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Progress in metal–organic frameworks (MOFs) has advanced from fundamental chemistry to engineering
processes and applications, resulting in new industrial opportunities. The unique features of MOFs, such
as their permanent porosity, high surface area, and structural flexibility, continue to draw industrial
interest outside the traditional MOF field, both to solve existing challenges and to create new businesses.
In this context, diverse research has been directed toward commercializing MOFs, but such studies have
been performed according to a variety of individual goals. Therefore, there have been limited opportuni-
ties to share the challenges, goals, and findings with most of the MOF field. In this review, we examine the
issues and demands for MOF commercialization and investigate recent advances in MOF process engi-
neering and applications. Specifically, we discuss the criteria for MOF commercialization from the views
of stability, producibility, regulations, and production cost. This review covers progress in the mass pro-
duction and formation of MOFs along with future applications that are not currently well known but have
high potential for new areas of MOF commercialization.
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1. Introduction

Metal–organic frameworks (MOFs) have attracted interest from
various industrial and engineering fields such as petrochemicals,
vehicles, gas, and even cosmetic and biomedical areas because of
their high surface area, different porous environments, designable
pore sizes, and synergistic effects of the metal ions and ligand func-
tional groups [1–8]. Excellent progress has been made in MOF syn-
thesis, structure, chemistry, properties, and applications on the
fundamental level [9–13], but challenges remain both in the devel-
opment of engineering processes and exploring game-changing
applications on the industrial level. Recently, many research
groups have focused on the development of MOF manufacturing,
activation, shaping, and dispersion processes, and various startup
and global companies have increased their efforts toward the
development of MOFs for new business areas. However, these
developments in engineering and industrial processes typically
arise from studies performed according to the specific demands
and goals of the individual projects. Therefore, the challenges and
findings are difficult to share with researchers across various MOF-
related fields.

In this review, we examine MOF issues and demands from
process engineering and industrial points of view (Scheme 1).
The criteria for MOF commercialization are discussed in terms
of stability, producibility, regulations, and production cost. We
also explore recent advances in processes for the scaled-up syn-
thesis, product recovery, activation, drying, shaping, and disper-
sion of MOFs. Furthermore, we investigate possible future
applications that are not currently well known but have signifi-
cant potential to serve as new business areas for MOF commer-
cialization. In this regard, we focus on purification, biological
toxicant removal, antibacterial implementation, ion transport for
solid-state electrolytes (SSEs), electrode materials, low-kappa
dielectric materials, and sensors. We believe that this review will
enhance the understanding of recent progress and future
demands for MOF commercialization.
2. MOF commercialization criteria

MOFs have experienced rapid development in the last two dec-
ades, and there have been many reports on their synthesis, struc-
ture, processes, and applications. However, there are still several
challenges in adapting MOFs to different industries. First, only a
few MOFs maintain their properties in aqueous acidic/basic condi-
tions [14–18]. Second, syntheses for the mass production of many
MOFs have not yet been established [19–22]. Third, MOF produc-
Scheme 1. Scope of this review paper: From process engineering to upcoming
applications.
tion costs are still higher than those of competing materials (acti-
vated carbon, silica, and zeolites). In this section, we focus on
criteria for MOF commercialization in terms of stability, pro-
ducibility, regulations, and production costs.

2.1. Stability

Since MOF-5 was first published as a model compound in 1997
[23], most related research interest has focused on increasing the
surface area, which has resulted in values as high as ~7,000 m2

g�1 [24]. However, many MOFs, especially those based on Zn,
decompose easily from humidity and chemicals. Other MOFs syn-
thesized through hydrothermal reactions have been reported to
have better stabilities but are still below the necessary specifica-
tions [25,26]. Many studies have suggested potential MOF applica-
tions in various devices and appliances. Adapting MOFs to such
industrial applications places key emphasis on the lifetime of the
components. The acceleration test is the standard method to judge
the lifetime of a module or set and is usually performed under
85 �C/85% humidity or 120 �C steam conditions to shorten the test
period. Unfortunately, most MOFs lose their properties under these
conditions because of their lack of aqueous acid/base stability.
There is a pioneer reference mentioning the steam stabilities of
MOFs [27]. Steam stability was investigated through experimental
and calculated observations on 10 types of MOF consisting of Zn,
Cu, Cr and Al metal source. It demonstrates that the bonding
strength of metal oxide and linker is the most important factor of
steam stability. Zr/Hf/Al-based MOFs and zeolitic imidazolate
frameworks (ZIFs) have been demonstrated as capable of passing
the standard acceleration test, and an interesting method has also
been reported for fortifying the hydrothermal stability of MOFs
[15]. For example, the HKUST-1 consists of three different sized
cages and these cages form a ship-in-a-bottle complex that is pre-
venting access to reactants and improving stability.

2.2. Producibility

The second challenge in MOF commercialization is scaling up
their production. Approximately 70,000 MOFs have been reported
[28], but their typical synthetic schemes are designed to yield <1 g
per batch to achieve high-quality crystallinity. Crystallization is
highly sensitive to many factors such as reaction temperature,
heating rate, ligand/metal ion concentration, the empty space of
the reaction vessel, and even the roughness of the reactor surface.
Therefore, the crystallization process is one of the factors hindering
the producibility of MOFs. Sometimes, a synthetic scheme must be
completely modified to increase the reaction volume. There are
also several reaction types that are not conducive to a large-
volume scale such as vapor/base diffusion, solvent layering, and
solvent evaporation because of their limited reaction volumes.
Thus far, solvothermal/hydrothermal/mechanochemical reactions
have been regarded as appropriate for the mass production of
MOFs.

Another factor in producibility is reaction temperature. The
usual MOF synthesis involves heating of the reaction medium,
and in many cases, the temperature must exceed the boiling points
of the solvents [29–31]. Usually, water-based reactions are heated
to above 100 �C and require a high-pressure reactor, called a ‘‘di-
gestion bomb.” This approach is inadequate for large-scale produc-
tion because it requires costly, large-scale, pressure-proof reactors,
which decreases the producibility. Room-temperature (RT) or mild
heating (below the solvent boiling points) is highly recommended
to enhance the producibility of manufacturing processes. Finally,
the reactant concentration is also important for improving the pro-
duction efficiency. Usually, the product crystallinity improves in
dilute conditions, but the yield per batch reaction decreases, which



Fig. 1. Material Cost of MOF-5, Ni-MOF-74, UiO-66(USD).
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could result in higher labor and facility costs. High concentrations
also typically worsen the crystallinity and surface area. There are
good references that considered concentration in their cost
assumptions [32]. This patent from BASF SE introduced a strong
base for large-scale synthesis of zinc methylimidazole (ZIF). The
synthesized ZIF has a high Langmuir surface area of 2000 m2/g
while showing a high synthesis yield of 760 kg m�3 day�1.

2.3. Regulations

Regulations are perhaps the least-considered factor but the
most serious issue for commercialization. Based on previous
reports, many studies used Hg, Cd, Mn, Cr, or Ni as the metal for
the prepared MOFs. In the EU and many countries including the
US, Japan, and Korea, these metals are highly controlled and
restricted by the government because of their potential negative
environmental effects and toxicity. Ligands and solvents are under
the same regulations. For example, N,N-dimethylformamide
(DMF), dimethylacetamide (DMA), and N-methyl-2-pyrrolidone
(NMP) are highly controlled materials in the EU, where their con-
centrations in products must be <3000 mg kg�1 [33]. Furthermore,
many MOFs are synthesized in amide solvents and can contain
them after activation. For the performance and regulation of MOF
mass product, an efficient activation process is mandatory.

Another issue is a chemical registration with the government.
For example, the Korean government has enforced a chemical reg-
istration law since 2015 dictating that all chemicals and their
safety information must be reported to the government if over
1000 kg year�1 is produced and sold to customers. Since MOFs
can have multiple topologies even with the same starting compo-
nents, it could become mandatory to file safety information (oral/
inhale/dermal toxicity data) for all the different variations.

2.4. Production cost

Production cost, another key factor in MOF commercialization,
usually comprises the costs of materials, labor, and facilities. Facil-
ity costs are directly connected to the reaction conditions (pres-
sure, concentration, yield) and procedures (number of washing
and drying cycles), which have been aptly discussed in the litera-
ture [34–40]. This review focuses only on material costs in terms
of yield.

There are four components in MOF syntheses: solvent(s), metal
source(s), organic ligand(s), and acid/base catalyst. The material
cost can be categorized into three groups based on the types of
components: 1) Standard ligand and standard metal (e.g., tereph-
thalic acid and Zn/Cu/Zr); 2) specialized ligand and standard metal
(e.g., 2,5-dihydroxyterephthalic acid and Zn/Cu/Mg); and 3) stan-
dard ligand and specialized metal (e.g., terephthalic acid and Hf/
Pd). The prices of the materials in the examples below were
obtained from SciFinder without further inquiry.

A typical example of the first cost case is MOF-5, where the
parameters and yield for synthesis were adapted from a previous
paper [41]. Obtaining 1 kg of activated MOF-5 requires 81.30 L of
DMF, 1.03 kg of terephthalic acid, and 3.45 kg of zinc acetate dihy-
drate for 63% yield; these component amounts cost 414.6, 34.0,
and 78.7 USD, respectively. The total material cost for MOF-5 is
527.3 USD kg�1, of which 78.6% comes from the solvent. In this
case, solvent recycling, cheaper solvent, and concentrated formulas
are strongly recommended to achieve competitive prices com-
pared with other candidates (activated carbon, zeolites, silicas).

Ni-MOF-74 is an example of the second cost case, with a spe-
cialized ligand and standard metal; the synthesis parameters and
yield were adapted from a previous paper [42]. Obtaining 1 kg of
activated Ni-MOF-74 requires 4.75 L of water, 959.9 g of 2,5-dihy
droxy-1,4-benzenedicarboxylic acid, and 941.14 g of nickel acetate,
which cost 8.9, 689.6, and 188.2 USD, respectively. The total mate-
rial cost of Ni-MOF-74 is 886.7 USD kg�1, of which approximately
78% is for the ligand. The biggest challenge in this case is to find an
adequate material supplier or alternative ligand. One example of
an alternative ligand is 4,6-dihydroxy-1,3-benzenedicarboxylic
acid, the MOF of which has similar properties and topology to
those of MOF-74 [43]. Unlike 2,5-dihydroxy-1,4-benzenedicar
boxylic acid, 4,6-dihydroxy-1,3-benzenedicarboxylic acid can be
synthesized by a one-step reaction and thus costs less.

UiO-66 is an example of the third cost case, with a standard
ligand and specialized metal. The parameters and yield of UiO-66
were adapted from a previous paper [44]. Obtaining 1 kg of acti-
vated UiO-66 requires 23.81 L of DMF, 924.7 g of zirconium chlo-
ride, 659.2 g of terephthalic acid, and 401.9 g of concentrated
HCl; these amounts cost 121.4, 358.0, 21.8, and 2.7 USD, respec-
tively. The total material cost of UiO-66 is 503.9 USD kg�1 (Fig. 1).

The material costs of MOFs are much higher than those for other
adsorbents such as activated carbon, zeolites, and silica gel (40,
47.5, and 33.5 USD kg�1, respectively). A target cost for MOFs of
15 USD kg�1 has been reported [40], toward which several
approaches have been suggested. First, the solvent must be col-
lected and reused several times. DMF is used in the synthesis of
MOF-5 and UiO-66 and accounts for 78.6% and 71.7%, respectively,
of the material costs. Solvent recycling is the most important factor
for cost-saving with MOF synthesis. Solvent recovery systems are
usually installed in petrochemical factories. Another approach is
to use water as a solvent, as is the case for Ni-MOF-74, where the
water solvent accounts for only 1% of the material cost. However,
water-based syntheses require high-pressure reaction vessels,
which are difficult to adapt to large-scale production. The third
method is mechanochemical synthesis, which requires only a small
amount of solvent compared with solvo/hydrothermal reactions.
The mechanochemical synthesis of a MOF was first reported in
2006 [45] and has since been used to synthesis several MOFs such
as COF [46–48], MOF-5 [49], ZIF-8 [50–52], MIL-53 [53], MIL-101
[54]. However, no mechanochemical syntheses for Zr-based MOFs
have been established. UiO-66 MOFs with functional groups
(amine, fluoride) have been reported, but pristine UiO-66 still
requires a solvothermal method. The pioneer of mechanochemical
synthesis is MOF Technologies [54] in Belfast, UK.

Another cost factor is the choice of an appropriate metal source.
Metal sources for MOF syntheses are usually selected from nitrates,
sulfates, acetates, halides, or oxides. One factor determining the
metal selection is its solubility in the reaction solvent. MOF synthe-
sis is highly similar to crystallization, and thus solubility is critical
for obtaining high-quality products. Metal nitrates, acetates, and
sulfonates are popular choices in many studies because they are
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highly soluble in the typical solvents employed in MOF syntheses,
such as DMF, alcohol, and water. Halides are another common
choice, especially for UiO MOFs, whereas oxides are perhaps the
least common because of their poor solubility in many solvents.
Nitrates, acetates, and sulfates remain as anions in the solution
after the reaction, leading to higher costs for waste chemical depo-
sition and limiting the recycling of used solvents. Halide metal
sources have the additional disadvantage of producing HCl gas
from some metal ions (for example, ZrCl4) when dissolved in
DMF. This necessitates an acid-resistant coating on the walls of
the reactor or changing to a higher quality reactor material such
as stainless steel.

Finally, the organic ligands are generally selected from polymer
monomers or the intermediates of drugs or pesticides. One exam-
ple is terephthalic acid, which is a monomer of polyethylene
terephthalate and is thus already established for mass production.
Other examples are imidazole and its derivatives. Imidazole is a
component of many drugs, such as antifungal and antibacterial
medicines. Since various derivatives are on the market for the drug
industry, they are easy to adapt to MOF chemistry.
2.5. Road to commercialization: from hydrogen/methane storage by
BASF and startups

The most established application in MOF is a gas storage of
hydrogen, methane, acetylene and SF6. The advantage of MOF is
to reduce tank pressure for storage or increase the capacity in same
volume. A typical example is a hydrogen storage. Since MOF-5 was
firstly reported as hydrogen adsorbent in 2003 [55], series of
papers have been reported for hydrogen storages [56–59]. The
hydrogen storage material is the core component of fuel cell vehi-
cle and the requirement is given by the department of energy
(DOE). The DOE targets are 4.5 wt% (gravimetric working capacity)
and 30 g L�1 (volumetric working capacity) by 2020. Some MOFs
satisfy the DOE gravimetric target so far [60].

The front runner in MOFs commercialization is BASF. BASF
started MOF research in 1999 and they launched the first Product
in 2013 for compressed natural gas (CNG) storage in heavy duty
trucks [61]. However, the CNG vehicle is not still popular yet and
the commercialization is still on the way. The application in next
generation vehicle is not ripen and would take more times to sell
Fig. 2. Global map for
in market. Another application on market is specific gas storage.
NuMat tech announced its ION-X technology in 2017 for AsH3,
PH3, BF3 storage with Linde (current Versum Materials). Those
gases are used in semiconductor manufacturing. The company
reported their materials improved the tank gas capacity and deliv-
ered to the customers [62].

Now there are some startups trying to launchMOFs in market or
selling MOFs. The list is following, MOF technologies, Promethean
Particles, Immaterial, Porous Liquid Technologies, Tarsis Technology
(UK), NuMat technologies, Framergy, Mosaic Materials, Coordina-
tion Pharmaceuticals, Matrix Sensors, Inmondo Tech, Water Har-
vesting, MPower, Nanoshel, Panacenano (US), MOFapps, ProfMOF
(Norway), MOFwork (Australia), ACSYNAM (Canada), NovoMOF
(Switzerland), Atomis, Fuji Pigments (JP), Chemsoon(China) (Fig. 2).
3. MOF mass production processes

For more than two decades, numerous MOFs have been discov-
ered and synthesized in academia. Their characteristics and appli-
cations have been widely studied, and now it is time to move
forward with their practical mass production and application.
MOF synthesis requires chemical components such as organic
ligands, metal ions, solvents, and modulators, as well as thermal
energy and pressure conditions. Research on the academic level
has yielded diverse MOFs and synthetic techniques on the gram
scale. However, the units required for commercial usage are tons
and kilograms, which necessitate entirely new synthetic proce-
dures for mass production. In this context, the areas of concern
are the chemical costs, reaction vessel efficiency, reaction yields,
reproducible quality, environmental regulations, and mild condi-
tions for safety. In general and lab-scale MOF synthetic procedures,
the organic ligands and metal precursors are chemically combined
in organic solvents to afford powder products, which are then
recovered from the reaction solution. Finally, the product is acti-
vated to afford empty pores in the resulting MOFs. This section will
discuss how to produce MOFs on a large scale and what kinds of
procedures have been chosen for industrial-scale production. The
scaling methods are divided into static and continuous processes,
and we will introduce various synthetic strategies and methods
for each.
MOF companies.



6 U. Ryu et al. / Coordination Chemistry Reviews 426 (2021) 213544
3.1. Synthesis scaling

3.1.1. Static processes
Static processes are based on fixed reaction vessels, and for scal-

ing, most approaches expand the size of the container based on the
lab-scale method. A majority of static processes employ solvents to
mediate the reaction between the organic ligands and metal ions.
Considering environmental regulations and cost concerns, it is
desirable to develop more solvent-free synthetic systems, but the
common synthetic procedures still rely on solvent-based systems.
Depending on the equipment and energy source, solvent syntheses
can be divided into ambient temperature (RT) and ambient pres-
sure (1 atm), high-temperature (>RT) and ambient pressure
(1 atm), high-temperature (>RT) and high pressure (>1 atm),
microwave heating, sonochemical, and electrochemical syntheses.
Solvent-free processes are mainly mechanochemical, typically via
grinding or ball-milling. In the next section, these methods will
be introduced and discussed in terms of their pros and cons with
representative cases.
3.1.1.1. Solvent-based static processes. In solvent-based static syn-
theses, MOFs are synthesized by adding energy to the solvent in
which the organic ligands and metal precursors are dissolved in
a fixed vessel. Because solvent-based static syntheses are the most
common in the traditional academic community, a database of
MOF syntheses for various conditions has accumulated, allowing
for easy access to scaled-up syntheses by expanding the reactor
size. This type of method also facilitates diverse reaction condi-
tions for general MOF syntheses as well as more specific condi-
tions. However, the larger the reaction becomes, the more
solvent is required. In particular, polar aprotic solvents, which
are widely used in MOF synthesis due to their ability to solubilize
Fig. 3. Ambient temperature (RT) and ambient pressure (1 atm) process (a) Schem
HKUST-1 in 1.2 L aqueous solvent. Reproduced with permission from [63]. Copyright 2
(1 atm) process (d) Schematic illustration (e) Photographs of UiO-66-NH2 (upper) react
Copyright 2017 Royal Society of Chemistry. High-temperature (>RT) and pressure (>1 a
MIL-101(Cr) production. Reproduced with permission from [75]. Copyright 2015 by Roya
MIL-100(Fe). Reproduced with permission from [76]. Copyright 2012 Elsevier.
the reactants, generally have a high boiling point and thus require
a high temperature for hydrothermal synthesis. Most of these sol-
vents are organic, such as DMF, DEF (N,N-diethylformamide), and
DMA, which are environmentally regulated and expensive,
accounting for 60% of the total MOF synthesis cost. In addition,
the use of fixed vessels makes it difficult to automate static solvent
syntheses into continuous processes.

� Ambient temperature (RT) and ambient pressure (1 atm)
processes

The types of MOFs that can be easily synthesized at RT are pri-
marily based on Cu and Zn, such as MOF-5 [41], HKUST-1 [41,63],
and ZIF-8 [64] as well-known examples. The organic ligands and
metal salts are usually pre-activated in separate solutions, ready
for vigorous nucleation upon mixing (Fig. 3a). Ligands can be
pre-activated ligand by either using a salt-like ligand [65] or depro-
tonating the ligand by adding a base [41,64,65] (Fig. 3b). This
increases the solubility of the ligand in polar solvents to improve
the reactivity, and the deprotonated moiety has a pre-activated
form that can immediately participate in the synthesis. As exam-
ples, MIL-53(Al) and MOF-5 were synthesized at RT using a sodium
carboxylate-type pre-activated ligand (sodium terephthalate) and
a general carboxylic acid-type ligand (terephthalic acid) with
added NaOH, respectively [65]. In addition, with other bases,
MOF-5 and ZIF-8 were synthesized by inducing ligand deprotona-
tion with trimethylamine (TEA) [41,64]. For the metal reagent, the
reactivity depends on the type of counter anion in the metal salt. It
is advantageous to use metal salts with acetate (CO2CH3

�) as the
counter anions since they exhibit faster nucleation than nitrate
(NO3

�), sulfate (SO4
2�), and chloride (Cl�) salts [41,63,65,66]. Huo

et al. synthesized HKUST-1 with Cu(NO3)2 and Cu(CO2CH3)2 and
atic illustration (b) Strategies to synthesize MOF (c) Photographs of synthesizing
013 Royal Society of Chemistry. High-temperature (>RT) and ambient pressure
ion equipment (lower) synthesized to 23.59 g. Adopted with permission from [69].
tm) process (f) Schematic illustration (g) Photograph of 3 L autoclave for large-scale
l Society of Chemistry. (c) Digital image of 70 L box containing large-scale produced
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compared the synthetic properties. The use of the acetate yielded a
higher amount of particles in a shorter time due to rapid nucle-
ation, where the precursors achieved efficiencies of 41 and
2035 g m�3 d�1 STY (space–time yield; grams of MOF per cubic
meter of reaction mixture per day of synthesis), respectively
(Fig. 3c) [63].

Ambient-temperature solvent synthesis is the most facile way
to produce MOF particles and can be scaled up without additional
costs or energy for nucleation and growth. It is advantageous to use
heat-labile ligands such as acetylenedicarboxylic acid and func-
tionalized ligands [41,65]. In addition, ligands in the form of a salt
(e.g., Na2BDC) generate harmless salts (NaNO3, NaCl) rather than
corrosive acids (HNO3, HCl) as byproducts, which is eco-friendly
and safe [65], and the issue of surface area reduction due to ligand
insertion into the pores during synthesis is alleviated. Nitrates
have strong oxidizing properties and may explode with organic
ligands, and thus other metal salts should be selected for mass pro-
duction. Solvent costs and environmental issues must also be con-
Table 1
Summary of MOF that synthesized with ambient temperature (RT) and ambient pressure

MOF Metal source Ligand Modulator S

MOF-5 Zinc acetate dihydrate Terephthalic acid TEA D
MOF-5 Zinc acetate dihydrate Terephthalic acid – D
MOF-74 Zinc acetate dihydrate 2,5-

Dihydroxyterephtalic
acid

– D

MOF-177 Zinc acetate dihydrate Benzenetribenzoic
acid

– D

HKUST-1* Copper acetate
monohydrate

1,3,5-
Benzenetricarboxylic
acid

TEA D
E
w

IRMOF-0 Zinc acetate dihydrate Acetylenedicarboxylic
acid

TEA D

HKUST-1 Copper(II) acetate
monohydrate

1,3,5-
Benzenetricarboxylic
acid

– w

HKUST-1 Copper(II) nitrate hemi
(pentahydrate)

1,3,5-
Benzenetricarboxylic
acid

– w

ZIF-8 Zinc nitrate
hexahydrate

2-Methylimidazole TEA w

MIL-53(Al) Aluminum nitrate
nanohydrate

Disodium
terephthalate

– w

MIL-53(Al) Aluminum nitrate
nanohydrate

Terephthalic acid NaOH w

NH2-MIL-53(Al) Aluminum chloride
hexahydrate

2-Aminoterephthalic
acid

NaOH w

NO2-MIL-53(Al) Aluminum nitrate
nanohydrate

2-Nitroterephthalic
acid

NaOH w

MOF-74(Zn) Zinc acetate dihydrate 2,5-
Dihydroxyterephtalic
acid

NaOH w

MOF-5 Zinc nitrate
hexahydrate

Disodium
terephthalate

– D

MOF-74(Zn) Zinc acetate dihydrate 2,5-
Dihydroxyterephtalic
acid

– D

MOF-74(Ni) Nickel acetate
tetrahydrate

2,5-
Dihydroxyterephtalic
acid

– D

MOF-74(Co) Cobalt acetate
tetrahydrate

2,5-
Dihydroxyterephtalic
acid

– D

MOF-74(Mn) Manganese acetate
tetrahydrate

2,5-
Dihydroxyterephtalic
acid

– D

MOF-74(Mg) Magnesium acetate
tetrahydrate

2,5-
Dihydroxyterephtalic
acid

– D
sidered as the amount of solvent increases relative to the reaction
capacity for mass production. In addition, there are limitations on
the types of MOFs that can be synthesized at RT, and a deproto-
nated ligand can only be used if the ligand or metal is stable under
basic conditions (Table 1).

� High-temperature (>RT) and ambient pressure (1 atm)
processes

Most RT MOF syntheses studied in academic laboratories have
yield limitations below the gram scale with exceptions such as
HKUST-1, and thus it is a challenge to produce MOFs on an
industrial scale at RT. On the other hand, in a high-temperature
reaction, the injected thermal energy increases the solubility and
reactivity of the precursors with the solvent and promotes nucle-
ation, allowing for the production of MOFs with high yields in short
reaction times (Fig. 3d). Additionally, high-temperature synthesis
enables the production of tetravalent metal-based MOFs, which
(1 atm) process.

olvent Time STY
(kg m�3 day�1)

Yield
(g)

Yield
(%)

Surface area
(m2 g�1)

Ref

MF 2.5 h – 4.92 63 3909 [41]
MF 45 min – – – – [41]
MF 18 h – 0.27 69 1187 [41]

EF 3 h – 0.49 60 4944 [41]

MF/
tOH/
ater

23 h – 0.32 44 – [41]

MF overnight – – – – [41]

ater 1 h 2035 – 84.8 1763 [63]

ater 1 h 41 – 34.2 1403 [63]

ater 30 min – – 90 491.54 [64]

ater 4 h-7d – – – 1048 [65]

ater 24 h – – – 1072 [65]

ater 24 h – – – – [65]

ater 24 h – – – – [65]

ater 24 h – – – – [65]

MF 24 h – – – – [65]

MF 20 h – – – 867 [67]

MF 20 h – – – 402 [67]

MF 20 h – – – 521 [67]

MF 20 h – – – 491 [67]

MF 20 h – – – 1007 [67]



Table 2
Summary of MOF that synthesized with high-temperature (>RT) and ambient pressure (1 atm) process.

MOF Metal source Ligand Modulator Solvent Time Temperature
(℃)

STY
(kg m�3

day�1)

Yield
(g)

Yield
(%)

Surface area
(m2 g�1)

Ref

Al-fum*, a Aluminum sulfate
octadecahydrate

Fumaric acid NaOH water 10 min RT 4742 26.2 76% 723 [68]

Al-fum* Aluminum sulfate
octadecahydrate

Fumaric acid NaOH water 10 min 60 5339 29.5 86% 1140 [68]

MOF-74(Ni) Nickel acetate
tetrahydrate

2,5-Dihydroxyterephtalic acid – water 1 h 160 (reflux) 680 17.9 91.60% 1233 [42]

MOF-74(Mg) Magnesium nitrate
hexahydrate

2,5-Dihydroxyterephtalic acid – DMF/EtOH/water 24 h 120 (reflux) – 7.6 – 984 [73]

MOF-174(Mg) Magnesium nitrate
hexahydrate

4-(4-carboxy-3-hydroxy-phenyl)-
2-hydroxy-benzoic acid

– DMF/EtOH/water 12 h 120 (reflux) – 3.82 – 2465 [73]

MOF-184(Mg) Magnesium nitrate
hexahydrate

4-[2-(4-carboxy-3-hydroxy-
phenyl)ethynyl]-2-hydroxy-benzoic acid

– DMF/EtOH/water 24 h 120 (reflux) – 0.78 – 3154 [73]

MOF-74(Ni) Zinc nitrate
hexahydrate

2,5-Dihydroxyterephtalic acid – DMF/EtOH/water 24 h 120 (reflux) – 46.4 – 1176 [73]

MOF-174(Ni) Zinc nitrate
hexahydrate

4-(4-carboxy-3-hydroxy-phenyl)-
2-hydroxy-benzoic acid

– DMF/EtOH/water 12 h 120 (reflux) – 2.82 – 1444 [73]

MOF-184(Ni) Zinc nitrate
hexahydrate

4-[2-(4-carboxy-3-hydroxy-
phenyl)ethynyl]-2-hydroxy-benzoic acid

– DMF/EtOH/water 12 h 120 (reflux) – 1.95 – 2449 [73]

UiO-66 Zirconyl chloride
octahydrate

Terephthalic acid Formic acid DMF 2 h 140 (reflux) – 100 – 604 [71]

MOF-801 Zirconyl chloride
octahydrate

Fumaric acid Formic acid DMF 2 h 140 (reflux) – 100 – 838 [71]

UiO-66-NH2 Zirconium chloride 2-Aminoterephthalic acid Acetic acid/water DMF 15 min 120 (reflux) – 23.59 90.70% 1075 [69]
UiO-66 Zirconium chloride Terephthalic acid Acetic acid/water DMF 15 min 120 (reflux) – – – 995 [69]
UiO-66-(OH)2 Zirconium chloride 2,5-Dihydroxyterephtalic acid Acetic acid/water DMF 15 min 120 (reflux) – – – 575 [69]
UiO-66–2,6-NDC Zirconium chloride 2,6-naphthalenedicarboxylic acid Acetic acid/water DMF 15 min 120 (reflux) – – – 781 [69]
UiO-67 Zirconium chloride Biphenyl-4,40-dicarboxylic acid Acetic acid/water DMF 15 min 120 (reflux) – – – 2087 [69]
BUT-12 Zirconium chloride H3CTTA** Acetic acid/water DMF 15 min 120 (reflux) – – – 1254 [69]
PCN-222-Ni Zirconium chloride Tetrakis(4-carboxyphenyl)porphyrin-Ni Acetic acid/water DMF 15 min 120 (reflux) – – – 1724 [69]
PCN-222-Co Zirconium chloride Tetrakis(4-carboxyphenyl)porphyrin-Co Acetic acid/water DMF 15 min 120 (reflux) – – – – [69]
Hf-UiO-66 Hafnium tetrachloride Terephthalic acid Acetic acid/water DMF 15 min 120 (reflux) – – – – [69]
Hf-UiO-66-NH2 Hafnium tetrachloride 2-Aminoterephthalic acid Acetic acid/water DMF 15 min 120 (reflux) – – – – [69]
Hf-UiO-66-(OH)2 Hafnium tetrachloride 2,5-Dihydroxyterephtalic acid Acetic acid/water DMF 15 min 120 (reflux) – – – – [69]
Hf-UiO-66–2,6-NDC Hafnium tetrachloride 2,6-naphthalenedicarboxylic acid Acetic acid/water DMF 15 min 120 (reflux) – – – – [69]
Hf-BUT-12 Hafnium tetrachloride H3CTTA Acetic acid/water DMF 15 min 120 (reflux) – – – – [69]
CAU-10-H Aluminum sulfate Sodium isophthalate NaOH water 3 h reflux – – – – [74]
CAU-10-H Aluminum sulfate Sodium isophthalate Sodium aluminate EtOH 10 h reflux – 500 93% – [74]

*Basolite A520, **50-(4-carboxyphenyl)-20 ,40 ,60-trimethyl-[1,10:30 ,100-terphenyl]-4,400-dicarboxylic acid), a Control condition of Al-fum.
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Table 3
Summary of MOF that synthesized with high-temperature (>RT) and pressure (>1 atm) process.

MOF Metal source Ligand Modulator Solvent Reactor Time
(h)

Temperature
(�C)

STY(kg
m�3

day�1)

Yield
(g)

Yield
(%)

Surface
area (m2

g�1)

Ref

MIL-100(Fe) Iron(III) nitrate
nonahydrate

Trimesic acid – water 200L
Metal
alloy
reactor

12 160 1700 – – 2280 [76]

MIL-101(Cr) Chromium(III)
nitrate
nonahydrate

Terephthalic acid Nitric acid water 3L
Autoclave

15 200 – 127.1 82.3 3450 [75]

HKUST-1
(Cu-BTC)

Copper(II)
nitrate hemi
(pentahydrate)

Trimesic acid – EtOH/
water

Autoclave 18 150 – 80 – 964.5 [77]

UiO-66 Zirconium
chloride

Terephthalic acid HCl DMF 100L Glass
reactor

24 120 – – 93 1387 [44]

MIL-101(Cr) Chromium(III)
nitrate
nonahydrate

Terephthalic acid – water Teflon
rector

11 210 – 0.1 – 3800 [78]

MIL-100(Fe) Iron chloride Trimesic acid – water Teflon
rector

8 160 – – 1500 [78]

UiO-67 Zirconium
chloride

Biphenyl-4,40-
dicarboxylic acid

– DMF – 24 120 – – – 1800 [79]

Zr-TPDC
(UiO-68)

Zirconium
chloride

Terphenyl
dicarboxylic acid

– DMF – 24 120 – – – 4000 [79]

NH2-UiO-66 Zirconium
chloride

2-
Aminoterephthalic
acid

– DMF – 24 120 – – – – [79]

MOF-867 Zirconium
chloride

2,20-bipyridine-
5,5-dicarboxylic
acid

– DMF – 48 100 – – – – [79]
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are difficult to nucleate without added energy. Because tetravalent
metal-based MOFs have a stronger Mn+-O interaction than di- and
trivalent metals, ligand exchange for crystallization is slower.

High-temperature processes are favorable in terms of high
yields and time efficiency compared with RT processes. In a previ-
ous study on Al-MOF, the synthetic conditions were kept the same,
and the temperature was adjusted to RT or 60 �C (68,72). The
higher reaction temperature not only increased the STY from
4742 to 5339 g m�3 d�1 but also nearly doubled the surface area
from 723 to 1140 m2 g�1.

In particular, heating processes allow for the synthesis of Zr-,
Hf-, and Ti-based MOFs, which are difficult to react at RT because
thermal energy is needed to accelerate the binding of the metal
salts and ligands for nucleation [69,70]. However, even with heat-
ing, the Mn+-O bond is strong, and thus ligand exchange is still
slow, requiring several hours to several days. The table below sum-
marizes the conditions under which MOFs have been synthesized
in short periods. First, when ZrOCl2 was used as a metal source,
nucleation occurred faster than with other metal sources like ZrCl4
due to the influence of the counter ions [71]. Second, to promote
the nucleation of Zr-MOFs, He at al. introduced water to accelerate
the hydrolysis of the metal salt and deprotonation of the ligands.
Additionally, acetic acid was used as a modulator to control the
reactivity because a fast reaction results in poor crystallinity of
the grown MOF. Finally, 23.59 g of UiO-66-NH2 was synthesized
in a 2-L flask under reflux at 120 �C for 15 min by controlling the
reaction rate (Fig. 3e) [69].

This type of high-temperature and ambient-pressure process is
one of the more moderate syntheses conducted under reflux. How-
ever, it is still more reactive than ambient-temperature processes,
making it advantageous for mass production. In addition, since
the solubility of the precursor is increased by the high temperature,
the reaction can be optimized using less solvent, and solvent loss
can be reduced by recovering the evaporated solvent through a
reflux system. However, most such reactions take longer than one
day without adjusting the metal source or adding a modulator,
and there are still many MOFs that are synthesized at reflux condi-
tions harsher than 100 �C. In addition, it is disadvantageous in terms
of cost and the environment to mass-produce MOFs using mainly
organic solvents such as DMF, DEF and dimethylsulfoxide (DMSO)
for their increased solubility and high-temperature heating
(Table 2).

� High-temperature (>RT) and pressure (>1 atm) processes

Traditional heating synthesis, which has been studied the most,
is conducted by dissolving the precursors in a solvent at a high
temperature and pressure. Synthetic conditions for this traditional
process have been well established for most types of MOFs, making
their customization straightforward through modification of the
underlying conditions.

When the reaction temperature is above the boiling point of
the solvent, the autogenous pressure generated by the solvent
vapor also affects the synthesis. Therefore, it is necessary to use
heat- and pressure-resistant vessels. A high temperature and
autogenous pressure enhance the solubility to the point where
even reactants that are insoluble in a specific medium (e.g.,
organic ligands in water) can be used, which can expand the
options for combinations of solvents and reactants. In general,
Teflon-sealed glass vials can be used for low vapor pressures near
the boiling point, but digestion bombs (Teflon-lined autoclave
reactor, high-pressure digestion tank) are necessary for harsh
conditions such as high temperatures and pressures for long-
term reactions(Fig. 3f). To apply such a container to mass synthe-
sis, a large-capacity pressure vessel can be manufactured and
employed like that reported previously [75] (Fig. 3g). These
traditional heating methods can be largely divided into
hydrothermal and solvothermal approaches, which use water
and organic solvents, respectively. Hydrothermal methods are
advantageous in terms of environmental regulations and solvents
when scaled to industrial production, which require a large
amount of solvent due to the usage of water. While ionic precur-
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sors are highly soluble in water, typical organic ligands are poorly
water soluble, and hydrogen bonding between the solvent and
precursor can interfere with nucleation. Typical examples of
large-scale solvothermal synthesis include MIL-100(Fe) in a 200-
L reactor [76] and MIL-101(Cr) in a 3-L reactor [75]. Seo at al. syn-
thesized MIL-100(Fe), also known as Basolite F300 (trade name of
BASF SE), with 70 L of reaction solvent in a 200-L metal alloy
reactor vessel (Hastalloy C-276) at 160 �C for 12 h. The amount
of product was 15.6 kg per batch, and the STY of approximately
450 kg m�3 d�1 was improved to 1700 kg m�3 d�1 by controlling
the synthesis time [76] (Fig. 3h). Furthermore, Zhao at al. pro-
duced MIL-101(Cr) in a 3-L autoclave at 200 �C for 15 h at a yield
of 82.3% based on Cr [75].

Solvothermal synthesis mainly employs polar solvents (DMF,
DEF, DMSO, alcohols, etc.) that dissolve the inorganic precursors,
where the solvent selection affects the precursor reactivity and
crystal growth. In this case, the temperature in the reactor is usu-
ally 100–240 �C. With a solvent that does not dissolve the ligand or
metal source well, the reaction should be carried out at higher
pressures and temperatures to improve the solubility. Therefore,
proper solvent selection is important for large-scale syntheses.
Another option for solvent selection is ionic thermal synthesis
using an ionic liquid, which gives a temperature above the melting
point of the salt and rarely generates pressure from the solvent or
reactant.

Although these thermal syntheses are well known and widely
applied, they do have limitations. Nucleation occurs on the surface
of the vessel; thus, since increasing the vessel volume decreases
the ratio of the vessel surface area to the solvent volume, the reac-
tion efficiency decreases. In addition, issues can occur with uneven
MOF synthesis due to non-uniform heat and pressure distributions.
The reactions are also long, from several hours to several days, and
require a large amount of solvent (Table 3).

� Microwave heating synthesis

Microwaves are electromagnetic radiation with wavelengths
between 1 m and 1 mm. Microwave heating synthesis applies
dipole rotation and ion conduction to heat the solution, unlike tra-
ditional heating systems [80]. Many molecules have a dielectric
moment, which causes them to rotate and align with the alternat-
ing direction of the microwave electric field [81]. Therefore, sol-
vents with high dipole moments are considered optimal for
microwave heating synthesis. Loss of tangent (tan d) determines
the ability of a solvent to convert electromagnetic energy into heat
at a certain frequency and temperature, where a higher tan d leads
to faster heating (Table 4) [82].

However, this does not mean that a solvent with a low tan d
cannot react in a microwave system if the mixed solution of MOF
precursors is polar. The molecular movement of the solvent pro-
duces heat, which disperses as the molecules collide. Microwave
Table 4
Loss tangents (tan d) of various solvents (2.45 GHz, 20 �C). Reproduced with permission f

High microwave-absorbing (tan d > 0.5) Medium microwave-abso

Solvent tan d Solvent

Ethylene glycol 1.35 2-butanol
Ethanol 0.941 1,2-dichlorobenzene
Dimethyl sulfoxide 0.825 1-methyl-2-pyrrolidone
2-propanol 0.799 Acetic acid
Formic acid 0.722 N,N’-dimethylformamide
Methanol 0.659 1,2-dichloroethane
Nitrobenzene 0.589 Water
1-butanol 0.571 Chlorobenzene
heating synthesis is energy efficient because it only transfers
energy inside the reaction solution. Conventional heating methods
first heat the surface of the vessel to add heat energy, but micro-
wave synthesis produces heat directly throughout the material
(Fig. 4a). Therefore, uniform heat transfer occurs inside the vessel
within a short time (a few seconds to hours), resulting in rapid
nucleation and enabling the easy synthesis of small, uniformly
sized MOF particles. The power level, temperature, and reaction
time of the microwave irradiation can be adjusted to control the
MOF size and characteristics. Although the synthesis time is short,
solvent evaporation makes pressure control difficult and requires
the use of a pressure vessel.

Taddei et al. optimized the large-scale synthesis of UiO-66 with
a microwave system [84]. A DMF mixture of zirconium chloride,
terephthalic acid, acetic acid, and water was placed in a PTFE vessel
and subjected to microwave heating using a CEM MARS 5 multi-
mode instrument in 2 stages (1st stage: 200 W for 3 min; 2nd
stage: 80 W for 15 min). UiO-66 was obtained in only 18 min at
a high STY of 2241 kg m�3 d�1 compared with that of conventional
heating (23 kg m�3 d�1).

On the industrial scale, it is expected that large-scale MOF syn-
thesis using microwaves can be carried out using a SAIREM reactor
(Fig. 4b) [83]. However, microwave synthesis conditions have yet
to be confirmed for many MOFs, which limits suitable synthesis
conditions. In addition, using different equipment from the refer-
ence method makes it difficult to reproduce the same conditions,
and thus ultimately the reproducibility is limited (Table 5).

� Sonochemical synthesis

Sonochemical synthesis applies ultrasonic irradiation as
energy for reactions at RT. Similar to microwave heating, sono-
chemical methods can afford MOF particles of a uniform size in
a short time using concentrated vibrational energy. Sonochemical
synthesis employs extreme transients using powerful ultrasonic
waves (20 kHz–1 MHz) that create localized hotspots, which
can reach temperatures above 5000 K, heating and cooling rates
above 1010 K s�1, and pressures above 1000 atm [80,96]. This
phenomenon arises from ‘‘acoustic cavitation,” which involves
the formation, growth, and implosive collapse of bubbles
(Fig. 4c).

Sonochemical syntheses can employ two types of equipment.
The reaction vessel can be immersed in an ultrasonic bath, where
energy is transferred from outside the vessel to the inside. Alterna-
tively, as commonly used in laboratories, tips for generating ultra-
sound are immersed in the reaction solution to transfer energy
directly. This method is 100 times more powerful than the use of
an ultrasonic bath. In addition, industrial ultrasonic devices can
be applied for mass production (Fig. 4d).

The sonochemical syntheses of only a few types of MOFs have
been studied, including ZIF-8, HKUST-1, MOF-5, and MIL-53. Cho
rom [82].

rbing (0.1 < tan d < 0.5) Low microwave-absorbing (tan d < 0.1)

tan d Solvent tan d

0.447 Chloroform 0.091
0.28 Acetonitrile 0.062
0.275 Ethyl acetate 0.059
0.174 Acetone 0.054
0.161 Tetrahydrofuran 0.047
0.127 Dichloromethane 0.042
0.123 Toluene 0.04
0.101 Hexane 0.02



Fig. 4. Microwave heating synthesis (a) Schematic illustration for principle (b)
Digital images of large-scale microwave instrument of SAIREM. Copyright SAIREM.
Sonochemical synthesis (c) Schematic illustration for principle. (d) Digital images
of large-scale sonochemical instrument of Hielscher Ultrasonics GmbH. Copyright
by � Hielscher Ultrasonics GmbH. (e) SEM images and crystallization curves for the
synthesis of MIL-53(Fe) by sonochemistry synthesis (US), microwave heating
synthesis (MW) and heating synthesis (SH). Adopted with permission from [87].
Copyright 2010 John Wiley and Sons.

U. Ryu et al. / Coordination Chemistry Reviews 426 (2021) 213544 11
et al. synthesized ZIF-8 with TEA and NaOH as a pHmodulator in as
little as 1 h with a probe-type sonicator (60% power of 500 W,
20 kHz) and achieved a high synthetic yield of 85% and STY of
2140 kg m�3 d�1 [97]. The dependence of MOF characteristics on
the heating method was explored by a study comparing MIL-53
(Fe) prepared by solvothermal heating (SH), microwave heating
(MW), and sonochemical syntheses (US) [80,87]. The nucleation
and crystal growth times decreased in the order of
US > MW�SH. The morphologies of the MOFs formed at the same
temperature were compared by scanning electron microscope
(SEM) imaging, which showed that MW and US syntheses pro-
duced uniformly sized MOF particles, and the particle sizes
increased in the order of US < MW < SH (Fig. 4e).

MOF synthesis with ultrasound can generate uniformly nano-
sized MOF particles. Additionally, the intense ultrasonic waves
accelerate chemical reactions such as homogeneous nucleation
and crystal growth, and it is easy to combine ultrasound with addi-
tional cooling and heating systems or stirring processes. However,
unlike conventional heating syntheses, it will be difficult to control
the predetermined synthetic conditions from existing methods due
to the lack of autogenous pressure. The sonochemical synthesis of
MOFs has not yet been actively studied in the laboratory, but it is
expected to be applicable to industrial production under mild con-
ditions instead of high temperatures and pressures (Table 6).

� Electrochemical synthesis for MOF film production

Electrochemical synthesis uses electrical reactions between
metal electrodes and ligand solutions. This method was first intro-
duced by a BASF patent in 2005, which detailed the synthesis of
HKUST-1 (Cu-BTC) in thin layers via Cu plate electrodes (Fig. 5c)
[102]. Despite being a static synthesis, this method allows for con-
tinuous production as long as reactants are present. In addition,
electrochemical syntheses have the significant advantages of mild
conditions and short reaction times compared with hydrothermal
synthesis. The MOF is synthesized by a reaction between the elec-
trode and precursor, which is controlled by adjusting the current
and voltage. Electrochemical syntheses can be classified into ano-
dic dissolution and cathodic deposition, which produce a MOF film
on the electrode (Fig. 5) [103]. The mechanism of anodic dissolu-
tion consists of four phases: initial nucleation, growth of islands,
intergrowth, and detachment. As the metal ions are released from
the electrode into the ligand solution, nucleation initiates at
defects on the metal substrate. Nuclei continue to grow next to
the initial nuclei, forming intergrown MOF islands. This has been
confirmed not only for Cu-based HKUST-1 but also for Zn and Fe-
based MOFs [103–105]. After the MOF film is formed, the metal
ions dissolved from the metal substrate pass through the MOF
layer to continuously synthesize the MOF at the MOF–solution
interface. As a result, a void forms between the first MOF layer
and the metal substrate, which separates the two. This method
requires time for MOF electrodeposition, which depends on the
current, and the size of the crystal depends on the reaction time
and solvent. In addition, the use of metal anodes limits the MOFs
that can be synthesized depending on the type of metal selected.
Additionally, in terms of the reaction solvent, it should be noted
that an aqueous solvent can generate hydrogen in the cathode.

The second electrochemical method is cathodic deposition,
where the electrode is immersed in a mixed solution of metal ions,
ligand, and probase, and the MOF is synthesized from the electrode
through electrical energy. Unlike anodic dissolution, cathodic
deposition does not require a metal electrode but instead uses a
conductive substrate to grow the MOF film. The cathodic deposi-
tion mechanism consists of three steps: nucleation of dispersed
nuclei, formation of crystal islands, and intergrowth [103,106].
The difference from the anodic method is that after the first layer,
another layer forms between the electrode and MOF, and thus no
MOF detachment occurs. The reaction rate can be adjusted by con-
trolling the protonation of the ligand via the pH.

Electrochemical synthesis can produce MOFs by either anodic
dissolution or cathodic deposition depending on the characteristics
of the metal source and the conditions of the reaction solution.
Using electrochemistry, MOFs can be synthesized continuously in
a short time at RT and atmospheric pressure. In particular, anodic
dissolution is advantageous in that no counter ion waste is gener-
ated from the metal precursor. Comparing metal materials in terms
of cost efficiency, anodic dissolution uses a metal substrate,
whereas cathodic deposition uses metal ions, making the latter
reaction easier and cheaper. However, in terms of reaction solvents
and electrolytic baths, the cathodic method requires expensive sol-
vents such as DMF, and the bath has a short lifetime of several
days. The anodic method, on the other hand, is more suitable for
long-term and large-scale syntheses due to the inexpensive
solvents like alcohol and long lifetime of the bath [103]. In electro-
chemical synthesis, MOFs are synthesized by coating on the elec-



Table 5
Summary of microwave heating synthesized MOF.

MOF Metal source Ligand Modulator Solvent Instrument Reactor Time Power
(W)

Temperature
(�C)

STY
(kg m�3

day�1)

Yield
(g)

Yield
(%)

Surface area
(m2 g�1)

Ref

UiO-66 Zirconium chloride Terephthalic acid Acetic
acid

DMF Multi-mode microwave
synthesizer

PTFE vial 18 min 100 120 2241 2.72 78 1206 [84]

Cu-BDC Copper(II) nitrate
trihydrate

Terephthalic acid – DMF Domestic microwave – 30–90 min 300/
100

– – – – 624 [85]

HKUST-1 Copper(II) nitrate
trihydrate

Trimesic acid – Water/
DMF/
EtOH

900 W magnetron Teflon
pot

10 min 360 70 – 0.27 50 1185 [86]

MIL-53(Fe) Iron(III) chloride
hexahydrate

Terephthalic acid – DMF Mars-5, CEM – 2 h – 60–70 – – – – [87]

MIL-101(Cr) Chromium(III)
nitrate nonahydrate

Terephthalic acid HF Water Mars-5, CEM Teflon
autoclave

1–60 min 600 210 – – – 3891 [88]

MIL-53(Al) Aluminum chloride
hexahydrate

Terephthalic acid – Water Mars-5, CEM Teflon
autoclave

5.5 h 1200 150 – – – 1282 [89]

MIL-53(Cr) Chromium(III)
chloride
hexahydrate

Terephthalic acid – Water Mars-5, CEM Teflon
autoclave

7 h 1200 175 – – – 1419 [89]

MIL-47(V) Vanadium(III)
chloride

Terephthalic acid – Water Mars-5, CEM Teflon
autoclave

3 h 1200 135 – – – 1049 [89]

MIL-88A Iron(III) chloride
hexahydrate

Fumaric acid – Water Mars-5, CEM Stirring 2–10 min 600 80 – – – – [90]

MOF-5 Zinc nitrate
tetrahydrate

Terephthalic acid – NMP MDS-2100. CEM Teflon
autoclave

15–30 min 600 105 – – – 2798 [91]

MOF-5 Zinc nitrate
hexahydrate

Terephthalic acid Water DMF – Teflon
pot

210 s – 80 – 0.123 47 2489 [92]

IRMOF-1 Zinc nitrate
hexahydrate

Terephthalic acid – DEF 520A, Resonance
Instrument Inc.

Pyrex
vial

25 s 150 – – – – – [93]

IRMOF-2 Zinc nitrate
hexahydrate

2-Bromoterephthalic
acid

– DEF 520A, Resonance
Instrument Inc.

Pyrex
vial

40 s 150 – – – – – [93]

IRMOF-3 Zinc nitrate
hexahydrate

2-Aminoterephthalic
acid

– DEF/EtOH 520A, Resonance
Instrument Inc.

Pyrex
vial

35 s 150 – – [93]

MOF-74(Ni) Nickel nitrate
hydrate

2,5-
dihydroxyterephthalic
acid

– DMF/
EtOH/
Water

Multiwave 3000/
Synthos 3000, Anton
Paar

Teflon
autoclave

90 min – 100 – – – 1252 [94]

MOF-74(Mg) Magnesium nitrate
hydrate

2,5-
dihydroxyterephthalic
acid

– DMF/
EtOH/
Water

– Teflon
autoclave

90 min – 125 – – – 1416 [94]

MIL-101(Cr) Chromium(III)
chloride
hexahydrate

Terephthalic acid NaOH Water MDS-2002A Teflon
autoclave

3 min – 210 – – – 3208 [95]
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trode, and thus it is difficult to produce uniformly sized particles
since they are aggregated rather than separated. Thus far, electro-
chemical methods have yet to be applied to many MOFs, and most
research has been aimed at MOF film coating. Electrochemical syn-
theses are more suitable for producing large-area MOF films
(Table 7).

3.1.1.2. Solvent-free static processes (mechanochemical synthe-
sis). Mechanochemical syntheses are well known as solvent-free
(or solvent-less) methods involving grinding or milling a solid mix-
ture of metal and organic ligands. Typically, in academic research,
the reactants are ground by a mortar and pestle (Fig. 6a) or ball-
milled (Fig. 6b, c). The mechanical force breaks the intramolecular
bonds, and new bonds form between the metal and ligands to drive
MOF formation. Since this is a quantitative reaction, the proportion
of metal to ligand is an important element affecting the reaction
yield and efficiency. Additionally, a catalytic amount of liquid or
ionic material (salts) can be employed to accelerate the reaction,
also called liquid-assisted grinding or ion-assisted grinding,
respectively. The small amount of solvent increases the mobility
of the reagent [112], and anionic salts induce templating effects
[113].

Kimakow et al. synthesized the Cu-based MOFs HKUST-1 and
MOF-14 by ball-milling with copper acetate. The surface area of
HKUST-1 was low at 758 m2 g�1 without activation but increased
to 1713 m2 g�1 after EtOH washing. This was caused by the bypro-
duct, acetic acid, blocking the product pores [112]. Thus, a washing
process is required to remove any byproducts other than water.

Mechanochemical syntheses are advantageous for their sim-
plicity, rapidity, high yields, RT conditions, low cost, and solvent-
free reactions yielding small-sized MOF products. It is also possible
to use various types of metal sources, such as pure metals, metal
oxides, metal hydroxides, metal carbonates, and even insoluble
metals [114]. Furthermore, mechanochemical synthesis can be
applied to a stoichiometric ratio of mixed distinct metal compo-
nents to synthesize mixed-metal MOFs by milling [115]. However,
if the byproducts also react under the employed conditions, a sol-
vent may be necessary, as is the case for pore activation by solvent
exchange. For mass production, the grinding operation is simple
and cost-effective. In particular, solvent-free methods reduce the
cost of solvents and environmental regulations. However, the worn
metallic impurities from ball milling equipment are the main
drawback of this method for certain applications [116] (Table 8).

3.1.2. Continuous processes
In Section 3.1.1, we examined static processes for industrial

MOF production. Static syntheses use one large reactor, which is
not suitable for mass production by repeated synthesis and recov-
ery processes. This section introduces continuous flow systems
capable of continuous synthesis, recovery, and wash steps, where
the ligands and metal precursors are synthesized into MOFs as they
enter the reactor. With a constant pump pressure, the reagents are
continuously supplied to the reactor, and the product is sent out.
Finally, flow systems can be managed with a computer program,
and it is possible to maintain uniform synthesis conditions by
checking and adjusting the temperature and flow rate at different
points. In addition, continuous processes can result in improved
MOF reproducibility because the continuous reaction maintains
the same synthetic conditions. Continuous processes can be classi-
fied as solvent-based or mechanical depending on the use or lack of
a solvent, respectively, as a reaction medium. We take a closer look
in the following subsections.

3.1.2.1. Solvent-based continuous processes. The static heating syn-
theses described in Section 3.1.1 involve expanding the
laboratory-scale synthetic methods to a large-scale reactor. At this



Fig. 5. (a) Schematic illustration and SEM images for synthesized HKUST-1 with anodic dissolution. (b) (left) Schematic illustration and (right) SEM images for synthesized
HKUST-1 with cathodic deposition (c) Digital image of HKUST-1 synthesis cell for electrochemical preparation of MOFs with Cu-plates as electrode material. Both (a) and (b)
(left) have been reprinted with permission from [103]. Copyright 2016 American Chemical Society. Part (c) has been reproduced with permission from [102]. Copyright 2006
Royal Society of Chemistry.
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time, the use of a large amount of solvent causes environmental
and cost problems, and larger containers have lower surface-to-
volume ratios and thus poor reactivity. On the other hand, flow
heating systems are optimal for industrial production with their
high surface-to-volume ratios, which improve the mass and heat
transfer, reaction efficiency, and reaction rate. Such flow systems
are commercially available and have been studied for the synthesis
of various materials, such as quantum dots, metal nanoparticles,
and metal oxides [120] (Fig. 7). Therefore, flow systems are an
effective approach that can be easily applied to industrial
production.

As shown in Fig. 8a, in flow heating synthesis, the metal and
ligand precursors are transported by a pump to be mixed in a reac-
tor and receive energy to synthesize MOFs. Immediately afterward,
the reaction is stopped by the cooling system to obtain MOFs with
a uniform and controlled shape. Then, the as-synthesized MOFs are
moved to a constant pressure by a back pressure regulator (BPR),
which solves the tube clogging problem caused by MOF powders.
This type of system is eco-friendly and cost-efficient because it
expends a small amount of solvent and reuses the separated sol-
vent through recovery. In addition, the activated final product
can be manufactured by simultaneously performing the synthesis,
recovery, and washing steps. The reactors can be divided into 5
types depending on their shape and the manner of mixing of the
ligand and metal source (Fig. 8b): column, counter-current mixing,
continuous stirred tank, tubular flow, and microfluidic reactors.
Additionally, various types of energy sources can be applied to
the reaction by irradiating with microwaves and ultrasound in
addition to heat.

� Column reactor

In a column reactor, the reaction occurs as the reactants are
mixed in a fixed column. This is the simplest reactor with no mix-
ing device, where the reactants are instead blended by the flow
rate (Fig. 9). Kim et al. obtained HKUST-1 at 2.04 g h�1 with a col-
umn reactor, where the size and crystal phase of the MOF were
controlled by adjusting the EtOH/water ratio of the metal source
and the reaction temperature (Fig. 9a) [121]. Bayliss et al. prepared
a metal, ligand, and hydrothermal line to synthesize MIL-53(Al)
[122], where the reagent line with an aqueous solution at RT met
the hydrothermal line in a column reactor (Fig. 9b). However, since
terephthalic acid (H2BDC) as an organic ligand is not soluble in cold
water, disodium terephthalate (Na2BDC) was used instead as a sol-
uble salt. Importantly, this study established a system capable of
simultaneous synthesis and recovery, which is the goal of indus-
trial production. After the reaction, it was possible to perform con-
tinuous recovery in the flow system by a filter replacement method
through two divided filter lines. The filtered MOF product was
transferred to a critical EtOH extraction reactor for pore activation,
which demonstrates the possibility of extending flow heating syn-
thesis to the washing process. This system achieved 500 g of MIL-
53(Al) in 4 h with an STY of 1300 kg m�3 d�1. The surface areas of
HKUST-1 and MIL-32(Al) synthesized through this column reactor
were 1673 and 1010 m2 g�1, respectively, which are higher than
those of the same MOFs synthesized by static solvent methods.
This illustrates that the porous properties of MOFs are properly
maintained when mass-produced.

Column reactors are the simplest flow systems and are capable
of connecting to a recovery system for one-step flow. However,
since there is no specific mixing element, it is difficult to obtain
instant and powerful mixing. Other systems are subsequently
introduced to address this need (Table 9).

� Counter-current mixing reactor (CCR)

A CCR consists of a pipe-in-pipe concentric arrangement as
shown in Fig. 10a, b. This reactor rapidly mixes a preheated solu-
tion down through the inner pipe with a RT solution flowing
upward. The advantage of this method is that the reagents are
mixed quickly and uniformly in a few seconds by the stream,
resulting in a short residence time [125]. Thereafter, the reaction
is terminated through rapid cooling, and a sample is collected by
a BPR (Fig. 10c).

The synthesis of the MOFs, HKUST-1 and CPO-27, using a CCR
was first introduced in 2012 [123]. Preheated water was used for
the downward flow in the inner tube, and a mixed solution of
ligand and metal (RT) was used for the upward flow. The size
and surface area of the MOF were controlled by optimizing the
temperature of the reactor and the concentration of the metal
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source. In a subsequent work, ZIF-8 was synthesized using an
organic ligand and base solution as the pre-heated downward
stream and metal solution (RT) as the upward stream [124]. The
synthesized MOF was then transferred to a coil in a water bath
by BPR, and pore activation was performed by heating and sonica-
tion to manage the surface area. This demonstrated the advantages
of a continuous process with simultaneous synthesis and activa-
tion in one flow system. The system produced ZIF-8 with a high
STY of 3875 kg m�3 d�1. The surface areas of HKUST-1, CPO-27,
and ZIF-8 produced by CCR were 1950, 1030, and 1800 m2 g�1,
which were similar to or higher than the reference values of
1694 (Basolite C300), 1200, and 1654 m2 g�1, respectively. Addi-
tionally, HKUST-1 produced in a CCR had a 300–400 m2 g�1 higher
surface area than those of the MOFs prepared in the other two
kinds of column reactors.

The advantage of the CCR is that it can achieve highly uniform
reactant mixing in a short time, which also improves the reaction
extension and transport properties. It has also been shown that
the synthesis and washing steps can be performed sequentially
in one flow system [124]. Although CCRs produce MOFs with a
well-controlled size, surface area, and yield, the required high tem-
perature and pressure are limiting factors for practical applications
(Table 9).

� Continuous stirred tank reactor (CSTR)

In a CSTR, the ligand and metal solution flow into the reactor
and mix through direct stirring to perform the reaction. Choline
et al. synthesized MOF-5 using a CSTR and analyzed the product
according to synthesis time to confirm that impurity-free MOF-5
could be obtained after 5 h, then adjusted the reaction time to
increase the yield (Fig. 10d, e). The resulting MOF-5 had a surface
area of 2302 m2 g�1, which was higher than the reference value
of 2200 m2 g�1 [126].

The CSTR system is a semi-flow reactor that combines batch and
flow reactor features. In particular, the MOF-5 synthesis system
described above can be considered as introducing flow characteris-
tics into reflux synthesis. Therefore, the advantage is that the reac-
tion can proceed at ambient pressure, but the reaction time is 4–
5 h longer than that for other flow methods (Table 9).

� Tubular flow reactor

In a tubular flow reactor, reactants mix and flow in a post-
mixing line, and the MOF is synthesized by irradiation of the line
with energy. This type of reactor not only allows for control of
the concentration, temperature, pressure, and reaction time but
also enables optimization of the reaction rate by adjusting the res-
idence time and reactor volume through the length and diameter
of the line itself. In addition, in the previously described mixing
reactors, synthesis is performed using heated reactants or heat
transferred instantaneously to the reactor, whereas flow line reac-
tors can not only heat the reaction zone but also progress the reac-
tion by irradiation with microwave energy.

The scale, residence time, and reaction rate in tubular flow reac-
tors have been controlled in two ways by directly adjusting the
length (Fig. 11a) and inner diameter (Fig. 11b) of the tubular reac-
tor. The first strategy was to adjust the length and volume of the
entire reactor from 10 to 40 mL by connecting four 1.0-mm inside
diameter (ID) perfluoroalkoxy polymer coil reactors, each with a
volume of 10 mL [127]. When the reactor length was fixed, the res-
idence time was adjusted by the flow rate of the reaction solution.
When the total volume of the reactor was fixed at 20 mL, the reac-
tion was carried out at increasing total flow rates of 2, 10, and
20 mL min�1 and decreasing residence times of 10, 5, and 1 min,
respectively. Further, when the flow rate was fixed at 2 mL min�1,



Fig. 6. (a) Schematic illustration of mortar grinding synthesis (b) Schematic illustration of ball-mill synthesis (c) Pictures of industrial ball-mill instrument of Paul O. Abbe�.
Copyright by Paul O. Abbe�.
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the residence time was 10 min for a total reactor volume of 20 mL,
but the reaction time was adjusted to 15 min when the volume
was increased to 30 mL. The total volume was increased by adjust-
ing the length of the reactor, but because the tube diameter
remained the same, the surface-to-volume ratio was not affected.
After optimizing the synthetic conditions for the mesoscale reac-
tor, 4533 kg m�3 d�1 STY of HKUST-1 was ultimately synthesized
with a macroscale reactor.

The second strategy for controlling the reaction parameters is to
maximize the reactor volume by adjusting the diameter of the tube
within a range that does not increase the surface-to-volume ratio
(Fig. 11b). The degree of reactant mixing in the reactor tube is an
important factor, where more uniform mixing results in greater
mass and heat transfer to the reactor wall and thus improves the
yield. This degree of mixing, or homogeneity, is related to the fluid
flow dynamics of the stream. The reaction surface area decreases as
the tube diameter increases, but this can be attenuated by increas-
ing the mixing degree of the solution, as turbulent flow prevails
over laminar flow. One study showed that upon increasing the
reactor diameter (volume) from 1 mm (10 mL) to 10.9 mm
(1394 mL), the STY increased from 81,120 to 97,159 kg m�3 d�1

without any significant changes in the MOF properties (Fig. 11c)
[128]. It is necessary to determine an appropriate tubular diameter
to increase the reaction volume as much as possible while main-
taining the yield. Finally, to expand the reaction capacity for mass
synthesis, length and diameter adjustments must be performed
through the simultaneous series connection of reactors.

One prominent advantage of tubular flow reactors is the ability
to use not only electrical heat energy but also microwave energy
(Fig. 12). Several MOFs such as UiO-66, MIL-53(Al), and HKUST-1
were synthesized by microwave tubular flow synthesis at high
STY values of 7204, 3618, and 64,800 kg m�3 d�1 [129]. In addition,
each MOF had a high surface area compared with that of the same
MOF synthesized by a general method.

In particular, thin-diameter tubular reactors exhibit effective
heat and mass transfer in a short time and easily allow for increas-
ing the volume-to-volume ratio between the reactant and reactor,
which is necessary for optimized mass synthesis systems. How-
ever, the role of the BPR in this type of reactor is key because the
synthesized powder sample must pass through a small-diameter
tube. To prevent clogging, a constant pressure is applied from the
rear of the reactor to enable a constant reaction speed and produc-
tion (Table 10).

� Microfluidic synthesis

Microfluidic flow methods control the size of the reaction space
by limiting the reaction solution to a droplet. This approach
involves mild reaction conditions that require thermal energy for
nucleation, but pressurization is not essential. The microfluidic
flow system, unlike other flow methods, requires an additional
oil carrier line. The organic ligand and metal salt are dissolved in
a polar solvent and injected as polar nanoliter droplets into the
oil carrier line. This limited-sized droplet becomes a reaction space
and flows through the reaction tube, which is immersed in a hot oil
bath or oven for heating (Fig. 13).

In 2013, Faustini et al. synthesized the general MOFs HKUST-1,
MOF-5, IRMOF-3, and UiO-66 by a microfluidic flow method [133].
Although the STY of HKUST-1 was only 5.8 kg m�3 d�1, only a few
minutes were required to obtain the MOF crystals, and the crystal
size and surface area could be adjusted by the flow rate, reaction
time, and temperature. The authors suggested microfluidic synthe-
sis with a high pressure from a BPR (2.4 MPa) for MOFs requiring
high-pressure synthetic conditions. The micro-droplets functioned
as small autoclaves, in which the Ru3BTC2 crystals were synthe-
sized (Fig. 13c).

Microfluidic methods are optimal for fine-tuning the MOF crys-
tal size and various morphologies and combinations, like core–
shell, metal composited [133], post-synthetic modification
(PSM)-functionalized [134], and hollow MOFs [135]. The reaction
occurs only in the nanoliter droplets, where the high surface-to-
volume ratio enhances the heat and mass transfer and reduces
the reaction time. The limited reaction space is advantageous in
that it prevents agglomeration of the MOF particles, and the pro-
duct does not directly contact the reactor wall, thus avoiding clog-
ging problems. However, despite its excellent performance, the
yield from microfluidic reactors is so low that it is not suitable
for mass production except in special cases (Table 11).

� Overview of flow-type reactors

Flow-type reactors seem to be the most suitable for the mass
production of MOFs. The MOFs can be continuously produced
through an uninterrupted reactant supply, and a product with a
uniform quality can be synthesized by controlling the progress
via a computer system in the middle of the process. In particular,
the tubular flow reactor appears to be the most influential method
due to its high reaction efficiency and high STY for the representa-
tive MOFs ZIF-8 and Al-Fum of 210,000 and 97,159 kg m�3 d�1,
respectively. Since the reactants flow at a constant speed along
the line, the reproducibility of the reaction is excellent, and it is
easy to control the product size and surface area according to the
reaction conditions. In addition, as described above, the length
and diameter of the tubular reactor can be optimized to establish
a suitable surface-to-volume ratio. However, since these reactors
require high temperatures and high pressures, the robustness of
the tubular reactor becomes more important for mass production.
In addition, the possibility of the tube becoming clogged due to the



Ta
bl
e
8

Su
m
m
ar
y
of

M
O
F
sy
nt
he

si
ze

d
by

Ba
ll-

m
ill

(m
ec
ha

no
ch

em
ic
al

sy
nt
he

si
s)
.

M
O
F

M
et
al

so
u
rc
e

Li
ga

n
d

M
:L

ra
ti
o

R
ea

ct
or

si
ze

(m
L)

So
lv
en

t
Io
n

B
y-
pr
od

u
ct

Ti
m
e

Te
m
pe

ra
tu
re

(℃
)

R
ot
at
io
n
al

sp
ee

d
Y
ie
ld

(g
)

Y
ie
ld

(%
)

Su
rf
ac
e
ar
ea

(m
2
g�

1
)

R
ef

C
u
(I
N
A
) 2

C
op

pe
r
ac
et
at
e
m
on

oh
yd

ra
te

Is
on

ic
ot
in
ic

ac
id

(I
N
A
)

1:
2

20
–

–
W

at
er
,A

ce
ti
c

ac
id

10
m
in

–
25

H
z

–
–

–
[1
17

]

M
O
F-
5

Zi
n
c
ac
et
at
e
di
h
yd

ra
te

Te
re
ph

th
al
ic

ac
id

3:
1

80
–

–
–

60
m
in

–
11

00
rp
m

–
–

34
65

.9
[4
9]

H
K
U
ST

-1
C
op

pe
r
ac
et
at
e
m
on

oh
yd

ra
te

Tr
im

es
ic

ac
id

3:
2

10
Et
O
H

–
W

at
er
,A

ce
ti
c

ac
id

25
m
in

–
25

/4
0
H
z

–
–

17
13

[1
12

]

M
O
F-
14

C
op

pe
r
ac
et
at
e
m
on

oh
yd

ra
te

H
3
B
TB

3:
2

10
Et
O
H

–
W

at
er
,A

ce
ti
c

ac
id

25
m
in

–
25

/4
0
H
z

–
–

62
8

[1
12

]

N
i-
M
O
F

N
ic
ke

l(
II
)
ac
et
at
e
te
tr
ah

yd
ra
te

Tr
im

es
ic

ac
id

3:
2

80
W

at
er

–
–

1– 18
0
m
in

–
10

–5
0
H
z

–
79

.7
6

10
.0
8

[1
18

]

U
iO

-6
6

Zi
rc
on

iu
m
(I
V
)
pr
op

ox
id
e/

M
et
h
ac
ry
li
c
ac
id

Te
re
ph

th
al
ic

ac
id

1:
6

10
M
eO

H
–

–
75

m
in

–
30

H
z

2.
85

–
10

20
[1
19

]

N
H

2
-U

iO
-6
6

Zi
rc
on

iu
m
(I
V
)
pr
op

ox
id
e/

M
et
h
ac
ry
li
c
ac
id

2- am
in
ot
er
ep

h
th
al
ic

ac
id

1:
6

10
M
eO

H
–

–
42

m
in

–
30

H
z

1.
34

–
94

5
[1
19

]

Zn
2
(t
a)

2
(d
ab

co
)

Zi
n
c
ox

id
e

Te
re
ph

th
al
ic

ac
id

(t
a)

Tr
ie
th
yl
en

ed
ia
m
in
e

(d
ab

co
)

1:
1:
0.
5

–
D
M
F

N
aN

O
3

–
60

m
in

20
–2

5
30

H
z

–
–

–
[1
13

]

U. Ryu et al. / Coordination Chemistry Reviews 426 (2021) 213544 17
mass-synthesized MOF should also be kept in mind, which may
necessitate an additional device.
3.1.2.2. Solvent-free continuous processes: Extrusion synthesis
(mechanochemical). The principle of extrusion is the same as that
of grinding and ball-milling, which utilize mechanochemistry,
but its attractive feature is that continuous synthesis is possible.
Extrusion is widely used in the plastic, food, and pharmaceutical
industries with two main methods, single-screw extrusion (SSE)
and twin-screw extrusion (TSE) (Fig. 14). The root diameter gradu-
ally increases as the solid moving with the screw is subjected to a
higher compressive force. TSE functions based on two parallel
screws moving either by co-rotation or counter-rotating to induce
a mechanical force by their interpenetration.

Researchers at Queen’s University Belfast synthesized HKUST-1,
ZIF-8, and Al-Fum using SSE and TSE (Fig. 14b, c) [139]. Although
they were basically solvent-free syntheses, small amounts of
industrial alcohol and NaOH were used respectively for HKUST-1
and Al-Fum. The STYs were 144,000 kg m�3 d�1 for HKUST-1,
7826 kg m�3 d�1 for ZIF-8 (SSE), 144,000 kg m�3 d�1 for ZIF-8
(TSE), and 27,000 kg m�3 d�1 for Al-Fum. Extrusion with two
screws, i.e., TSE, resulted in a more rapid and efficient reaction than
with SSE. These MOFs had activated surface areas of 1738, 1750,
1603.5, and 1010 m2 g�1, respectively, which are within the liter-
ature value ranges. MOF Technologies was founded by Queen’s
University Belfast [37] and holds patents for the extrusion synthe-
ses of about 20 kinds of MOFs based on Zn, Co, Mg, Cu, Al, lan-
thanides, Fe, Li, Sc, Mg, Cr, and Ti metal sources, including
HKUST-1, ZIF-8, and Al-Fum [140,141]. Compared with other syn-
thetic methods, the STY for extrusion is very high, almost
150,000 kg m�3 d�1, and the system can be optimized for mass pro-
duction with simple operation and a continuous process. Extrusion
is also cost-effective because it allows for the use of commercial-
ized and widely used equipment, and it is a solvent-free process
with low operating costs.
3.2. Product recovery

3.2.1. Vacuum filtration

� Batch vacuum systems
Vacuum filtration is a common method for separating solid–liq-

uid mixtures. On the laboratory scale, Buchner funnels and filter
paper are used to separate solid products from reaction solutions.
For scaling, the simplest approach is to enlarge the laboratory scale
by bulk filtering on a larger scale. This type of filter system can sep-
arate approximately 10–50 L of solution at once. Although this
simple system is capable of solid–liquid separation at a low cost,
continuous production is impossible because the filter must be
replaced after separating a certain amount of product. Therefore,
it is suitable for use in the laboratory on a small test amount before
proceeding to mass synthesis. Nutsche filtration operates on the
same principle as basic vacuum filtration but is suitable for indus-
trial production as a continuous method capable of simultaneous
washing, drying, and filtration (Fig. 15a). An automatic system
charges and then filters the sample in the chamber. Thereafter,
fresh solution is sprayed on the sample cake, and washing is per-
formed through a re-slurry process. The wet cake is obtained again
through a filter process, and then the sample is dried by vacuum or
convection in the chamber. Finally, the dried product is discharged
from the bottom by rotating the agitator. This approach is excellent
for producing high-quality products with recovery and refinement
occurring at the same time. There are various system options and
capacities depending on the usage and portions, from experimental
laboratory scale to industrial scale (19–15,000 L) [142].



Fig. 7. Commercially available flow chemistry systems. Reproduced with permission from [120]. Copyright 2014 John Wiley and Sons.

Fig. 8. (a) Schematic illustration of flow chemistry systems. (b) Schematic illustration of reactor for solvent-based continuous process.

18 U. Ryu et al. / Coordination Chemistry Reviews 426 (2021) 213544
� Continuous vacuum systems

Continuous vacuum filtration involves the automated continu-
ous filtration of a uniform amount of sample, unlike batch systems.
Continuous vacuum filtration systems are either belt type or rotary
drum type, where the same basic principle of filtering a solid using
a filter applies to both. For belt-type systems, the sample is placed
on a filter cloth that rotates along rollers, causing a cake to form on
the belt by an internal vacuum (Fig. 15b). Washing can also be per-
formed while the belt is moving. The cake is separated downward



Fig. 10. Counter current mixing reactor (a) Schematic mixing process with a pipe-in-pipe concentric arrangement and (b) heat transfer processes. Reproduced with
permission from [123]. Copyright 2012 Royal Society of Chemistry. (c) Flow synthesis system of CCR. Continuous stirred tank reactor (d) Flow synthesis system CSTR. (b)
Photograph of MOF-5 synthesis system with CSTR. Reproduced with permission from [126]. Copyright 2016 Elsevier.

Fig. 9. (a) General flow synthesis system with column reactor (process of [121]) (b) Continuous flow synthesis system with filtration system (process of [122]).
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when the filter passes through the last flat section of the belt, and
then the system is reused by washing the filter cloth.

Rotary drum filter systems vacuum the inside of a rotary cylin-
drical filter to coat a thick solid cake on the outside (Fig. 15c). The
equipment is programmed as a continuous system, and when the
cake reaches a certain thickness, it is automatically removed from
the filter by a blade. In addition, a cleaning solution line allows for
simple and cost-effective removal of the reaction solution from the
sample attached to the filter. Rotary drum systems have better per-
formances than belt-type systems due to the longer contact time
with the washing solvent, but Nutsche filtration is the most effec-
tive in terms of vacuum filtration. Although it is difficult to obtain
completely dried products using these two methods, they are
effective for separating the product from the reaction solvent in a
short time and as a continuous process.

3.2.2. Pressure filtration
Pressure filters and press methods are used in a wide range of

industrial processes to separate particulate suspensions that exhi-
bit slow settling and poor filtration. The pressure used for filtration



Table 9
Summary of MOF synthesized by column reactor, counter current mixing reactor, and continuous stirred tank reactor.

Reactor type MOF Time Pressure Reactor size Temperature
(℃)

Solvent STY
(kg m�3 day�1)

Productivity
(g h�1)

Yield
(%)

Surface area
(m2 g�1)

Ref

Column Reactor HKUST-1 5 min
(reaction)

– 1.59 mm ID,
30 cm

60 (60–160) EtOH/Water – 2 97 1673 [121]

Column Reactor MIL-53(Al) 5–6 min
(reaction)

230 bar 0.370 in ID,
20.3 mL

250 (200–300) Water 1,300 – 86 1010 [122]

Column Reactor HKUST-1 – 75 bar 0.370 in ID,
20.3 mL

300 (200–300) EtOH 730 – 63 1554 [122]

Counter current
mixing reactor

HKUST-1 – 250 bar – 300 (100–400) DMF/EtOH/
Water

– 132 – 1950 [123]

Counter current
mixing reactor

CPO-27 – – – 200 DMF/Water – – – 1030 [123]

Counter current
mixing reactor

ZIF-8 1 min
(reaction)

240 bar 55 mL 100 Water 3,875 810 – 1800 [124]

Continuous stirred
tank reactor

MOF-5 4 h
(residence)

atmospheric
pressure

Conical flask 100 (reflux) DMF/DEF 984 4 – 2302 [126]

Fig. 11. Tubular flow reactor system by controlling (a) length of tube and (b) diameter of tube. (c) SEM images of Al-Fumarate crystals synthesized by different volume of
tubular reactor. Reproduced with permission from [128]. Copyright 2016 John Wiley and Sons.
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is usually 0–800 kPa, and a fully automated system can be achieved
through cake forming, washing, and dewatering. There are also
batch-type filtrations like Nutsche pressure filter systems, but
herein we focus on continuous automatic belt press and screw
pressure filtration systems.

� Belt press filtration

Belt press filtration is effective for dehydrating flocculated
sludge and can be applied to various kinds of materials. As shown
in Fig. 16a, the sludge is introduced between two tension filter
clothes with rollers outside of each filter. The cloths are continu-
ously pressed between small-diameter rotating rollers. The pressed
solid cake is discharged as the cloth moves, and the filtered liquid
is separated through the cloth filter. The used filter can be reused
after discharging the cake by spray washing. Belt press systems
can typically be applied to solids with particle sizes of 1–200 lm
and feed concentrations of 0.2–30% w/w. The maximum feed flow
rate according to the guidelines is 10–15 m3 h�1 for each meter of
the filter width, which is almost the same as loading 850 kg h�1

m�1 of solid [143]. In addition, belt presses exert a very high force
on the solids between the filters, which can produce a solid filter
cake even for cases where this would not be possible with other fil-
tration methods. Belt press filtration is highly effective due to the



Table 10
Summary of MOF synthesized by tubular flow reactor.

Energy
source

MOF Residence
time
(min)

Tube
material

Tube size Temperature
(℃)

Solvent STY
(kg m�3 day�1)

Productivity
(g h�1)

Yield
(%)

Surface
area
(m2 g�1)

Ref

Heat HKUST-1
(macroscale)

1.2 PFA 1.0 mm ID/
20 mL

140 EtOH 4,533 61.2 100 1805 [127]

Heat HKUST-1
(mesoscale)

10 PFA 1.0 mm ID/
20 mL

80 EtOH 592 1.48 74 1852 [127]

Heat UiO66
(mesoscale)

10 PFA 1.0 mm ID/
20 mL

130 DMF 672 1.68 67 1186 [127]

Heat NOTT-400
(mesoscale)

115 PFA 1.0 mm ID/
30 mL

85 DMF/THF/
water

741 2.78 61 1078 [127]

Heat Al-Fum 1 Stainless-
steel

1.0 mm ID/
10 mL

65 water 81,120 – – 1070 [128]

Heat Al-Fum 1.2 Stainless-
steel

6.0 mm ID/
107 mL

65 water 73,009 – – 1015 [128]

Heat Al-Fum 0.9 Stainless-
steel

4.5 mm ID/
374 mL

65 water 75,247 – – 1082 [128]

Heat Al-Fum 1 Stainless-
steel

10.9 mm ID/
1394mL

65 water 97,159 5,600 – 1054 [128]

Heat UiO-66 0.44 – 0.8 mm ID 120 DMF – – – 1206 [130]
Heat ZIF-8 15 s PFA 1.6 mm/3mL RT MeOH/

NH3

210,000 15,360 54 1770 [131]

Heat Ce-BDC 30 s Stainless-
steel

0.5 mm ID/1m 250 DMF – – – – [132]

Microwave UiO-66 7 (mw:
73 min)

PTFE 4.35 mm ID/
53 mL

200 W,3bar DMF 7,204 14.4 94 1052 [129]

Microwave MIL-53(Al) 4 (mw:
34 min)

PTFE 4.35 mm ID/
53 mL

200 W, 6 bar DMF 3,618 7.1 65 1376 [129]

Microwave HKUST-1 1 (mw:
17 min)

PTFE 4.35 mm ID/
29.6 mL

360 W,6bar DMF 64,800 79.4 96 1550 [129]

Fig. 12. (a) Tubular flow reactor system reacted by microwave. (b) The 6.2 mL, 29.6 mL, and 53 mL PTFE tubular reactor inside the microwave instrument. Reproduced with
permission from [129]. Copyright 2016 John Wiley and Sons.
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Fig. 13. (a) Schematic representation of micro fluidic reactor system. (b) Schematic illustration of microchemical synthetic process. (c) Optical images of single microdroplets
containing (left) precursor solution and (right) segregated Ru3BTC2 crystals in the droplet. Adopted with permission from [133]. Copyright 2013 American Chemical Society.

Table 11
Summary of MOF synthesized by microfluidic reactor.

MOF Residence
time (min)

Tube material Tube size Temperature
(℃)

Solvent STY
(kg m�3

day�1)

Productivity
(g h�1)

Yield
(%)

Surface area
(m2 g�1)

Ref

HKUST-1 12 TFA 0.508 nm ID 90 DMF/EtOH/water 5.8 4.2 68 1911 [133]
MOF-5 3 TFA 0.508 nm ID 120 DMF – – – 3185 [133]
IRMOF-3 3 TFA 0.508 nm ID 120 DMF – – – 2428 [133]
UiO-66 15 TFA 0.508 nm ID 140 DMF/HCl – – – 1059 [133]
Ru3BTC2 12 TFA 0.508 nm ID 160 water/EtOH – – – 550 [133]
UiO-66 160 – 2 mm ID/0.5,2,3,4 m 130 DMF – – – 817 [136]
MIL-88B-NH2 10 Teflon 0.04 in ID 95 DMF/water – – 12.4 – [137]
MIL-88B 4 Teflon 0.04 in ID 95 DMF/water – – 1.9 – [137]
MIL-88B-Br 6 Teflon 0.04 in ID 95 DMF/water – – 2.8 – [137]
UiO-66-NH2 – – – 120 DMF – 5 – 1700 [134]
ZIF-8 10 PTFE 1.6 mm ID 25–100 Water – – – 1786 [138]

Fig. 14. (a) Schematic illustration of extrusion synthesis with twin screw extruder.
(b) Setting of TSE instrument for large-scale MOF synthesis. (c) Synthesis HKUST-1
by TSE. Reproduced with permission from [139]. Copyright 2015 Royal Society of
Chemistry.
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high throughput and appropriate particle size range for MOFs.
However, it requires a long, strong filter cloth that is expensive
to replace.

� Screw press dehydration

Screw press filtration, which can be either batch or continuous,
is effective for compressing fine suspensions into solid product
(Fig. 16b). Typically, the screw filtration system is equipped with
a helical screw rotating at 2 rpm inside a cylinder-shaped perfo-
rated cage. The slurry introduced into the closed end is moved to
the opposite side by the rotating screw. As the volume between
the barrels of the screw gradually decreases, pressures up to
40,000 kPa occur. The solid cake is compressed and discharged in
the opposite direction, and the separated liquid passes through
the porous cage. Screw pressing for continuous filtration is based
on a high pressure and can separate 1–200 lm particles in a feed
concentration range of 10–80% w/w. There are different sizes and
types of equipment depending on the required processes, and the
processing capacity depends on the material type and length and
diameter of the system. A high-capacity unit with a length of
8 m and diameter of 1 m can handle one ton of solids per hour



Fig. 15. Vacuum filtration Schematic illustration of (a) Nutsche filtration process (b) Belt type vacuum filter system (c) Rotary drum vacuum filter system.

Fig. 16. Pressure filtration Schematic illustration of (a) Belt press filtration (b) Screw press dehydrator.
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[144]. These systems are already used in industries such as pulp,
sewage dehydration, chemicals, pharmaceuticals, etc.
Fig. 17. Schematic illustration of continuous centrifuge.
3.2.3. Continuous centrifugation
Besides filtration, centrifugation is another representative

method for separating MOF products from reaction solutions in
the laboratory. A large-capacity centrifuge operates on the same
principle as a lab-scale centrifuge (Fig. 17). There must be a density
difference between the solid and liquid to be separated, and the
denser solid precipitates on the wall and is separated from the sol-
vent by a centrifugal force. The separation efficiency depends on
the type of solvent, amount of solid, rotational speed, and resi-
dence time, where increasing the speed and time also increases
the efficiency. Whereas filtration requires the hassle of selecting
a filter type according to the particle size and concentration and
replacing the consumable filter, centrifugation separates various
particles more effectively by controlling the operating conditions.
Although there are several types of industrial centrifuges, disc
stack centrifuges are notable in that they can be operated in both
batch mode and continuous mode and can handle large volumes.
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When solid products build up on the wall, a valve automatically or
manually opens to release the product, and the accumulating step
repeats. Disc stack centrifuges exert centrifugal forces exceeding
14,000 g and rotational speeds of 3000–10,000 rpm. They are use-
ful for obtaining various sizes of particles from 0.1 to 200 lm,
which can be recovered even at low solid concentrations (>25%),
making centrifugation an effective way to separate MOFs from
solutions.
3.2.4. Ultrasonic separation (megasonic)
Ultrasonic separation is employed to recover substances from

suspensions of various components. High-frequency ultrasound is
generated by placing a dispersion solution between the transducer
(sound source) and reflector (Fig. 18a, b). The ultrasonic standing
waves concentrate individual particles at the acoustic pressure
nodes or antinodes, and thus the particles migrate closer together
and aggregate, even coagulate and coalesce (Fig. 18c). If the MOF is
small (nanometers to a few micrometers) or present at a low con-
centration in solution after the reaction, directly using a conven-
tional filter or centrifuge may be inefficient. Therefore, the
processing cost and time can be reduced by performing ultrasonic
separation in parallel. Ultrasonic separation can separate solids
from dispersions without chemical or physical effects, and in the
case of porous structures such as MOFs, activation of the inner
pores can be performed simultaneously. In an example of applying
ultrasonic separation to MOFs, Al-Fum and MIL-53 were separated
in 10 min via 2 MHz sonication in a 1 L chamber (Fig. 18d)
[145,146]. Compared with centrifugation, sonication had a 3%
lower yield, but the surface areas were improved by 21% and 47%
for Al-Fum and MIL-53, respectively.
Fig. 19. Schematic illustration of gues

Fig. 18. (a) The ultrasonic reactor set-up with a high frequency system using one 2 MH
pattern formed by the superimposition of a reflected sound wave. (d) The megasonic s
representation and (f) digital image of the commercially operating megasonic reactor (4
2016 Royal Society of Chemistry. (e-f) have been reproduced from [147]. Copyright 201
In addition to solid particles, ultrasonic separation can also be
applied to liquids, gases, and biological cells, and thus it is common
in the food and bioproduct fields. In particular, the ultrasonic sep-
arator used for large-capacity palm oil can process 45 tons h�1 due
to its high separation rate (Fig. 18e, f) [147]. Combining these tech-
nologies with MOF separation and activation is expected to enable
high-quality MOF recovery in a cost-effective manner.
3.3. Scalable solvent exchange processes

After recovering the MOF solid from the reaction solution, the
final product can be obtained by immediate thermal or vacuum
evacuation. However, any solvents, unreacted substances, and
counter ions that have not been completely removed from the
inner pores will reduce the porous properties such as the surface
area. In addition, since MOFs are generally synthesized in solvents
with high boiling points, structural collapse and incomplete activa-
tion can occur due to high capillary forces and surface tension dur-
ing evaporation. Solvent exchange to address these issues proceeds
in two stages: guest exchange and guest evacuation (Fig. 19).
When the MOF is washed with volatile solutions having low boil-
ing points, the washing solvent exchanges with the reaction sol-
vent in the pores. This is a common method for pore activation
and has been proven effective in many studies [75,102]. In some
cases, an additional chemical treatment is performed to remove
specific reactants. Although pore activation processes such as sol-
vent exchange are not essential for MOF production, their use
can greatly reduce the total amount of energy input to remove
the reaction solvent. Such processes should be performed when
counterions that do not evaporate must be removed.
t exchange and guest evacuation.

z plate transducer shown in (b). (c) Schematic representation of the standing wave
eparation and purification process of the Al-MOF by time duration. (e) Schematic
5 ton per hour). (a-d) have been reproduced with permission from [145]. Copyright
5 Springer Nature.
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3.3.1. Continuous washing system: solvent exchange
A solid–liquid mixer or stirred tank system can be used to

exchange solvents in large quantities. Such systems can provide
sufficient solvent exchange with full contact between a fresh vola-
tile solvent and solid, but the pure solvents must be replaced with
use for efficient washing. Therefore, performing washing and
recovery simultaneously on one instrument would save operating
costs, time, and factory space. Equipment can be introduced to
the recovery part of the system to also carry out washing. In the
case of ultrasonic separation, solvent exchange can easily be per-
formed by repeated treatment with a low-boiling-point solvent.
In particular, continuous automatic cleaning can be carried out
simply by vacuum filtration. Nutsche filtration is the most effec-
tive, in which fresh solvent is injected into the filtered batch to per-
form re-slurry washing with an agitator. The wash cycle lasts long
enough for solvent exchange and can be repeated as many times as
needed. During washing with rotation, the solid products and sol-
vent are blended homogeneously, allowing for efficient solvent
exchange. Additionally, other filtration methods such as belt and
rotary systems can be performed for simultaneous recovery and
washing when forming a cake by vacuum. Because of the short
contact time between the fresh solvent and cake, it is not easy to
exchange the solvent in the pores, but the method is appropriate
for removing unreacted substances and solvents from the product
surface. There are various combinations of residence times and sol-
vent types, which depend on the MOF type and synthetic condi-
tions. To optimize the process, the rates of substitution and
surface area enhancement should be determined by nuclear mag-
netic resonance (NMR) and sorption analysis.

3.3.2. Soxhlet extraction
In the continuous cleaning systems discussed in Sections 3.3.1

and 3.3.2, the washing and recovery processes are cycled, and fresh
solvent must be provided for each cleaning step, which increases
material costs and causes environmental issues from excess sol-
vent. In contrast, Soxhlet extraction employs a closed batch system
consisting of a sample contained in a cup (filter), condenser, distil-
lation flask, and heat source (Fig. 20). As the evaporated solution
Fig. 20. Schematic illustration of Soxhlet extractor.
condenses, the warm solvent drops onto the sample for solvent
exchange, and then the solvent is re-evaporated. Therefore, Soxhlet
extraction has the significant advantage of reusing a limited
amount of solvent through an automatic system. This method has
commonly been used for MOF solvent exchange (Mg-MOF-74,
Mg-MOF-174, Mg-MOF-184, MIL-100, etc.) [73,76] on the labora-
tory scale, but it is expected to also be capable of processing a large
amount ofMOFswith an industrial extractor. Such industrial equip-
ment has capacities from 100 to 1000 L depending on the type and
size. However, the process consumes thermal energy to evaporate
the solvent and has long residence times of several hours to days.
This method is also not suitable for thermolabile frameworks.

3.3.3. Chemical treatment (additives)
Some MOF syntheses involve a chemical treatment for activa-

tion along with solvent exchange, mainly to remove excess ligands
and modulators as impurities. Seo et al. conducted chemical treat-
ment with NH4F to remove reaction residues and increase the sur-
face area of MIL-100(Fe) [76], and they confirmed by fourier-
transform infrared spectroscopy (FT-IR) analysis that trimesic acid
(ligand) was effectively removed. Furthermore, the surface area
increased from 1800 to 2000 m2 g�1 compared with the product
subjected to only solvent exchange. In another study, PCN-222
(Fe) and NU-1000 were subjected to chemical treatment with
HCl to eliminate benzoic acid as a synthesis modulator [148,149].
HCl removed the benzoic acid bound to the Zr nodes of both Zr-
based MOFs and activated their pores effectively. After chemical
treatment, PCN-222 had a much higher surface area (2007 to
2229 m2 g�1) and nitrogen uptake (789 to 1016 cm2 g�1). Since
Zr-based MOFs have outstandingly rigid and stable structures, this
strong HCl acidic treatment was possible. Therefore, the stability of
the target MOF should be considered when selecting a chemical
treatment. Additionally, re-washing is required to remove the
chemicals, and thus there is no need for chemical treatment if sol-
vent exchange alone is effective.

3.4. Scalable drying processes

After the wet MOF cake is obtained by the recovery process, a
drying process must be performed to ultimately obtain the pro-
duced MOF particles in bulk powder form. The following direct
and indirect drying methods will be discussed for obtaining this
final powder MOF product. With direct drying, the product is
heated and dried in direct contact with a hot gas, whereas with
indirect drying, there is a wall between the wet product and heat-
ing medium, and the product dries by heat transfer from the hot
surface. An appropriate method should be chosen depending on
the shape, size, and characteristics of the final product. We discuss
batch and continuous conveyor dryers, as well as spray drying and
freeze-drying for products with a high heat sensitivity.

3.4.1. Dryers

� Batch tray dryer

Batch tray drying is a basic drying method where wet product
cakes are placed on pans and trays in heating zone shelves
(Fig. 21a). This method is based on heat transfer by the heating
medium, which can be considered as a large-capacity oven, as typ-
ically used in laboratories. The sample trays are typically metallic
for high heat transfer. For heat-sensitive products, a vacuum can
be applied for drying at low temperatures. When a vacuum is
applied to the drying chamber, steam is removed through an
exhaust pipe, passes through a condenser, and is removed. Nor-
mally, each tray has a loading depth of 40 mm and can hold
40 kg m�2 of wet material [150]. Batch tray dryers are used to treat



Fig. 21. Dryers Schematic illustration of (a) Batch tray dryer (b) Continuous dryer.

Fig. 22. (a) Schematic illustration of spray dryer. (b) Configuration of the main
types of microcapsules. Reproduced with permission from [152]. Copyright 2016
John Wiley and Sons.
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various types of samples, such as milk powder, fruit, inorganic
materials, ceramics, etc. They have the advantage of easy access
due to the simple operation principle and equipment. However,
MOFs consisting of nanosized particles exhibit severe agglomera-
tion problems after batch tray drying. There are also significant
labor costs for loading and unloading the samples to be dried,
and the production efficiency is limited due to the low capacity
(20–50 kg h�1) [150].

� Continuous dryers

To effectively dry large capacities of products at once, it is nec-
essary to consider a continuous dryer method. Conveyor dryers
operate on the same principle as batch dryers but as continuous
systems. The product is continuously transferred to the dryer by
a conveyor, and hot air is forced through the bed (Fig. 21b).
Vacuum belt conveyor dryers are expected to be more suitable
for heat-sensitive products and effective pore activation. The inside
of the closed chamber is kept under vacuum, and samples are con-
tinuously introduced and dried on the conveyor. In such conveyor
systems, the drying yield depends on the size of the equipment and
the heating area, but equipment with a water vapor capacity of
210–230 kg h�1 can yield up to 500–800 kg h�1 of dry powder
[151]. The drying rate depends on the condition and type of mate-
rial, where a continuous conveyor system can process approxi-
mately 10–50 kg m�2h�1 [152]. To enhance the product drying
capacity, stages can be connected to increase the drying rate,
retention time, loading amount, as shown in Fig. 21b. In addition,
crushing of the agglomerated product after drying can be carried
out continuously, which simplifies the process. This type of con-
veyor system is used for drying chemical products, pharmaceutical
products, baking mixes, baby food, etc.

3.4.2. Spray drying
Spray drying is attractive for optimal size control of the MOF

powder product with a continuous process. The fluid is sprayed
through a nozzle, and the expelled droplets encounter the hot
medium immediately (Fig. 22a). Spray drying causes rapid evapo-
ration and maintains the droplets at a low temperature, and thus
the product is not affected by heat [150]. In addition, spray drying
requires a very short process time compared with other dryers and
is mainly used for processing pharmaceuticals, fine chemicals,
inorganic chemicals, dairy products, food, and ceramic powders.
This type of equipment is not only excellent for drying heat-
sensitive samples but also allows for control of the product proper-
ties such as particle size, shape, and morphology and can be
applied to nanosized particles. In addition, spray drying is also suit-
able for the mass production of MOF nanopowders because it can
be performed continuously in connection with a previous stage,
and uniformly sized particles with a high reproducibility can be
produced by controlling the spraying conditions. In addition, prod-
ucts can be dried in the form of microcapsules according to the
spraying conditions (Fig. 22b). Spray dryers have evaporation
capacities from a few kilograms per hour to 50 tons h�1 or more
[152]. As detailed in a 2006 BASF patent, 12.64 kg of Al-MOF was
sprayed and dried using a conical laboratory fluidized-bed dryer,
and the surface area of 1333 m2 h�1 of the resulting product was
slightly higher than that of the same MOF dried in a convection
oven [68]. There are many advantages to spray-drying MOFs, but
the high initial installation cost and low thermal efficiency must
also be taken into account.
3.4.3. Freeze-drying
Freeze-drying, another excellent approach to drying MOFs,

involves drying the frozen product in a wet state with water or



Fig. 23. Schematic illustration of freeze dryer.
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other solvents by sublimation in a vacuum chamber (Fig. 23). Since
this is not a direct heating method, it is advantageous for heat-
sensitive products. Particularly, when drying porous materials
such as MOFs, freeze-drying is effective for minimizing structural
collapse and obtaining a high surface area. However, due to the
long drying times and vacuum process, it is only suitable for the
production of expensive, high-quality materials. In particular, the
most common freeze-drying system is the tray batch type, which
is mainly used for food, but only 2–20 kg can be processed at
one time. A multi-batch freeze dryer or tunnel freeze dryer can
be used to increase the throughput. Additionally, combining
spray- and freeze-drying is excellent for producing uniform prod-
ucts of a certain size continuously. In a previous study on a Cu-
MOF composed of tetracarboxylic acid, the surface area was
increased by 3 times (1725 m2 g�1) compared with the vacuum-
dried MOF (582 m2 g�1) [153]. MOFs with stable structures and
high surface areas are expected to be produced even on the indus-
trial level by the freeze-drying method.

4. Post-processing of MOFs

It is difficult to directly apply MOFs in powder form to applica-
tions on an industrial scale, but they are usually obtained as a pow-
der after synthesis. The use of MOF powders in industrial lines can
cause the following problems: i) pressure drop in the pipeline, ii)
reduced or blocked flow, iii) abrasion due to powder blowing, and
iv) reduced amount of MOF product. These problems can be solved
by postprocessing of the MOFs into the form of granules, pellets,
tablets, foams, or films. In this section, the criteria, materials, and
methods in shaping and dispersion processes are reviewed to make
the forms before applying them in the industrial applications.

4.1. Shaping processes

Shaping has been applied to other porous materials such as acti-
vated carbon and zeolites, and thus it has a long history of indus-
trial development. In this section of the review, the criteria,
binders, and techniques for shaping MOFs are described based on
previous studies and summarized in this part.

4.1.1. Criteria for MOF shaping

� Mechanical strength

Applying MOF shaping to industrial lines changes the powder
product into a different solid-state form such as pellets or granules.
If the product returns to a powder form or to a fragmented solid
state, the broken pieces will cause powder or fragment blowing
in the line, leading to a pressure drop and fraying. Therefore, for
large-scale line processes, a mechanical strength test for MOF
shaping must be performed to avoid such issues.

After shaping the MOF, the mechanical strength can be checked
by analyzing the Young’s modulus or performing an attrition test
to ensure that it will maintain its physical and strength properties.
Young’s modulus indicates the mechanical stiffness of a solid
material and is defined by the relationship between stress (force
per unit area) and strain (proportional deformation). The value cor-
responds to the maximum tensile strength before fracture and thus
gives a mechanical guideline for process engineers. This value is
not related to geometric shapes but instead to the material compo-
sition and shaping process conditions.

Attrition tests include both dropping and abrasion analyses. For
the dropping test, multiple samples from different batches are
dropped from a specific height, and the number of samples that
maintain their original shape without breaking into fine particles
is counted. Alternatively, a sample is repeatedly dropped from a
specific height, and the number of times it can be dropped while
maintaining its shape is recorded. For the abrasion test, samples
are repeatedly rolled in a rotating container at a specific rotational
speed, and the number of samples maintaining their original shape
without breaking into fine MOF particles is counted. These meth-
ods are suitable for comparing samples measured under the same
conditions, but the results cannot be directly compared with
reported values measured under different conditions.

� Surface area

When MOF shaping is performed using binders or by applying a
high pressure, the binder can sometimes clog the MOF pores, and
external mechanical force can collapse the crystalline structure,
thus reducing the porosity. Therefore, to determine if the pores
are maintained, the total amount of adsorbed nitrogen gas at a
low temperature is measured and compared with other references
or MOF results. Then, considering the ratio of the binder, it is pos-
sible to infer that the porosity is maintained if it is equal to the sur-
face area of the base employed MOF. Additionally, the sizes of the
micro- and macro-pores can be compared with those of the MOF
when shaping their form.

� Chemical stability

Chemical stability must also be considered to apply MOF shap-
ing for applications. For example, if a shaped MOF is to be used in
an application where the performance changes depending on the
pH, an acid/base stability test can determine which binders are
suitable for obtaining a high stability. This test compares how
many fine particles remain relatively with collapsed particles by
introducing the shaped MOF to various acid/base solutions. As a
result, the binder and shape can be selected to ensure that the
cohesion between MOF particles at a particular pH does not col-
lapse the shape or structure.

4.1.2. Binder selection
In most cases, MOFs do not have a cohesive force on their own,

and thus they usually cannot be shaped with enough mechanical
strength by low-pressure processes. On the other hand, applying
a high pressure for shaping readily causes MOFs to lose their inher-
ent crystallinity and porosity. Therefore, the addition of a binder to
reduce the required energy and improve the process efficiency is
inevitable. According to a literature analysis of previous studies,
various binders have been applied depending on the type of MOF
and the requirements of the target applications. In this section,
organic, inorganic, and composite binder types are discussed in
terms of their characteristics, advantages, and disadvantages.
Binder-free processes are also examined to highlight their pros



Table 12
Summary of binder selection for shaping processes.

a. Polymer binder

Binder MOF Ratio of MOF/Binder S. A. Before S. A. After Process time Ref

Polyvinyl group MIL-125-NH2 97% 1259 930 – [154]
Polyvinyl alcohol (PVA) UiO-66 22 vol% 710 359 30 min [155]
Polysiloxane UiO-66 72.5 vol% 710 418 30 min [155]
Polyvinyl Butyral (PVB) SIFSIX-3-Ni – 360 297 – [156]
Polyvinyl Butyral (PVB) SIFSIX-2-Cu-i – 808 685 – [156]
Polyvinyl Butyral (PVB) GeFSIX-2-Cu-i – 755 659 – [156]
Polyvinyl Butyral (PVB) TIFSIX-2-Cu-i – 740 719 – [156]
Polyvinyl Butyral (PVB) Mg-MOF-74 – 915 – – [156]
Polyvinyl Butyral (PVB) HKUST-1 – – – – [156]
Polyvinylchloride (PVC) ZIF-8 7.5/15/30 wt% – – – [157]
Polyvinylformal (PVF) ZIF-8 7.5/15/30 wt% – – – [157]
Polyetherimide (PEI) ZIF-8 7.5/15/30 wt% – – – [157]
Polystyrene (PS) ZIF-8 7.5/15/30 wt% – – – [157]
Cellulose-acetate (CA) ZIF-8 7.5/15/30 wt% – – – [157]
Acrylonitrile butadiene styrene (ABS) MOF-5 1% – – – [158]
Acrylonitrile butadiene styrene (ABS) MOF-5 5% – – – [158]
Acrylonitrile butadiene styrene (ABS) MOF-5 10% – – – [158]
Sucrose UiO-66 90 wt% 1367 674 1 d [159]
TENAX (CO)MOF-74 14 wt% 86 55 1 d [160]
TENAX (Zn)ZIF-8 8.4 wt% – – 1 d [160]
TENAX (CO)ZIF-67 9.6 wt% – – 1 d [160]
TENAX (Zr)UiO-66 8.4 wt% – – 1 d [160]

b. Inorganic binder

Binder MOF Ratio of MOF/Binder S. A. Before S. A. After Process time Ref

Mesoporous Rho Alumina (MRA) MiL-100(Fe) 95 wt% 2088 1831 12 h [161]
Mesoporous Rho Alumina (MRA) MiL-101(Cr) 95 wt% 4066 3685 12 h [161]
Mesoporous Rho Alumina (MRA) UiO-66 95 wt% 1050 911 12 h [161]
Mesoporous Rho Alumina (MRA) UiO-66-NH2 95 wt% 875 823 12 h [161]
Bentonite clay MIL-101(Cr) 60% 202.22 182.84 several days [162]
Bentonite clay MIL-101(Cr) 75% 202.22 182.84 several days [162]
Graphite UiO-66 99% 1140 885 – [163]
silica sol MiL-100(Fe) 90% 1772 1619 12 h [164]
Silres MSE 100 (CH3Si(O)1.1(OCH3)0.8) HKUST-1 88% – – 20 min [165]

c. Binderless (Binder-free)

Binder MOF Ratio of MOF/Binder S. A. Before S. A. After Process time Ref

Binder-free MOF-5 – 2750 2600 ~ 1200 – [166]
CPO-27-Ni – 1060 1050 30 min [167]
CuBTC (BasoliteTM C300) – – – – [168]
MIL-53(Al) – – – – [168]
HKUST-1 – – – 3 h [169]
UiO-66 – 1175 511/417 6–18 h [155]
HKUST-1 – – – 11 h [170]
ZIF-8HT – – 1387 1 d [170]
ZIF-8LT – – 1359 1 d [171]
ZIF-8LT-HT – – 1423 1 d [171]
ZIF-8ER – – 1395 1 d [171]
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and cons in comparison. All cases investigated in this review are
summarized in Table 12.

� Polymer binders

Shaping using polymer-type binders has been the most widely
studied. Specifically, polymer binders with polyvinyl groups such
as Polyvinyl group [154–157], polyetherimide (PEI) [157], poly-
styrene (PS) [157], cellulose-acetate (CA) [157], acrylonitrile buta-
diene styrene [158], sucrose [159] and TENAX [160] have been
combined with MOFs for shaping. Typically, polymer binders are
the first choice for MOF shaping because i) they are easy to dissolve
in volatile dispersion media, making mixing and drying of the MOF
powder relatively simple; ii) they have various chemical bonding
groups, and thus the degree of interaction between the chemical
functionalities and dangling components of the MOF particles
can be controlled; iii) there are many precedents for the use of
polymers as binders with other classes of porous materials, such
as activated carbon and zeolites, which increases the probability
of shaping success; and iv) compared with inorganic binders,
organic binders have relatively low weights, and thus the weight
of the binder required for shaping is low, which is advantageous
in terms of performance per unit weight. On the other hand, there
are also disadvantages to the use of polymer binders: i) there is a
relatively high possibility of reducing the surface area due to inser-
tion of the polymer binder into the MOF pores; ii) use of an impro-
per polymer can coat the MOF surface and block the pores; and iii)
the chemical functionalities of the polymer binder can influence
the chemical characteristics of the MOF, which can unexpectedly
change or deteriorate the target properties. Therefore, it is impor-
tant to consider the chemical characteristics and physical behavior
of both the polymer binder and MOF in terms of the requirements
of the target application.

One notable study used a 4 vol% polyvinyl alcohol (PVA) solu-
tion in DI water [155], which was then mixed with UiO-66-COOH
(22 vol%). The mixture was freeze-dried for granularization. The
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BET (Brunauer–Emmett–Teller) surface area was calculated to be
reduced by 58.8% (BET surface area of UiO-66-COOH is 710 and
BET surface area of bead is 418 g cm�3), and all of the beads were
recovered by the attrition test. The product was passed through a
425-lm sieve to recover fine particles after the shaking and falling
tests, which showed that the fine particle content was approxi-
mately 1.7% lower than that in the MOF shaped without a binder.
Thus, PVA improved the cohesion between MOF crystals, making
the product difficult to break.

In another study [156], polyvinyl butyral (PVB) was dispersed in
ethanol to 8 wt%, and SIFSIX-3-Ni was mixed to form pellets 1–
2 mm in size by extrusion molding. The reduction of the BET sur-
face area after MOF shaping was calculated to be 17.5%. Compared
with the proportion of MOF content, this reduction of BET surface
area is small.

In [159], a 10 wt% sucrose in H2O mixture was used as a poly-
mer binder, and a centrifugal granulator (BZL-300, China) was used
to shape Zr-MOF powder into pellets with diameters of 0.5–15 mm
(Fig. 24a, c). The reduction of the BET surface area between value of
the Zr-MOF powder and Zr-MOF powder was calculated to be
50.69% (The BET surface area of Zr-MOF powder is 1367 m2 g�1

and The BET surface area of Zr-MOF pellet is 674 m2 g�1). Even con-
sidering the binder portion, the BET surface area decreased by
>10%. However, this amount of binder minimized the surface area
reduction while maintaining the robust mechanical strength and
shape of the pellets. The fine particle amounts were compared
between the Zr-MOF powder and shaped Zr-MOF after attrition
tests (Fig. 24b, d). No breakage of the shaped Zr-MOF pellets
occurred in the dropping test until 70 drops, and >95% of the fine
particles were recovered in the abrasion test.

� Inorganic binders

Alumina and silica are commonly used as inorganic binders.
Unlike polymer binders, inorganic binders are not easily deformed
even at high temperatures, and they impart a high compressive
and abrasion resistance to the shaped product. In addition, they
are highly dispersible in hydrophilic media such as water and alco-
hols in small amounts and can be used to form a rigid, sturdy shape
due to OH bonding between the MOF metal and alumina or silica.
In this section, we introduce some examples of inorganic materials
as shaping binders.
Fig. 24. (a) The pellet with different diameters of Zr-MOF. (b) Set up of drop test for
dropping mechanical strength. (c) Cylinder packed with Zr-MOF. (d) Set up of
abrasion test for tumbling mechanical strength. Reproduced with permission from
[159]. Copyright 2015 Elsevier.
In [161], a mesoporous q-alumina (MRA) binder (5–20 wt%),
MOF powder (MIL-101, UiO-66), and water as a dispersion medium
were mixed using a handmade pan-type granulator. During the
mixing process, the requisite amount of water was briefly sprayed
onto the granules to achieve the desired particle growth, and then
the granules were rolled using a roller machine to enhance the
spherical shape. The sample was dried to remove water after shap-
ing. Only 1.0% of the weight-specific surface area was lost by shap-
ing UiO-66(Zr)_NH2 with 5 wt% MRA binder. In addition, when 5 to
10 wt% binder was added to make MIL-100(Fe) spheres, the crush-
ing strength was improved by >30%. As the amount of MRA
increased, the crushing strength also increased since MRA
improved the cohesion between MOF particles.

In [162], bentonite clay was used as an inorganic binder to form
MIL-101 monoliths. Bentonite clay, water, and MIL-101(Cr) pow-
der were mixed to form a paste, which was extruded into monolith
forms using an SSE. The extruded MIL-101 monoliths were dried in
a chamber, then fired in a kiln at 150 �C to form sturdy and solid
structures. The BET surface areas of the MIL-101 powders were
>50% higher than that of their respective monoliths since the latter
contained bentonite clay as a binder. The elastic moduli as a mea-
sure of mechanical strength for the 60% and 75% (w/w) MIL-101
monoliths upon radical compression were 10.60 and
4.97 N mm�2, respectively. As expected, the monoliths containing
more bentonite clay binder had more rigid structures.

Another study produced granules using silica as a binder [164].
The granules were made by simply mixing a 10% silica sol (Sigma
Aldrich) solution as a binder with 700 g of MIL-100(Fe) powder
using a mixing granulator. The BET surface area after shaping
decreased by approximately 10% compared with the MIL-100 pow-
der. As evaluation criteria, the compressive strength was measured
using a strength meter, and the average value of 20 units was 2.05
kgf unit�1.

� Binder-free shaping

After dispersing the MOF in a medium to form a slurry, the
slurry can be shaped by extrusion or pressurization during or after
evaporation of the solvent without a binder. This type of shaping
process employs only the cohesive force between MOF particles,
like rolling snow into a snowball. It is very simple and low-cost,
and there are no factors such as polymer using as binder that could
block the pore, and thus the porosity can be maintained. However,
the cohesive force between the MOF particles must be strong,
which limits the MOF types to those such as UiO-66 and HKUST-
1. Additionally, only MOFs that can withstand high pressures
should be selected. In particular, applying pressure in one direction
can collapse the structure of the MOF or cause the loss of porosity
or crystallinity.

In [160], MOF-5 pellets were formed with bulk densities
between 0.27 and 0.79 g cm�3 by pressing. The authors reported
that upon shaping MOF-5 pellets by the same method while
increasing the material bulk density, the radical crushing strength
increased from 0 to 120 N, and the BET surface area decreased from
2750 to 1200 m2 g�1. The decrease in specific surface area with
increased bulk density is linked to the degradation of the intra-
crystalline porosity of MOF-5 due to amorphization. Nevertheless,
the crystallinity of MOF-5 was maintained as determined by pow-
der x-ray diffraction (PXRD) analysis.

One study prepared pellets of CPO-27-Ni without a binder [167]
by applying pressures of 0.1 and 1 GPa to the MOF for 30 min. In
this case, XRD showed that the crystallinity was maintained for
both pressures, and for pelletization at 0.1 GPa, the Langmuir sur-
face area of the product was similar to that of CPO-27-Ni powder.
However, when the pellets were made at 1 GPa, no N2 sorption
occurred due to a lack of porosity. Therefore, excessive pressure
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can decrease or destroy the crystallinity or porosity of MOFs, and
thus an appropriate pelletizing pressure should be selected accord-
ing to the MOF type.

4.1.3. Forming processes
MOF shaping is a necessary process from industrial and applica-

tion viewpoints. MOFs are highly efficient for gas sorption, gas sep-
aration, and catalysis, and many such applications have been
studied on the laboratory scale. These reactions require a constant
flow rate of gas through a column or reactor. In this case, if the
MOF is in powder form, it is likely to be blown, which will cause
clogging of the column or reactor and loss of MOF mass. Therefore,
the intended application and target flow rate should be considered,
and the shaped MOF must have sufficient mechanical strength to
withstand the reactor pressure. In addition, the shaped MOF must
have enough space to maintain the diffusion effect between parti-
cles in order to maximize its effectiveness for the application and
maintain a crystallinity and porosity similar to those of the powder
form. When using shaped and powder MOFs for an application, if
the performance of the two is similar or the same, the shaped
MOF has an ideal shape, size, and density.

The type of MOF shaping process largely depends on whether
pressure is applied and whether a binder is used. Accordingly, in
this section, the shaping processes are divided into the following
four categories: i) non-pressurized and binder-free (granulation,
Table 13
Summary of shaping processes; (a) non-pressurized processes without binders (granu
pressurized processes with binders.

a. Non-pressurized processes without binders

Process type MOF Ratio o

High-internal-phase emulsion (HIPE) & freeze drying HKUST-1 < 3.0 w
Sol-gel ZIF-8HT 100 w
Sol-gel ZIF-8LT 100 w
Sol-gel ZIF-8LT-HT 100 w
Sol-gel ZIF-8ER 100 w
Oil-drop granulation UiO66 100 w
Xero gel UiO-66 70%

b. Pressurized processes with binders

Process type MOF Ratio o

Extrusion-crushing-sieving (ECS) ZIF-8 –
Pressing MOF-5 –
Mechanical pressure CPO-27-Ni –
Pressing CuBTC (BasoliteTM

C300)
–

Pressing MIL-53(Al) –

Mechanical pressure SIM-1 –
Mechanical pressure HKUST-1 –
Mechanical pressure ZIF-8 –

c. Pressurized processes with binders

Process type MOF Binder

Granulation MiL-100(Fe) graphi
Granulation MiL-101(Cr) graphi
Granulation UiO-66 graphi
Granulation UiO66-NH2 graphi
Compression punching machine ZIF-8 5 wt%

(K15M
Single screw extruder MOF-801 5 wt%

Single screw extruder MOF-801 5 wt%

Single screw extruder MOF-801 5 wt%

Thermally induced phase separation-hot pressing
(TIPS-HoP)

NH2-UiO-66 polyet

Thermally induced phase separation-hot pressing
(TIPS-HoP)

MIL-100(Cr) polyet
monoliths), ii) pressurized and binder-free (pellets, tablets), iii)
pressurized with binders (pellets, tablets, monoliths), and iv)
non-pressurized with binders (foam, monoliths, granulation).
These four types of shaping processes are summarized in Tables
13 and 14. In addition, the properties of the resulting shaped MOFs
are discussed in terms of mechanical strength, chemical stability,
and bulk density.

� Non-pressurized processes without binders

Shaping MOFs without high pressures or binders is simple and
low-cost. In most cases, the MOF is synthesized as a gel instead of a
powder, or the powder is converted into a gel. This gel state has a
tunable viscosity and adopts the shape of its container. In addition,
since this process does not use any binders or high pressures, the
micropore structure of the MOF does not collapse.

In one study [171], ZIF-8 was obtained as a powder, and robust
monoliths were formed through a sol–gel process. The BET surface
area of the monoliths was 1395 m2 g�1, which is within the ZIF-8
powder surface area range of 1300–1600 m2 g�1. This evidenced
that the ZIF-8 pores were not blocked or collapsed by any factors
and that the porosity was maintained. Additionally, mechanical
property analysis showed that the monoliths had an elastic modu-
lus and hardness of approximately 4.04 and 0.142 GPa, respec-
tively, which are higher than those of single-crystalline ZIF-8.
lation, monoliths), (b) pressurized processes without binders (pellets, tablets), (c)

f MOF/Binder Forming Pressure Shape Ref

t% – Monolith [169]
t% – Monolith [171]
t% – Monolith [171]
t% – Monolith [171]
t% – Monolith [171]
t% – Granules (sphere) [172]

– Monolith [172]

f MOF/Binder Forming Pressure shape Ref

65 MPa Pellet [157]
– Pellet [166]
0.1–1 GPa Tablet [167]
3.7, 7.4, 29.6, 59.2 kN
m-2

Tablet [168]

3.7, 7.4, 29.6, 59.2 kN
m-2

Tablet [168]

0.5, 1, 5 kN Pellet [173]
0.3, 1, 5 kN Pellet [173]
– Pellet [173]

Ratio of MOF/Binder Forming Pressure Shape Ref

te 97 wt% 5000 psi (34 Mpa) pellet [161]
te 97 wt% 5000 psi (34 Mpa) pellet [161]
te 97 wt% 5000 psi (34 Mpa) pellet [161]
te 97 wt% 5000 psi (34 Mpa) pellet [161]
methocel
)

95 wt% – pellet [173]

PVB 95 wt% 146, 292, 438, 584
Mpa

pellet [174]

PVA 95 wt% 146, 292, 438, 584
Mpa

pellet [174]

sucrose 95 wt% 146, 292, 438, 584
Mpa

pellet [174]

hylene (PE) 86 wt% – Film [175]

hylene (PE) 86 wt% – Film [175]



Table 14
Summary of shaping process; Non-pressurized processes with binders.

d. Non pressurized processes with binders

Process type MOF Binder Ratio of MOF/Binder Shape Ref

homemade fan-type granulator MiL-125-NH2 3 wt% polyvinyl group 97 wt% Granules [154]
granulation UiO-66 Poly(vinyl alcohol) 4 vol% 22 vol% Granules [155]
Extrusion UiO-66 Poly(vinyl alcohol) 4 vol% 22 vol% Cylindrical garanules [155]
Freeze granulation UiO-66-COOH Polyvinyl alcohole 22 vol% Bead [155]
Extrudate UiO-66-COOH polysiloxane (silicon resin)-based binder 72.5 vol% Cylinder [155]
Extrusion molding SIFSIX-3-Ni 8 wt% polyvinyl butyral (PVB) 90 wt% Pellet [156]
Extrusion molding SIFSIX-2-Cu-i 8 wt% polyvinyl butyral (PVB) 90.8 wt% Pellet [156]
Extrusion molding GeFSIX-2-Cu-i 8 wt% polyvinyl butyral (PVB) 89.6 wt% Pellet [156]
Extrusion molding TIFSIX-2-Cu-i 8 wt% polyvinyl butyral (PVB) 89.4 wt% Pellet [156]
Extrusion molding HKUST-1 8 wt% polyvinyl butyral (PVB) 90 wt% Pellet [156]
Extrusion molding Mg-MOF-74 8 wt% polyvinyl butyral (PVB) 90 wt% Pellet [156]
Extrusion-crushing-sieving(ECS) ZIF-8 CA (cellulose-acetate) 7.5/15/30 wt% Pellet [157]
Extrusion-crushing-sieving(ECS) ZIF-8 PVC (polyvinylchloride) 7.5/15/30 wt% Pellet [157]
Extrusion-crushing-sieving(ECS) ZIF-8 PVF (polyvinylformal) 7.5/15/30 wt% Pellet [157]
Extrusion-crushing-sieving(ECS) ZIF-8 PEI (polyetherimide) 7.5/15/30 wt% Pellet [157]
Extrusion-crushing-sieving(ECS) ZIF-8 PS (polystyrene) 7.5/15/30 wt% Pellet [157]
Extrusion MOF-5 99% ABS (acrylonitrile butadiene styrene) 1% Filament [158]
Extrusion MOF-5 95% ABS 5% Filament [158]
Extrusion MOF-5 90% ABS 10% Filament [158]
Granulation UiO66 10 wt% sucrose 90 wt% Pellet [159]
Casting on pellet (CO)MOF-74 TENAX (80–100 mesh pellet) 14 wt% Pellet [160]
Casting on pellet (Zn)ZIF-8 TENAX (80–100 mesh pellet) 8.4 wt% Pellet [160]
Casting on pellet (CO)ZIF-67 TENAX (80–100 mesh pellet) 9.6 wt% Pellet [160]
Casting on pellet (Zr)UiO-66 TENAX (80–100 mesh pellet) 8.4 wt% Pellet [160]
Hand-made pan-type granulator MiL-100(Fe) 5 wt% MRA (Mesoporous q Alumina) 95 wt% Sphere [161]
Hand-made pan-type granulator MiL-101(Cr) 5 wt% MRA (Mesoporous q Alumina) 95 wt% Sphere [161]
Hand-made pan-type granulator UiO-66 5 wt% MRA (Mesoporous q Alumina) 95 wt% Sphere [161]
Hand-made pan-type granulator UiO66-NH2 5 wt% MRA (Mesoporous q Alumina) 95 wt% Sphere [161]
Extrusion MIL-101(Cr) 40 wt% bentonite clay 60 wt% Monolith [162]
Extrusion MIL-101(Cr) 25 wt% bentonite clay 75 wt% Monolith [162]
Rotary press tabletilizer UiO66 1 wt% graphite 99% Tablet [163]
Wet granulation MiL-125(Fe) 10% silica sol 90 wt% Granules [164]
Extrusion HKUST-1 Silres MSE 100 (CH3Si(O)1.1 (OCH3)0.8 88% Monolith [165]
Xero gel MIL-100(Fe) resorcinol formaldehyde based Xerogel 57% Cylindrical monolith [176]
Xero gel MIL-100(Fe) resorcinol formaldehyde based Xerogel 50% Cylindrical monolith [176]
Xero gel MIL-100(Fe) resorcinol formaldehyde based Xerogel 42% Cylindrical monolith [176]
Xero gel MIL-100(Cr) resorcinol formaldehyde based Xerogel 57% Cylindrical monolith [176]
Xero gel MIL-100(Cr) resorcinol formaldehyde based Xerogel 49% Cylindrical monolith [176]
Xero gel MIL-100(Cr) resorcinol formaldehyde based Xerogel 44% Cylindrical monolith [176]
Xero gel MIL-101(Cr) resorcinol formaldehyde based Xerogel 65% Cylindrical monolith [176]
Xero gel MIL-101(Cr) resorcinol formaldehyde based Xerogel 54% Cylindrical monolith [176]
Xero gel MIL-101(Cr) resorcinol formaldehyde based Xerogel 50% Cylindrical monolith [176]
Xero gel MIL-101(Cr) resorcinol formaldehyde based Xerogel 33% Cylindrical monolith [176]
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Thus, ZIF-8 converted into the form of a monolith has sufficient
rigidity.

In another study [172], Zr-MOF shaped monoliths were formed
by gelation, and spheres were formed by an oil-dropping method.
Three parameters are important when making MOF gels: the metal
source, reactant concentration, and presence of water. The Zr-
based MOF gels were synthesized by controlling these parameters,
and the properties of the monoliths and UiO-66 powder were com-
pared. With gelation, the BET surface area increased by 0–300 m2

g�1, but the micropore volume decreased by 0.1–0.2 cm3 g�1. The
crystal size of the gel-formed UiO-66 was 10–25 nm, and the
micropore volume could be considered reasonable compared with
that of general nanosized UiO-66.

As illustrated by these two cases, non-pressurized and binder-
free processes are highly economical and simple because they
can form MOFs immediately without changing their
characteristics.

� Pressurized processes without binders

Pressurized binder-free processes can produce pellets, tablets,
and films. The MOF powder or metal oxide and organic ligand
starting materials are mixed in a dispersion medium or mixed by
a solvent-free method. After granulation of the mixture, pellet or
tablet shapes are formed by pressurization using an extruder or
compression machine. MOFs shaped by these processes have a
higher density than those produced by non-pressurized binder-
free processes, which results in a high application efficiency per
weight. However, too high of a pressure will block the pores or col-
lapse the crystallinity of the MOF.

In [173], several MOF powders were compacted into tablet
forms by compression punching, where the speed of the punch
was set to 10 mm min�1 until the selected pressure was reached.
Depending on the type of MOF, punching compression was applied
from 0.3 to 5 kN, and the characteristics of each shaped MOF tablet
were evaluated. For SIM-1, the BET surface area decreased by as
much as 28.3% upon compression into tablets. Applying a pressure
of 1 kN to HKUST-1 decreased the BET surface area by approxi-
mately 37.59%, whereas applying 5 kN to the same MOF decreased
the surface area by 76.12%. Therefore, tablets formed by high pres-
surization of a MOF powder have a high mechanical strength, but
the micropores are easily broken, and thus the porosity of the
tablets decreases.

� Pressurized process with binders

Pressurized processes using binders can produce almost any
shape such as pellet, monoliths, tablet and so on. The process of



Fig. 25. Image of ABS-MOF-5 filament and 3D printed MOF. (a) 3D printed MOF-5
composites. It contained the MOF with 1 to 10%. (b) Filament formation with
cutting and extrusion ABS-MOF-5. (c) Products block with 3D printing. (d) Image
rendering for 3D printing, (e) Top view and (f) side view of the product with 3D
printed ABS-MOF-5. Reproduced with permission from [158]. Copyright 2015 John
Wiley and Sons.
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forming the shape of the MOF is performed as follows; The MOF
powder is dispersed in one medium, and the binder is dispersed
in other medium to act as an adhesive; mixing the two results in
a composite that can be made into a slurry. The slurry can be
extruded into a desired shape, made into a film by hot-pressing,
or formed into pellets or tablets under a high pressure. In these
processes, the media in which the binder and MOF powder are dis-
solved must mix well in the slurry, and the amount of added binder
must not block the MOF pores.

In [174], pellets were prepared by mixing MOF-801 powder
and 5 wt% PVA, PVB, or sucrose as a binder. The powder mix-
tures were compressed to 146, 292, 438, or 524 MPa for 15 s,
30 s, 2 min, 5 min, 10 min, or 15 min to make 16-mm-
diameter pellets. Each pellet maintained its crystallinity, but
the BET surface areas decreased by as much as 36.71%. The pel-
lets formed with different binder amounts, compression times,
and pressures were mechanically tested by dropping. All the
shaped MOF pellets had higher mechanical strengths than the
respective MOF powders; especially, 5% PVB acted as a stronger
binder than PVA or sucrose. However, the mechanical strength
of the pellets did not increase when the molding pressure
was higher than 292 MPa.

� Non-pressurized processes with binders

Non-pressurized processes with binders can make shapes such
as granules, spherical pellets, foams, and monoliths. These forms
are produced by mixing the MOF powder with a binder that acts
as a glue without applying a high pressure, which improves the
cohesion between MOF particles to achieve a more rigid shape.
This is performed by dissolving the MOF powder and binding agent
separately in the dispersion medium, using a granulator or spray
coater to increase the particle size, and then evaporating the sol-
vent for drying. This process is easy and fast and can be applied
to MOFs with weak cohesive forces.

In [157], ZIF-8 and polymer binders such as polyvinylchloride
(PVC), polyvinylformal (PVF), PEI, PS, and CA were formed into
composite pellets by extrusion. First, the composite of ZIF-8 and
binder was prepared by controlling the amount of binder and grad-
ually adding solvent until a thick slurry was obtained. The slurry
was extruded into granules and dried overnight. After shaping,
the mechanical strength and chemical stability of the ZIF-8 pellets
with different solvents and binders, and PVF was found to be the
best choice of binder.

In another study [158], a MOF-5 and acrylonitrile–butadienes
tyrene (ABS) composite was formed by printing with a conven-
tional thermoplastic 3D printer (Fig. 25). The composite was
extruded into a filament with the amount of ABS controlled to 0–
50%, and it was confirmed by PXRD that the crystallinity of MOF-
5 was maintained. After shaping the MOF with the 3D printer,
the Young’s moduli were determined as 5.2 ± 0.4, 6.5 ± 0.7,
4.05 ± 0.5, and 6.2 ± 0.4 MPa for ABS with 0%, 1%, 5%, and 10%
MOF-5, respectively. This demonstrated that the characteristics
of the binder were reflected by the shaped MOF and that 3D print-
ing can produce shaped MOFs using ABS as a plasticizer.
4.2. Dispersion processes

To form films or membranes, a solution coating process is typ-
ically used, whereby solutions containing well-dispersed reactants
are sprayed evenly to coat a substrate or other reactants. In most
cases, MOFs are used in conjunction with other materials. In this
section, the dispersion agents and methods used to maintain a
well-dispersed state of MOFs in solution for the necessary time-
frame are described in detail and summarized in Table 15.
4.2.1. Criteria

� Visualization and Tyndall scattering

The Tyndall effect describes the scattering of light in a colloidal
dispersion. This effect is used to determine whether a mixture is a
colloid, as no scattering occurs when light passes through a true
solution. Light scattering occurs in a colloidal dispersion because
visible light is reflected off of particles that are slightly below or
near the size of the wavelength of light, such as the scattered par-
ticles in a colloid-like substance (e.g., dust in water). Depending on
how much light a particular material absorbs, different color light
is emitted. Shorter wavelengths of light tend to be scattered more
than longer wavelengths. It is easy to judge howwell MOF particles
are dispersed in a medium by taking photos of various solution
conditions or by using laser beams to see how evenly the light is
transmitted through the suspension or colloid.

� Dynamic light scattering

Dynamic light scattering (DLS) is used to determine the size dis-
tribution of small particles in suspension or polymers in solution.
DLS is commonly used to analyze the size of nanoparticles (NPs)
such as nanogold, proteins, and colloidal particles. Due to Brownian
motion, freely diffusing particles cause rapid fluctuations in scat-
tered laser light, depending on the particle size. The faster the fluc-
tuation rate, the smaller the particle size. DLS measurements are
used to measure the particle size of MOFs in solution over time.



Table 15
Summary of dispersion processes.

Dispersion agent Method Solvent MOF MOF/
dispersion
agent Ratio

Dispersion
process
time

Criteria Durable
time

Ref

4-tert-butylcalix[n]arenes Sonicated Toluene UiO-66 0 to 30% 1 h Tyndall effect/DLS 3 d [177]
Modified PEG* Sonication Water COF-1 – – DLS 2 d [178]
SR-610 Tip-

sonication
– Cu-BTC 10 wt% 30 min – several

hours
[179]

SR-339 67 wt% 30 min – several
hours

[179]

n-dodecyl b-D-maltoside
(DDM)

– 50 mM 2-
methylimidazole

ZIF-8 – 45–
60 min

DLS – [180]

Caster Oil ** Oil-in-water Water POZIF-8 3% 2 h Extraction 120 d [181]
PEGMA*** – Water NH2-UiO-66 36.2, 50.2,

62.5, 73.0 wt
%

– DLS – [182]

PVDF (7.5 wt% in DMF) Ultrasonic
bath

Acetone ZiF-67 67% – – – [183]

PVDF (7.5 wt% in DMF) Ultrasonic
bath

Acetone(MOF)/DMF
(PVDF)

MiL-101(Fe) 67% 30 min – – [184]

PVDF (7.5 wt% in DMF) Ultrasonic
bath

Acetone(MOF)/DMF
(PVDF)

MiL-101(Cr) 67% 30 min – – [184]

PVDF (7.5 wt% in DMF) Ultrasonic
bath

Acetone(MOF)/DMF
(PVDF)

MiL-53(Fe) 67% 30 min – – [184]

PVDF (7.5 wt% in DMF) Ultrasonic
bath

Acetone(MOF)/DMF
(PVDF)

UiO-66 67% 30 min – – [184]

PVDF (7.5 wt% in DMF) Ultrasonic
bath

Acetone(MOF)/DMF
(PVDF)

UiO66-NH2 67% 30 min – – [184]

PVDF (7.5 wt% in DMF) Ultrasonic
bath

Acetone(MOF)/DMF
(PVDF)

HKUST-1 67% 30 min – – [184]

PVDF (7.5 wt% in DMF) Ultrasonic
bath

Acetone(MOF)/DMF
(PVDF)

ZiF-8 67% 30 min – – [184]

– Ultrasonic
bath

EtOH 2D [Co
(CNS)2(pyz)2]n

– 30 min Tyndall effect 1 week [185]

– Sonication EtOH Cd-TP – 30 min Tyndall light
scattering

– [186]

– Sonication EtOH Zn-TA – 30 min Tyndall light
scattering

– [186]

– Stirring MeOH CCR-3 – 1 h – – [187]
Paraffinic ligand – Hexane MOP – – – – [188]
– 2D nano

sheet
Water PCN-134 – – Tyndall effect – [189]

*Polyethylene-glycol-modified monofunctional curcumin derivatives, **Caster Oil =(industrial grade: density @ 20 �C = 0.951 g/ cm3, viscosity @ 20 �C = 970–1100 cP, iodine
value = 86.3 g iodine/100 g oil), ***Poly(ethylene glycol) methyl ether methacrylate.

Fig. 26. (a) Schematic illustration of Tyndall effect. (b) Image of Tyndall effect of
colloidal suspension. Adapted with permission from [177]. Copyright 2019 Amer-
ican Chemical Society.
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4.2.2. Dispersion agents
Many solvents can be used to disperse MOFs, including polar

solvents such as water, ethanol, methanol, and acetone, and non-
polar solvents such as toluene, benzene, and hexane. To stabilize
the dispersion, dispersion agents can be added such as hydropho-
bically functionalized organic ligand or hydrophobic compounds.
However, these additions may reduce the adsorption capacity or
catalytic activity.

In [177], calix[n]arenes—well-knownmacrocycles with intrinsic
pores—were added to facilitate the dispersion of UiO-66 in toluene.
The calix[n]arene content was adjusted from 0 to 30 wt%, which
did not affect the particle size or crystallinity of UiO-66, while
the surface area increased from 1245 to 1385 m2/g. The UiO-66/
calix[6]arene suspension in toluene showed the characteristic Tyn-
dall effect with a passing green laser beam (Fig. 26). Zeta potential
measurements using DLS indicated an increase in particle disper-
sity upon the addition of calix[n]arene.

In [178], polyethylene-glycol-modified monofunctional cur-
cumin (PEG-CCM) was used as a dispersion agent with 50 wt%
APTES-COF-1 in 1 mL of 1,4-dioxane. The mixture was stirred in
a water bath for 20 min. The dispersion was stable in water at
room temperature for >2 days.

In [179], a acrylate monomer was added to a Cu-BTC MOF dis-
persion. Cu-BTC is composed of aromatic ligands bonded to an
acrylate monomer such as 2-phenoxyethyl acrylate (Sartomer SR-
339). The monomer contained an aromatic group, which increased
its affinity toward the MOF and enabled the formation of a stable
dispersion without requiring a dispersion agent that might block
the surface and pores of the MOF. The 10 wt% Cu-BTC and sartomer
mixture was sonicated with a tip-sonic. When comparing the
methylene blue (MB) adsorption curve as composition of the
MOF, the amount of absorbance of MB reduction and amount of
polymer were similar. Therefore, the polymer did not affect the
porosity of the MOF.

4.2.3. Dispersion method
Normally, MOF particles can be kept well-dispersed in a solvent

by applying a physical force such as stirring or sonicating, with or
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without or an added dispersion agent. However, when physical
force is applied to the solvent, the cohesion force between the
MOF particles increases due to their increased kinetic energy. This
effect can cause aggregation among the MOF particles. Therefore,
the processing time must be properly considered to prevent
aggregation.

In [180], n-dodecyl b-D-maltoside (DDM)—a sugar-based surfac-
tant—was used as a dispersant to modify a ZIF-8 colloidal solution.
The solution was stirred with an aqueous 2-[4-(2-hydroxyethyl)p
iperazin-1-yl]ethanesulfonic acid. Glyco-ZIF-8 colloidal suspension
was monitored via DLS. The mean particle size of the ZIF-8 and ZIF-
8 colloidal suspensions were the same.
5. Upcoming MOFs applications for future commercialization

MOFs and their composites have emerged as suitable materials
for numerous applications such as conventional gas storage/sepa-
ration, energy storage/conversion [190,191] and catalytic applica-
tion [192,193]. Aside from these current applications in the
limelight, we focus on future applications that are not currently
well known but have significant potential to serve as new business
areas for MOF commercialization. We describe many of the
recently designed MOF-based materials for 8 applications; (1)
chemical purification, (2) air purification, (3) removal of biological
toxicants, (4) antibacterial implementation, (5) ion transport for
solid-state electrolyte, (6) electrode material, (7) low-k dielectric
material, (8) luminescent material. We introduce the required
properties of MOFs for the presented applications followed by a
couple of selected recent examples. In addition, we tried to empha-
size the importance and key point for industrial application of the
presented work. Overall, we aim to touch upon many of the new
and exciting applications of MOFs and their composites. There
are reviews on some of these topics [194], however this manu-
script focuses only on the most recent developments from the last
few years, as well as describing the directions of academic and
industrial attention in the near future.

5.1. Chemical purification

In the past few decades, the increased research interest on
development of novel technologies toward separation and purifica-
tion of vital gases such as N2/CH4, N2/CO2 and H2/N2, etc. as well as
light hydrocarbon chemicals like CH4/CO2, C2H2/C2H4, and xylene
isomers plays a key attention for various industrial applications.
Owing to the similar physicochemical properties including boiling
points, freezing points, polarity and molecular shape/sizes, the
most significant approaches for separation and purification of
those chemical components required high energy consumption
and cost-effective conventional distillation techniques, e.g., cryo-
genic distillation. At these instances, the porous crystalline materi-
als such as MOFs have been placed a crucial role for selective
adsorption and separation of those chemical species, and their
comprised potential properties overcome the ascribed concerns.
Several important review articles covered these topics extensively
with numerous examples [195–198]. Herein, we will discuss par-
ticularly, very recent advances of application for selective adsorp-
tion and separation of important viable chemical species such as
N2/CH4, C2H2/CO2, and xylene isomer mixtures in industrial
applications.

5.1.1. MOFs as adsorbents for chemical separation
The MOF based materials comprising appropriate p-

backbonding-donating metal sites could impart p-acidity on adsor-
bates and thereby improve the selective separation of industrially
challenging gaseous mixtures with p-bonding. In this regard, J. R.
Long and co-workers prepared vanadium (II) based metal–organic
framework (denoted as V2Cl2.8(btdd); H2btdd = bis(1H-1,2,3-tria
zolo[4,5-b],[40,50-i])dibenzo[1,4]dioxin), which showed selective
purification of N2 over natural gas (CH4) mixture and olefin over
paraffin mixture at high temperature. Breakthrough experiments
proved that p-backbonding donation of vanadium (II) adsorption
sites of the MOF possesses not only selective separation of N2 gas
over CH4, but also exceptional reversible capacities over several
cycles. Interestingly, this material also adsorbs both CO2 and N2

from crude natural gas mixture, which is crucial in natural gas
purification process. In addition, it achieved great selectivity of
ethylene from ethane rich feeds (5: 95 of ethylene/ethane) as well
as attained very high capacities at high temperatures (e.g., 80 �C).
Finally, the current developed material envisioned the next-
generation materials in the field of separation and purification
technology [199].

The purification of acetylene (C2H2) gas from natural gas such as
CO2, CH4 is of great interest due to its industrial utility. With this
attention, J. Pei and coworkers reported that Hofmann based
metal–organic framework (named as Co(pyz)[Ni(CN)4],
pyz = pyrazine; ZJU-74) shows selective separation of acetylene
over CO2, C2H4 and CH4 at ambient conditions [200]. Interestingly,
the material possesses high C2H2 capturing capacity (49 cm3 g�1 at
0.01 bar and 296 K) and high selectivity over CO2 (36.5 cm3 g�1 at
1 bar, 296 K), which is the highest selectivity so far. In addition, this
MOF showed better selectivity of 24.2 cm3 g�1, 1312.9 cm3 g�1

over C2H4 and CH4 at ambient conditions, respectively. Attributed
high concentration of available open metal sites (OMSs) and speci-
fic sandwich like binding sites, the MOF shows unusually high of
C2H2 over natural gas mixtures, which can be usefully used indus-
trial acetylene purification process.

Subsequently, the separation of C8 aromatic isomers (xylenes
isomers) such as p-xylene (PX), o-xylene (OX), and m-xylene
(MX) is one of the extraordinary challenging tasks because of their
similar physicochemical properties. Recently, Long group reported
that two cobalt-based metal–organic frameworks, Co2(dobdc),
(dobdc4� = 2,5-dioxido-1,4-benzenedicarboxylate) and Co2(m-
dobdc) (m-dobdc4� = 4,6-dioxido-1,3-benzenedicarboxylate),
exhibited excellent separation of C8 alkyl aromatics (PX, OX, MX,
and ethylbenzene) via multiple adjacent unsaturated Co(II) metal
sites [201]. Breakthrough experiment using the MOFs showed that
Co2(dobdc) well separated all four isomers. On the other hand, Co
(m-dobc) displayed selectivity towards three isomers since similar
binding affinity of m-xylene and ethylbenzene. In addition, the
SCXRD (single crystal X-ray diffraction) analysis revealed the facil-
itated separation of four isomers in both materials is due to extent
of interaction with two adjacent Co(II) sites and packing ability of
guest isomers in the pores. Therefore, this report paves new plat-
form for developing of novel adsorbent materials in the separation
of petrochemical components.

5.1.2. Water purification using MOFs
Among the various natural resources, water is most important

essential requirement to run the several activities globally. The
rapid growth of economy and industrialization causes water pollu-
tion displaying negative impact on environment and human
health. Mainly, the water pollution is occurred through various
organic and inorganic pollutants (phosphates, pesticides, etc.),
toxic heavy metal ions (Pb2+, Cd2+, Hg2+) and anion species (arsen-
ate, chromates, etc.), etc [202]. In this respect, several water treat-
ment technologies have been developed, for example, coagulation,
filtration, and chemical precipitation. The ascribed difficulties such
as instrument complexity and high system cost lead to encourage
the development a new material for adsorptive removal such as
clays, zeolites, and porous materials. The high porosity and facile
tuning MOF surface property by various methods allows to be used
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in water purification by adsorptive removal. Due to the low stabil-
ity of MOFs in water, their application for water purification has
been limited. However, several water stable MOFs including MIL-
series and UiO-series, water purification using MOFs has been
widely studied. The recent review article highlights the history, cri-
teria, and recent advances of MOFs for water purification [203–
205].
5.2. Air purification

5.2.1. Necessity of air purification
Rapid economic growth, industrialization, and technological

advances have led to the excessive generation of emissions and
other waste that severely pollute the air and negatively impact
the environment and human health [206,207]. Currently, there is
considerable attention on air pollutants such as particulate matter,
toxic gases, volatile organic compounds (VOCs), and chemical war-
fare agents (CWAs) [208]. To maintain the quality of our air, novel
materials are required that can purify the air and reestablish a
healthy atmosphere. Although several important review articles
have highlighted the development of advanced purification filters,
in many cases the filters are limited to the removal of only a few
major air contaminants [209–213]. In this section, we cover the
most severe environmental air pollutants and briefly introduce
Fig. 27. Classification of air pollutants.

Table 16
The various MOF derived filters for removal of particulate matters (PMs).

MOF filters PM2.5

Efficiency (%) Temperatu

PPC/ZIF-8 91.68 ± 0.57 –
Ag-MOFs@CNF@ZIF-8 94.3 –
PAN-ZIF-8 99.97 (PM0.3) –
ZIF-8/rGA 99.3 25
ZIF-8/rGA >98.8 200
polyimide/ZIF-8 96.6 ± 2.9 300
MIL-53(Al)–NH2@PAN 99.99 (PM0.3) –
PLA-ZIF-8 (PZD5) 94.44 –
ZIF-67@PAN 87.2 –
ZIF-8/PAN 88.33 ± 1.52 –
CNFs/HKUST-1/stainless steel screen >95 25
H-ZIF-L_PP 92.5 ± 0.8 25
UiO-66-NH2@CNTs/PTFE 99.99 (PM0.3) –
ZIF-8@Melamine foam-3rd 99.5 ± 1.7 150
ZIF-8@Nonwoven fabric-3rd 99.9 ± 0.2 150–250
ZIF-8@Glass cloth-3rd 96.8 ± 1.3 200
ZIF-8@Metal mesh-3rd 92.1 ± 0.7 300
ZIF-8@Plastic mesh-3rd 95.8 ± 1.3 80–100
the pollutants and emphasize their negative impact on the envi-
ronment and public health. In addition, we discuss the recent
advances in the field of MOFs for the removal of these pollutants
from air. We have classified the pollutants as follows (Fig. 27):
(1) particulate matter, (2) toxic gases, (3) VOCs, and (4) CWAs.
5.2.2. Removal of particulate matter
Particulate matter (PM) pollutants are fine airborne particles

with an aerodynamic diameter below 2.5 mM (PM2.5) or 10 mM
(PM10) [214]. These pollutants are released from various sources
such as refineries, power plants, burning coal, agricultural dust,
etc. [215]. Owing to the small particle size, particulate matter
causes risks to human health by blocking the respiratory tracts
and even entering blood vessels, which can lead to severe cardio-
vascular and respiratory diseases [216,217]. Long-term exposure
to PM2.5 can increase morbidity and even mortality [218]. Guideli-
nes set by the World Health Organization (WHO) suggest that the
concentration limit of PM2.5 in the air should not exceed 10 mg m�3.
In 2015, air pollutants were responsible for 6.8 million deaths
worldwide. Indoor air pollution is accountable for 2.8 million
deaths, while environmental pollution severely affects 4.2 million
people across the world [219].

Particulate matter has garnered significant attention in recent
years owing to its huge effect on public health. Researchers are
developing advanced technologies to purify air, including purifica-
tion filters that can filter out PM2.5 and PM10 [220,221]. Commer-
cial air purification filters comprising polymers, nanofibers,
nanowire-based filters, or porous materials (such as activated car-
bon) are widely used in the manufacturing industry and highly pol-
luted areas [222,223]. However, these devices have several
drawbacks including efficiency and reusability. Therefore, a lot of
attention is still focused on the development of new materials
for the filtration of PM2.5.

In this section, we highlight the design requirements for effi-
cient filters and describe the future challenges for fulfilling current
needs, with a focus on recent advances in MOF-derived filters. Air
purification filters for particulate matter are divided into two
types: (1) air filtration materials for the public, such as commer-
cially available face masks; and (2) air filtration materials at the
source of emissions, such as chimneys and automobile exhausts.
The main requirements for air purification filters are as follows:
high filtration efficiency, good mechanical strength, high thermal
stability, low resistance to air flow, relatively low pressure drop,
light weight, and long working lifetime. [224]. In addition, air fil-
PM10 Ref

re (�C) Efficiency (%) Temperature(�C)

– – [229]
>95 – [234]
�99.99 – [230]
99.6 25 [231]
>99.1 200 [231]
– 300 [235]
– – [236]
96.57 – [237]
– – [238]
89.67 ± 1.33 – [233]
– 25 [239]
99.5 ± 0.2 25 [240]
– – [241]
99.3 ± 1.2 150 [232]
99.7 ± 0.1 150–250 [232]
95.8 ± 1.4 200 [232]
91.3 ± 0.4 300 [232]
94.1 ± 1.5% 80–100 [232]
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ters for use at the source of emissions should be able to endure
harsh conditions such as rapid air flow, high temperatures, and
high humidity [225,226].

MOFs are promising materials for air purification filters because
of their unique properties such as crystallinity, high thermal stabil-
ity, large surface area, high porosity, chemical stability, and tun-
able functionality [227]. In particular, they are widely used as
adsorption-based filters because of their high porosity and surface
area [228]. However, particulate matter is usually too big to be
removed by adsorption in MOF pores. Although the role of MOFs
in particulate matter removal applications is not clearly proven,
MOF/polymer composite filters offer better recyclability and dura-
bility for use in harsh environments.

We examined recent research advances in the field of fibrous
and mixed composite MOF membranes for the removal of PM2.5

and PM10 at ambient and harsh conditions (Table 16). Lin and co-
workers developed an MOF-derived membrane by compositing
Fig. 28. (a) The proposed filtration mechanism of precursor (ZIF-8) concentration depe
quality factor of the PPC/ZIF8-9 membrane with PM2.5 after five consecutive filtration-w
factor of the PPC/ZIF8-9 membrane with PM2.5 before and after membrane storage of 30 d
Society.
polypropylene/polycarbonate (PPC) and ZIF-8 (Fig. 28) that could
filter PM2.5 with high efficiency (91.68%) and a low pressure drop
(45 Pa) [229]. The filter was prepared using an in-situ growth
method by loading ZIF-8 nanocrystals on a fibrous PPC membrane
(meltbrown). This simple PCC/ZIF-8 composite showed greater fil-
tration efficiency than the pristine PPC membrane filter, and pro-
vides a new application area for MOF composite filter
membranes. In addition, the MOF composite membrane was reusa-
ble, with excellent water resistance and good long-term stability
for the filtration of PM2.5.

Wang et al. prepared a multi-level structured membrane by
compositing ZIF-8 with polyacrylonitrile (PAN) using a facile
electrospinning process (Fig. 29a–c) [230]. The fibrous PAN/
ZIF-8 composite membrane demonstrated good moisture wick-
ing ability and particulate matter filtration. The authors pro-
posed that the hydrophilic nature of the PAN fibers and the
multiscale surface roughness via ZIF-8 etching was responsible
ndent PPC/ZIF8-9 membrane; the filtration efficiency and pressure drop as well as
ash-dry cycles (b-c); the filtration efficiency and pressure drop as well as quality
ays (d-e). Adapted with permission from [229]. Copyright 2020 American Chemical



Fig. 29. (a) Schematic illustration of the preparation of hydrophilic hydroPAN-ZIF-8–1 and super-hydrophilic HydroPAN-ZIF-8–20 fibrous membranes; the filtration
efficiency, and pressure drop as well as quality factor of one dual-layer HydroPAN-ZIF-8–1/HydroPAN fibrous membrane corresponding to the particle size of 0.3 lm (b-c).
Reproduced with permission from [230]. Copyright 2020 Elsevier publisher. (d) The illustration of proposed PM particle capture mechanism of 3D networks of ZIF-8/rGA.
Reproduced with permission from [231]. Copyright 2019 Elsevier publisher.
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for the dual role of the MOF composite membrane. Moreover,
an inner layer of hydrophobic polystyrene fibers acted as an
excellent moisture transporter during the moisture wicking pro-
cess. Notably, the membrane had high removal efficiency
(99.97%) for 0.3 lm particles and superb removal efficiency
(>99.99%) for larger particles, including harmful ultrafine parti-
cles such as COVID-19 for the disease and severe acute respira-
tory syndrome coronavirus 2. The authors concluded that the
proposed approach makes a platform for the development of
novel air purification filters.

The development of efficient air filters for PM2.5 that can oper-
ate under harsh conditions is challenging. In this respect, Mao et al.
developed an efficient and thermally stable particulate matter fil-
ter with ZIF-8 anchored on reduced graphene aerosol (rGA),
denoted as ZIF-8/rGA. The filter exhibited excellent particulate
matter removal efficiencies and could remove particulate matter
even under harsh conditions [231]. The removal efficiencies under
harsh (temperature: 200 �C, air flow rate: 30 L m�1) and ambient
conditions were > 98.8% and > 99.3% for PM2.5, and > 99.1%
and > 99.6% for PM10, respectively. The design was motivated by
the properties of the graphene aerogel. The uniform ZIF-8 crystals
and 3D porous maze network were key for capturing the particu-
late matter particles (Fig. 29d).

In 2017, Wang and coworkers synthesized various new ZIF-8
MOF composite filters on a large scale using a roll-to-roll hot press-
ing method (Fig. 30a–e) [232]. The filters were prepared using var-
ious polymer supports, such as melamine foam, metal mesh, glass
cloth, plastic mesh, and nonwoven fabric. The prepared composite
filters displayed excellent PM removal efficiencies and high robust-
ness at various temperatures (80–300 �C), including under harsh
conditions. Furthermore, the filters were found to have excellent
performance for particulate matter filtration under purposely
designed tests for various fine particulate exhausts, such as bag-
house dust collection, pipe filtration, etc. This work not only
reports an MOF membrane composite for particulate matter
removal under various environments, but also provides a method
for the mass production of MOF composite filters for industrial
applications.

In 2016, the same research group prepared MOF-based nanofi-
brous filters by embedding MOF materials on various known poly-
mers (PAN, PS, etc.) using an electrospinning procedure for facile
large-scale production (Fig. 30f, g) [233]. In hazy environments,



Fig. 30. (a) The schematic illustration of the roll-to-roll production of various MOF filters for PM removal, (b) and (c) are photo images of the bended and twisted ZIF-
8@Melamine foam-3rd, respectively, (d) the PM removal test in the presence of simulated pipe conditions where an incense burning was used for generation of smoke, (e) The
PM removal efficiency of ZIF-8@Melamine foam-3rd where PM2.5 in blue color and PM10 in green color. Adapted with permission from [232]. Copyright 2017 John Wiley and
Sons. (f) Employed polymers with chemical structures, and corresponding crystal structures, f potential of the MOFs. (g) Photo images and SEM pictures of the MOF filters
(60 wt% MOF loading) supported on nonwoven fabrics. Reprinted with permission from ref. [233]. Copyright 2016 American Chemical Society.
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the ZIF-8/PAN fibrous filter showed better filtration efficiency for
PM2.5 (88.33%) and PM10 (89.67%) than other fibrous filters includ-
ing Mg-MOF-74/PAN, UiO-66-NH2/PAN, Al2O3/PAN, MOF-199/PAN,
and PAN. Zeta potential measurements revealed that electrostatic
interactions between the positively charged unsaturated metal
ions and highly polar particulate matter were responsible for the
extraordinary particulate matter filtration performance of the
fibrous filters. This work demonstrates that electrospinning is a
suitable method for the large-scale production of various MOF/
polymer composite membranes, which show modest–high
removal efficiency of particulate matter.

5.2.3. Removal of toxic gases

� Requirements for toxic gas removal

Many anthropogenic activities generate pollutant gases such as
sulfur oxides (SOx, primarily SO2), hydrogen sulfide (H2S), nitrogen
oxides (NOx, particularly NO2), ammonia (NH3), and carbon
monoxide (CO). These toxic gases are a severe environmental and
public health issue due to their extensive contamination of the
air. Various novel materials have been explored for the sensing,
purification, separation, and chemical degradation of these haz-
ardous gases. In this section, we highlight the porous MOFs that
have drawn recent attention for the adsorptive removal of toxic
gases, and compare them to various commercially available adsor-
bents (e.g., zeolites, mesoporous materials, and activated carbons)
[242,243]. Novel MOF and MOF-based materials are suitable for
the adsorptive removal of toxic gases owing to their modular nat-
ure, tunable functionality, and large surface area.

The requirements of MOFs for the efficient removal of adsor-
bates such as toxic gases include: (i) large pores and tunable poros-
ity; (ii) large specific surface area and accessible adsorption sites;
(iii) low-cost, durable, and regenerable/recyclable nature; and
(iv) stability during adsorption/desorption cycling and/or under
dynamic conditions (humidity and temperature).
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It is also important for adsorption to occur without interference
from atmospheric gases; that is, the MOFs must have high selectiv-
ity toward the target gas. In this regard, it is important to consider
the adsorption mechanism to develop MOFs that can selectively
capture each respective toxic gas. Several methods for endowing
selectivity to MOFs have been proposed, including: (1) tuning the
pore size to ensure specific adsorbate gases are captured by size
discrimination; and (2) incorporating a specific functionality or
material for selective interaction with the toxic gas. Specific func-
tionality can be achieved by inserting functional ligands (acidic or
basic), open metal centers (coordinatively unsaturated metal sites),
metal oxides, or polyoxometalates that provide specific interac-
tions such as acid–base, electrostatic, hydrogen bonding, or p–p
complexation/interactions [210,244]. Therefore, the incorporation
of organic functional linkers, specific metal coordination, and
guests molecules are major considerations for developing materi-
als that can selectively remove toxic gases. With this in mind, we
explain in this section some of the various recent advances in
MOF-derived materials for the adsorptive removal of toxic gases.

� Removal of sulfur dioxide (SO2)

SO2 is a pervasive toxic gas that is released upon the combus-
tion of fossil fuels and other sulfur-containing materials (e.g., sour
gas and metal-sulfide ores). In addition, this hazardous gas is
widely used in the industrial production of sulfuric acid and as a
preservative in the wine industry. When SO2 reacts with ammonia,
it produces PM2.5, another major air pollutant, and when it combi-
nes with NOx emissions, it causes photochemical smog and acid
rain [245]. Owing to the serious public health and environmental
issues associated with SO2 pollution, there is an urgent need to
develop new materials that can selectively and rapidly absorb this
toxic gas, thereby maintaining the quality of our air. In this section,
we focus on recent progress in the development of MOF-derived
Table 17
SO2 adsorptive property of (a) metal-carboxylate MOFs, (b) metal-azolate MOFs, (c) fluori

MOF compounds Adsorption Mechanism (SO2 binding

a. Metal-carboxylate MOFs
MFM-300 (Al) H-bonding, dipole interactions
NOTT-300 H-bonding, dipole interactions
MFM-300 (In) H-bonding, dipole interactions
MFM-305-CH3 H-bonding, dipole interactions
MFM-305 H-bonding, dipole interactions
MFM-600 H-bonding, dipole interactions
MFM-601 H-bonding, dipole interactions
NOTT-202a Host-guest, dipole interactions
Ni(TED)(BDC) Unsaturated metal sites
Zn(BDC)(TED) Unsaturated metal sites
MOF-74 (Mg) Unsaturated metal sites

b. Metal-azolate MOFs
[Ni8(OH)4(H2O)2(BDP_H)6] Polar surfaces, defective crystal sites
[Ni8(OH)4(H2O)2(BDP_NH2)6] Polar surfaces, defective crystal sites
[Ni8(OH)4(H2O)2(BDP_OH)6] Polar surfaces, defective crystal sites
K[Ni8(OH)3(EtO)3(BDP_H)5.5] Polar surfaces, defective crystal sites
K[Ni8(OH)3(EtO)3(BDP_NH2)5.5] Polar surfaces, defective crystal sites
K3[Ni8(OH)3(EtO)(BDP_O)5] Polar surfaces, defective crystal sites
Ba0.5[Ni8(OH)3(EtO)3(BDP_H)5.5] Polar surfaces, defective crystal sites
Ba0.5[Ni8(OH)3(EtO)3(BDP_NH2)5.5] Polar surfaces, defective crystal sites
Ba1.5[Ni8(OH)3(EtO)(BDP_O)5] Polar surfaces, defective crystal sites

c. Fluorinated MOFs
SIFSIX-1-Cu Dipole, host–guest interactions
SIFSIX-2-Cu-i Dipole, host–guest interactions
NbOFFIVE-1-Ni Host-guest interactions
AlFFIVE-1-Ni Host-guest interactions

d. Fibrous MOF membranes (dynamic adsorption of SO2)
UiO-66-NH2/PAN Electrostatic interactions, un-saturat
MOF-199/PAN Electrostatic interactions, un-saturat
MIL-53(Al)–NH2/PAN Electrostatic interactions
adsorbents for the removal of SO2 from flue gases. For this review,
we have classified SO2 adsorbents into four categories (Table 17):
(a) metal–carboxylate MOFs, (b) metal–azolate MOFs, (c) fluori-
nated MOF-derived materials, and (d) fibrous MOF based thin
films.

Seminal work has been carried out on metal–carboxylate MOFs
for the removal of SO2. Schröder and coworkers developed a robust
indium-based MOF, denoted as MFM-300(In) (MFM = Manchester
Framework Material), which showed a high uptake of SO2

(8.28 mmol g�1 at 298 K and 1 bar) over other gases like CO2,
CH4, and N2 [247,250]. Theoretical calculations and breakthrough
experiments demonstrated that hydrogen bonding and inter-
molecular dipole interactions were responsible for its selective
adsorption of SO2. Furthermore, MFM-300(In) showed excellent
stability in various environments including dry and humid condi-
tions. MFM-300(In) was compared to another novel MOF, NOTT-
202a (NOTT = Nottingham), which showed higher SO2 uptake
(13.6 and 10 mmol g�1 at 268 and 298 K, respectively, and
1 bar). Interestingly, the strong interaction between SO2 and the
MOF caused an irreversible structural transformation from NOTT-
202a to NOTT-202b, which could be the reason for this high uptake
under ambient conditions.

In 2018, an MOF was produced from MFM-600 (comprising
UiO-66 SBU; SBU = Secondary Building Unit) by hydrochloride acid
treatment, which caused a structural phase transformation and
removed the monodentate linkers [249]. The resultant MOF,
denoted as MFM-601, had an improved BET surface area and dis-
played a higher gas adsorption capacity than the original MFM-
600.MFM-601 exhibited an SO2 adsorption uptake of 12.3mmol g�1

at 298 K and 1.0 bar, in preference to CO2 and N2. The selectivity
toward SO2 was investigated, and it was revealed that the dipole
moment of SO2 leads to intermolecular interactions with the
hydroxyl groups of the Zr6 nodes, resulting in the stable binding
nated MOFs, and (d) fibrous MOF membranes.

) SO2 uptake (mmol g�1) at 298 K Ref

7.1; 8.1 (273 K) [246]
7.1; 8.1 (273 K) [246]
8.28 [247]
6.99 [248]
5.16 [248]
5 [249]
12.3 [249]
13.6 [250]
9.97 [251]
4.41 [251]
8.6 [251]

2.02 [252]
3.35 [252]
2.11 [252]
3.26 [252]
4.38 [252]
2.54 [252]
4 [252]
5.61 [252]
3.65 [252]

11.01 [253]
6.9 [253]
2.2 [254]
2.2 [254]

ed metal sites 0.019 g/g [233]
ed metal sites 0.014 g/g [233]

0.0028 g/g [236]



Fig. 31. (a) Site occupancy (illustrated by spheres) of SO2. (b) Binding sites of SO2 in MFM-601 as refined by in-situ synchrotron PXRD. Reproduced with permission from
[249]. Copyright 2018 American Chemical Society. (c) Schematic illustration of the successive PSMs between potassium (purple) and barium (cyan) from pristine nickel
pyrazolate. (d) The DFT structure of sulfur dioxide interaction with crystal defect sites. Reproduced with permission from [252]. Copyright 2017 Springer Nature.
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of SO2 in the MOF pores (Fig. 31a, b). This unprecedented MOF is
important due to its high SO2 selectivity over other gases (CO2

and N2), as well as its reversible adsorption properties. Table 17
summarizes these and some further examples of metal–carboxy-
late MOFs for SO2 removal.

A few metal–azolate MOFs have also been explored for the
adsorptive removal of SO2. In 2017, a new strategy was reported
for the selective capture of SO2 from flue gas [252]. Extra-
framework Ba2+ ions were introduced into the defect sites of an
Ni-based pyrazolate MOF via an ion-exchange process. Moreover,
breakthrough dynamic adsorption experiments and computational
studies revealed that the Ba2+-exchanged framework was a key fac-
tor in the adsorption of SO2, as the SO2 uptake was considerably
higher than that of the parent Ni-MOF and K+-exchanged MOFs
(Table 17). This finding allowed the researchers to propose an
adsorption mechanism for SO2 fixation (Fig. 31c, d). The compara-
tively low reactivity of a barium hydroxide co-crystal toward SO2
illustrates the importance of having many accessible and disperse
adsorptive sites in defect-engineered Ni-MOFs. Hence, this excep-
tional result provides a new platform for the development of novel
metal–azolate MOFs.

Fluorinated MOFs are another class of efficient material for the
adsorption of SO2 from flue gases. Cui et al. designed a series of
microporous inorganic moiety (SiF62�)-based MOFs called ‘‘SIFSIX”
materials, which exhibited superb capacity and selectivity for SO2

uptake, even in the presence of other gases such as CO2 and N2

[253]. The different structural morphologies of SIFSIX-Cu and
SIFSIX-Cu-i (‘‘i” represents an interpenetrated or catenated net-
work) meant that their SO2 uptake differed, with specific capacities
of 11.01 and 6.91 mmol g�1 at 298 K and 1 bar, respectively. Inter-
estingly, these MOFs also demonstrated extraordinary SO2 adsorp-
tion capacities at very low SO2 pressures (1.80 and 2.31 mmol g�1

at 0.002 bar, respectively). Breakthrough experiments and density
functional theory (DFT) calculations revealed that electrostatic



Fig. 32. The crystal structures of SO2-loaded SIFSIX-1-Cu (a) and SIFSIX-2-Cu-i (b). Adapted with permission from [253]. Copyright 2018 John Wiley and Sons. (c) Crystal
structures of UiO-66 analogues with nitration and diazonium ion formation in the benzene ring. Reproduced with permission from [260]. Copyright 2016 John Wiley and
Sons. (d) The synthesis protocol and adsorption processes of MOF-based fibrous membranes. Reproduced with permission from [236]. Copyright 2019 Royal Society of
Chemistry.
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(Sd+���Fd�) and dipole–dipole (Od����Hd+) interactions occurred via a
host–guest strategy, while suitable pore sizes enabled guest–guest
interactions between the SO2 molecules that resulted in high SO2

adsorption capacities under low pressure (Fig. 32a, b). Notably,
the SO2 uptake capacity of SIFSIX-Cu was slightly decreased when
the framework was exposed to moisture (1000 ppm), whereas
SIFSIX-Cu-i was stable in humid environments—the SO2 uptake
capacity was not significantly affected even at 75% relative humid-
ity (RH).

Very recently, two novel fluorinated MOFs were reported for
the adsorptive removal of SO2 [254]. The isostructural nickel-
based pyrazolate MOFs, denoted as KAUST-7 and KAUST-8
(KAUST = King Abdullah University of Science and Technology),
were pillared by inorganic moieties [(NbOF5)2� and (AlF5(OH2))2�,
respectively]. Both frameworks showed similar and considerable
SO2 adsorption uptake of 2.2 mmol g�1 for a gaseous mixture of
7% SO2 and 93% N2 (ppm). Computational calculations and in-situ
SCXRD studies gave insight into the SO2 adsorption mechanism:
the interactions between the sulfur atoms and anionic fluoride pil-
lars and hydrogen bonding interactions between the oxygens of
SO2 and hydrogens of aromatic pyrazines played crucial roles in
the high and selective uptake of SO2. It is expected that these
remarkable results and insights may lead to new investigations
in the field of fluorinated materials for the removal of SO2 to con-
trol air pollution.
To date, only a few fibrous MOF membranes have been explored
for the selective capture of SO2 under dynamic adsorption condi-
tions. However, the results thus far have been promising. Fibrous
MOF membranes or thin films have incredible advantages over
solid-state crystalline MOF materials, and can resolve many critical
problems such as clogging of pipes and recycling issues. In 2016,
Wang and coworkers focused on the fabrication of MOF filters by
embedding MOF crystals into polymers through electrospinning
[233]. Although there have been several reports on the fabrication
of MOF films by electrospinning, systematic investigations are
required to give deeper understanding of how to tune the mor-
phology and modify the surface functionality. Analyzing the com-
patibility of different polymers and MOFs is also important for
the development of efficient filters for the capture of SO2 and par-
ticulate matter. The MOF/PAN filters developed by Wang and
coworkers [233], denoted as UiO-66-NH2/PAN and MOF-199/PAN,
showed dynamic SO2 adsorption capacities of 0.019 and
0.014 g g�1, respectively. These filters exhibited very low flow
gas resistance and an exceptionally low pressure drop (20 Pa at
an air flow rate of 50 mL min�1). In addition, the UiO-66-NH2/
PAN filter showed excellent durability, and could be used several
times for the removal of SO2. Another group reported an electro-
spun nanofibrous material, MIL-53(Al)–NH2/PAN (MGP), for the
selective removal of SO2 (Fig. 32d) [236]. Motivated by the previ-
ous results, the authors designed a novel fibrous membrane by
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investigating other amine-functionalized MOF networks. Impor-
tantly, the MGP composite membrane had an excellent SO2 uptake
of 0.0028 g g�1 under dynamic sorption conditions. When a mixed
gas was passed through the MGP filter, its SO2 concentration
dropped from 7000 to 40 ppb. These studies on nanofibrous
MOF-based filters have encouraged researchers to investigate their
utilization in practical and industrial applications.

� Removal of nitrogen oxides (NOx)

There are two principal nitrogen oxide (NOx) gases in the atmo-
sphere: nitric oxide (NO) and nitrogen dioxide (NO2). These species
are toxic and engender high levels of health risk and environmen-
tal pollution [255]. They are released from various anthropogenic
sources such as vehicle exhausts, combustion power plants, and
agricultural dust. In addition, NO2 is widely used in industry as a
nitrating or bleaching agent as well as an inhibitor in polymeriza-
tion processes [256,257]. Importantly, these components cause
photochemical smog and ozone depletion in the troposphere and
stratosphere, respectively. In humans, long exposure to NOx gases
can cause severe damage to the respiratory system and skin as well
as eye irritation. Therefore, the development of renewed strategies
to remove NOx species is crucial.

In this section, we highlight the recent development of NO2-
capturing materials, as NO2 is more toxic than NO. Two key issues
must be considered for the development of NO2 adsorbents: (1)
although there have been many reported materials for the catalytic
conversion of NO2 to NO, the capture of NO remains an issue; and
(2) NO2 should be easily desorbed from the adsorbent to ensure
widescale utility in industrial applications. Several materials (acti-
vated carbons, graphite oxides, zeolites, etc.) have been utilized as
NO2 adsorbents, but there are typically critical limitations such as
low uptake and/or irreversible NO2 adsorption. In this regard,
MOF-based adsorbents are promising candidates for the selective
capture of NO2 under ambient conditions.

Despite the immediate need to develop novel MOF-derived
adsorbents for the capture of NO2, so far, very few MOF materials
have been investigated for this purpose (Table 18). In 2013, Ban-
dosz and coworkers demonstrated the utilization of two Zr-based
MOFs (UiO-66 and UiO-67) for NO2 uptake in dry and humid con-
ditions [258]. Both materials showed similar NO2 removal proper-
ties under dry conditions, but UiO-67 showed higher NO2 uptake
capacity than UiO-66 in humid conditions (2.64 vs. 1.76 mmol g�1).
Experimental studies proved that the decreased NO2 uptake of
UiO-66 in humid conditions was due to the structural reactivity
of the framework after exposure to humid air, which affected the
physisorption of NO2.

In 2015, a new oxalic acid-incorporated UiO-66 analogue (de-
noted as UiO-66-ox) was synthesized using a solvent-assisted
ligand incorporation (SALI) approach [259]. Experimental analysis
demonstrated that UiO-66-ox showed higher NO2 uptake capacity
(8.4 mmol g�1) than UiO-66-vac (vacant sites in UiO-66) and UiO-
66 (3.9 and 3.8 mmol g�1, respectively). This increase was identi-
fied to be caused by the free carboxylic acids, porosity, and large
surface area of UiO-66-ox, as verified by FT-IR and NMR analysis.
Table 18
List of selective MOF adsorbents for NO2 uptake at 298 K.

MOF adsorbents NO2 uptake (mmol g�1) Ref

UiO-66 1.63 (dry), 0.89 (moist) [258]
UiO-67 1.76 (dry), 2.64 (moist) [258]
UiO-66 3.8 (dry) [259]
UiO-66-vac 3.9 (dry) [259]
UiO-66-ox 8.4 (dry) [259]
UiO-66-NH2 20.3 (dry), 31.2 (moist) [260]
MFM-300 (Al) 14.1 (dry) [231]
Furthermore, the NO2 adsorption properties of NH2-
functionalized UiO-66 have also been investigated [260]. It should
be noted that NH2-functionalized UiO-66 exhibited very low NO
generation capability (7 wt%) compared to activated carbon
(28 wt%). The MOF also showed very high NO2 uptake capacities
of 20.3 and 31.2 mmol g�1 under dry and humid (80% RH) condi-
tions, respectively. The NO2 adsorption pathways were investi-
gated by NMR, diffuse reflectance infrared fourier transform
spectroscopy (DRIFTS) and X-ray photoelectron spectroscopy
(XPS) analysis. It was found that the generation of diazonium ions
at NH2 sites, nitration of aromatic linkers, and nitrate formation at
bridging oxygens of Zr6 metal cluster nodes all contributed to NO2

adsorption (Fig. 32c).
In 2018, an Al-based MOF, MFM-300(Al), was studied for use as

an NO2 adsorbent [261]. MFM-300(Al) exhibited a high reversible
adsorption capacity of NO2 (14 mmol g�1) under ambient condi-
tions (298 K, 1.0 bar). Moreover, it showed remarkable selectivity
for NO2 in NO2/CO2 and NO2/SO2 mixed gas conditions. Further-
more, the MOF operates at very low NO2 concentrations of
5000 ppm and even < 1 ppm NO2, which implies that there are
strong interactions between the MOF and NO2. Breakthrough
experiments via kinetic, dynamic, and static methods revealed that
there were five soft supramolecular interactions responsible for
this selective adsorption of NO2. These developments pave the
way for novel investigations into superior NO2 absorption
materials.

5.2.4. Removal of volatile organic compounds (VOCs)
VOCs are another class of air pollutant species that can cause

severe environmental and public health issues. Emissions from
industrial exhausts and household products such as plastics, ply-
wood, and flooring play a key role in the production of most VOCs
[262]. The three types of VOC most concerning with regard to air
pollution are (1) aromatic hydrocarbons, particularly benzene,
toluene, ethylbenzene, and xylenes (BTEX); (2) carbonyl-based
compounds such as acetone and formaldehyde; and (3) halo-
genated compounds including chlorobenzene, dichloromethane,
and carbon tetrachloride [263,264]. Adsorption and catalytic con-
version approaches are the most common methods for minimizing
air pollution from VOCs. Therefore, there is considerable demand
for more efficient materials that adopt these approaches. This sec-
tion focuses on MOF-based adsorbents for VOC capture and
removal.

To date, several MOF-derived materials have been developed to
capture VOCs from indoor and outdoor air [265,266]. In this
review, we will focus on the recent advances in MOF-based adsor-
bents for the efficient removal of VOCs under ambient conditions,
which are summarized in Table 19. For practical applications,
moisture-resistive MOFs have a great advantage for the removal
of VOCs. Zhao and coworkers reported a hydrophobic MOF denoted
as MIL(Cr)-Z1 which showed a high uptake of benzene (7 mmol g�1

at 293 K) [267]. In competitive sorption measurements between
benzene and water vapor, MIL(Cr)-Z1 showed a higher uptake for
benzene than water. The p–p interactions of aromatic linkers with
benzene and the relatively large molecular size of benzene with
respect to the pores could be responsible for this selective adsorp-
tion behavior. Moreover, MIL(Cr)-Z1 gained more attention than
the other reported MOF materials (e.g., MIL(Cr)-101) because of
its benzene sorption capability at high humidity (60% RH).

Two novel zirconium-based MOFs denoted as BUT-66 and BUT-
67 were also employed for VOC adsorption applications [270]. The
two hydrophobic MOFs exhibit modest–low benzene adsorption
capacities of 3.94 and 6.14 mmol g�1 at saturated vapor pressure
(10 kPa), temperature (25 �C), respectively. These values are lower
than those of other reported materials, such as PAF-1
(20.59 mmol g�1), MIL-101(Cr) (15.84 mmol g�1), and MCM-41



Table 19
Type of VOC and its adsorption capacity on MOFs

MOF adsorbents Adsorbate Temperature (K) Capacity (mmol g�1) Ref

MIL (Cr)-Z1 Benzene 293 ~7.0 [267]
UiO-66 Toluene 298 1.8 [268]
UiO-66(NH2) Toluene 298 2.7 [268]
MOF-199 Toluene 298 1.7 [268]
ZIF-67 Toluene 298 2.4 [268]
MIL-101(Fe) Toluene 298 1.1 [268]
MOF-5 Toluene 298 0.3 [268]
MIL-101 Benzene 298 16.3 [269]
MIL-101 Toluene 298 13.6 [269]
MIL-101 Ethyl benzene 298 12 [269]
MIL-101@GO Benzene 298 20 [269]
MIL-101@GO Toluene 298 16.6 [269]
MIL-101@GO Ethyl benzene 298 13.6 [269]
BUT-66 Benzene 298 3.9 [270]
BUT-66 Benzene 298 2.5a [270]
BUT-67 Benzene 298 6.1 [270]
MIL-100(Fe)_A2 Toluene 298 5.6 [271]
MIL-125 NH2 Benzene 298 4 [272]
MIL-125 NH2 Toluene 298 3.1 [272]
MIL-125 NH2 p-xylene 298 2.8 [272]
MIL-125 NH2 Acetone 298 6.1 [272]
MIL-125 NH2 2-propanol 298 5.3 [272]
MIL-125 NH2 Formaldehyde 298 1.3 [272]
CAU-1 Toluene 298 0.07b [273]
HKUST-1** Toluene 298 1.6 [274]
Foam HK@CMC** Toluene 298 3.1 [274]
Foam HK@CMC-SA** Toluene 298 2.1 [274]
Foam HK@CMC-CS** Toluene 298 2.79 [274]
MIL-101 Acetone c 288 16.3 [275]
MIL-101/TC-30 Acetone c 288 19.3 [275]
MIL-101/TC-40 Acetone c 288 19.5 [275]
MIL-101/TC-50 Acetone c 288 13.2 [275]
M-UiO-66(Zr-N3.0) Acetaldehyde 298 9.4 [276]
M-UiO-66(Zr-N3.0) Chlorobenzene 298 4.9 [276]
UiO-66-NH2 Formaldehyde 298 2.3 [277]
c-CD-MOF-K Formaldehyde 293 1.2 [278]
Al-fumarate MOF Dichloromethane 298 3.4 [279]
MIL-101 Carbon tetrachloride 303 13.3 [280]
MIL-101/GrO-0.25 Carbon tetrachloride 303 15.4 [280]

a(0.012 kPa, 25C), b50% RH, toluene (1 ppm), c18.1 kPa, **HKUST-1 was synthesized by using Cu(OAc)2.

U. Ryu et al. / Coordination Chemistry Reviews 426 (2021) 213544 43
(10.49 mmol g�1). Despite the low benzene uptake at saturated
pressure and temperature, BUT-66 showed exceptionally high
uptake (2.54 mmol g�1) at low concentrations of benzene vapor
(0.012 kPa, 25 �C) under humid conditions. X-ray analysis of the
crystallographic structure revealed that this high benzene uptake
is derived from the small hydrophobic pores in BUT-66 that con-
fine benzene molecules, the mutual response of hydrophilic and
hydrophobic sites, and p–p interactions between benzene and
the aromatic rings of the framework, which had a T-shaped
edge-to-face arrangement (Fig. 33a). Therefore, these water-
resistant materials have potential for utilization in practical
applications.

For the capture of toluene under atmospheric pressure, six dif-
ferent MOFs (MIL-101(Fe), UiO-66, UiO-66-NH2, MOF-199, ZIF-67,
and MOF-5) were tested and compared [268]. Investigating multi-
ple MOFs may provide insight into the advantages of functional
linkers (–NH2), the role of unsaturated metal sites (MOF-199),
and the effects of pore and surface area. Notably, UiO-66-NH2

(2.7 mmol g�1) and ZIF-67 (2.4 mmol g�1) showed higher toluene
uptake under ambient conditions in comparison with UiO-66
(1.8 mmol g�1), MOF-199 (1.7 mmol g�1), MIL-101(Fe)
(1.1 mmol g�1), and MOF-5 (0.3 mmol g�1). From a practical point
of view, these MOFs are considered moderate adsorbents for the
removal of gaseous toluene, as proven by relative humidity studies.

Among the different types of VOCs, carbonyl compounds such
as aldehydes and ketones (e.g., formaldehyde, acetaldehyde, and
acetone) are a major concern regarding air pollution. Acetone is
considered to be a particularly harmful pollutant owing to its high
volatility at room temperature. One promising candidate for the
removal of acetone vapor is MIL-101 embedded with porous car-
bon sourced from tobacco stems, denoted as MIL-101/TC [275].
The acetone adsorption was analyzed as a function of the loading
of porous carbon. The most promising materials were MIL-101/
TC-30 and MIL-101/TC-40 (with 30 and 40 wt% tobacco carbon
(TC), respectively), which had acetone adsorption capacities of
19.3 and 19.5 mmol g�1, respectively. These values were improved
over that of the pristine MOF, MIL-101 (16.3 mmol g�1). Embed-
ding porous carbon in the MOF network improved the surface dis-
persive forces and generated more uncoordinated Cr3+ metal sites
(typically known as defect sites). Owing to these key features,
the MOF composite materials displayed better performance
toward the adsorption of acetone vapor.

The development of MOF materials comprising green and non-
toxic metal nodes is a great challenge for practical adsorbents for
the removal of formaldehyde. A novel MOF system comprising a
non-toxic metal hydroxide (KOH) and a non-toxic ligand (cy-
clodextrin, CD) [denoted as CD-MOF-K] prepared by Stoddart’s
group (Fig. 33b) is a promising candidate [278]. Comparative stud-
ies of formaldehyde adsorption by various cyclodextrin based-
MOFs revealed that c-CD-MOF-K has greater formaldehyde uptake
than a- and b-CD-MOF-K. Interestingly, c-CD-MOF-K displayed
superb capture speed (15 min) for complete adsorption
(0.48 mg m�3) of formaldehyde, whereas the other cyclodextrin
based-MOFs took>1 h to reach 50% adsorption. The formaldehyde



Fig. 33. (a) Benzene adsorption in BUT-66. Reproduced with permission from [270]. Copyright 2018 Elsevier Publisher. (b) HCHO adsorption in c-CD-MOF. Reproduced with
permission from [278]. Copyright 2018 American Chemical Society. (c) The schematic illustration of major interactions between HCHO molecules and UiO-66-NH2

framework. Reprinted with permission from [277]. Copyright 2019 Elsevier Publisher.
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adsorption mechanism involved host–guest interactions derived
from multiple hydrogen-bonding interactions between the polar
formaldehyde and the hydroxyl groups on the cyclodextrin mole-
cules, which were maximized with c-CD-MOF-K.

The amine-functionalized UiO-66-NH2 MOF was employed for
formaldehyde sorption applications under ambient conditions
[277]. It attained a significantly high breakthrough volume
(BTV10) of 137 L g�1 at 5 ppm formaldehyde, and showed a signif-
icant uptake capacity of 2.3 mmol g�1 at 25 ppm formaldehyde and
12% RH. The exceptional behavior of this MOF toward formalde-
hyde sorption is due to the extraordinary interactions with the
NH2 groups (Fig. 33c), as verified by spectroscopic analysis. Halo-
genated VOCs such as chlorobenzene, carbon tetrachloride (CCl4),
etc., are similar toxic volatile air pollutants. In a similar fashion,
two MOF candidates, MIL-101(Cr) and MIL-101(Cr)/GO
(GO = graphene oxide), were prepared to capture CCl4 from
exhausts [280]. As expected, the MIL-101(Cr)/GO composite
showed higher CCl4 uptake (15.4 mmol g�1) than the pristine
MIL-101(Cr) (13.3 mmol g�1) at 303 K. It is expected that com-
positing with graphene oxide has a synergetic effect that increases
the CCl4 adsorption capacity. However, detailed experimental evi-
dence to prove this was not properly presented.
5.2.5. Removal of chemical warfare agents (CWAs)
CWAs or nerve agents are chemically toxic components that

have been involved in several global issues and threatened both
military personnel and civilians during WWI and WWII. CWAs
are categorized as G-type agents [sarin (GB), soman (GD), and
tabun (GA)], V-type agents [VX, ethyl({2-[bis(propan-2-yl)amino]
ethyl}sulfanyl)(methyl)phosphinate], and vesicants [sulfur mus-
tards, Lewisite, etc.]. Owing to health and safety risks, the usage
and production of CWAs is strictly prohibited according to the
Chemical Weapons Convention (CWC). Unfortunately, the recent
utilization and production of CWAs means that there is an imme-
diate requirement to develop novel technologies that can neutral-
ize or suppress their toxicity under ambient conditions [281].
Owing to the prohibition of using real CWAs for research purposes,
alternative chemical compounds named CWA simulants have been
produced that display very similar structural features to CWAs but
with significantly lower toxicity (Fig. 34a). This has provided enor-
mous relief to researchers, as they can now develop relevant mate-
rials to neutralize CWAs using CWA simulants, before the
conduction of tests using real CWAs by the appropriate authorities.

For a long time, activated carbon materials played a crucial role
for detoxifying/adsorbing CWAs. However, recently, MOFs



Fig. 34. (a) The examples of real CWAs and less toxic CWA simulants. (b) NENU-11 consisted with Sodalite-type network in which the Keggin polyoxoanions act as
noncoordinating guests. (c) Comparison of DMMP uptake with respect to time for NENU-11, NENU-3, and HKUST-1 at 298 K and 1 bar under He flow. Reprinted with
permission from [284]. Copyright 2011 American Chemical Society.
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emerged as promising candidate for the removal of CWAs. Two
major approaches are used for the utilization of MOFs in CWA neu-
tralization: adsorption and detoxification by catalytic processes
[282,283]. This section focuses on recent research breakthroughs
for the removal of CWAs using adsorbent MOF filters.

Only a few MOF-derived materials have been reported for the
adsorption or detoxification of CWAs under ambient conditions.
Owing to the long-range order and tailored functional linkers of
MOFs, their pores are large enough to confine guest entities. In this
regard, Su and coworkers designed a composite with Keggin-type
polyoxometalate (POM, (PW12O40)3�) and a copper-based porous
MOF (PMOF) architecture (NENU-11, H3[(Cu4Cl)3(BTC)8]2[(C4H12-
N)6�PW12O40]�33H2O) [284]. The PMOF/POM composite was used
for the efficient removal and decomposition of a CWA sarin simu-
lant, dimethyl methylphosphonate (DMMP), under humid condi-
tions. NENU-11 can adsorb 15.5 DMMP molecules per SBU,
which is higher than that of HKUST-1 (8.2 molecules per SBU)
and MOF-5 (6 molecules per SBU), as calculated from adsorption
uptake experiments. In addition, purposely constructed NENU-3
(POM-incorporated HKUST-1) showed less uptake of DMMP (11.5
molecules per SBU) than NENU-11, which may be due to the differ-
ent loadings of POM in the MOFs (Fig. 34b, c). The exceptional
DMMP adsorption performance of POM-incorporated MOFs can
be explained by the hydrogen bonding interactions between the
POM and DMMP molecules, and the presence of entatic metal cen-
ters in NENU-11. In addition, the Keggin-type POM in NENU-11
MOF was found to acts as an acid catalyst for the hydrolysis of
DMMP simulants into methyl alcohol, as evaluated by gas chro-
matography–mass spectroscopy (GC–MS). Finally, this material
was reusable for up to 10 cycles without loss of structural integrity,
which will facilitate a new era of POM-incorporated MOF materials
for the sorption and decomposition of CWAs in practical
applications.

Understanding the reaction mechanisms between CWAs and
adsorbents is crucial for the development of superior MOF materi-
als for CWA adsorption. Investigations using in-situ probe experi-
ments are valuable for this purpose. In 2017, four Zr-derived
MOFs (UiO-66, UiO-67, MOF-808, and NU-1000) were tested for
the adsorptive removal and decomposition of CWA simulants
under ambient conditions [285]. The highlight of this work was
demonstrating the key aspects of the atomistic reaction mecha-
nisms between MOF adsorbents and CWAs. The authors proposed
a mechanism for the adsorption based on in-situ experiments
using synchrotron PXRD, EXAFS (Extended X-ray absorption fine
structure), and DRIFTS-IR analysis. Although DMMP adsorption
occurred in the pores of the selected MOFs, desorption occurred
in the UiO-series MOFs owing to collapse of the framework,
whereas MOF-808 and NU-1000 survived with small structural
changes, as characterized by in-situ PXRD analysis. Le Bail fitting
of the PXRD patterns revealed expansion of the unit cell volumes
for UiO-66 (1.30%, 60 min), UiO-67 (0.76%, 30 min), MOF-808
(1.33%, 60 min), and NU-1000 (1.17%, 30 min) upon exposure to
DMMP for various time intervals (Fig. 35a, b). In addition, in-situ
EXAFS revealed that the Zr6 metal-cluster is a key site for DMMP
uptake, which was proven by an increase of disordered Zr–O and
Zr–Zr pairs. Moreover, the presence of characteristic peaks corre-
sponding to methyl methylphosphonate (MMP) in the DRIFTS-IR
results confirmed that DMMP decomposition occurred. Time-
dependent DRIFTS and EXAFS experiments suggested that the
decomposition of DMMP gives rise to the formation of covalently
bound MMP with Zr6 cores, with a methanol byproduct
(Fig. 35c). It should be noted that the presented MOFs showed good
performance for the removal of DMMP from air as well as from var-
ious mixed gases, even in humid conditions. Therefore, in-situ
probe experiments may provide greater insight for the in-depth
understanding of reaction mechanisms for the future development
of MOF adsorbents, and emphasize their utilization in air purifica-
tion applications.

Over the past few years, there has been increased demand for
the development of hydrophobic MOFs that can capture nerve
agents and CWA simulants. Navarro and coworkers reported the
synthesis of a hydrophobic robust MOF, Zn4O(3,5-dimethyl-4-car
boxypyrazolato)3, an isostructure of MOF-5 [286]. The hydrophobic
nature of this compound inspired them to investigate its adsorp-
tive removal potential for CWAs under humid conditions. The
MOF exhibited remarkable performance for the capture of CWAs,
particularly sarin and sulfur-based mustard gas. They used pulsed
gas chromatography and zero-coverage gas chromatography to
analyze the adsorption behavior, and found that it had a long
retention time as well as high heat of adsorption and Henry’s con-
stants for DES, a mustard gas simulant, and diisopropylfluorophos-
phate (DIFP), an analogue of sarin gas, demonstrating the strength
of their interaction (Fig. 36a–c). The DES adsorption property of the
MOF was compared to that of HKUST-1. Owing to its hydrophobic
nature, the prepared MOF showed better DES and DIFP adsorption
capacity under humid conditions. This paved the way for the devel-
opment of hydrophobic materials to capture CWAs for utilization
in practical applications.

In 2019, Cho et al. prepared a series of hydrophobic MOF-808
analogues for the adsorption and decomposition of DMMP under
dry and humid conditions [287]. The MOFs were synthesized with
different charge balancing linkers: formic acid (denoted as MOF-
808-F), propionic acid (MOF-808-P), and valeric acid (MOF-808-
V). MOF-808-P and MOF-808-V showed identical DMMP uptake



Fig. 35. (a) Evolution of unit cell volumes for UiO-66, UiO-67, MOF-808, and NU-1000 with the dosing of DMMP in first 30 min and (b) the full experiment. (b) Possible
mechanism of DMMP decomposition. Reprinted with permission from [285]. Copyright 2017 American Chemical Society.

Fig. 36. (a) Crystal structure of [Zn4O(3,5-dimethyl-4-carboxypyrazolato)3] MOF. Variable-temperature pulse gas chromatograms for (b) DIFP and (c) DES. Reproduced with
permission from [286]. Copyright 2011 American Chemical Society. (d) The synthetic strategy for fabricating the multilayer MOFwich composites. (e) 2-CEES permeation data
through M3 and latex. Reprinted with permission from [289]. Copyright 2018 American Chemical Society.
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(3.9 and 3.7 mmol g�1 under dry and humid conditions, respec-
tively), whereas MOF-808-F showed very low DMMP adsorption
capacity (1.4 and 1.3 mmol g�1 under dry and humid conditions,
respectively). The reason for this difference was related to the con-
centrations of –OH groups at the defect sites. Time-dependent FT-
IR experiments revealed the presence of both DMMP and hydro-
lyzed DMMP under dynamic adsorption conditions, which proved
that the prepared MOFs not only adsorbed but also catalytically
decomposed DMMP. Therefore, this series of MOFs has potential
for use in practical situations.

Many CWA adsorbents are designed based on the tailoring of
functional linkers, reactive defect sites, and atomistic reaction
mechanisms. However, the diffusion behavior of CWAs and simu-
lants in porous architectures should also be considered. To date,
very few researchers have reported kinetic studies for CWA diffu-
sion in MOF adsorbents. Recently, Sholl and coworkers performed
molecular dynamics computer simulations of the diffusion coeffi-
cient of sarin and its simulants such as DMMP, diethylchlorophos-
phonate (DCP), and diisopropyl fluorophosphate (DFP) in four
different MOFs (UiO-66, ZIF-8, Cu-BTC, and MIL-47) to better
understand the characteristic adsorption properties [288]. The
molecular dynamics and dynamically corrected transition state
theory (dcTST) simulations revealed that the diffusion is mostly
dependent on the sizes of the pore cavities and CWA molecules.
The computed results for all MOFs proved that sarin and DMMP
possess greater diffusion coefficients than the other simulants
(DCP and DFP). Notably, comparing the diffusion times of sarin
and simulants in each MOF facilitated the understanding of the
adsorption and diffusion properties of MOFs.

MOFs have also been developed for the adsorption of other
CWA simulants such as 2-chloroethyl ethyl sulfide (CEES), a mus-
tard gas simulant. Mustard gas played a crucial role in the world
wars. A new MOF design strategy based on a sandwich structure
(denoted as a ‘‘MOFwich”), where high MOF loadings are encased
between top and bottom layers of mechanically robust polymers,
was recently presented for the development of air purification fil-
ters that can remove CEES (Fig. 36d) [289]. The ‘‘MOFwich” had
high adsorption capacities and an excellent moisture vapor trans-
port rate (MVTR). Considering these advantages, the authors devel-
oped two mixed MOF composites (MMCs), SEBS/HKUST-1 and
SEBS/UiO-66-NH2 (named as M3), to test the permeation of CEES
and MVTR. The M3 filter showed limited permeation
(<0.01 mg m�3) of CEES over 16 h exposure, whereas latex gloves
of the same thickness displayed greater permeation (Fig. 36e).
M3 did not exhibit breakthrough permeation even when exposed
to CEES for>40 h. However, the hydrophilicity of the MOF in M3
meant that its MVTR value (16 g m�2h�1) was higher than that
of the latex polymer. Therefore, combining the properties of M3
with common polymers such as latex may encourage the develop-
ment of user-friendly protective barriers against mustard gas-
based CWAs.

Later, a new MMC (SIS/HKUST-1) membrane was developed for
the adsorptive removal of CEES by incorporating HKUST-1 into lay-
ers of polystyrene-block-polyisoprene-block-polystyrene (SIS) tri-
block copolymers using a similar method [290]. The researchers
investigated the effect of changing the loading of HKUST-1
Table 20
Summary of uremic toxin adsorption property of MOFs

MOF adsorbents Uremic toxins Ad

MIL-100(Fe) creatinine 19
UiO-66-(COOH)2@Cotton creatinine 21
NU-1000 potassium p-cresyl sulfate 44
NU-1000 potassium indoxyl sulfate 25
NU-1000 hippuric acid 19
(10–50 wt%) and the thickness of the film (75–150 lm) on the
CEES permeation rate and MVTR. Increasing the MOF loading and
thickness reduced the CEES permeation rate and increased the
MVTR. Interestingly, the composite also acted as a self-indicator
upon exposure to CEES to detect the toxicant. Therefore, this
MOF-polymer compositing strategy is expected to support the
industrial production of mustard gas protective equipment in the
future.

5.3. Removal of biological toxicants

Amongst diverse biological issues, uremic syndrome is a critical
disease that severely damages kidney function and causes various
uremic toxins to accumulate, ultimately causing death [291,292].
Uremic toxins are human metabolism products, divided into three
categories: (1) water soluble (e.g., urea, uric acid, and creatinine),
(2) water insoluble (e.g., peptides and leptins), and (3) protein-
bound moieties (e.g., p-cresyl sulfate, indoxyl sulfate, and hippuric
acid). Hemodialysis therapy has been widely used to remove or fil-
ter these toxins from human blood. Nevertheless, hemodialysis
lacks filtration efficiency and has difficulties removing water insol-
uble toxins and protein-bound moieties. Therefore, several porous
adsorbents such as activated carbons, zeolites, carbon nanotubes,
and composite membranes have been investigated for the removal
of uremic toxins in artificial kidney applications [293–295]. Crys-
talline and porous MOFs are expected to play a vital role in
addressing the unresolved problems with other porous materials,
and provide a competitive alternative for commercially available
adsorbents in various applications.

To date, only a limited number of MOF-based bio-toxicant
adsorbents have been explored for artificial kidney applications
(Table 20). Recently, a new MOF-derived composite membrane
(UiO-66-(COOH)2@cotton) was designed for the adsorptive
removal of creatinine from an artificial blood solution [300]. A
comparative study with various manufactured fabric composites
revealed that the prepared MOF composite showed exceptional
adsorption capacities both in situ (212.8 mg g�1) and ex situ
(192.3 mg g�1) compared to pristine cotton (113.6 mg g�1)
(Fig. 37a, b). In addition, the adsorption mechanism was studied,
with the results suggesting that weak interactions including
hydrogen bonding and dipole–dipole interactions between the
active binding sites of the composite and the functional groups
(N and O atoms) of creatinine, as well as physical deposition on
the composite surface, were the main mechanisms of creatinine
removal from artificial blood. The regenerated fabric retained
82% of its initial creatinine removal performance after three cycles.
This strategy highlights the opportunities for the development of
diverse composite materials for the efficient removal of uremic
toxins in artificial kidney applications.

The extended aromatic systems in MOF derivatives are attrac-
tive for the removal of protein-bound uremic toxins such as p-
cresyl sulfate, indoxyl sulfate, and hippuric acid in artificial kidney
applications. Very recently, Farha and coworkers investigated the
performance of nine Zr6-based MOFs for the capture of protein-
bound uremic toxins to repair chronic kidney disease [301].
Adsorption studies revealed that NU-1000 showed exceptionally
sorption capacity (mg g�1) Temperature (K) Ref

0.5 310 [299]
2.8 310 [300]
0 303 [301]
4 310 [301]
9 310 [301]



Fig. 37. (a) Isotherm profiles for creatinine adsorption onto native Cotton and ex-situ UiO-66-(COOH)2@Cotton composite and in-situ UiO-66-(COOH)2@Cotton composite. (b)
Linear fitting for isotherm profiles. Reproduced with permission from [300]. Copyright 2008 Elsevier Publisher. (c-d) The crystal structure of NU-1000 and p-cresyl sulfate
exposure. (e) Optimized geometry of p-cresyl sulfate-pyrene and Zr6 node domains after p-cresyl sulfate adsorption. Adsorption isotherms of the uremic toxins: (f) potassium
p-cresyl sulfate, (g) potassium indoxyl sulfate, and (h) hippuric acid on NU-1000. Reproduced with permission from [301]. Copyright 2019 American Chemical Society.
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high uptake of p-cresyl sulfate (440 mg g�1 at 303 K), indoxyl sul-
fate (254 mg g�1 at 310 K), and hippuric acid (199 mg g�1 at 310 K)
in comparison to other MOF adsorbents. More excitingly, the p-
cresyl sulfate crystals that accumulated in the NU-1000 network
helped the researchers to develop an understanding of the adsorp-
tion mechanism, by utilizing single-crystal structure analysis and
DFT calculations (Fig. 37c–h). They found that the extended p-
conjugated systems, where hydrophobic sites were sandwiched
between pyrene linkers and the hydroxyl groups of Zr6 nodes, were
responsible for the high uptake of p-cresyl sulfate. These results are
promising for the future study of diverse MOF derivatives for the
removal of protein-bound uremic toxins in artificial kidney
applications.

5.4. Antibacterial implementation of MOF materials

Owing to the wide range of infectious microorganisms, public
health remains a significant challenge. Worldwide, bacterial infec-
tions threaten the lives of millions of humans [302]. Various antibi-
otics have been manufactured and are readily available to prevent
and treat bacterial infections. However, we are only now beginning
to understand the serious drawbacks of antibiotic treatment,
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including antibiotic resistant superbugs, untargeted site drug
release, and several diverse side-effects. Therefore, there is a huge
opportunity for the development of effective antimicrobial materi-
als [303].

There have now been three ‘‘generations” of antibacterial
agents. The first were simple organic compounds (e.g., halides, per-
oxides, and phenols) or inorganic substances and salts. Following
this, metals and metal oxide such as Ag, CuO, CoO, and ZnO were
used as antibacterial agents. The third generation are diverse
topology materials including colloids and films, which include var-
ious ‘‘nano” materials [305]. The MOFs covered in this article are
comprised in the third generation because of their unique porous
nature and structural features. MOFs have emerged as efficient
antibacterial agents for various biomedical applications with often
exceptional antibacterial behavior [296,297,304]. The fascinating
properties of MOFs play a crucial role in their antibacterial effects.
Owing to the significant importance of antibacterial material
development, researchers have focused on investigating novel
strategies for the development MOF-based materials that can fight
bacterial infections.
5.4.1. Insight into mechanisms of antibacterial MOFs
Although various chemical combinations and synthetic reaction

conditions have engendered a variety of antibacterial MOF com-
pounds, understanding the antibacterial mechanisms of MOFs is
sure to facilitate the discovery of better-performing antibacterial
agents [298]. Nevertheless, the probable antibacterial mechanism
of MOFs is still not clearly understood. One hypothesis is based
on the well-studied mechanism of antimicrobial activity in
metal/metal oxide NPs [306]. Metal NPs can penetrate the walls
and membranes of bacterial cells, thereby damaging the cell mem-
branes. The NPs induce a state of oxidative stress in the bacteria,
which plays a crucial role in the destruction of bacteria cells
through the generation of reactive oxygen species (ROS), leading
to stress-induced cell death (Fig. 38) [303].

It is considered that MOF-anchored NPs provide a similar mech-
anism of antibacterial activity. Indeed, recent investigations have
linked the controlled release of metal ions upon degradation of
the MOF to antibacterial efficacy. In addition, it has been found that
organic ligands in MOFs exhibit high activity through the con-
Fig. 38. Antimicrobial mechanisms of nanostructured systems containing metals.
trolled release of linkers, which acts synergistically toward
antibacterial behavior with the release of metal ions [307]. Notice-
ably, the large surface area and tunable porosities of MOFs are
advantageous for synthesizing NPs of a controlled size, which is
challenging in traditional metal NP synthetic procedures [308].
Moreover, the presence of metal ions and structural stability of
MOFs influences the antibacterial effect. With this in mind, we
highlight in this section the recent breakthroughs in MOF-
anchored NPs and MOF-derived materials for practical antibacte-
rial applications. Several important works that present various
MOF-based compounds for bactericidal applications are discussed,
along with their possible working mechanisms (Table 21).
5.4.2. Antibacterial applications of MOFs
Over the past few decades, protecting materials from bacterial

infection has drawn a lot of attention in biomedical research to
avoid complications during medical treatment. Recently, research-
ers have incorporated antibacterial agents into the pores of porous
MOFs to bestow them with antibacterial properties. Rifampicin
(RFP, antibacterial agent) and 2-nitrobenzaldehyde (o-NBA, pH
jump reagent) were loaded in the pores of ZIF-8 (RFP&o-
NBA@ZIF-8) for the effective treatment of in vivo and in vitro bac-
terial infections as well as wound infection therapy under optimal
pH and ultraviolet (UV)-light irradiation [309]. Interestingly, the
RFP&o-NBA@ZIF-8 material showed high activity against both
gram negative (ampicillin-resistant Escherichia coli, E. coli) and
gram-positive bacteria (methicillin-resistant Staphylococcus aureus,
MRSA) at optimal conditions, as evaluated by the in vitro studies.
Antibacterial activity tests demonstrated that the E. coli growth
rate decreased with a minimum inhibitory concentration (MIC)
of 10 mg mL�1 and illumination time of 120 min, whereas the
MIC of MRSA was in the range of 65–131 mg mL�1. Furthermore,
in vivo studies proved that the MOF material showed high antibac-
terial efficiency toward bacterial infections upon UV-light
(365 nm) irradiation at pH = 8.5. Significantly, this MOF that
degrade to generate Zn2+ ions upon UV-light exposure, which
would induce a local pH change, can be employed for the con-
trolled release of RFP. The idea of combining MOFs with antibacte-
rial agents inspired the development of MOFs with antibacterial
activity and wound healing properties. For example, MOFs that
Reproduced with permission from [303]. Copyright 2019 Elsevier Publisher.



Table 21
Summary of antibacterial activity of MOFs for specific bacteria

MOF compound Inhibitors of bacterial activity Type of bacteria Antibacterial activity Ref

RFP&o-NBA@ZIF-8 Zn2+ ions and RFP = rifampicin E. Coli E. Coli: MIC = 0–80 lg/mL [309]
RFP&o-NBA@ZIF-8 Zn2+ ions and RFP = rifampicin MRSA MRSA: MIC = 65–131 lg/mL [309]
Cu3(NH2BTC)2-cotton Cu2+ ions E. coli – [310]
CP/CNF/ZIF-67 Co2+ ions E. Coli E. Coli: MIC = 10 lg/mL [311]
Ag@CD-MOF Ag NPs E. Coli and S. aureus E. Coli: MIC = 16 lg/mL, MBC** = 32 lg/mL [312]
Ag@CD-MOF Ag NPs E. Coli and S. aureus S. aureus: MIC = 64 lg/mL, MBC = 512 lg/mL [312]
Ag@Zn-BIF Ag NPs E. Coli and S. aureus E. Coli and S. aureus: MIC = 30–50 lg/mL [313]
[AgL]n�nH2O, L = 4-cyanobenzoate Ag+ ions Oral bacteria* Oral bacteria: MIC = 21.17 lg/mL for all MOFs [314]
MOF-5 and ZIF-8 Zn2+ ions Oral bacteria* Oral bacteria: MIC = 21.17 lg/mL for all MOFs [314]
Cu10MOF Cu2+ ions E. Coli and S. aureus E. Coli and S. aureus: MIC = 500 ppm [315]
HKUST-1/CS Cu2+ ions E. Coli and S. aureus – [316]

*Streptococcus mutans (UA159), Fusobacterium nucleatum (Fn), Porphyromonas gingivalis (Pg)
** Minimum bactericidal concentration.
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degrade to generate Zn2+ ions upon UV-light exposure, which
would induce a local pH change, can be employed for the con-
trolled release of RFP.

In order to prepare antibacterial surfaces that can prevent bac-
terial growth, a new cotton/MOF composite material (Cu3(NH2-
BTC)2 MOF-cotton) was developed that exhibited excellent
antibacterial activity toward E. coli [310]. Substantially, a copper-
based MOF was attached on cotton by a post-synthetic modifica-
tion process, resulting in AM-5-modified MOF (Fig. 39a). The cop-
per delivery performance of the MOF/cotton and AM-5-modified
MOF materials were studied, and found to have ~54% and ~90%
Cu2+ ion (mmol cm�2h�1) release in 24 h, respectively (Fig. 39b).
Cell viability tests on agar plates showed that the AM-5-modified
MOF gave a 4-log (99.99%) reduction in viable cells, whereas the
MOF/cotton composite gave a 5-log (99.999%) reduction. Both
materials therefore exceeded the industry standard of a 3-log
(99.9%) reduction in viable cells. The results demonstrated that
Fig. 39. (a) PSM of the MOF Cu3(NH2BTC)2 with valeric anhydride to yield an AM-5-modi
NBM solution for 6 h at 37 �C. Reprinted with permission from [310]. Copyright 2018 Am
CP/CNF/ZIF-67. Reproduced with permission from [311]. Copyright 2018 Elsevier publis
the prepared cotton/MOF composite had high performance at lim-
iting bacterial infections under wet and dry conditions and formed
an antibacterial surface, which has since encouraged the develop-
ment of cotton-based wound healing materials.

In the field of antibacterial materials, the design of sustainable
and biodegradable materials remains a challenge. The use of
biodegradable materials with MOFs may provide a solution to this
problem. Qian and coworkers reported a new biodegradable paper-
based MOF composite from cellulose paper (CP), cellulose nanofi-
ber (CNF), and Co-based ZIF (ZIF-67) (Fig. 39c) [311]. As compared
to Ag+ ions, the use of less toxic Co2+ ions in ZIF-67 enables its use
in antibacterial applications. The antibacterial activity of the CP/
CNF/ZIF-67 composite toward E. coli was tested. Good antibacterial
activity was achieved with an antibacterial rate of 80% with an MIC
of 10 mg mL�1 ZIF-67, suggesting the dependency of antibacterial
activity on the loading of ZIF-67 in the composite. Moreover, the
cytotoxicity test revealed that ZIF-67 showed exceptional cell via-
fied MOF. (b) Copper ion-releasing flux data of the MOF � cotton materials soaked in
erican Chemical Society. (c) Schematic representation of the fabrication process of

her.
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bility of ~94% even at high concentrations of 80 mg mL�1 compared
to other characteristic MOFs (e.g., ZIF-8), which further confirmed
the applicability of the CP/CNF/ZIF-67 composite for antibacterial
purposes.

Although MOF-supported Ag-based NPs play a vital role in con-
ventional antibacterial systems, the fabrication of ultrafine NPs
using MOF surfaces could be interesting for tuning the antibacte-
rial properties. With this in mind, a biocompatible cyclodextrin-
based MOF (CD-MOF) was used as a template for the preparation
of ultrafine Ag NPs (Ag@CD-MOF, CL-Ag@CD-MOF, and GS5-CL-
Ag@CD-MOF; see Fig. 40a) that inhibited the growth of E. coli
and S. aureus bacteria [312]. The Ag@CD-MOF showed attractive
antibacterial efficacy, whereas the other MOF composites showed
no further enhancement against bacterial activity. The MICs of
the Ag NPs for E. coli and S. aureus were 16 and 64 mg mL�1, respec-
tively. The thick peptidoglycan layer in S. aureus (gram positive
bacteria) hindered the penetration of the Ag NPs, which resulted
in reduced antibacterial efficacy compared to that for E. coli. Inter-
estingly, time-dependent bacteria growth curves revealed that
increasing the concentration of Ag NPs was not favorable for
improving antibacterial activity (Fig. 40b, c). Finally, a Gly-Arg-
Gly-Asp-Ser (GRGDS) peptide-incorporated Ag@CD-MOF exhibited
a great response for wound healing therapy, highlighting its impor-
tance in drug delivery applications.

Recently, an in situ reduction protocol for synthesizing NPs in
Zn-BIF MOF networks was reported for antibacterial applications
[313]. The MOF-templated Ag NPs (denoted as Ag@Zn-BIF) showed
good antibacterial efficacy toward E. coli and S. aureus. Live/dead
cell culture and plate counting experiments revealed that Ag@Zn-
BIF exhibited superior activity against bacterial growth than com-
mercially available Ag NPs. Notably, optical density measurements
highlighted that Ag@Zn-BIF performed well with a lower MIC (30–
50 mg mL�1) than those of Zn-BIF (500–1000 mg mL�1) and com-
mercial Ag NPs (>300 mg mL�1) (Fig. 41a–e). This result is encour-
aging for the synthesis of reducing agent-free NPs for enhancing
antibacterial activity.

Very recently, a series of MOFs (p-MOF ([AgL]n�nH2O (L = 4-cya
nobenzoate)), MOF-5, and ZIF-8) were used as antibacterial mate-
rials against oral bacteria such as Streptococcus mutans (UA159),
Fusobacterium nucleatum (Fn), and Porphyromonas gingivalis (Pg)
[314]. In these MOF compounds, the set concentration for Ag+

and Zn2+ metal ions was 21.17 mg mL�1. Among the prepared MOFs,
p-MOF showed the best activity against oral bacteria, whereas
MOF-5 and ZIF-8 performed moderately. Specifically, solid-phase
growth curves demonstrated that the performance of these MOFs
Fig. 40. (a) CD-MOF template guided synthesis of Ag NPs by solution impregnation follow
kill profiles of (b) E. coli and (c) S. aureus of Ag@CD-MOF, CL-Ag@CD-MOF, and GS5-CL-A
Sons.
and silver nitrate (AgNO3) followed the order p-
MOF > AgNO3 > MOF-5 > ZIF-8 (Fig. 41f–h). Hence, the authors sug-
gested that the structural stability and metal ion content of the
MOFs was key for better performance in anti-oral bacterial studies.
In addition, they explained that the greater the release of specific
metal ions from the MOFs, the higher the antibacterial activity.

5.4.3. Future perspectives for the development of antibacterial MOFs
MOFs have been utilized in antibacterial studies for the loading

of antibiotics or metal NPs. However, these compounds can
encounter difficulties in the controlled release of antibiotic drugs
as well as metal NPs. In situations where MOF compounds pose dif-
ficulty in the release of NPs, antibacterial agents that utilize MOF
compounds in which metal ions and/or organic ligands are syner-
gistically involved in the antibacterial effect are likely to be chosen.
In such cases, tailoring of the intrinsic properties of the MOFs and
their nanostructures could be beneficial for accomplishing greater
antibacterial activity and reducing cytotoxicity. Moreover, the
design of MOFs with well-selected metal ions and organic linkers
may encourage the synergistic effect between the precursors and
improve the antibacterial efficacy.

In the future, it is expected that the development of biodegrad-
able and biocompatible MOFs will be expanded. These types of
materials may be most suited to use in biomedical applications
such as wound healing bandages, antibacterial surfaces, and bio-
films. In addition, the utilization of antibacterial MOFs in food tech-
nology and water treatment is still in its infancy. Any related
applications should consider the potential toxicity originating from
MOF composites. In this regard, future generations of MOF com-
pounds for antibacterial purposes should be developed with bio-
compatible cations and less toxic ligands.

5.5. Ion transport in MOFs for solid-state electrolyte

5.5.1. Highlights of solid-state electrolytes
The depletion of unrenewable energy resources like coal, oil,

and natural gas and increasing human population have impacted
the demand for energy in electricity, transportation, industry,
and other purposes [317]. In addition, the combustion of fossil
fuels releases toxic gases and VOCs into the atmosphere, which
has led to a severe global issue with greenhouse gases. Thus, there
is an urgent need to develop sustainable and renewable energy
sources to solve the present energy and environmental concerns.
Fuel cells and batteries/supercapacitors are highly attractive tech-
nologies for clean energy production and energy storage applica-
ed by reduction, cross-linking (CL), and GRGDS surface modification. Bacterial time–
g@ CD-MOF. Reprinted with permission from [312]. Copyright 2019 John Wiley and



Fig. 41. (a) Fluorescence photographs of E. coli and S. aureus treated by Ag@Zn-BIF with different time.(b) Photographs and (c) bacterial killing ratio histogram of E.coli and S.
aureus colonies grow on agar plates. Real-time OD600 values of the Zn-BIF and Ag@Zn-BIF against (d) E. coli and (e) S. aureus, respectively. Reproduced with permission from
[313]. Copyright 2020 Elsevier publisher. (f) Growth curves of (f) Fn, (g) Pg, and (h) UA159 in different antibacterial materials. Reprinted with permission from [314].
Copyright 2020 American Chemical Society.
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tions, respectively [318]. Among the various types of fuel cells,
proton-exchange membrane fuel cells (PEMFCs) have emerged as
promising candidates for the production of clean and sustainable
energy, as they combat the drawbacks of traditional engines, and
release only H2/O2 as byproducts. The solid electrolyte plays a cru-
cial role in PEMFCs [319,320]. Therefore, there is a strong need to
design and develop new solid electrolyte materials that can meet
stringent requirements, including: (i) high proton conductivity
(r > 10�2 S cm�1), (ii) high operation temperature (>100 �C) to
avoid electrode poisoning and fuel crossover; (iii) good mechanical
strength and processability of solid membrane/electrolyte; (iv)
chemical and thermal stability under operating conditions; (v)
good compatibility, especially with the electrodes and bipolar
plates; (vi) reasonable cost of bulk production; and (vii) porosity
tunability or switching by external stimulus.

In comparison with commercially available proton-conducting
materials such as Nafion and ceramic oxides, MOFs have intriguing
potential for use as solid-state electrolyte materials owing to their
modular nature, tunable functionality, and high porosity [321,322].
For fuel cells, two main types of MOF materials have been exten-
sively studied: water-assisted proton-conducting MOFs, and anhy-
drous proton-conducting MOFs. In water-assisted proton-
conducting MOFs, proton transformation relies on guest water
molecules, whereas in anhydrous proton-conducting MOFs, proton
conduction depends on the existing protons of heterocyclic com-
pounds, organic acids, and inherent water molecules. Therefore,
the majority of improvements to proton conductivity involve the
introduction of acidic functional groups (e.g., –COOH, –SO3H, and
–OH) or guest molecules (e.g., H2O, imidazole, and triazole) into
the MOF network [323,324]. With this in mind, we highlight in this
section some of the most recent research into proton-conducting
MOFs for fuel cell applications.

The increasing demand on energy storage systems has trig-
gered great importance on electrochemical storage devices such
as Li-batteries, redox-flow batteries, and supercapacitors
[325,326]. Battery technologies have been widely explored to
deliver superior characteristics like high power density, fast
charge/discharge rates, and long lifetime [327]. Most conventional
batteries including Li-ion batteries (LIBs) utilize a polymer mem-
brane saturated with an organic liquid electrolyte, which can lead
to serious safety issues, such as leakage, poor chemical stability,
and flammability. In practice, LIBs present several safety con-
cerns; for example, lithium dendrite formation leads to short-
circuiting, and leakage of the organic electrolyte can cause explo-
sions [328]. Solid-state electrolytes are therefore promising candi-
dates to replace liquid electrolytes for practical applications.
Solid-state electrolytes should meet the following requirements
to provide suitable electrochemical performance: (i) high ionic
conductivity (on the order of 10�3 S cm�1); (ii) reduced electronic
conductivity; (iii) single mobile ion species; (iv) high transference
number; and (v) good chemical, thermal, and electrochemical
stability.
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Over the past few decades, inorganic systems composed of
ceramics, glasses, or organic polymers have been widely used as
solid-state electrolytes [329]. Although inorganic solid-state elec-
trolytes exhibit high ionic conductivity (~10�3 S cm�1), they have
numerous drawbacks including high interfacial resistance and
poor processability. This has inspired research attention toward
new classes of solid-state electrolytes. In this regard, MOFs have
intriguing properties: tunable MOF networks can provide unique
channels for single ion mobility; nano-MOF compounds provide
strong electrode–electrolyte interfacial interactions that can to
address mobile ion kinetics; and high ionic conductivity functional
linkers can be incorporated into MOFs to improve the electrochem-
ical performance. Hence, MOFs go some way toward meeting the
requirements for solid-state electrolytes, and are expected to facil-
itate the development of better performance solid-state batteries
in the future [330–333].

In this section, we describe the recent advances in solid-state
MOF electrolytes, with a focus on two major applications: (i)
proton-conducting MOFs as solid-state electrolytes for fuel cells,
and (ii) MOF-derived solid-state electrolytes for batteries.

5.5.2. Proton-conducting MOFs as solid-state electrolytes
There are already several excellent review articles on the appli-

cations of proton-conducting MOF materials [323,334]. Herein, we
focus on the recent advances in the field of proton-conducting MOF
electrolytes that have not been covered in recent reviews
(Table 22a).

The tuning and modulation of both ionic conductivity and
proton conductivity in crystalline MOF materials is highly attrac-
tive for addressing performance and other adverse issues of
proton-conducting materials. However, such research investiga-
tions are still in their infancy. With this in mind, Yoon and
coworkers presented proton conduction switching two microp-
Table 22
Conductivity and conduction medium of ion conducting MOFs.

a. Proton conducting MOFs

MOF compound Pore guest Proton co

Mg(HCO2)2 H2O 1.0 � 10�

Co(HCO2)2 H2O 1.0 � 10�

Cr/sBDC-Gel-0.4 M H3O+ 7.84 � 10
a-PCMOF-21-Br H2O 1.69 � 10
a-PCMOF-21-Cl H2O 0.95 � 10
UiO-66-NH2@NFs/Nafion H3O+ 0.27
PSM 1 H2O 1.64 � 10
IM-UiO-66-AS H2O 1.54 � 10
(EMI)[N(CN)2]@PCN-777 (f = 62.5%) EMI-N(CN)2 1.1 � 10�

(NH4)3[Zr(H2/3PO4)3] NH4
+ 1.45 � 10

DNA@ZIF-8–3/25 DNA, H2O 1.7 � 10�

MOF-801@PP-60 H2O 1.84 � 10
SA-EIMS@MIL-101 R-SO3

� 1.89 � 10
MSA-EIMS@MIL-101 R-SO3

� 1.02 � 10
PTSA-EIMS@MIL-101 R-SO3

� 2.78 � 10

b. MOF based SSEs

MOF compound Pore guest Ionic con

LCMOF-1 (–COOH) Li+ 1.06 � 10
UiO-66-LiSS Li+ 6.0 � 10�

UiO-66-LiSS-EC/PC Li+ 7.8 � 10�

NMS/PEO/LiTFSI Li+ 1.66 � 10
MOF-688 Li+ 4.6 � 10�

PL/UiOLiTFS Li+ 2.07 � 10
WZM SSE Zn2+ 2.1 � 10�

UIO/IEs Li+ 1.47 � 10
ZIF-8 QSSE Li+ 1.05 � 10
Al-Td-MOF-1 Li+ 5.7 � 10�

MIT-20LiBr Li+ 4.4 � 10�

MIT-20-Na Na+ 1.8 � 10�

MIT-20-Mg Mg2+ 8.8 � 10�
orous MOF compounds, Mg(HCO2)2, Co(HCO2)2, that showed a
reversible crystal-to-amorphous structural transformation for
switching conductivity on/off [335]. Water vapor adsorption
and proton conductivity experiments demonstrated that these
compounds assumed several different structural states depend-
ing on the relative humidity (Fig. 42a, b). Detailed structural
analysis proved that there were three phases: (1) an anhydrous
phase, (2) a water-adsorbed phase, and (3) a water-coordinated
phase. The proton conductivity of the water-coordinated phase
was 1.0 � 10�3 S cm�1 for Mg(HCO2)2 and 1.0 � 10�6 S cm�1

for Co(HCO2)2 at 90% RH and 298 K. Interestingly, water-
coordinated framework showed the crystalline-to-amorphous
transition, upon which the MOFs changed from conductor to
insulator, and vice versa. The dynamics of the water-
coordinated phase were further analyzed by solid-state 2H
NMR spectroscopy. Although the proton conductivity was mod-
erate, this work presents the first reversible crystal-to-
amorphous structure transformation by changing the RH values,
which enables proton conductivity switching behavior.

Recently, metal–organic gels (MOGs) have emerged as alterna-
tive materials to conventional MOF materials for exceptional pro-
ton conducting performance. A recently developed Cr-based MOG
(Cr/sBDC-Gel; sBDC = 2-sulfoterephthalic acid) showed higher pro-
ton conductivity than MOF pellets comprising a similar functional
linker (MIL-101-SO3H) [336]. The Cr/sBDC-Gel-0.4 M (0.4 M repre-
sents concentration of sBDC solution) exhibited a proton conduc-
tivity of 7.84 � 10�3 S cm�1 at 80 �C and 100% RH, whereas that
of the MIL-101-SO3H pellets was only 8.7 � 10�4 S cm�1. Although
the MOG cannot be considered a conventional solid-state material,
it is believed that this work can provide a strategy for increasing
the conductivity of solid-state materials by incorporating continu-
ous long-range proton transfer channels, such as that of this 3D-
percolated MOG network.
nductivity Conditions [Temperature/humidity] Ref

3 25 �C, 90% RH [335]
6 25 �C, 90% RH [335]
�3 80 �C, 100% RH [336]
�3 85 �C, 95% RH [337]
�3 85 �C, 95% RH [337]

80 �C, 100% RH [340]
�1 80 �C, 95% RH [341]
�1 80 �C, 98% RH [342]
2 70 �C [343]
�3 180 �C [344]
1 75 �C, 97% RH [345]
�3 325 K, 98% RH [346]
�3 150 �C [347]
�4 150 �C [347]
�4 150 �C [347]

ductivity Transference number Ref

�3, 25 �C 0.58 [348]
5, 25 �C 0.9 [349]
4, 25 �C 0.88 [349]
�5, 25 �C 0.378 [350]
4, 30 �C 0.87 [338]
�4, 25 �C 0.84 [333]
4, 35 �C 0.93 [339]
�4, 30 �C 0.47 [351]
�4, 25 �C 0.52 [352]
5, 25 �C – [353]
5, 25 �C 0.66 [354]
5, 25 �C – [354]
7, 25 �C – [354]



Fig. 42. Water vapor adsorption (black line) and proton conductivity (red line) of (a) Mg(HCO2)2 and (b) Co(HCO2)2 at 298 K. Reproduced with permission from [335].
Copyright 2020 Royal Chemical Society. (c) Synthesis scheme and structural schematic representation of a-PCMOF-21 (d) Water adsorption isotherm comparison for phases
of PCMOF-21-Cl at 22 �C. (e) Log of conductivity vs inverse temperature comparison of all phases and treatments of a & b-PCMOF-21. Reprinted with permission from [337].
Copyright 2019 American Chemical Society.
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Metal–phosphate MOFs have intriguing properties compared to
their metal–carboxylate counterparts. The phosphate terminals
present proton-donating and proton-accepting functionality,
which can be useful for proton conduction at high temperatures
or under anhydrous conditions. Levenson et al. prepared four lan-
thanide phosphonate frameworks with different phases (a or b)
and/or different counter anions (Cl� or Br�): a-PCMOF-21-Br, a-
PCMOF-21-Cl, b-PCMOF-21-Br, and b-PCMOF-21-Cl (Fig. 42c)
[337]. The different phases affected the water vapor adsorption
property of the materials, which had a significant effect on the pro-
ton conductivity (Fig. 42d). In addition, the flexible nature of the a
phase allowed an unusual stepped water vapor sorption isotherm
with higher water vapor adsorption capacity than that of the b
phase, resulting in higher conductivity. Interestingly, the removal
of anions from the framework revealed that a-PCMOF-21-Br pos-
sessed higher proton conductivity (1.69 � 10�3 S cm�1) than a-
PCMOF-21-Cl at 85 �C and 95% RH. It should be noted that the con-
ductivity of most water-assisted proton conducting MOFs
decreases rapidly above 80 �C owing to water loss due to evapora-
tion. However, the conductivity of the presented MOFs increased
continuously until 85 �C. This was considered to be related to the
strong water-binding properties of the phosphate functional
groups and the ease of proton donation–acceptance on the phos-
phate (Fig. 42e). This work has brought insight into opportunities
for the development of proton-conducting MOFs that can operate
above 100 �C for higher fuel cell performance.

5.5.3. Ion-conducting MOFs for batteries
Overcoming the issue of lithium dendrite formation within

solid-state MOF electrolytes is a considerable challenge. Yaghi
and coworkers developed a new Li-exchanged Anderson-type
polyoxometalate (POM)-based MOF network (MOF-688) [338].



Fig. 43. (a) Synthetic scheme and structural illustration of MOF-688. (b) Nyquist plots of MOF-688 at 20 and 30 �C. (c) Ionic conductivity as a function of temperature from
�40 to 60 �C. Reprinted with permission from [338]. Copyright 2019 American Chemical Society.
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The prepared MOF had a highly porous structure and exhibited
high Li-ion conduction for application as the solid-state electrolyte
in LIBs (Fig. 43, Table 22b). MOF-688 attained a high ionic conduc-
tivity (3.4 � 10�4 S cm�1 at 20 �C) and transference number (tLi+ =
0.87), with POM playing a crucial role for efficient Li conduction.
Although the exact role of POM is still not clearly understood, this
work motivates toward testing in practical solid-state battery
applications. Along the same lines, an MOF superionic conductor
(PL/UiOLiTFS) was also reported for Li-ion conduction, which pos-
sessed high ionic conductivity (2.07 � 10�4 S cm�1 at 25 �C) and a
large transference number (tLi+ = 0.84) [333]. Interestingly, the pre-
pared material worked even at low temperatures (0 �C), which is
unusual for conventional Li-ion conducting materials as the liquid
tends to freeze. Although the conductivity and transference num-
ber were not excellent, the non-freezing behavior presented in this
work opens a new avenue for solid-state electrolytes that can allow
low-temperature battery operation. Therefore, this development
presents a model for future generations of solid-state battery
devices.

Owing to the expense and reactivity issues with alkali metal
ions, demand for improved transition metal-ion batteries is grow-
ing. For the development of such batteries, the fabrication of elec-
trolyte materials for specific metal ions is crucial. Recently, various
metals have been investigated for use in transition metal-ion bat-
teries. Zn appears to be a promising candidate owing to its abun-
dancy and stability. Recently, Pan and coworkers prepared post-
synthesized MOF-808 (WZM solid-state electrolyte) for the incor-
poration of Zn2+ ions the solid-state electrolyte for practical VS2/
Zn batteries [339]. They inserted single Zn2+ ions into the MOF net-
work, which enhanced the ionic conductivity (2.1 � 10�4 S cm�1)
and transference number (tZn2+ = 0.93) at 35 �C. Moreover, the elec-
trolyte showed good electrochemical stability, cyclability, and
lower self-discharge rates. Although this is a simple demonstration
of ion conductivity in MOF materials, the presented work provides
an avenue for the development of next-generation transition
metal-ion batteries.

5.6. Electrode materials for energy storage applications

In the previous section, we briefly discussed the key role of
MOF-based solid-state electrolytes in energy storage and conver-
sion applications. The intriguing properties of MOF-based materi-
als have led to their use as electrode materials (cathode/anode)
in electrical energy storage devices such as batteries and superca-
pacitors with high energy and power densities. In recent years, sev-
eral excellent review articles have highlighted the MOFs/MOF
composites and MOF-derived materials that have been used as
electrodes in numerous energy-related applications [355–358].
Therefore, we will focus only on recent research progress of MOFs
and their composite electrode materials for two types of energy
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storage device applications: (i) pristine MOFs/MOF composites as
electrodes in LIBs and sodium-ion batteries (SIBs), and (ii) pristine
MOFs/MOF composites in supercapacitors.

5.6.1. MOF composites for rechargeable battery electrodes

� Electrodes for Li-ion batteries (LIBs)

LIBs are widely used as energy storage devices in rechargeable
batteries. During the charge/discharge process, the intercalation/
deintercalation of Li ions from the anode to the cathode through
the electrolyte gives rise to the storage/release of electrical energy.
Although conventional LIBs have been extensively used in diverse
energy-storage fields such as electric vehicles and portable elec-
tronics, their energy and power densities are lacking when it
comes to large-scale electrical energy storage devices [359,360].
To enhance the electrochemical performance of LIBs for use in
large-scale battery systems, the novel design and development of
efficient electrode and electrolyte materials is crucial.

Graphite is widely used as an anodematerial in commercial LIBs,
as it offers benefits such as a low working potential, low cost, and
comparatively long cycling lifetime [328]. However, there are also
several limitations including low theoretical capacity (372 mAh
g�1) and inferior Li-ion transportation rate, which make it particu-
larly unsuitable for use in large-scale electrical energy storage
devices [361]. The conventional cathode materials for LIBs, such as
LiCoO2, LiFePO4, and other inorganic oxides with redox-active sites,
also have low capacity values and poor Li-ion transfer performance
[362]. Therefore, there are many benefits to developing alternative
anode and cathode materials. MOF-based materials are promising
candidates as their pores and channels facilitate the increase of Li-
ion storage capacity, and their structural stability enhances the
reversible Li insertion/desertion rate, thus enabling long-life cycla-
bility. Moreover, MOF-based materials offer tunable functionalities
such as redox-active sites, smart topologies, and conductive sub-
strates, which leads to improved performance and Li-ions storage,
thus achieving high specific capacities and cyclabilities [363,364].
Herein,we emphasize the recent examples ofMOF/MOF composites
developed as anode and cathode materials for LIBs.

In 2019, Guo and coworkers reported novel one-dimensional
(1D) copper-based MOF nanowires (Cu-CAT NWs) that exhibited
good performance as anode materials for LIBs [365]. The unique
1D structural features and bimodal pores led to a high electronic
conductivity and large Li ion diffusion coefficients. Interestingly,
the specific capacity of the Cu-CAT NW anode was higher than that
of a commercial graphite anodematerial (381 vs. 373 mAh g�1) at a
current density of 2 A g�1. Moreover, it retained 81% of its initial
capacity after 500 cycles at 0.5 A g�1. Full battery devices con-
structed with the Cu-CAT NW anode and LiNi0.8Co0.1Mn0.1O2

(NCM811) cathode achieved a high power density of 275 Wh
kg�1. Another copper-based MOF ([Cu2(BIPA-TC)(DMA)2]n, denoted
as Cu-MOF) showed redox-activity and excellent performance as a
LIB anode material [366]. It had a high initial charge capacity of
753.7 mAh g�1 at 0.1 A g�1 and retained 53% of its initial capacity
over 500 cycles. The authors linked the redox-active copper metal
ions and unique structural features of Cu-MOF to this superb
performance.

A novel rare earth-based MOF, Tb2(H2dobdc)3(DMF)4 (Tb-MOF),
also had promising performance as an anode material in LIBs [367].
Its uniform carboxyl oxygens and conjugated aromatic rings acted
as Li-ion insertion sites, providing an excellent specific capacity of
627.5mAhg�1 at 0.1 A g�1. The structural stability of Tb-MOFmeant
that it retained 99.1% of its initial capacity after 300 cycles at 0.8 A
g�1.

Although it is possible to achieve a high Li-ion insertion density
in an extended p-conjugated aromatic system, the reversible inser-
tion of Li ions from fused aromatic rings is difficult; therefore, it is
challenging to develop an efficient strategy for the high and rever-
sible insertion of Li ions in electrode materials. In this respect, Ye
and coworkers proposed an electron redistribution strategy into
fused C6 rings, which was induced in Zn-PTCA for boosting the
reversible Li-ion insertion performance for LIB electrodes [368].
Owing to electronic structure of Zn-PTCA, the synthesized material
achieved a high reversible specific capacity of 700 mAh g�1 at a low
current density of 0.05 A g�1. In addition, Zn-PTCA retained a high
capacity of 323 mAh g�1 at 1.0 A g�1 over 1100 cycles. This work
presents the importance of facile and reversible Li ions insertion
for the electrode materials in LIBs.

Despite the various advantages of MOFs, pristine MOFs have
poor conductivity and low rate capacity, which limits their wide-
spread application. These drawbacks have inspired the develop-
ment of MOF-based composite materials to improve the
conductivity while meeting the required theoretical capacities.
Wang and coworkers prepared a new MOF-based composite mate-
rial with CuS, CuS/Cu-BTC, which was found to be an efficient
anode material for LIBs [369]. The optimized CuS(70 wt%)@Cu-
BTC composite material demonstrated high conductivity and elec-
trochemical performance with an initial discharge capacity of 1184
mAh g�1 at 0.1 A g�1. Interestingly, the structural features and syn-
ergistic effect between the CuS nanocomposite and Cu-BTC MOF
actually caused the discharge capacity to improve over 200 cycles
to 1609 mAh g�1 at 0.1 A g�1.

In addition, an Al-MOF/graphene composite (AMG) was pre-
pared by a simple thermal treatment with vitamin C on the gra-
phene oxide and Al-MOF composite material (Fig. 44a) [370]. The
resulting AMG composite was used as an anode material in LIBs
and showed a significantly higher discharge capacity than pristine
Al-MOF (400 vs. 60 mAh g�1) at 0.1 A g�1. The authors suggested
that structural disordering during the charge/discharge process
opened more channels within the MOF, which improved the Li-
ion diffusion and storage capacity. This work presents the first
example of an MOF-based material (AMG) displaying increased
trend in capacity below current densities of 1 A g�1 as 484 and
284 mAh g�1 at 0.5, 0.8 A g�1, respectively, after 1000 cycles.

MOFs have also been employed as cathode materials for LIBs. In
fact, there has been considerable research focus on the develop-
ment of MOF-based cathode materials in recent years. Inspired by
the inorganic salt LiCoO2, two ternary Li-Co–MOF composites were
synthesized and employed as cathodes in LIBs [371]. The two Li-Co–
MOF composite materials (SNNU-73 and SNNU-76) were examined
by SCXRD and XPS, and found to have different chemical and struc-
tural features; SNNU-73 comprised a helical chain structure with
equal sharing of Li/Co sites, whereas SNNU-76 possessed a cage-
type structure with a difference in the Li/Co occupied sites. Electro-
chemical measurements revealed that SNNU-73 had a higher dis-
charge capacity than SNNU-76 (155.6 vs. 87.9 mAh g�1) at 0.05 A
g�1. However, owing to the stability of its cage-based structure,
SNNU-76 showed high cycling stability than SNNU-73.

A novel two-dimensional (2D) copper–benzoquinoid MOF (Cu-
THQ) was also prepared for the cathode material of LIBs, which
showed excellent electrochemical performance [372]. Electro-
chemical studies revealed that Cu-THQ had a high reversible speci-
fic capacity of 387 mAh g�1 at a current density of 0.05 A g�1, a
high power density of 775 Wh kg�1, and efficient cycling stability,
with 85% retained capacity (340 mAh g�1) after 100 cycles. The
exceptional performance of Cu-THQ was ascribed to the redox
activity of both the copper metal ions and organic linkers. The
in-depth mechanism was extensively studied by various spectro-
scopic experiments such as hXAS (hard X-ray absorption spec-
troscopy), sXAS (soft X-ray absorption spectroscopy), and FT-IR,
as well as by EPR (electron paramagnetic resonance), and DFT cal-
culations (Fig. 44b, c).



Fig. 44. (a) Preparation process of Al-MOF/graphene composite. Reproduced with permission from [370]. Copyright 2019 Elsevier Publisher. (b) Galvanostatic charge/
discharge curves of 2D Cu-THQ MOF electrode at 50 mA g�1. (b) The evolution of electronic states of the repeating coordination unit of 2D Cu-THQ MOF during the charge/
discharge process. Reproduced with permission from [372]. Copyright 2020 John Wiley and Sons.
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� Electrodes for sodium-ion batteries (SIBs)

SIBs are another class of rechargeable battery with significant
importance in energy-storage devices. Sodium resources are abun-
dant and low cost, making the development of SIBs that can com-
pete with LIBs attractive. However, because the ionic radius and
atomic mass of Na ions are larger than those of Li ions, there are
several challenges for SIB development including poor diffusion
kinetics, low rate capacity performance, and lower cycling stability
[373]. In addition, although several transition metal oxides, sul-
fides, and organic salts have been used as electrodes for SIBs, they
are often soluble in organic electrolytes and reduce the cycling sta-
bility, leading to efforts to develop alternative electrode materials
[374]. In the last few years, MOF compounds have been developed
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to overcome these issues and are promising electrode candidates
for practical SIB applications [375–377]. Here, we describe a few
examples of MOFs used as electrode materials for SIBs.

Xu and coworkers reported two Co and Cd-based hybrid MOF
composites, denoted as Co(L)/RGO and Cd(L)/RGO, for use as anode
materials in SIBs [378]. Successive electrochemical studies
revealed that the two MOF composites displayed exceptional
capacity performance, while Co(L)/RGO achieved a higher dis-
charge capacity than Cd(L)/RGO (646.9 vs. 163.7 mAh g�1) at a cur-
rent density of 1 A g�1. In addition, both MOF composites
possessed greater electrochemical efficiency than the pristine Co
(L) and Cd(L) MOFs. Furthermore, Co(L)/RGO and Cd(L)/RGO exhib-
ited good reversibility (coulombic efficiency of 98%) and long-life
cyclability; their respective discharge capacities were 206 and
166 mAh g�1 at 0.5 A g�1 over 330 cycles.

In 2018, a new Co-based MOF a using long linear ligand (4,40-
biphenyldicarboxylic acid, denoted as bpdc) was prepared for the
anode of SIBs [379]. The as-synthesized Co-bpdc MOF possessed
a high specific capacity of 269 mAh g�1 at 20 mA g�1. Moreover,
electrochemical experiments revealed that the MOF had 100%
columbic efficiency and retained 79% of its initial capacity (209
mAh g�1 at 0.1 A g�1) after 1000 cycles. The authors demonstrated
that the MOF compound had low solubility in the electrolyte, and
its stable layered structure and relatively greater unit cell volume
facilitated the insertion/desertion of Na ions. This led to its excep-
tional performance in SIBs.

In many cases, redox-active metal cations and organic linkers
are key for developing promising electrode materials for SIBs. With
this in mind, a Cu-based MOF (Cu-TCNQ) was developed for the
cathode material of SIBs [380]. This MOF possessed a high dis-
charge capacity (255 mAh g�1) and even reached a high power
density (>900 Wh kg�1) due to the synergistic effect of the
redox-active copper metal ions (CuII ? CuI) and two TCNQ linkers
for electron transfer. In addition, Cu-TCNQ showed excellent
reversibility, with a discharge capacity of 214 mAh g�1 over 50
cycles, and attained capacity retention of 89% after 200 cycles at
0.05 A g�1. Although there are not many examples of MOF-based
SIB electrodes, the presented examples demonstrate the possibility
of the application. Therefore, further effort should be devoted to
developing these materials for practical applications.
5.6.2. Electrodes for supercapacitors
Supercapacitors are another class of energy-storage device.

They are more efficient than conventional rechargeable batteries
owing to their high power densities, faster charge/discharge rates,
and long cycle lives. Supercapacitors are mainly divided into two
categories based on the energy-storage mechanism: (1) electro-
chemical double-layer capacitors (EDLCs), and (2) pseudocapaci-
tors. In electrochemical double-layer capacitors, electrical energy
is stored on the internal ‘‘surface” of the electrode through electro-
static interactions, whereas pseudocapacitors utilize fast and
reversible redox reactions on the electrode surface [381]. Among
the essential working components of supercapacitors, the elec-
trode material has attracted significant attention because of its
potential to enhance the supercapacitor performance. Therefore,
there is a strong focus on the design and development of efficient
electrode materials that meet key requirements such as high speci-
fic surface area, high conductivity, thermal stability, facile process-
ability, corrosion resistance, and low cost. In this respect, MOFs
have emerged as promising electrode materials for use in energy-
storage supercapacitor applications owing to their characteristic
properties. Several important review articles have already dis-
cussed MOF-derived electrodes for supercapacitors
[355,382,383]. Therefore, we will focus this section on recent
examples of pristine MOFs and their composites that could pave
the way for the development of next-generation electrodes for
practical supercapacitor applications.

Recently, Feng and coworkers reported the excellent pseudoca-
pacitive behavior of two 2D-conductive HAB-MOFs, Ni-HAB and
Cu-HAB (HAB = hexaaminobenzene), as electrode materials [384].
The prepared MOFs achieved superb gravimetric capacitances of
420 and 215 F g�1, respectively. Interestingly, the Ni-HABMOF pos-
sessed a high volumetric capacity of 760 F cm�3 and areal capaci-
tance of 20 F cm�2, which are higher than the recently reported
values for various porous carbon electrode materials. Furthermore,
the Ni-HAB MOF-based electrode displayed excellent chemical sta-
bility,with a retentioncapacity of 90%over 12,000 cycles at a current
density of 10 A g�1. Another Ni-based MOF, Ni3(HITP)2, was also
employed as am electrode material in a symmetrically structured
supercapacitor [385]. The MOF was fabricated by a electrophoretic
deposition process and enabled the supercapacitor to reach a high
areal capacitance of 15.69 mF cm�2 over a potential window of 0–
1.0 V. Interestingly, the authors reported superb electrochemical
cyclability with this MOF electrode, with a retained capacitance of
84% over 100,000 cycles. This is one of the best reported values thus
far among MOF-based supercapacitor electrode materials.

Although pristine MOF-based electrodes have shown excep-
tional electrochemical performance in supercapacitors, compos-
ited MOFs can offer improved conductivity and electrochemical
performance in comparison to their pristine counterparts. Further-
more, compositing can enhance the flexibility of the device for uti-
lization in practical applications such as wearable electronic
devices. With this in mind, two MOF composites with conductive
Ni-based nanolayers grown on cellulose nanofibers (denoted as
CNF@Ni-HITP and CNF@Ni-HHTP) were prepared for supercapaci-
tor electrode applications [386]. Analysis of their electrochemical
properties revealed that the asymmetric electrodes achieved a
gravimetric capacitance of 125 F g�1 for CNF@Ni-HITP and 75 F
g�1 for CNF@Ni-HHTP at current densities of 0.33 and 0.2 A g�1,
respectively. In addition, the flexibility, mechanical strength, and
high conductivity of the CNF@Ni-HITP composite material meant
it showed a high gravimetric capacitance of 141.5 F g�1 at 0.075
A g�1 and exceptional volumetric capacitance of up to 2800 mF
cm�3 in a symmetrical supercapacitor device.

A similar composite of conducting polymer/MOF (PANI/
ZnO@ZIF-8-CC; PANI = polyaniline) was synthesized using a
‘‘root–etch–wrap” method [387]. This unique composite material
showed superb performance as an electrode in symmetric superca-
pacitors. The flexible MOF composite achieved an ultrahigh areal
capacity of 4839 mF cm�2 at a current density of 5 mA cm�2. Fur-
ther electrochemical studies of symmetric supercapacitors
revealed energy densities as high as 0.137–0.089 mWh cm�3 at
power densities of 1.421–23.629W cm�3. Moreover, the composite
demonstrated outstanding cyclability with 87% retained capaci-
tance over 10,000 cycles. The authors demonstrated that this
exceptional performance was attributed to the inevitable interac-
tions between the ZnO and ZIF-8 substrate, abundant space of hol-
low core–shell structure (ZnO/ZIF-8-CC) and the synergistic effect
between the ZnO/ZIF-8 and PANI conductive polymer.

5.7. Low-k dielectric MOF materials

5.7.1. Requirements for low-k dielectric MOF materials
The development of integrated circuit devices with high speeds

and decreased size for microelectronic applications has attracted
considerable research interest [388]. According to Moore’s law,
the number of transistors on integrated circuits has doubled every
two years, which is promising for the development of microelec-
tronic devices [389]. However, increasing the speed of integrated
circuits while reducing the size engenders several practical issues,
including resistive–capacitive (RC) delay, power dissipation, and
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crosstalk noise. Two major actions have been proposed to over-
come these issues. (1) The low resistivity Cu can be used to
replaced Al components. (2) The SiO2 components (dielectric con-
stant k � 3.9–4.5 depending on the deposition and processing pro-
tocol) can be replaced with low-k interlayer dielectric (ILD)
materials. According to the International Technology Roadmap
for Semiconductors, materials with low k values of 2.1–2.5 should
be used in future electric devices [390].

Widespread research has been conducted for the development
of interlayer dielectrics (ILDs) to meet the required low k values.
Air or vacuum (k = 1), aerogels, xerogels (k < 2), and various porous
materials have emerged as low-k ILD materials. However, the ILDs
should meet the following requirements for improving the perfor-
mance of electronic devices: (a) low dielectric constant, (b) electric
insulation, (c) high thermal stability (>400 �C), (d) good mechanical
strength, (e) good adhesive properties, and (f) ease of large-scale
processability with low cost.

Recently, MOFs have been employed to develop low-k ILD
materials for microelectronic device applications [391,392]. The
uniform pore structure, low dielectric constant, and suitable ther-
mal and mechanical stabilities of MOFs mean that they already
meet many of the requirements for ILD materials. Although the
development of MOF-based ILDs is still at the early stages, seminal
work has done over the last decade. In 2010, first the dielectric
constants of various MOFs were estimated using the simple Clau-
sius–Mossotti approach [393]. Following this, the first experimen-
tal dielectric constant measurements were conducted on solution-
deposited ZIF-8 films. The k value of 2.33 was already very close to
the target value for future electric devices [394]. Owing to the suc-
cess of these initial works, several MOFs have since been exten-
sively studied to combat the abovementioned ILD concerns.
Several excellent review articles have already highlighted the
potential challenges and device integration properties of MOFs
for practical microelectronic applications [391,392,395]. Therefore,
in this section, we discuss recent advances in the field of MOF-
based low-k dielectric materials for microelectronic devices.
Fig. 45. (a) Variation of j as a function of frequency at 2 V for FMOF-1, FN-PCP-1, Ag
Copyright 2019 John Wiley and Sons. (b) Two proposed routes for the integration of u
Positioning of MOFs on the Young’s modulus/k-value map in comparison with other class
2019 Springer Nature.
5.7.2. Low-k MOF materials for microelectronic devices
In recent years, a series of fluorinated MOFs have been devel-

oped with the aim of reducing the dielectric constant k. Omary
and coworkers reported several low-kmaterials, including fluorous
MOFs (Ag2[Ag4Tz6] and [Cu(FBTB)(DMF)], denoted as FMOF-1 and
FMOF-3, respectively) and fluorous nonporous coordination poly-
mers ([Ag2(FBTB)], denoted as FN-PCP-1), that exhibited remark-
able superhydrophilicity and high thermal stability [396].
Dielectric measurements of these materials in pellet form (pressed
at 0.5 kbar) revealed low k values under ambient conditions of 2.00
(1), 2.44(3), and 2.57(3) for FMOF-1, FMOF-3, and FN-PCP-1,
respectively. Interestingly, FMOF-1 showed an exceptional ultra-
low k value of 1.63(1) when the pellet was pressed at 0.7 kbar
(Fig. 45a). In addition, comparative studies between the fluorous
MOFs and their non-fluorous analogues revealed the high efficacy
of their dielectric properties as low-k materials. The authors sug-
gested that the unusual hydrophobicity was due to the presence
of –CF3 groups on the ligand. The achievement of materials with
ultralow k values provides a platform for the development of supe-
rior microelectronic devices.

The development of gap-filling low-k dielectrics with appro-
priate MOF integration strategies are highly attractive for on-
chip interconnects. With this in mind, novel dielectric ZIF films
were prepared by chemical vapor deposition (CVD) [ZIF-8-CVD
and ZIF-67-CVD], which exhibited suitable gap-filling perfor-
mance in fork–fork capacitors with low-k dielectrics (Fig. 45b,
c) [397] . Metal–insulator–metal (MIM) measurements revealed
low k values of 2.23 ± 0.11 and 2.39 ± 0.18 for ZIF-8 and ZIF-67
at 100 kHz, respectively. Moreover, these low k values were
insensitive to heating up to 150 �C, proving the thermal stabil-
ity of these dielectric films. In addition, the authors reported
that the ZIF-67-CVD film had high mechanical stability with a
greater Young’s modulus than that of the ZIF-8-CBD film
(3.79 ± 1.83 vs. 3.44 ± 1.42 GPa). In gap-filling tests, the ZIF-
67-CVD film attained an effective low k value of 2.71
(Fig. 45b, c). These results are encouraging for future integration
2(BTB), FMOF-3, and lc-[Cu(BTB)(DMF)]. Reproduced with permission from [396].
ltra-low-k MOF dielectrics in on-chip interconnects via the MOF-CVD process. (c)
es of advanced low-k dielectrics. Reproduced with permission from [397]. Copyright
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protocols with considerable optimizations to achieve the better
low-k gap-filling performance.

Xu et al. prepared a novel MOF, [NH2(CH3)2]2�[Zn3(bpdc)4]�
3DMF) which showed two-step dielectric relaxation upon heating
from 30 to 135 �C that was attributed to polarization of the
surface-absorbed water molecules and guest DMF molecules,
reaching a k value of 174.4 at 103 Hz, while further heating caused
a loss of the dielectric peaks [398]. In contrast, the guest-free
framework exhibited an ultralow k value of 1.80 at 100 kHz, with
constant dielectric properties over wide temperature range (40–
130 �C). These results demonstrate the effect of small counter ions
on the k value, and how removing the guest molecules from the
Table 23
Property summary of MOFs as a dielectric material.

MOF compound k value Frequency (kHz) Ref

HMS@ZIF-8 2.12 1 [399]
FMOF-1 1.63(1) 2.0 � 103 [396]
FMOF-3 2.44(3) 2.0 � 103 [396]
FN-PCP-1 2.57(3) 2.0 � 103 [396]
lc-[Cu(BTB) (DMF)] 2.94(8) 2.0 � 103 [396]
[Ag2(BTB)] 3.79(1) 2.0 � 103 [396]
[NH2(CH3)2]2[Zn3(bpdc)4].3DMF 1.8 100 [398]
MOF-CVD ZIF-8 2.23 ± 0.11 100 [397]
MOF-CVD ZIF-67 film 2.39 ± 0.18 100 [397]
[Co(amtd)2]n 2.43 1.0 � 103 [400]
[Mn(amtd)2]n 2.57 1.0 � 103 [400]
Epoxy/ZIF-8 nanocomposite 3.2 100 [401]

Table 24
Type of analyte, detection limit and recyclability of MOF-based sensor materials.

MOF compounds Sensing targets

a. Metal ion sensors
NH2-MIL-125(Ti) Pb2+

[Cd(Hcip)(bpea)0.5(H2O)]n (Cd-CP) Fe3+

[Cd(Hcip)(bpea)0.5(H2O)]n (Cd-CP) Al3+

[Cd(Hcip)(bpea)0.5(H2O)]n (Cd-CP) Cr3+

MOF NU-902 Cd2+

MOF NU-902 PVC membrane Cd2+

CAU-10-V-H Pd2+

MIL-53(Al)–NH2-MPA Fe3+

[[Zn(4,40-AP)(5-AIA)]. (DMF)0.5]n Hg2+

b. Anion sensors
TMU-41 Cr2O7

2�

TMU-41 CrO4
2�

TMU-41 MnO4
�

Tb(Hmcd)(H2O)(DMF)2]n Cr2O7
2�

Tb(Hmcd)(H2O)(DMF)2]n CrO4
2�

Eu(Hmcd)(H2O)(DMF)2]n Cr2O7
2�

Eu(Hmcd)(H2O)(DMF)2]n CrO4
2�

(H2bpp)�[(UO2)2(nip)3]�H2O MnO4
�

NU-1000-BzTz CN�

[[CuI
2(ttpa)2][CuII(bptc)]. 3H2O. DMF]n Cr2O7

2�

[[CuI
2(ttpa)2][CuII(bptc)]. 3H2O. DMF]n CrO4

2�

Cd-MOF S2O8
2�

[Eu2L3(DMF)]�2 DMF PO4
3�

c. Sensors for explosive compounds
AuNCs/ZIF-8 TNT
[Tb(TCBA)(H2O)2]2�DMF TNP
UIO-66-Py TNP
Eu-MOF TNP
Eu-MOF NB
Eu-MOF PNT
Eu-MOF PNP
HNU-34 TNP
HNU-34 2,4 DNP
HNU-34 2,6 DNP
TMU-18 TNP
EuL TNP
TbL TNP
porous material can reduce k to ultralow values. Very recently,
Zhou et al. prepared a HMS@ZIF-8/6FPBO (HMS@ZIF-8 = hollow
silica@ZIF-8, 6FPBO = fluorinated polybenzoxazole) composite film
via an in-situ polymerization and coating method, which showed a
low k value of 2.12 at 1 kHz [399]. MIM studies revealed that
dielectric constant was unaltered over a wide temperature range
(from room temperature to 200 �C). The lower k value of the com-
posite material compared to the fluorinated polybenzoxazole
(6FPBO) matrix (k = 2.12 vs. 2.67) was related to the empty space
(nanopores) in the ZIF-8 and HMS framework. In addition, the
composite film possessed high thermal stability up to 480 �C and
a tensile strength of 2.11 GPa with 6 wt% of HMS@ZIF-8/6FPBO,
which is useful for practical applications in electric devices. The
dielectric constants of recent dielectric MOFs and their composites
are summarized in Table 23.
5.8. Applications of luminescent MOF (LMOF) materials

5.8.1. Importance of LMOFs
Luminescence is one of the unique properties of MOFs that pro-

vides many opportunities for practical applications. The photo-
chemical properties of luminescent MOFs (LMOFs) can be
modulated by inserting metal nodes, functional ligands, and guest
molecules in the pores of the MOF, which allows diverse modular-
ity of the material. The exceptional behavior of LMOFs, including
high quantum yield and long lifetime, have motivated researchers
to investigate their use in a wide variety of industrial applications
[402,403]. In this section, we will cover some recent examples of
LOD Number of recycles Ref

0.70 � 10�2 nM 5 [405]
3.24 mM 5 [406]
1.31 mM 5 [406]
1.84 mM 5 [406]
0.3 ppb – [407]
– – [407]
110 nM 5 [408]
0.36 mM – [416]
0.01 nM – [409]

0.02 mM 4 [410]
0.03 mM 4 [410]
0.03 mM 4 [410]
1.32 mM 3 [411]
0.13 mM 3 [411]
0.38 mM 3 [411]
0.02 mM 3 [411]
1.79 mM 5 [417]
1.08 mM – [418]
0.058 mM 5 [419]
0.07 mM 5 [419]
– – [412]
6.62 mM – [420]

5 nM – [413]
1.64 ppb 5 [414]
0.45 mM – [421]
0.03 mM – [422]
0.04 mM – [422]
0.09 mM – [422]
0.08 mM – [422]
36.15 nM 5 [415]
42.55 nM 5 [415]
29.45 nM 5 [415]
10 mM 3 [423]
0.1 mM 5 [424]
5 mM 5 [424]
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the exploitation LMOFs in sensing, explosive detection, and light-
emitting diode (LED) applications.

5.8.2. Sensor applications
The luminescence of MOFs can be easily tuned by inserting

guest molecules into the pores of the MOF. This can be readily
adopted for sensing applications: when guest molecules are intro-
duced into empty pores or exchanged with the present guest mole-
cules in the pores, the fluorescence of the LMOF will change.
Therefore, the LMOFs are good candidates for sensing various ana-
lytes including metal ions, anions, and organic molecules. Further-
more, the large surface area and uniform pore size of MOFs imparts
high sensitivity and selectivity in sensing applications [404].
Among various potential analytes, in this section, we will cover
the use of LMOFs for sensing metal ions, anions, and explosives
(Table 24).

� Metal-ion sensing

High concentrations of toxic Pb2+ ions in aqueous systems are a
risk to human health. There is therefore an urgent need to develop
a suitable sensor to identify high Pb concentrations. Recently, NH2-
MIL-125(Ti) was employed as a sensing probe for the detection of
Pb2+ ions in real water samples [405]. Among various metal ions,
the developed sensor showed high selectivity toward Pb2+ and
detected concentrations as low as 7.7 pM, which is one of the low-
est detection limits ever reported. Notably, the fluorescence
quenching upon addition of Pb2+ ions was attributed to ligand-
to-cluster charge transfer of –NH2 functional groups in the MOF
with Pb2+ ions, as analyzed by FT-IR, XPS, and UPS (ultraviolet pho-
toelectron spectroscopy). Furthermore, the NH2-MIL-125(Ti) col-
loid particles dispersed well in water and were easily processible.
Stamping the MOF solution onto a surface using a rubber stamp
allowed the MOF to be transferred to the surface, which facilitated
the preparation of paper-based Pb2+ sensors. The paper sensor was
suitable for reversible Pb2+ sensing, which provides opportunities
for information encryption and decryption applications (Fig. 46).
However, the authors observed that the Pb2+ ion selectivity
decreased in real water samples due to interference from other
inorganic salt ions (Na, K, Ca, etc.) and organic molecules present
in the water.

Other pollutant metal ions such as Al3+, Cr3+, and Fe3+ also cause
public health and environmental issues. Thus, research has been
conducted into the development of selective and sensitive sensor
probes for their detection. A Cd-based coordination polymer ([Cd
(Hcip)(bpea)0.5�(H2O)]n, denoted as Cd-CP) was prepared recently
for sensing these metal cations [406]. The researchers analyzed
the fluorescence signals at various metal ion concentrations, and
found that the Cd-CP MOF shows detections limits of 1.31, 1.84,
Fig. 46. Encryption using (a) a rubber stamp and (b) an ink pen and subsequent decryptio
observed in the UV � vis region (260–360 nm). Reprinted with permission from [405].
and 3.24 mM for Al3+, Cr3+, and Fe3+, respectively. Interestingly,
Al3+ and Cr3+ enhanced the luminescence of the Cd-CP sensor probe
(‘‘turn-on” effect), whereas Fe3+ quenched the luminescence
(‘‘turn-off” effect). Competitive experiments revealed that addition
of Al3+ to Fe3+@Cd-CP suspension showed a enhanced lumines-
cence to greater degree rather than addition of Cr3+. Cd-CP-
coated test papers enabled the visual detection of metal ions under
UV light. These results pave the way for practical biological and
environmental applications of MOF sensors.

Among various toxic metal ions, Cd2+ plays a significant role in
the contamination of water sources. Hibbard et al. adopted a water
stable zirconium–porphyrin MOF (NU-902) for the detection of
Cd2+ in drinking water, and found that it shows exceptional
chemosensing efficiency [407]. For practical convenience, the
authors developed a PVC-based membrane by immobilizing the
NU-902 MOF powder on a PVC support. Interestingly, the NU-
902 sensor could detect very low concentrations of Cd2+ ions
(0.3 ppb), which is far below acceptable concentrations according
to EPA (environmental protection agency) and WHO (world health
organization) guidelines. Therefore, this sensor has practical
importance for the detection of Cd2+ in drinking water.

The increasing use of Pd in industry and pharmaceutical appli-
cations causes severe health risks. A new aluminum-based MOF
(denoted as CAU-10-V-H, where CAU stands for Christian-
Albrecht University) was prepared for the detection of Pd2+ ions
in aqueous media [408]. The sensor probe had a low limit of detec-
tion (LOD) of 110 nM Pd2+ ion concentrations with excellent selec-
tivity in the presence of the other competitive metal ions. In
addition, the researchers investigated the quenching mechanism
and revealed that interactions between Pd2+ and the vinyl func-
tional groups in the MOF formed a Pd(II)–alkene complex that
quenched the fluorescence of the MOF.

Mercury ions can cause fatal poisoning. For their detection,
Mandal’s group developed a new Zn-based MOF, [Zn(4,40-AP)(5-A
IA)]�(DMF)0.5, that shows selective and sensitive detection of Hg2+

in aqueous media [409]. The authors reported that the MOF could
detect picomolar concentrations of Hg2+ ions, with a LOD of
9.9 � 10�12 M. This is one of the lowest values ever reported. In
addition, it had a high binding constant of 1.01 � 109 M�1 s�1.
Moreover, the probe showed exceptional sensing ability in four dif-
ferent natural water sources, including seawater, tap water, river
water, and drinking water.

� Anion sensing

Various anions such as chromates, manganates, and arsenates
are extremely toxic toward living organisms. Therefore, the devel-
opment of novel materials that can detect them with low LOD is
required. Morsali and coworkers reported a luminescent Zn-MOF
n of (i) pure NH2-MIL-125(Ti), (ii) with Pb2+ addition, and (iii) after EDTA addition, as
Copyright 2020 American Chemical Society.
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(denoted as TMU-41) that could detect various toxic anions includ-
ing MnO4

� and Cr2O7
2�/CrO4

2� in aqueous media [410]. Fluorescence
studies revealed that the probe could efficiently detect MnO4

�, Cr2-
O7
2�, and CrO4

2� with concentrations of 0.03, 0.02, and 0.03 mM,
respectively. In real water samples, the fluorescence probe success-
fully detected these anions and exhibited excellent water stability
and recyclability.

Two lanthanide MOFs (Tb(Hmcd)(H2O)(DMF)2]n and [Eu(Hmcd)
(H2O)(DMF)2]n) were also prepared for the highly sensitive and
selective detection of Cr2O7

2� and CrO4
2� [411]. The Tb- and Eu-

based probes detected Cr2O7
2� with LODs of 1.32 � 10�6 and

1.34 � 10�5 M, respectively, and CrO4
2� with LODs of 3.88 � 10�5

and 2.37 � 10�4 M, respectively. Although the site at which fluo-
rescence quenching occurred was not clearly analyzed, it was
hypothesized that the fluorescent property of lanthanide may play
a crucial role in the highly sensitive detection of these chromates.

Although several electrochemical methods have been devel-
oped for the detection of S2O8

2�, the luminescence sensing of
S2O8

2� has not been extensively studied. Recently, Zhao and
coworkers reported a viologen-based Cd-MOF that exhibited excel-
lent S2O8

2� detection by enhancement of luminescence [412]. Inter-
estingly, the MOF showed a very fast response of only 2 min.
Spectroscopic analysis proved that the nitrate (NO3

�) anions in
the pores of the Cd-MOF were responsible for the selective detec-
tion of S2O8

2� in aqueous media.

� Explosive sensing

The development of simple, sensitive, and efficient sensors for
the analysis of toxic explosives is urgently needed to overcome
the associated environmental and human health issues. In this
regard, Zhao and coworkers reported an MOF composite material
(AuNCs/ZIF-8) that exhibited selective detection of 2,4,6-
trinitrotoluene (TNT) over other nitroaromatic explosives [413].
Time-dependent quenching studies revealed the sensor probe
reached equilibration within 2 min. Moreover, concentration-
Fig. 47. Selectivity of the fluorescent sensor with AuNCs/ZIF-8. (a) Fluorescence quenc
studied nitro explosives. Reproduced with permission from [413]. Copyright 2020 Elsev

Table 25
Emission and quantum yield of light emitting MOFs.

MOF compound Emission wavelength (nm) Q

LMOF-305 550 8
CdTe-CP1 412, 563 1
FSDCd 585 –
TCPPy@UiO-66-(NH2)0.62(diOH)0.3 (y = 0.098) 645 –
R6G@ZIF-82 553 6
DBNT@UiO-66 ~ 538 2
CDs/Zr-MOF 450, 550 3
dependent signal analysis demonstrated that the MOF sensor had
a detection limit of 5 nM for TNT (Fig. 47). It should be noted that
the quenching efficiency of the sensor for TNT, among other
nitroaromatic explosives, followed the order of the electron-
withdrawing ability of the analytes: TNT > 2,4,6-trinitrophenol
(TNP) > 2,4-dinitrotoluene (2,4-DNT) > 4-nitrophenol (4-N
P) > 1,3,5-trinitro-1,3,5-triazinane (RDX).

A lanthanide-based MOF ([Tb(TCBA)(H2O)2]2�DMF) was
employed for the selective sensing of TNP, a simulant of TNT
[414]. The luminescent probe exhibited excellent sensing ability,
with an extremely low detection limit of 1.64 ppb. The strong
quenching efficiency of the probe toward TNP was attributed to
dipole–dipole interactions and p–p stacking between TNP and
the p-conjugated MOF ligand. These results highlight the impor-
tance of ligand selection for aromatic explosive detection. A novel
fluorescent MOF (HNU-34, HNU = Hainan University) was also pre-
pared for the detection of various aromatic nitrophenol explosives
[415]. The HNU-34 probe showed high efficiency and selectivity for
the detection of nitrophenol derivatives. Sensing studies revealed
that the quenching effect was higher for 2,6-DNP (2,6-
dinitrophenol) than for TNP, with evaluated LODs of 29.45 and
36.15 nM, respectively. The authors proposed that the photoin-
duced electron transfer mechanism influenced the quenching
effect of dinitro and trinitro phenols.
5.8.3. Light-emitting diodes (LEDs)
The exceptional photoluminescence behavior of LMOFs has

been widely exploited in LED applications. Indeed, the photolumi-
nescence can occur from diverse energy or charge transfer mecha-
nisms ensuing from the structure–property relationships of MOFs
[425]. Therefore, there is a key focus on effective strategies such
as metal–ligand combinations and immobilizing luminescent
guest molecules and multifunctional moieties into the MOF net-
work to enhance and tune the luminescence properties. In this sec-
tion, we highlight the recent developments in LMOFs for utilization
in LED applications (Table 25).
hing efficiency towards different concentrations of explosives. (b) Structure of the
ier Publisher.

uantum yield (%) Emission lifetime CIE color coordinates Ref

8.2 3.98 ns – [426]
8 11 ns (0.33, 0.32) [427]

218 ps – [429]
13.6 ns (0.30, 0.30) [430]

3.1 – – [428]
2.7 – – [428]
7 7 ns (0.31, 0.34) [431]



U. Ryu et al. / Coordination Chemistry Reviews 426 (2021) 213544 63
The development of rare-earth-free yellow phosphors has enor-
mous advantages for white LED applications. In this context, Li’s
group prepared lanthanide-free MOFs for yellow LEDs [426]. To
achieve yellow light emission, a highly conjugated organic ligand
was prepared and reacted with Zn ions for MOF synthesis, resulting
in the formation of an LMOF denoted as LMOF-305. Although
LMOF-305 originated from the reported LMOF-231, improved pho-
toluminescence quantum yield was obtained owing to the inclu-
sion of the fluorinated ligand (H4tcbpe-F) into the MOF network.
Through spectroscopic measurements and DFT calculations, the
authors predicted the structure of the organic ligand before the
synthesis of LMOF-305 for yellow light emission. The LED perfor-
mance test revealed that LMOF-305 emitted yellow light at
550 nm with 88.2% quantum yield. The luminescence lifetime
was 3.98 ns with 450 nm excitation. It should be noted that the
high quantum yield of was attributed to the 20% increase in blue
light absorption owing to the inclusion of guest linker in LMOF-
305.

The incorporation of light-emitting NPs into the pores of an
MOF network has also been used for the preparation of a white
LEDs. Light-emitting CdTe quantum dots were prepared and
immobilized in/on a Cd-based MOF network, CP1 [427]. Photolu-
minescence measurements showed that the CdTe quantum dot-
functionalized CP1 (CdTe-CP1) showed two emission peaks at
412 and 563 nmwith 330 nm excitation (Fig. 48a, b), which clearly
indicates the white-light emission with CIE index (CIE = Commis-
sion international ed’Eclairage) of (0.33, 0.32). The intense white-
light emission of CdTe-CP1 was attributed to charge-transfer phe-
nomenon, as confirmed by quantum yield calculations and lifetime
decay studies.

Fluorescent dye-doped MOFs have attracted great attention for
white LED (WLED) applications. Li’s group reported two novel dye-
Fig. 48. (a) Photoluminescence spectrum of CdTe@CP1 at excitation wavelength of 330 nm
diagram. Reproduced with permission from [427]. Copyright 2020 Royal Chemical S
composites. (d) The generation of white light from a blue light source and a blue-excitabl
and (f) on; and the (g) LED lamp coated with R6G@ZIF-82 when turned on. Reproduced w
self-assembly of luminescent dye fluorescein and metal ions into functional MOFs. (i) C
different excitation wavelengths. Reprinted with permission from [429]. Copyright 2019
encapsulated MOF composites prepared by the in-situ incorpora-
tion of yellow phosphor dyes, rhodamine 6G (R6G), and 4,9-dibro
monaphtho[2,3-c][1,2,5]thiadiazole (DBNT), into ZIF-8 and UiO-
66 MOFs [428]. These LMOFs exhibited white-light emission upon
excitation by blue light (Fig. 48c). To combat luminescence inter-
ference of the nanocomposites from the surface of the R6G guest
molecules, R6G@ZIF-8 was covered with an additional shell of
ZIF-8 (denoted as R6G@ZIF-82). Under blue light excitation at
450 nm, R6G@ZIF-82 emitted a bright yellow light and possessed
a high internal quantum yield of 63.1%. However, the
DBNT@UiO-66 nanocomposite exhibited white light emission with
a poor quantum yield of 22.7% under similar excitation wave-
lengths. The coated R6G@ZIF-82 composite therefore has practical
use in white-LED applications for commercial blue light bulbs
(450 nm) (Fig. 48d).

Similarly, Maity et al. developed three MOF composites with
encapsulated fluorescein dye (FSD): [Co2(FSD)2(H2O)4]�H2O�MeOH,
[Mn2(FSD)2(H2O)4]�H2O�MeOH, and [Cd2(FSD)2(H2O)3(MeOH)]�2
(H2O), denoted as FSDCo, FSDMn, and FSDCd, respectively [429].
The prepared MOF composites showed multi-color light emissions
under unpolarized and polarized light. Under unpolarized light,
FSDCo and FSDMn exhibited a shiny green color, while FSDCd pos-
sessed a dark brownish color. Upon irradiation with polarized light,
FSDCo and FSDMn showed multi-colors of green, blue, and brown,
while FSDCd strictly emitted green and brown colors. The exhibi-
tion of multi-colors was attributed to the low optical bandgaps
of 1.8 and 1.83 eV for FSDCo and FSDMn, respectively, while FSDCd
had a notably higher optical bandgap of 2.11 eV. In addition, the
researchers investigated the light-emitting properties by confocal
microscopy, and found that FSDCd responded with rare tricolor
(blue, green, and red) light emissions, whereas FSDCo and FSDMn
exhibited dual color emissions (blue and green) under various laser
and (inset) the photograph of white light emission after illumination. (b) CIE index
ociety. (c) Scheme for synthesis of MOF and yellow phosphor based host–guest
e yellow phosphor. (e) Photographs of blue light LED lamp (450 nm) is turned (e)off
ith permission from [428]. Copyright 2019 Royal Chemical Society. (h) Illustration of
onfocal microscopic images and merged images of the single crystals of FSDCd at
American Chemical Society.
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excitation wavelengths (Fig. 48h, i). Interestingly, the authors
reported pleochroism and reversible piezochromism in the dye-
encapsulated MOFs, which was previously unprecedented for
MOF-based LED chromophores.
6. Conclusions and outlook

During the last a couple of decades, most of the research effort
has been devoted to the development of newMOFs and the demon-
stration of unique properties such as gas sorption/separation, catal-
ysis, transport, and light-emitting, for practical applications. Based
on the fundamental research, interest in MOFs has moved beyond
purely academic to engineering processes and new applications,
which open new opportunities in various industries. It is a good
time to review the latest advances in MOF researches for the devel-
opments in engineering processes and future applications. In this
review, we surveyed the criteria for commercial use, the engineer-
ing process for mass production and post-process, and future appli-
cation areas of the MOFs along with representative examples of
recent studies. In particular, principle requirements, including sta-
bility, producibility, regulation, and production cost of theMOFs are
reviewed. Engineering processes for the mass production of MOFs
are reviewed in processes of synthesis, product recovery, solvent
exchange, and drying. Each process are separately discussed as
the manufacturing process can be composed depends on the on-
site situation and demands. We also explored the post-processing
of MOFs, including shaping and dispersion processes, making MOFs
used in large-scale applications.

We then turn to the recent developments in upcoming applica-
tions of MOFs. We describe their use as adsorbent materials for air
purification devices, with a particular focus on removal of particu-
late matter, toxic gases, volatile organic compounds, and chemical
warfare agents. Following this, we discuss their use as adsorbents
for the removal of biological toxicants. Several porous adsorbents
have been investigated for the removal of uremic toxins in artificial
kidney applications, yet crystalline and porous MOFs are expected
to play a vital role in addressing the unresolved problems with
other porous materials for this application. The porous structure
of MOFs has led to their use as efficient antibacterial agents for var-
ious biomedical applications, with often exceptional antibacterial
behavior. We discuss the different methods of imparting antibacte-
rial functionality to MOFs, as well as the mechanisms by which
their antibacterial activity occurs. Several important works that
present various MOF-based compounds for bactericidal applica-
tions are discussed, along with their possible working mechanisms.
Another key research area for MOFs is their use in solid-state elec-
trolytes in energy storage and conversion applications, as well as
electrode materials for energy storage applications. We cover some
of the most recent research into proton- and ion-conducting MOFs
for fuel cell and battery solid-state electrolyte applications. Follow-
ing this, we describe the developments in MOF-based materials for
anode and cathode materials in rechargeable batteries (Li- and Na-
ion batteries) and supercapacitors. Recently, MOFs have been
employed to develop interlayer dielectric materials with low
dielectric constants (k) for microelectronic device applications.
Low-k dielectric materials are necessary to overcome issues with
the miniaturization of integrated circuits with higher speeds. We
describe many of the recently designed MOF-based materials with
ultralow k values, which provide a platform for the development of
superior microelectronic devices. Finally, we describe the lumines-
cent behavior of MOFs and utilization of luminescent MOFs for
sensing and light-emitting diode applications. The luminescence
of MOFs can be easily tuned by inserting guest molecules into
the pores of the MOF, which can be readily adopted for sensing
applications and has been widely exploited in LED applications.
With remarkable industrial interest, commercialization and
industrialization of MOFs are emerging in various areas. Although
many challenges and opportunities are still remaining, the manu-
facturing process would eventually be developed, and low-cost
production can be achieved by economies of scale. The commer-
cialization of MOFs would also be arisen in upcoming applications
that are not currently well known in MOF field. We believe that the
MOFs should be commercialized in the new area with relatively
small quantity during the development of their processes engi-
neering to the larger scale and lower production cost. Therefore,
more efforts from academia, and various startup and global compa-
nies should be devoted to develop the production and engineering
process, and game-changing applications of MOFs that can create
added value for a better future.
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