of MOF granules/spheres through agglomera-
tion of MOF and amorphous mesoporous alumina particles by a wet
granulation technology. Reprinted with permission from ref. 54 pub-
lished by the Royal Society of Chemistry.

Fig. 3 (a) The optical images of a mixed powder sample of desolvated
Zr-MOF (UiO-66) and sucrose (9:1 by weight); (b) optical image of
shaped spherical pellets with a diameter around 8 mm; SEM images of
the desolvated Zr-MOF (c), the ground sucrose powder (d), and the
pellets (e and f). Reprinted with permission from ref. 53. Copyright 2015
Elsevier.

successfully prepared the shaped Zr-MOF (UiO-66) spheres
with good mechanical properties from a powder sample of
Zr-MOF and a ground powder sample of sucrose by means
of a centrifugal granulator (Fig. 3).®> The obtained powder

This journal is © the Partner Organisations 2020
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mixture was placed into the centrifugal working chamber of
the granulator to form a spherical pellet under a self-con-
tained water-spraying centrifuge. The diameter of the pellet
could be adjusted in the range of 0.5-15 mm by controlling
the shaping duration. The results showed that the pellets
prepared by using 10 wt% sucrose as a binder had a good
mechanical strength and could resist the abrasion in a real
environment of hydrogen storage. A special method for pro-
ducing MOF beads with different sizes, ranging from
250 microns to a few millimeters, was reported by Cousin-
Saint-Remi and co-workers.'® The authors prepared ZIF-8/
PVFM microspheres by heating the mixture of ZIF-8 and
PVFM with the help of a syringe granulator. The PVFM was
first dissolved in dimethylformamide (DMF) by heating, and
then a ZIF-8 powder was added into the hot polymer solu-
tion to produce a viscous slurry. Continuous stirring was
afterwards applied to evaporate the solvent until the solution
reached a certain viscosity to ensure the effective formation
of beads. Finally, the MOF beads were produced by dropping
the slurry into a liquid tank containing the deionized water.
Once the droplets came into contact with water, the slurry
was hardened into a small ball in an instant, and the small
ball is generally in an irregular spherical shape. The ZIF-8/
PVFM particles produced by this method showed a high
mechanical strength, which is almost identical to that of the
commercial zeolite materials. Recently, Lee et al prepared
UiO-66 beads by a calcium alginate method.'®® The powder
sample of UiO-66 was first mixed with sodium alginate in
water to produce a slurry, which was then added to an
aqueous solution of CaCl,:6H,O drop by drop using a
pipette. Due to the water-insoluble nature of calcium algi-
nate, the MOF slurry drops solidified in 30 minutes. The
resultant UiO-66 beads showed crushing strength similar to
alumina or silica with only a 10% reduction in the surface
area. In fact, the calcium alginate method to produce MOF
beads was first developed by Blom and co-workers.'®® With a
similar procedure, the authors also prepared the beads con-
taining over 95 wt% CPO-27-Ni by solidifying the suspension
of MOF particles in a chitosan solution with an alkali solu-
tion since chitosan is not soluble in alkali solution.

2.1.2. Extrusion. Compared with the other shaping techno-
logies, extrusion is a high-efficiency, continuous, low-cost
shaping technology. With the help of a screw or a plunger, the
filled material could be transformed into a shaped material
with a certain cross-sectional area by pressure. The starting
materials used in this technology involve MOFs, binders and
plasticizers. Alumina, silica, kaolin and siloxane are commonly
utilized as the inorganic binders. Cellulose, methylcellulose
and polyvinyl alcohol are the most commonly used organic
binders, which may be removed after shaping by combustion
to obtain macro-pores. In most cases, extrudates formed by the
extrusion process retain high specific surface areas, and a
small loss of surface area is in proportion to the amount of the
binder applied in the formation of shaped materials.
Generally, the extrusion of MOFs is carried out in virtue of a
wet technology. The materials are normally wet with solvents

Inorg. Chem. Front., 2020, 7, 2840-2866 | 2843
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at the beginning, and then pass through the processes of
melting, pressurizing, and finally cooling to obtain the shaped
materials. The extrusion method has been used to produce a
variety of commercially available materials with high mechani-
cal strength and wear resistance.

In this technology, retaining the adsorption and recycling
performances of the shaped MOF materials is a great chal-
lenge. The influence of the extrusion process on the adsorp-
tion and recycling performances is closely related to the devel-
oped extrusion technology. Khabzina et al. reported that the
functionalized UiO-66 material (UiO-66-COOH) could be
shaped and used in an ammonia purification filter.'"’® The
MOF material was first mixed with water and a binder to
obtain a paste containing 72.5 vol% UiO-66-COOH, 22 vol%
water, and 5.5 vol% polysiloxane (silicone). Finally, a 1.5 mm
long small cylinder of shaped product was obtained by the
extrusion method. Various cross-sectional shapes could be
obtained by controlling the shape of the flow outlet or mediat-
ing the shear mode (Fig. 4). The high-density samples of the
shaped UiO-66-COOH obtained by this method could act as air
purification adsorbents to effectively remove NH3, and the per-
formance was superior to that of the commercially activated
carbon. In addition to the conventional extrusion, there are
some reported examples for the continuous production of
shaped MOFs by extrusion. James et al.'®” applied twin-screw
and single-screw extruders for continuous production of
various metal complexes and MOFs, including Ni(salen),
Ni(NCS),(PPhj3),, and HKUST-1, ZIF-8, and Al-fumarate. It was
found that the specific surface area of Al-fumarate after extru-
sion was comparable to that of an Al-fumarate sample
obtained by the conventional method. Janiak and co-workers
recently reported the shaping of some hydrothermally stable
MOFs, including Al-fumarate, MIL-160(Al) and MIL-101(Cr),
with some hydrophilic polymer binders, including polyacrylic
acid (PAA), sodium polyacrylate (PAANa), polyethylene glycol
(PEG), polyethylene imine (PEI), polyvinyl alcohol (PVA) and
polyvinyl pyrrolidone (PVP).'%® The resultant monoliths were
prepared by a freeze-casting method, where the mixture of
MOF, polymer, and water was extruded out from a syringe after
it was frozen in liquid nitrogen, and the final product was
obtained by freeze drying of the extrudate. With such a
shaping method, negligible pore blocking was achieved for 12
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of the 21 investigated MOF@polymer composites. A simple
and energy-efficient CH, capture from low-concentration
sources (such as landfill gas) by a shaped MOF product has
been reported by Sadiq et al.'®® The water-stable MOF, Al-
fumarate, was selected to mix with high heating rate magnetic
nanoparticles (MgFe,0,) and poly(vinyl alcohol) particles to
prepare a pellet sample by extrusion. At 1 bar and 300 K, the
shaped Al-fumarate showed a high CH, adsorption capacity
(18.2 ecm® g™'). Dynamic release experiments indicated that
there was no substantial loss of CH, adsorption capacity for
the extruded pellet after more than 10 cycles of regeneration
with a speed of 6 minutes per cycle. On the other hand, the
authors pointed out that suitable particle size and density
were prerequisites for the formation of shaped adsorbents,
and smaller particles could cause excessive pressure drop or
respiratory resistance, which is not desirable in practical
applications.

In addition, the auxiliary additives used in the extrusion
process have a great influence on the properties of shaped
materials. Rationally controlling the components and the con-
tents of additives benefits the surface area, crushing strength
and density of the shaped MOFs. For example, the major com-
ponents for a shaped MOF material are the MOF powder
(UTSA-16), binder (PVA) and plasticizer (water or propanol),
which were mixed to form the shaped sample by extrusion.'*°
Among them, the binder could integrate particles with a plasti-
cizer which reduces the viscosity between particles. The most
common plasticizer is water, and some other organic solvents
with low boiling points or organic-water mixtures could also
be used as plasticizers. The specific surface area for a shaped
sample with a lower binder content (<2 wt%) was hardly
reduced compared to that of the pristine MOF. In contrast, the
specific surface area of a sample with a binder content of
3 wt% was reduced by 5%. Furthermore, the crushing strength
and particle density of the extruded material increased steadily
with the increase of binder content. The density of the
extruded MOF containing only 2 wt% of binder was compar-
able to the extrudates of commercial zeolites. On increasing
the content of the binder, the crushing strength was signifi-
cantly increased and much higher than that of the commercial
zeolite, however, at the expense of a reduction of surface area.
Recently, Figueira et al. reported a facile method to shape

Fig. 4 The photographs of UiO-66-COOH beads obtained by freeze granulation (left) and extrudates (center), and of commercial type K adsorbent
(activated carbon) from 3 M (right). Reprinted with permission from ref. 106. Copyright 2018 American Chemical Society.
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powdery MOF samples into MOF pellets.""" A mixture of MOF
particles and a small amount of water was straightforward
extruded out from a syringe. The resulting pellets easily broke
apart after dehydration or immersion in water. However, after
the unstable MOF pellets were coated with poly(methyl meth-
acrylate) (PMMA) by immersing the pellets in a PMMA solution
in CH,Cl,, the authors claimed that the PMMA coated MOF
pellets could preserve their integrity for months in ambient air
and for one week in liquid water.

In the past few years, the fabrication of delicate MOF-based
products with the aid of 3D-printing setups is gaining increas-
ing attention."'*''® Essentially, the 3D printing of a MOF-
based product is a shaping process of MOF particles by extru-
sion. Thakkar et al. first reported 3D-printed monoliths of two
MOFs, MOF-74(Ni) and UTSA-16(Co).""*> A homogeneous sus-
pension of MOF powder together with bentonite clay (as a
binder) was first prepared. The suspension was mixed with
another solution containing PVA (as a plasticizer), water, and
ethanol, producing an extrudable paste, which was then
loaded into the syringe of a 3D printer. Monoliths with a 3D
structure pre-designed by the AutoCAD software were finally
printed in a layer-by-layer manner (Fig. 5). Some other binders
and plasticizers were also used to prepare 3D-printed MOF
monoliths. For example, Furukawa and co-workers recently
reported the preparation of MOF monoliths of HKUST-1,
CPL-1, ZIF-8, and UiO-66-NH, with a modified 3D printer.'*®
The inks for 3D printing were prepared by mixing MOF
nanocrystals, 2-hydroxyethyl cellulose (as a binder), PVA (as a
plasticizer), and water with a weight composition of
0.25:0.02:0.01: 0.65. The authors emphasized that the optim-
ization of the ink composition was highly important, and an
ideal ink should be highly viscous, show proper flowability
when an external force is applied, and hold its shape in a
stationary state.

Solution-1

__—_—
MOF + Clay +
Ethanol

Stirred for 2 h

Solution-2

Solution 1 + 2

Stirred for 2-3 h

Stirred and sonicated
for2.5h
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2.1.3. Spray drying. As a low cost, continuous, fast and scal-
able self-assembly method, spray drying has been extensively
studied in the shaping of materials. With the aid of an instru-
ment, a MOF suspension or colloid is sprayed into tiny drops
to accelerate the drying process of the MOF particles by
increasing the exposed surface area of the wet sample in air.
When the sprayed sample is in contact with hot air, most of
the solvent is removed immediately to obtain a powdery or
granular solid. Also, the micron-sized MOF particles could be
converted into much larger particles with various super-
structures, and the structure of the final product is related to
the initial feeding materials and the specific operating
conditions.

Spray drying can be used to construct MOF-based hollow
superstructures, which have great potential in some fields,
such as chemical sensing and selective reactors. It is quite
different from the preparation of materials with super-
structures by conventional methods, which commonly require
the application of sacrificial polymer templates, chemical
etching or interfacial manipulation. The preparation of
hollow MOF superstructures and their adsorption properties
have been studied by several research groups. Maspoch et al
used a two-fluid nozzle for the spray-drying synthesis of
hollow HKUST-1 superstructures and nanoHKUST-1 crys-
tals."”” A solution of Cu(NO;),-2.5H,0 and Hjbtc (Hzbtc =
1,3,5-benzenetricarboxylic acid) in a mixture of DMF, ethanol
and water (1:1:1) was spray-dried in a mini spray dryer con-
taining a spray cap with a 0.5 mm-diameter hole, an inlet
temperature of 180 °C, at a feed rate of 4.5 mL min™", and a
flow rate of 336 mL min~'. A blue powder was collected
after 2 h and then respectively washed with methanol and
dichloromethane to obtain the final product of HKUST-1
superstructures (capsule size, 2.5 + 0.4 mm). A dispersion of
the HKUST-1 superstructures in methanol was sonicated for

3D Printer

(72
,'?;z

1.5¢cm

3D-printed monoliths

Fig. 5 Schematic of the preparation procedure of a 3D-printed MOF monolith. Reprinted with permission from ref. 112. Copyright 2017 American

Chemical Society.
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5 min to obtain a stable blue colloid composed of well-dis-
persed nanoHKUST-1 crystals, which was collected by a
process of centrifugation twice and re-dispersed in methanol.
Adsorption studies indicated that the surface area of the
HKUST-1 hollow-superstructure was consistent with that of a
HKUST-1 sample synthesized by the convention method."*®
The authors believed that the spray-drying process had little
effect on the adsorption properties of the HKUST-1 sample.
Besides, similar nanocrystal-based superstructures for some
other MOFs, such as NOTT-100, MOF-14, Zn-MOF-74, Ni-
MOF-74, Mg-MOF-74, MIL-88A, MIL-88B and UiO-66, could
also be successfully prepared by adjusting the inlet
temperature, solvent and feed flow rate. It was also found
that the solvent mixtures, MOF precursor concentrations,
inlet temperatures, feed rates, and flow rates could affect the
superstructures and adsorption properties of the final
products.

Tanaka et al. reported that a hollow macro/micro structure
of polycrystalline ZIF-8 could be successfully prepared by the
spray drying method."”® A solution of zinc acetate and
2-methylimidazole in distilled water was stirred and spray-
dried to obtain an amorphous phase with the help of a spray
dryer, which contains a two-fluid nozzle at a feed rate of 5 mL
min~", a spray air pressure of 70 kPa, and an inlet temperature
of 150 °C. The amorphous sample was then dispersed in a
polar organic solvent at room temperature, and an amor-
phous-to-crystal transition occurred, resulting in a ZIF-8
sample with a macro/micro-hollow superstructure which was
then collected by centrifugation. The size of the resultant
macro/micro-hollow ZIF-8-superstructure depends on the
nature of the applied polar organic solvents. The macro/micro-
hollow ZIF-8 showed improved performance in adsorption
capacity and adsorption rates compared to a conventional
ZIF-8 sample. For industrial applications of shaped MOFs, a
continuous shaping approach with a large-scale and rapid pro-
duction of products is highly promising. Avci-Camur et al.
reported the continuous preparation of the shaped products of
two representative Zr-MOFs (UiO-66-NH, and Zr-fumarate) by
flow spray drying (Fig. 6).”® A mixture of ZrOCl,-8H,0 and
2-aminoterephthalic acid was stirred in a 30% (v/v) solution of
acetic acid in water. The resulting mixture with maintained
agitation was injected into a coil flow reactor (inner diameter:
3 mm) at a feed rate of 2.4 mL min~" and a bath temperature
of 90 °C. The resulting preheated slurry was then spray-dried
using a spray dryer at a flow rate of 336 mL min™", a spray-cap
hole diameter of 0.5 mm and an inlet temperature of 150 °C. A
resulting yellow powder was collected and washed in ethanol,
and precipitated by centrifugation to afford the final product
(yield: 64%). A similar method was used for the synthesis of
Zr-fumarate by the spray-drying method. The spheres of
UiO-66-NH, and Zr-fumarate in variable sizes were produced
on a large scale by adjusting the content of acetic acid in the
mixture solvent. The BET surface areas and water adsorption
capacities of the shaped Zr-MOFs were comparable to those of
the Zr-MOFs synthesized by the conventional methods. This
synthetic method combines the preparation and shaping of
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Fig. 6 Schematic illustration of the set-up for the aqueous continuous
flow spray-drying synthesis of UiO-66-NH,. Reprinted with permission
from ref. 58 published by the Royal Society of Chemistry.

MOFs, and is regarded as a green method and a one-step
technology for the production of MOF microbeads.

2.1.4. Pressing. The MOF samples can also be simply
shaped into pellets by applying a high hydraulic pressure to
the sample in a mold. In the past, pressing was mostly used
for the shaping of building ceramics and refractory materials.
In recent years, it is becoming a popular method for the
shaping of MOF materials. However, the crystalline and
porous structure of MOFs often collapse under high pressures,
and the key for the shaping of MOFs with the pressing method
is applying appropriate pressure.

The relationship between the density of a compressed
material and the pressure imposed on the shaped material is
an important issue for the shaping of MOFs by pressing. It
should be noted that the structural flexibility of MOFs is
different from the compressibility of MOFs. The structural
flexibility is a microscopic property, which depends largely on
the bond lengths and bond angles in the framework structures
of MOFs. The compressibility is a macroscopic property,
largely depending on the intergranular gap, size and shape of
the particles. Pressing is a macroscopic action, and it is closely
related to the compressibility of MOFs. Lupu et al. reported
the hydrogen adsorption properties of a compressed sample of
MIL-101."*° A powder sample of MIL-101 was pressed into
pellets with different densities using a manual hydraulic
machine. According to the densities of the sample obtained at
different pressures, the authors found that the packing density
of MIL-101 did not increase linearly with pressure. At normal
temperature and pressure, the density of a powder sample of
MIL-101 is 0.19 ¢ cm™>. Similarly, Tagliabue et al. obtained a
pellet-shaped sample of Ni-MOF-74 with a diameter of ~1 cm
and a thickness of ~0.1 cm when the pressure was in the range
of 0.1-1 GPa."”" It was also found that the density of the
shaped sample did not increase linearly with the applied
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pressure, and the N, adsorption capacity of the Ni-MOF-74
sample was completely lost after it was pressed under 1 GPa.

The influence of pressure on the properties of the com-
pressed material is complicated. On the one hand, the com-
pression operation has a positive effect on the performances of
MOFs. Firstly, pressing increases the surface hardness and
mechanical strength of MOFs. It was reported that the wafers
of ZIF-8 and MIL-53(Al) could be obtained by mechanically
compressing the original powder samples without any
adhesive.’*” The authors demonstrated that the MOF wafers
were very durable and capable of withstanding pressure swing
adsorption (PSA) cycles with a high pressure up to 18 bar.
Secondly, the compression operation may increase the catalytic
activity of MOFs. Bazer-Bachi et al. reported that the pressuriz-
ation operation had an opposite effect on the inner pore
surface area to that on the outer surface area of shaped MOFs
(Fig. 7).> The pressurization operation could result in a
decrease in the intrinsic specific surface area for the MOF
material, while the exposed area of the outer surface of the
shaped materials could increase simultaneously. It was found
that the shaped sample had a higher catalytic activity. The
authors interpreted that the catalytically active sites were
located on the outer surface of the material, while the com-
pression behavior induced the formation of new active sites on
the outer surface of the material.

On the other hand, the compression operation has an
adverse effect on the structure and properties of MOFs.
Generally, the adsorption performance of a powder sample of
the MOF is different from that of a pressing-shaped MOF
sample to some extent. Ardelean et al. investigated the gas
adsorption properties of a pressing-shaped sample of
MIL-101."*° The nitrogen and hydrogen adsorption studies
indicated that a mechanical pressure applied to prepare the
shaped MIL-101 sample induced an irreversible structural
transformation of the MOF. The specific surface area, pore
volume, and hydrogen adsorption capacity all reduced after
compressing the MOF sample. Infrared spectroscopy results
also showed that the compression significantly affected the
characteristic vibration of phenyl groups in MIL-101 and the
coordination modes between carboxylate groups of the ligands

Crystalline zone

e

Amorphous zone [

View Article Online

Review

with the Cr’* ions. It was demonstrated by Bazer-Bachi et al.
that some MOFs could convert into amorphous materials
under certain pressures.”” Two well-known MOFs, ZIF-8 and
HKUST-1, were studied in this work. The authors found that
compression had an adverse effect on the micro-porosity of
the MOFs. Besides, the same pressure affected differently the
adsorption properties of the two materials. Ribeiro et al
demonstrated that a mechanical compression had a greater
effect on the crystalline structure of MIL-53(Al) than the effect
on ZIF-8.">* After pressing, the loss of surface area and pore
volume is only 7% for ZIF-8, while the surface area and pore
volume of MIL-53(Al) were reduced by 32% and 24%, respect-
ively. Besides, X-ray diffraction experiments indicated that the
structural change caused by the compression operation is irre-
versible, and the decrease in crystallinity is proportional to the
applied external force. Nevertheless, there are also some MOF
materials with structures and adsorption properties hardly
affected by a compression operation. For example, Tagliabue
et al. demonstrated that the properties of Ni-MOF-74 could be
substantially unchanged after a compression treatment, as
suggested by the adsorption data.'*’ A powder sample of Ni-
MOF-74 was prepared by the solvothermal reaction, and two
compressed samples were obtained from applying a 0.1 and
1 GPa pressure on the Ni-MOF-74 powder sample without
adhesives. Gas adsorption measurements for the 0.1 GPa
shaped Ni-MOF-74 samples indicated a CH, adsorption
capacity of 129 em® ¢™' at 303 K and 34 bar, which was very
close to the value for the powder sample of Ni-MOF-74.

2.2. Templated shaping

Templated shaping is a technique for the shaping of MOFs
with the aid of substrate materials. The sol-gel method and
electrospinning method are two commonly used substrate-
templated shaping methods. In such a technique, the MOFs
are generally shaped with the polymeric additives by various
processes, such as sol-gel casting, adhesive addition, surfac-
tant-assisted dip coating and freeze-drying. The high stability
of the additives is the key for the successful preparation of
shaped MOFs.

Applied Force -

Fig. 7 Schematic view of the impact of compression on the inner pore surface area and the outer surface of a MOF sample. Reprinted with per-

mission from ref. 95. Copyright 2014 Elsevier.
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2.2.1. Sol-gel method. In this method, the nanoparticles of
MOFs are uniformly dispersed in a medium to form a stable
homogeneous sol system. And the gel with a three-dimen-
sional (3D) network structure is then formed after the addition
of an additive component. The shaped MOF-polymer aerogel
is finally obtained by freeze-drying. In the sol-gel process, low
density of the product and high MOF-loading are the goals
that the researchers have been pursuing. Suitable scaffold tem-
plates to fix the fine MOF particles into a final shaped product
are important in the sol-gel technology.

Nanocellulose has been extensively studied for its low
density, low cost, non-toxicity and regenerability. The ultra-
high toughness of this material offers a platform for the fabri-
cation of MOF-cellulose composites as flexible materials con-
taining hierarchical pores.'**™*® Zhu et al. reported the prepa-
ration of the cellulose-MOF hybrid aerogels for three MOFs
(Fig. 8),"** namely ZIF-8,**'*” Ui0-66,"*® and MIL-100(Fe)."*
The hybrid aerogel was obtained from the MOF particles, alde-
hyde modified cellulose nanocrystals (CHO-CNCs) and hydra-
zide modified carboxymethyl cellulose (NHNH,-CMC). The
MOF particles were first mixed with CHO-CNCs to form a
stable colloidal suspension in water. The resulting colloidal
suspension was then added into an aqueous solution of
NHNH,-CMC, leading to the formation of hydrazone linkages
between the aldehyde groups of CHO-CNCs and the hydrazide
groups of NHNH,-CMC. Finally, a CNC-CMC-MOF hybrid
aerogel was obtained after the suspension was frozen and
freeze-dried. In such a manner, the MOF particles were
trapped in the crosslinked cellulose network. The authors
believed that the interactions between the MOF particles and
the cellulose were physical entanglement and van der Waals
interactions."® It was also demonstrated that the encapsula-
tion of MOF particles by the cellulose did not block the pores
of MOFs or lead to the collapse of the MOF structure. Hybrid
all-CNC-MOF aerogels were similarly prepared by the MOF
particles, CHO-CNCs and hydrazide-modified CNCs (NHNH,-
CNCs) instead of NHNH,-CMC. However, it was found that the

mm
B i ' G c |l [

ZIF-8 Uio-66  MIL-100(Fe) ZIF-8

Ui0-66  MIL-100(Fe)

Fig. 8 (A) The schematic representation of a MOF-cellulose hybrid
aerogel. Photographs of (B) CNC-CMC-MOF based hybrid aerogels
(CNC:CMC:MOF = 1:1:1 by weight), and (C) all-CNC-MOF based
hybrid aerogels (CNC:CNC:MOF = 1:1:1 by weight); aerogels are
about 7 mm in diameter and 5 mm in height. Reprinted with permission
from ref. 123. Copyright 2016 John Wiley and Sons.
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all-CNC-MOF aerogels showed more loose structures than the
CNC-CMC-MOF hybrid aerogels and fell apart easily. The
poor mechanical stability of the all-CNC-MOF aerogels was
attributed to the fact that the CNC-CNC crosslinking was steri-
cally hindered by the rigid crystalline structures of both the
MOF particles and CNCs.

Although mechanically stable cellulose-MOF hybrid aero-
gels can be prepared by crosslinking of CNC and CMC, a pre-
modification of CNC and CMC with aldehyde or hydrazide
groups is necessary for the crosslinking. Alternatively, Ma et al.
reported that MOF-BC composite aerogels with a hierarchical
porosity could be directly prepared by integrating the MOF,
ZIF-8 or UiO-66, with the bacterial cellulose (BC), a cost-
effective, lightweight and commercially available porous
material."*' The pre-prepared BC aerogels in a specific shape
were firstly mixed with a solution of metal ions, and then an
organic ligand solution was added. The mixture was then
placed in a condition which was suitable for the growth of
MOFs. The authors believed that the abundant hydroxyl
groups of BC nanofibers could preferentially interact with the
metal ions through weak interactions, such as coordination
bonding and electrostatic interactions, which was followed by
the nucleation of MOF nanoparticles on the surface of BC
nanofibers. As a template, the BC nanofibers in this synthetic
method not only enhanced the high porosity and mechanical
flexibility of the composite aerogels, but also contributed to
the low density, hierarchical porosity, large surface area, and
high mass transfer efficiency of the final MOF-BC composite
aerogel sponge. In another work, Yang et al reported the
growth of ZIF-67 in the 3D hydrogel of reduced graphene oxide
(rGO) to obtain a 3D rGO/ZIF-67 aerogel (Fig. 9)."*> The 3D
rGO hydrogel was obtained by reducing the GO nanosheets
dispersed in water with an NH;-H,O solution in a Teflon-lined
autoclave at 180 °C for 24 h. The resulting rGO hydrogel was
then added into a methanol solution of Co(NOj),. After stir-
ring for 12 hours, the methanol solution of Co(NOs), was
poured out, and then a methanol solution of the ligand
2-methylimidazole was added. The mixture was stirred for
12 h, resulting in the formation of ZIF-67 in the rGO hydrogel.
After washing with water and freeze-drying of the hydrogel, the
final rGO/ZIF-67 aerogel was obtained, which showed a high
adsorption capacity for cationic dyes (crystal violet, CV) and
anionic dyes (methyl orange, MO) in water.

Wang and co-workers developed a facile method to prepare
hierarchically porous foams consisting of MOF nanoparticles
and CMC."*® The MOF nanopatrticles were first dispersed in a
DMF/acetone solvent by ultrasonication, and acetone was later
removed by rotary evaporation. It was previously demonstrated
by Cohen and co-workers that the use of a solvent with low vis-
cosity like acetone could facilitate the preparation of a homo-
geneous MOF dispersion, and subsequent addition of a
polymer solution, such as polyvinylidene fluoride (PVDF) in
DF or N-methylpyrrolidone (NMP), into the homogeneous
MOF dispersion could produce a homogeneous casting solu-
tion."** After mixing the MOF dispersion with a transparent
CMC aqueous solution by stirring, MOF@CMC foam could be
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Fig. 9 The SEM images of (a and b) 3D rGO aerogel and (c and d) 3D rGO/ZIF-67 aerogel, and the TEM (e, f and g), (h) EDX and (i) digital photo-
graphs of the 3D rGO/ZIF-67 aerogel. Reprinted with permission from ref. 132. Copyright 2018 Elsevier.

obtained by freeze-drying of the MOF-CMC fluid in a cylinder-
shape mold. The authors successfully prepared MOF@CMC
foams for six representative MOFs (Fig. 10), namely HKUST-1,
ZIF-8, Mg-MOF-74, Zn-MOF-74, UIO-66, and NH,-UiO-66, and
believed that this synthetic strategy was a general method for
the shaping of MOFs and even many other crystalline porous
solids.

2.2.2. Electrospinning. In this technology, a spinning solu-
tion is sprayed under a strong electric field to obtain fiber-
shaped products after the solvent in the fiber is vaporized. The
functionalization of a polymeric material is generally achieved
by electrospinning the mixture of the polymer and a solid
additive to improve its mechanical strength, electrical conduc-
tivity, or catalytic activity. Common solid additives include
salts,"*> organic or inorganic particles,"*® and carbon nano-
tubes.”” In recent years, the research works on the introduc-
tion of MOFs into polyacrylonitrile (PAN), polyvinylpyrrolidone
(PVP), polystyrene and other polymer materials by electro-
spinning have emerged, and the resulting materials are poten-
tially applicable in batteries, supercapacitors, sensors, and so
on.

Achieving a high MOF loading in the MOF-based fiber sor-
bents is a challenging goal. MOF crystals and polymers are
used together for the electrospinning, and it is a facile route to
integrate MOF particles into a composite fiber. Rose et al. pre-
sented a versatile approach for the integration of MOF par-
ticles into polymer/MOF composite fibers to obtain the
homogeneous textile-like layers by electrospinning.’*® A high

This journal is © the Partner Organisations 2020

loading of HKUST-1 in the fibers up to 80 wt% was achieved.
The general procedure for the preparation of the composite
fiber is described as follows. The first step was the preparation
of MOF-polymer suspension in an organic solvent (polystyrene
in THF, PVP in ethanol, or PAN in DMF). After dissolving the
polymer in an organic solvent, the powder sample of MOFs
was added and the resulting mixture was stirred to obtain a
homogeneous suspension, which was then filled in a syringe
for further processing. In the second step, two ends of the
syringe loaded with the suspension were connected by a
syringe pump and a stainless-steel needle, respectively. At the
same time, a generator was used to provide a high voltage on
the stainless-steel needle. The MOF-polymer composite
fiber was finally produced by jet spinning of the needle under
the electric field after the evaporation of the solvent. In
this technique, the diameter of the composite fiber can be
controlled by adjusting the concentration of the polymer solu-
tion. The surface polarity of the MOF material and the
polarity of the polymer significantly affected the loading of the
MOF.

Wang et al. reported that a flexible MOF nanofiber mem-
brane (NFM) with hierarchical pores could be prepared by the
colloid-electrospinning technology.'** The UiO-66-(COOH),
nanoparticles, containing rich carboxyl groups, were
embedded in the PAN nanofibers. The loading of the UiO-66-
(COOH), nanoparticles was as high as 60% by weight in the
composite PAN/UiO-66-(COOH), NFM. In another example,
Zhang et al. prepared a PAN/HKUST-1@HKUST-1 NFM (named
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Fig. 10 The crystal structures of HKUST-1, ZIF-8, Mg-MOF-74, Zn-MOF-74, UlO-66, and NH,-UiO-66, and the optical photos and SEM images of
the MOF@QCMC foams based on these MOFs. The scale bars are 100 pm in v and 1 pm in vi. Reprinted with permission from ref. 133. Copyright 2016

American Chemical Society.

HKUST-1 NFM for short) by the seeded growth of HKUST-1
crystals on the skeleton of a PAN/HKUST-1 NFM, which was
pre-fabricated by the electrospinning technique (Fig. 11)."*
The fiber based NFM synthesized in this strategy was stable
and uniform, and the HKUST-1 loading was high up to
82 wt%.

The electrospinning process can also be used to improve
the properties of the resulting composite fibers. Armstrong
et al. successfully demonstrated that the hydrothermal stability
of HKUST-1 could be greatly improved after being coated with
a thin layer of hydrophobic polystyrene by electrospinning.'*!
Dahal et al. introduced ZIF-8 into a highly porous PAN-based
carbon nanofiber by the electrospinning technique, and the
resulting material showed high performance as a super-
capacitor electrode."** Zhang et al. prepared a ZIF-67/PAN
nanofiber by the electrospinning technique, which was sub-
sequently treated by pyrolysis at high temperature (800 °C),
resulting in a composite named C-ZIF-67/PAN-800."*> The
authors demonstrated that a glassy carbon electrode modified
by C-ZIF-67/PAN-800 could be used to construct high perform-
ance sensors for the detection of hydroquinone and catechol.
Zhang et al. reported that nanocrystals of four MOFs (ZIF-8,
Mg-MOF-74, UiO-66-NH, and MOF-199) could be processed
into nanofibrous filters (MOFilters) with the polymer PAN,
polystyrene or PVP.'** The obtained MOFilters showed high

2850 | /norg. Chem. Front., 2020, 7, 2840-2866

efficiencies to remove fine particulates with aerodynamic dia-
meters below 2.5 pm (PM2.5) and 10 pm (PM10) in air.

2.3. Self-shaping

In the above-mentioned cases, the shaping of MOFs is
achieved either by an external force or by the aid of another
substance. However, the high pressure or the addition of
another substance sometimes could lead to partial damage or
even complete collapse of the porous MOF materials, resulting
in the decrease of their adsorption capacities. In contrast, the
self-shaping method could effectively circumvent this issue.
There are two characteristics for the self-shaping technology.
Firstly, the influence from the other species, such as tem-
plates, additives and binders, on the structural stability, poro-
sity and function of the MOF materials can be excluded.
Secondly, the cost to produce shaped MOFs is greatly cut
down. Therefore, an in-depth development of the self-shaping
technology may play an important role in promoting the prac-
tical applications of MOFs.

So far, there are only a few reports on the self-shaping of
MOFs. In addition to the self-shaping method, the structure
and adsorption properties of the self-shaped MOFs are also
the focus of relevant research. Fairen-Jimenez and co-workers
have done some pioneering studies on the self-shaping of
MOFs."*78 In 2015, they synthesized a mechanically and

This journal is © the Partner Organisations 2020


https://doi.org/10.1039/c9qi01564g

Published on 08 June 2020. Downloaded on 4/6/2026 5:09:24 PM.

Inorganic Chemistry Frontiers

Electrospinning

PANIHK NFM

View Article Online

Review

Multistep

Activation ‘!_ et o
3
s

PAN/HK@HK1 NFM

PAN/HK@HKn-A NFM

PAN/HK@HK1-A NFM

Fig. 11 Schematic illustration of electrospun PAN/HKUST-1composite fibers used as a skeleton to prepare a self-supported and flexible HKUST-1
nanofibrous membrane (NFM) with ultrahigh HKUST-1 loading and stable and uniform HKUST-1 growth. Reprinted with permission from ref. 140.

Copyright 2018 American Chemical Society.

chemically stable ZIF-8 monolith by the self-shaping method.
The ZIF-8 crystals were prepared by stirring a mixture of
2-methylimidazole (ligand for ZIF-8) and Zn(NOs)-6H,O in
ethanol at room temperature for 2 hours, a method reported
by Cravillon et al.**® The second step is the post-treatment of
the resulting ZIF-8 sample. After centrifugation and washing
with ethanol to collect a white product, four different methods
were used to further treat the ZIF-8 sample: (1) some of the
primary sample of ZIF-8 was dried at 100 °C overnight in a
vacuum oven to obtain ZIF-8HT (HT stands for high tempera-
ture); (2) some of the primary sample of ZIF-8 was dried at
room temperature overnight to obtain ZIF-8LT (LT stands for
low temperature); (3) the ZIF-8LT sample was further evacuated
in a vacuum oven overnight at 100 °C to yield ZIF-8LT-HT; (4)
some of the primary sample of ZIF-8 was dispersed in ethanol,
and the starting materials of 2-methylimidazole and
Zn(NO;)-6H,0 were then added into the solution; after the
resulting mixture was ultrasonicated for 10 minutes at room
temperature, the solid was collected by centrifuging and
washing with ethanol. The collected solid was dried at room
temperature overnight, resulting in ZIF-8ER (ER stands for the
extended reaction). Interestingly, it was found that the white
pellets of ZIF-8HT easily disaggregated into a typical powder
sample of ZIF-8, but ZIF-8LT, ZIF-8LT-HT and ZIF-8ER
remained as transparent monolithic structures (Fig. 12). The
authors proposed that new ZIF-8 was formed during the drying

process of the primary ZIF-8 at room temperature, and the
newly formed ZIF-8 acted as a binder of the primary ZIF-8 par-
ticles because there were residuary reactants (2-methyl-
imidazole and Zn>" ions) within the sample and the mild
drying process allowed the extension of the polymerization
reaction. On the other hand, the slow drying process could
benefit to reduce the stress around the vapor-liquid meniscus
during the evaporation of the solvent found in the interstitial
spaces between primary ZIF-8 particles. The ZIF-8ER monolith,
which was obtained with higher amounts of residuary reac-
tants within the sample in the room temperature drying
process, showed significantly higher elastic modulus than the
monoliths of ZIF-8LT or ZIF-8LT-HT, further supporting their
hypothesis. In addition, N, adsorption studies revealed that
the ZIF-8 monoliths retained the characteristic porosity of
ZIF-8, and their bulk densities and volumetric N, adsorption
capacities were three times higher than those of a powder
sample of ZIF-8. In 2018, Zhang and co-workers prepared large
transparent blocks of MAF-4/ZIF-8 nanocrystals using a similar
procedure mentioned above.’*® The MAF-4/ZIF-8 block shows
a high optical transmittance (69% to 84%) in the visible light
region (400 nm to 700 nm) as the typical optical ceramics Nd:
YAG does, and thus it was regarded as a metal-organic optical
ceramic (MOOC). The author also demonstrated that the
MOOC exhibited amplified spontaneous emission with a very
low energy-density threshold after a laser dye (sulforhodamine
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Fig. 12 (Left) Optical photos of (a) ZIF-8HT; (b) ZIF-8LT; (c) ZIF-8ER and (d) ZIF-8ER samples under 365 nm UV light. (¢) PXRD patterns of the
different ZIF-8 samples alongside a simulated pattern for ZIF-8. Adapted with permission from ref. 145 published by the Royal Society of Chemistry.
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Fig. 13 Crystalline structure and optical images of UiO-66 gel and monoliths. (a) Graphical representation of the microporous crystal structure of
UiO-66 with purple, sky blue, navy blue and white sticks representing zirconium, oxygen, carbon and hydrogen atoms, respectively. (b) Comparison
of the simulated XRD pattern of UiO-66 with PXRD patterns of monoUiO-66 samples (monoUiO-66_A; blue, monoUiO-66_B; red, monoUiO-66_C;
purple, monoUiO-66_D; green). (c) UiO-66 gel used for synthesizing monoliths. The optical photos of (d) 1onoUiO-66_A, (€) monoUiO-66_B, (f)
monoUiO-66_C, and (9) monoUiO-66_D. Reprinted with permission from ref. 147. Copyright 2019 Springer Nature.

640) was encapsulated inside the pore of MAF-4/ZIF-8 or into
the crystal defect during the synthesis of the MOF
nanocrystals.

Later, with a similar method, Fairen-Jimenez and co-
workers prepared another monolithic MOF, ,0no0HKUST-1,
without binders and/or high pressures."*® The mother solution
containing the primary HKUST-1 particles was centrifuged at
the beginning of the reaction to obtain a densified solid,
which was also regarded as a gel. After slowly drying at room
temperature, a dense, glassy-look monolith of HKUST-1 was
obtained. The drying temperature was critical to achieve the
final morphology of the monolith. In contrast, a powder
sample of HKUST-1 (powdHKUST-1) was obtained if the dense
gel was dried at high temperature. It was believed that the fast
removal of the solvent between primary HKUST-1 particles did
not allow the gel macrostructure to be maintained, and,
during the slow drying period, the residuary precursors started
nucleating at the interface and experienced an epitaxial growth
within the primary particles. Notably, the shaped material of
monoHKUST-1 showed a high volumetric methane adsorption
capacity up to 259 cm® (STP) ecm™ at 65 bar, which was the
highest value reported to date for conformed shape porous
solids. In addition, nanoindentation tests revealed that the
hardness of ,oncHKUST-1 was over twice the conventional
sample of HKUST-1.

Although 1,0noHKUST-1 showed a high volumetric methane
adsorption capacity at high pressure, its high microporosity
and a strong physical interaction with natural gas at low
pressure results in a compromised working capacity for CH,
storage of 1,0noHKUST-1. Besides, HKUST-1 loses crystallinity
and adsorption capacity under moisture under ambient con-
ditions. Therefore, Fairen-Jimenez and co-workers developed
the synthetic procedures for monolithic samples of a hydrolyti-
cally stable MOF, UiO-66.""" A UiO-66 gel with 10 nm primary
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MOF particles was first prepared by the modification of a pre-
viously reported synthesis method for UiO-66,""' and four
different methods were used to further treat the primary MOF
particles, and macroscopic monolith samples of UiO-66 were
obtained (Fig. 13). monoUiO-66_A was obtained by washing the
primary MOF particles with ethanol and drying at 200 °C.
monoUiO-66_B was prepared by washing the primary MOF par-
ticles with ethanol but the sample was dried at 30 °C. Optically
transparent ,on0,UiO-66_C was obtained by the primary MOF
particles with DMF and drying at 30 °C. The preparation of
monoUi0-66_D is similar to that of ,,,,,Ui0-66_C, except an
extended (180 min) centrifugation step was applied to check
the effects of primary particle densification prior to drying.
The authors demonstrated that these relatively minor differ-
ences in synthesis resulted in interesting changes in the physi-
cal properties of the resulting monolith samples of UiO-66,
such as density, fluorescence and adsorption properties. All
the resulting monoliths show both micropores and mesopores.
The mesopore volumes follow the trend ,,,0n,,UiO-66_A >
monoUi0-66_B > 1,,Ui0-66_C > ,,,,UiO-66_D. However, the
volumetric gas uptake for both CH, and CO, follows the same
trend: 1onoUIO0-66_D =~ ,000UiO-66_C > ,,,,Ui0-66_B =~
monoUI0-66_A. 1,onoUi0-66_D showed an outstanding adsorp-
tion capacity among the four samples. The CH, uptakes are
211 and 296 cm® (STP) em™ at 65 and 100 bar, respectively,
and the CO, uptake is 284 cm® (STP) cm ™ at 40 bar.

2.4. Shaping by in situ growth on substrates

In most cases in the above-mentioned methods, the MOF
samples to be shaped are pre-synthesized, and the shaping
processes are after the syntheses of MOFs. Another important
shaping method of MOFs is the in situ growth of MOF crystals
on certain substrates. When the synthesis reaction is com-
pleted, a supported MOF is obtained. The method is com-
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monly used in the fabrication of a MOF membrane."”* '
Though some works have been reported on in situ growing
MOF crystals on the substrates without any treatment, the pre-
treatment of substrates with various procedures has proved to
be an effective method to induce the nucleation of MOF crys-
tals on the substrates. Some representative examples are intro-
duced below.

2.4.1. Blank substrate. A blank substrate refers to a sub-
strate which has not been specially treated and does not
contain functional groups on its surface. Some common blank
substrates used for the growth of MOFs include untreated pulp
fibers, foams, carbon materials, patterned substrates, inte-
grated devices and so on. Qian et al. have successfully syn-
thesized hybrid composites consisting of a hierarchical porous
carbon (HCM) monolith and the HKUST-1 crystals in situ syn-
thesized inside the macropores of the HCM monolith."*® The
HCM-HKUST-1 composites were obtained by a step-by-step
impregnation and crystallization method. The HCM monolith
was first placed in the precursor solution of HKUST-1, and the
mixture was transferred into an oven at 90 °C for 20 h to
obtain the monolithic HCM-HKUST-1. In order to increase the
amount of HKUST-1 crystals formed inside the HCM mono-
lith, such a process was repeated x times, resulting in the com-
posite HCM-HKUST-1-x. The SEM images showed that the
HKUST-1 crystals in sizes of 2-30 pm were well dispersed
inside the macropores of the HCM monolith, and the sponge-
like microporous structure and the monolithic shape of HCM
retained after the growth of MOF crystals (Fig. 14). For the
HCM-HKUST-1-3 composite, a high volumetric CO, adsorp-
tion capacity of 22.7 cm® em™ was achieved, which was twice
that for the pristine HCM. The authors also demonstrated that
the HCM-HKUST-1-3 composite exhibited a high dynamic CO,

—Cuy(BTC),
—HCM-Cuy(BTC),-3

Intensity/ a.u.

1 (9
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Fig. 14 SEM micrographs of HCM (a), HKUST-1 crystals (b), and
HCM-HKUST-1-3 (c, d and e). (f) XRD patterns of HCM, HKUST-1, and
HCM-HKUST-1-3. Reprinted with permission from ref. 156. Copyright
2012 American Chemical Society.

This journal is © the Partner Organisations 2020

View Article Online

Review

adsorption capacity, a high CO,/N, adsorption selectivity and a
good regeneration capability.

Similarly, the in situ growth of UiO-66 crystals in the macro-
porous structure of a polyurethane foam (PUF) was reported by
Pinto et al."® The polyurethane foam was directly immersed
in the precursor solution of UiO-66, and a UiO-66-PUF compo-
site could be successfully prepared by a solvothermal reaction
of precursor solution at optimized reaction temperature and
duration. The resuling composite showed flexibility, micro-
pores from the PUF and micropores from the MOF crystals.
This method was regarded as an alternative to obtain nonpow-
der MOF materials. Different from porous carbon or poly-
urethane foam, pulp fibers are a class of materials with
spatially three-dimensional structures composed of cellulose
or hemicellulose. A good dispersity in solvent is an important
advantage for the pulp fibers, which can be mixed with the
solution of MOF precursors to form a homogeneous phase.
Kiisgens et al. reported the in situ growth of HKUST-1 on pulp
fibers."”® The ligand 1,3,5-benzenetricarboxylic acid and
Cu(NO3), were first dissolved in a mixed solution of EtOH and
DMF. Then, the pulp fibers were added into the prepared solu-
tion, resulting in a slurry like mixture. The slurry was gradually
heated to 358 K in a Teflon-lined steel vessel and maintained
at this temperature for 24 hours. Finally, the product was col-
lected by filtering and washing. Three pulp samples, namely,
CTMP (chemithermomechanical pulp), a bleached southern
pine kraft pulp and an unbleached kraft pulp, were used for
such an experiment. The product obtained from the experi-
ment with CTMP as pulp fibers showed a high MOF loading
(19.95 wt%). The SEM image of the product showed that the
HKUST-1 crystals were regularly distributed over the CTMP
fibers. In contrast, when the bleached kraft pulp was used in
the experiment, almost no MOF crystal was observed on the
pulp fibers. The authors interpreted that the contents of lignin
in the three pulp samples were different, and the structure of
lignin contains carbonyl or carboxylic acid groups, which
could induce the in situ growth of HKUST-1 crystals on the
pulp fibers.

The in situ growth of MOF crystals on blank substrates rep-
resents a facile method to shape the MOF powder samples.
The preparation is commonly achieved by the solvothermal
reactions similar to the syntheses of MOF powder samples.
The resulting products not only inherit the properties of the
original substrate materials, such as macroporosity and flexi-
bility, but also integrate the high adsorption capacity and/or
selective adsorption performance of the microporous MOFs.
However, the stability of the substrate/MOF bonding in long-
term repeated use was seldom investigated in the literature,
and achieving a high loading of MOF particles in the final
shaped composites is still challenging.

2.4.2. Pre-modified substrate. To facilitate the growth of
MOFs on the surfaces of substrates, a variety of methods have
been reported to pre-modify the substrates before the synthesis
of the MOF-substrate products.'>*™'®* For example, Shen et al.
reported the preparation of a UiO-66-NH, loaded cellulose
sponge, and the cellulose sponge was pre-modified with
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Fig. 15 (a) Schematic illustration for the preparation of a UiO-66-NH,-loaded cellulose sponge; (b) the photos of the MOF-loaded cellulose sponge
during the compression process; (c) compressive stress—strain curves of neat cellulose sponge (CS), GPTMS modified cellulose sponge (GPTMS CS)
and UiO-66-NH,-loaded cellulose sponge (UiO-66-NH2@CS); (d) a digital photograph of the UiO-66-NH,-loaded cellulose sponge. Reprinted with

permission from ref. 164. Copyright 2019 Elsevier.

y-glycidoxypropyltrimethoxysilane (GPTMS).'®* The epoxy
group of GPTMS could react with the amino group of UiO-66-
NH, to form a covalent bond while the silicon hydroxyl gener-
ated from the hydrolysis of a methoxysilyl moiety could con-
dense with the hydroxyls on cellulose.'® There are there steps
for the preparation of the UiO-66-NH, loaded cellulose sponge
(Fig. 15a). Firstly, a cellulose nanofiber (CNF) suspension was
prepared by treating the wood pulp in hydrochloric acid at
85 °C for 2 h and subsequent washing with water. Secondly,
GPTMS was added into the aqueous CNF suspension, and a
GPTMS modified CNF suspension was obtained after vigor-
ously stirring the suspension for 4 h at ambient temperature.
Afterwards, the suspension was quickly froze into an ice gel
with liquid nitrogen. The resulting gel was freeze-dried and
further cured for 30 min at 110 °C to promote the cross-
linking reaction between GPTMS and cellulose, leading to the
GPTMS modified cellulose sponge as a substrate. Finally, the
substrate was soaked in a precursor solution of UiO-66-NH,,
and a solvothermal reaction of the mixture produced the
UiO-66-NH,-loaded cellulose sponge. The SEM images showed
that the 3D structure of the GPTMS modified cellulose sponge
was highly porous with the pore sizes in the range of
15-40 pm, and UiO-66-NH, particles were formed on the cell-
ulose nanofibers and thin sheets in the UiO-66-NH,-loaded
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cellulose sponge. The authors believed that the interactions
between MOF and nanofibers were covalent bonds and physi-
cal entanglement. The loaded amount of UiO-66-NH, was over
30 wt%. In addition, it was demonstrated that the MOF-loaded
cellulose sponge was machinable (Fig. 15d), and showed high
porosity (88%), high specific surface area (310.5 g m™2), low
density (36 mg cm™), high mechanical strength (Fig. 15b and
¢), and high catalytic activity for detoxifying the chemical
warfare agent 4-nitrophenyl phosphate.

A cellulose paper@MOF-5 composite material was reported
by Yang et al., which was prepared by the in situ growth of
MOF-5 crystals onto the precipitated calcium carbonate (PCC)
filled cellulose paper.'®® PCC is widely used in common paper
products as an inorganic filler because the introduction of this
material is cost-effective and improves the optical properties
and printability of paper. It was expected that after the intro-
duction of PCC some bonding between the cellulose fibers in
a paper could be interrupted, and thus expose more hydroxyl
groups on the surface of cellulose paper. More MOF-5 crystals
in sizes of 20-100 pm covering the PCC filled cellulose paper
were observed than that for the paper without a PCC filler. It
was explained that when the PCC filled cellulose paper was
added to the reaction mixture for the preparation of MOF-5,
the abundant hydroxyl groups on the surface of cellulose
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paper might react with one carboxyl group of the ligand 1,4-
benzenedicarboxylic acid (H,BDC) by the formation of an ester
group and another carboxyl group of the ligand as exposed on
the surface, which induced the nucleation of the MOF crystals
on the cellulose paper.

Compared with the traditional synthetic organic polymers,
the biopolymer chitin is an excellent starting material as a sub-
strate for the growth of MOFs due to its abundant functional
groups, which could interact with metal ions. Wisser et al.
reported biological chitin-MOF composites with hierarchical
pores for air-filtration applications.'®” The chitin substrate
with a porous fiber structure was extracted from a marine
sponge as a non-toxic, biodegradable, and low-weight support
material for MOF deposition, which could interact with metal
ions by strong adsorption due to its high content of hydroxyl
and acetamido groups. The chitin substrate was first immersed
in an aqueous Cu(NOj), solution, in which the metal ions
were allowed to interact with the functional groups of chitin.
Then, the pre-treated substrate was transferred to an ethanol
solution of H;BTC to produce the MOF, HKUST-1, by a low-
temperature solvothermal method. The prepared HKUST-1-
chitin composite showed a hierarchically porous structure,
wherein the loading of HKUST-1 was high up to 53% (w/w).
The SEM images showed that the MOF crystals were preferen-
tially formed inside the hollow fibers, and thus it was believed
that the MOF crystals could be largely protected from external
mechanical stress and abrasion. The authors also demon-
strated a high ammonia capture capacity of the HKUST-1-
chitin composite, which may potentially serve as a robust
adsorption material in air filters.

Cellulose nanofibers are promising natural nanomaterials
for many applications. After wood pulp is treated with 2,2,6,6-
tetramethylpiperidin 1-oxyl (TEMPO), the TEMPO oxidized
cellulose nanofibers (TOCNs) with rich carboxy groups can be
produced. Matsumoto and Kitaoka reported the preparation of
ZIF-90-TOCN nanocomposites and fabricated high-perform-
ance gas-separation materials based on the ZIF-90-TOCN nano-
composites and common filter papers.'®® An aqueous TOCN
suspension was first prepared from softwood Kraft pulp by
TEMPO oxidation. The surface of the TOCNs was functiona-
lized by sodium carboxylate groups (COONa'). The aqueous
TOCN suspension was then mixed with Zn(NOj3),-6H,0 solu-
tion. As there was a high density of carboxyl groups on the
surface of TOCN, the carboxylates reacted with zinc(u) cations
to form metal-carboxylate complexes.'®'”® After centrifu-
gation at room temperature for 60 minutes and washing with
solvent, a Zn-TOCN gel was produced. The resulting
Zn—-TOCN gel was then suspended in the precursor solution
for the synthesis of ZIF-90. After a solvothermal reaction of the
mixture, a ZIF-90-TOCN nanocomposite was collected. The
ZIF-90-TOCN nanocomposite was further fabricated into a
ZIF-90-TOCN film by simply filtering a dilute suspension of
the ZIF-90-TOCN nanocomposite in methanol with a commer-
cial filter paper under reduced pressure. The authors investi-
gated the CO,/CH, separation performance of the resulting
ZIF-90-TOCN film, and demonstrated a high CO,/CH, per-
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meance selectivity (123), which was attributed to the mole-
cular-sieving effect of the MOF and the strong affinity between
MOF and TOCNSs.

The coating of the metal oxides on the substrates is another
pre-treatment method. Zhao et al. found that the nucleation of
MOFs on the fiber mat could be promoted by a nanoscale
coating of Al,O; on the surface of a nonwoven fiber mat with
the atomic layer deposition (ALD) technique.'” Polypropylene
(PP) fibers in a nonwoven mat were first coated with ALD Al,O3
at 60 °C for 200 cycles, and then the Al,O;-coated polymer
fibers were placed in the precursor solution of HKUST-1 for a
solvothermal reaction at 120 °C for 20 hours. It was found that
HKUST-1 crystals were densely and homogeneously formed on
the Al,Os-coated polymer fibers (Fig. 16), and the resulting
material was named the HKUST-1-PP/ALD fiber mat. A control

(@) ~

Fig. 16 Schematic illustration of (a) the polymer fiber substrate, (b) the
Al,O3z-coated polymer fiber via atomic layer deposition (the cross
section in the dashed square illustrates the conformal coating of Al,Oz
with hydroxyl surface termination), and (c) the MOFs integrated on an
Al,O3-coated polymer fiber using solvothermal MOF synthesis. (d) the
SEM image of HKUST-1 MOF crystals grown on an Al,Os-coated poly-
propylene fiber (MOF-PP/ALD). Reprinted with permission from ref. 171.
Copyright 2014 John Wiley and Sons.
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experiment was also carried out for the growth of HKUST-1 on
a PP fiber mat without any pre-treatment. The HKUST-1 crys-
tals were formed inside the matrix of PP fibers instead of on
the surface of PP fibers, indicating a homogeneous nucleation
of the MOF occurring in the reaction solution. This result also
suggested that the coating of Al,O; on the PP fibers improved
the reactivity of the fiber surfaces for the nucleation of MOF
crystals. Compressed air blowing tests were performed to
assess the bonding strength between MOF crystals and the PP
fibers in the HKUST-1-PP/ALD fiber mat, which showed a
~15% mass loss and that the mass loss stabilized within a few
minutes. Afterwards, bending and rubbing tests were carried
out, and the results showed no more noticeable MOF detach-
ment, suggesting a high mechanical stability of the MOF-PP/
ALD fiber mat. The authors also found that the HKUST-1-PP/
ALD fiber mat could effectively remove hazardous gas (e.g.,
NH; and H,S) in air, and the synthetic approach could be
applicable to a wide range of polymer fibers (e.g., PP, PET,
cotton) and MOFs (e.g., HKUST-1, MOF-74, and UiO-66).

2.5. Shaping with sacrificial materials

In some cases, the growth of MOF crystals on a substrate
involves the conversion of a sacrificial material into the MOF,
and the sacrificial material is either the substrate itself or
another substance on the substrate. For instance, Bechelany
et al. reported the growth of ZIF-8 or MIL-53-NH, on the nano-
fiber mats, which were coated with a thin layer of ZnO or Al,O;
as the sacrificial material for producing MOFs.'”> The PAN
fibers with an external diameter of ~250 + 50 nm were first
prepared by electrospinning. Then, the deposition of the ZnO
or Al,O; layers on the PAN fibers was performed by the ALD
technique, which could well control the thickness of the de-
posited oxide layer by varying the number of deposition cycles.
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An ALD deposition with 250 cycles produced a ZnO layer with
a thickness of 50 nm and an Al,O; layer with a thickness of
42 nm on the PAN fibers, respectively. After the ZnO-coated
nanofiber mats were placed in a methanolic solution of 2-mim
(imidazolium anions) at 100 °C for 1.5 hours, a layer of ZIF-8
crystals in a size of 200 nm was homogeneously formed on the
nanofibers, resulting in the PAN/ZnO/ZIF-8 composite material
(Fig. 17a). Obviously, ZnO was a sacrificial material for the for-
mation of ZIF-8 crystals, because there was no other source of
zinc cation in the reaction for the synthesis of ZIF-8 except
ZnO. The PXRD patterns also confirmed that about 83% of
ZnO converted to ZIF-8. Similarly, MIL-53-NH, crystals in a
size of 200 nm uniformly covering the PAN nanofibers (the
PAN/Al,O3/MIL-53-NH, composite material) were obtained by
placing the Al,O;-coated nanofiber mats in an aqueous solu-
tion of 2-aminoterephthalic acid (H,BDC-NH,, the free ligand
of MIL-53-NH,) after the reaction at 100 °C for 1.5 hours
(Fig. 17b). The conversion of Al,O; to MIL-53-NH, was about
61%. The authors believed that during the conversion pro-
cesses composite materials were formed, and the residual
metal oxides in the composite materials might serve as a link
between the MOFs and the PAN nanofibers. It was also demon-
strated that the PAN nanofiber supported MOF crystals could
be tuned in crystal size, morphology, orientation and loading
by varying the solvothermal conditions.

Recently, Zhu and co-workers reported the growth of four
typical MOFs (ZIF-8, ZIF-67, HKUST-1, and Fe-BTC) inside low-
cost chitosan beads with metal hydroxides or oxides as sacrifi-
cial materials."”® Due to the insolubility of chitosan in alkali
solution,'® chitosan beads containing metal hydroxides or
oxides could be formed by adding a acetic acid/water solution
of chitosan and metal salts into a NaOH solution drop-by-drop
(Fig. 18). Since there exists coordination interaction between
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Fig. 17 SEM images and the corresponding XRD patterns of: (a) PAN/ZnO/ZIF-8 and (b) PAN/Al,O3/MIL-53-NH, composite materials; diffraction
peaks of Al-foil are marked with (*) and diffraction patterns of ZIF-8 and MIL-53-NH, reference powder samples are presented for comparison.
Reprinted with permission from ref. 172 published by the Royal Society of Chemistry.
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Fig. 18 Schematic presentation of the preparation of MOF-chitosan beads. Reprinted with permission from ref. 173. Copyright 2020 Elsevier.

metal ions and amino groups of chitosan, the metal ions were
expected to be uniformly located in chitosan, which trans-
formed into metal hydroxides or oxides after the formation of
beads. The metal hydroxide(or oxide)-chitosan composite
beads were then immersed in the solutions of organic ligands
for hydro/solvothermal reactions, producing MOF particles
uniformly dispersed inside the chitosan beads. The authors
also demonstrated high adsorption capacities of the MOF-chit-
osan beads for antibiotic tetracycline in water.

Many works have been reported on the fabrication of MOF
membranes, which are commonly prepared on macroporous
substrates as MOF layers consisting of well-intergrown MOF
crystals. The preparation of MOF membranes can also be
regarded as the shaping of MOFs. In some cases, sacrificial
materials are also utilized for the growth of MOF layers of
MOF membranes. For example, Zhang and co-workers
reported the growth of 2D MOF nanosheets of Zn,(bIm), (bIm
= benzimidazolate) on porous hollow fiber substrates by the
conversion of ZnO nanoparticles.®’ The a-Al,O; tube with a
pore size of 100 nm was first coated with a layer of ZnO nano-
particles by dip-coating of the substrate in a precursor solution
of ZnO, namely a mixture of Zn(Ac),, ethylene glycol mono-
methyl ether, and monoethanolamine. After calcination at
400 °C, the substrate was placed in a solution of the ligand
HbIm with ammonium hydroxide as a modulator (synthesis
solution) at 60 °C for 30 min. This step was described as the
activation treatment. The substrate was then washed with a
methanol solution of the ligand, and placed again in the syn-
thesis solution at 100 °C for 5 hours to produce the final mem-
brane. The SEM images showed that the rectangular
nanosheets of Zn,(bIm), were arranged neatly as a continuous
and compact membrane on the substrate. PXRD and AFM ana-
lyses revealed that the MOF layer was highly oriented with the
(002) crystallographic planes and only 50 nm in thickness. It
was also demonstrated that the ZnO nanoparticles completely
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converted to the MOF sheets by TEM and PXRD measure-
ments. The authors pointed out that the ZnO nanoparticles
coated on the substrate could act as nucleation sites as seeds
promoting the growth of a continuous and dense MOF mem-
brane, and the rinsing of the substrate after the activation
treatment step with methanol might wash away active sites
with differently oriented crystallographic planes, thus avoiding
the multidirectional growth of the nanosheet membrane and

Fig. 19 SEM images of the bare stainless steel mesh (SSM) (a and b),
ZnO nanorods grown on the SSM (c and d) and oriented Zn,(blm)4
nanosheet grown on the SSM, SSM-500 (e and f). The inset is the cross
section of the ZnO rods grown on the SSM. Reprinted with permission
from ref. 82. Copyright 2019 Elsevier.
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guaranteeing the preparation of highly oriented 2D nanosheet
ZIF membranes. A high H, permeance up to 2.04 x 10~ mol
m~2 s~ Pa~' and a high H,/CO, separation selectivity up to 53
were achieved with the Zn,(bIm), membrane.

Zhang and co-workers also reported the fabrication of MOF
coated stainless steel meshes (SSMs) by using ZnO nanorods
as a sacrificial material.*> A layer of ZnO nanorods was first
grown on the SSM substrate by growing ZnO nanoparticles pre-
coated on the substrate in a hydrothermal reaction. The result-
ing ZnO nanorods were all vertically aligned along the surface
of SSM with a diameter of about 200 nm and a length of
around 2 pm, as indicated by the SEM images (Fig. 19¢ and d).
The ZnO nanorod-coated SSM was then placed in a Zn-free syn-
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thesis solution containing the ligand HbIm and ammonium
hydroxide to produce the MOF nanosheet of Zn,(bIm), coated
on the substrate. The SEM images showed that the MOF
nanosheets were perpendicular to the substrate surface and
stacked like fish scales (Fig. 19e and f). Each nanosheet was in
lengths of 2-4 pm, width of 2 pm and thickness of 20 nm,
showing a high aspect ratio. In such a way, an extremely coarse
surface of the SSM was formed, which thus showed a high
hydrophobicity, as indicated by its high water contact angle
(153°), much higher than those of the bare substrate (88°) and
ZnO nanorod coated substrate (0°). Due to this attribution, the
authors applied the MOF coated SSM in the separation of the
oil/water mixture, and achieved a high separation efficiency
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Fig. 20 (a) The crystal structure of [Al(OH)(ndc)],. (b) A chain composed of corner-sharing octahedral A(OH),O4 units in the structure of [Al(OH)
(ndc)l,. (c) Synchrotron X-ray diffraction pattern of the honeycomb architecture and the simulated pattern of [A(OH)(ndc)],. (d) Top-view SEM
image of the 2D Al,O3 honeycomb architecture. (e) Top-view SEM image of the 2D honeycomb architecture of [Al(OH)(ndc)l,. (f) Top-view SEM
image of the 3D Al,Os opal architecture. (g and h) SEM images of the 3D opal architecture of [Al(OH)(ndc)], (top and side views, respectively). All
scale bars, 1 um. Reprinted with permission from ref. 176. Copyright 2012 Springer Nature.
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(99.8%) and a high flux of over 100000 L m~> h™" for oil/water
mixtures containing 50 wt% water.

In another work, Pan and co-workers prepared a high-
quality ZIF-8 membrane by means of the partial self-conver-
sion of a sputter-coated ZnO layer on a porous o-alumina
support to ZIF-8.'”* Compared to coating ZnO particles by the
sol-gel method, sputtering deposition of ZnO particles on a
substrate was much more controllable. After the hydrothermal
treatment of the ZnO coated substrate in an aqueous solution
of 2-methylimidazole, a layer of ZIF-8 could be successfully
formed due to the partial conversion of sputter coated ZnO to
ZIF-8. After a secondary growth of the resulting ZIF-8 layer, a
high quality ZIF-8 membrane was obtained, which showed a
high propylene/propane separation factor up to 53. The
authors also demonstrated that the introduction of ZnO by
sputter coating in the membrane fabrication process greatly
improved the reproducibility of the ZIF-8 membranes, and the
qualities of the ZIF-8 membrane were highly dependent on the
amount of the deposited ZnO. Liu et al. reported the prepa-
ration of ZIF-8-coated In,O; nanofibers by using In,03/ZnO
composite fibers."”> The In,03;/ZnO composite fibers were
obtained by electrospinning and subsequent calcination. After
a solvothermal reaction of the composite fibers and the ligand
2-methylimidazole, the surface of In,0O; nanofibers was uni-
formly deposited with ZIF-8 nanocrystals, resulting in an
In,03/Z1IF-8 core-shell structure. During the process, the ZnO
particles were all converted to ZIF-8 crystals. The authors also
demonstrated that the resulting In,O3/ZIF-8 nanofibers acted
as an efficient sensing material for the detection of ppb-level
NO,.

In a different way, Kitagawa and co-workers prepared a hier-
archically porous architecture consisting of microporous MOF
crystals by the morphological replacement of metal oxide
(A1,03) used both as a metal source and as an architecture-
directing agent by the Al(m)-based MOF [Al(OH)(ndc)],, (H,ndc
= 1,4-naphthalenedicarboxylic acid).'”® The 2D honeycomb
structure of Al,O; was prepared by a sol-gel process with poly-
styrene beads as hard templates. The SEM image showed that
the Al,O; honeycomb structure was composed of well-ordered
macroscopic hexagonal pores and Al,O; walls with a thickness
of 50 nm (Fig. 20d). The Al,O; honeycomb structure was then
subjected to a reaction of 180 °C in an aqueous solution of the
free ligand Hpndc. After the reaction, the Al,O; walls were all
converted into the intergrown MOF crystals of [Al(OH)(ndc)],
in sizes of 10-200 nm (Fig. 20e). Interestingly, the 2D honey-
comb architecture structure of Al,O; was retained in the result-
ing hierarchical structure of the MOF. Similarly, 3D opal Al,O;
architecture could also be converted into a 3D opal architec-
ture of [Al(OH)(ndc)], (Fig. 20e, f and g). A dissolution-repreci-
pitation mechanism was proposed for the conversion, in
which the metastable parent Al,O; dissolved in the fluid at the
solid/liquid interface and at the same time a new stable daugh-
ter phase (the MOF [Al(OH)(ndc)],,) was crystalized at the same
site. The honeycomb MOF structure was hierarchically porous
and used for the separation of a mixed system of water and
ethanol. The results suggested that the hydrophobic and hier-

This journal is © the Partner Organisations 2020
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archically porous nature of the honeycomb MOF structure
synergistically enhanced the material’s selectivity and mass
transfer for water/ethanol separation.

3. Conclusion

The reported methods for the shaping of MOFs bring great
promise to the industrial application of MOF-based materials.
In particular, the late advancement in templated shaping, self-
shaping, shaping by in situ growth on substrates, and shaping
with sacrificial materials offers encouraging results for the
application realization of shaped MOFs. However, it should be
noted that each MOF shaping method has its own advantages
and limitations, and the optimum method for shaping a MOF-
base material is highly dependent on the specific application
it will be applied to. The mechanical shaping method is easy
and highly feasible, but the resulting products sometimes are
affected by the binder, wetting agent, or high pressure, result-
ing in compromised porosity and adsorption capacity. The
shaping methods using a substrate for the in situ growth of
supported MOF crystals are promising in fabricating many
useful materials such as an air filter, membrane, and sensor,
while a suitable substrate or a pre-modification of the sub-
strate is needed, prolonging the shaping time and increasing
the cost. Self-shaping of MOFs is an intriguing technique
because no binder, additive, or substrate is needed to produce
a MOF monolith with high mechanical stability, high density
and volumetric adsorption capacity, although the experimental
process seems tricky and the synthesis of nano-sized MOF crys-
tals is necessary. Anyway, many important methods for
shaping MOFs have been developed, which could be further
explored and optimized for the specific application of these
types of porous materials. As an extension of the design and
synthesis, the shaping technology of MOF materials would
advance and promote the future practical application of MOF-
based materials. The future challenges of MOF shaping
include (1) overcoming the negative effect of shaping on the
adsorption kinetics of MOFs, (2) avoiding the leaking of fine
MOF particles from shaped products in long-term use, and (3)
identifying optimum shaping methods for specific appli-
cations. These issues were overlooked in most existing works,
suggesting the efforts that future studies should make.
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