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Since metal-organic frameworks, a versatile class of crystalline organic—inorganic hybrid materials fea-
turing well-aligned intrinsic porosity, have come of age, the research focus has shifted from structural
considerations toward the many fascinating properties enshrined in their real industrial applications.
However, most MOFs reported to date only have microporous structures, which restrict mass transfer
and inhibit macromolecules from accessing their pores. Hierarchically porous MOFs have been
proposed because mesopores or macropores can alleviate these challenges. The strategies used to
construct hierarchically porous MOFs have been discussed in this review article based on the pore size
typically generated by each method and several instances of their applications in adsorption diffusion
are shown. These applications demonstrate that the mass transport rate of hierarchically porous MOFs is
improved when compared to pristine microporous MOFs, which is expected to solve the key problems
found in application fields such as adsorption, catalysis, and sensing. Finally, the properties and
challenges of hierarchically porous MOFs have been summarized, along with some recommendations

rsc.li/frontiers-materials for their future development.

1 Introduction

Metal-organic frameworks (MOFs) represent a new research
direction combining coordination chemistry and materials
science."”” MOFs have developed rapidly and spawned a new
class of porous materials after molecular sieves and porous
organic polymers, which usually have the advantages of high
porosity, low crystal density, and tunable pore size.> MOFs are
porous materials formed via the self-assembly of metal nodes
(or metal cluster) with organic ligands to develop a periodic
porous framework. The self-assembly process strongly depends
on the coordination preferences of the secondary structure
units (SBUs) and the length and rigidity of the ligands used.
In addition, it is affected by different reaction conditions,
including the type of solvent, reaction temperature, reaction
time, and ratio of metal ions to organic ligands.”® The combi-
nation of different structural units allows this material to form
functionalized porous surfaces as well as diverse structures.
Therefore MOFs are considered ideal adsorbents for adsorption and
separation.®’ Similarly, the wide range of potential applications of
MOFs in gas storage,® photochemistry,’ catalysis,'” and sensing™*
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have also attracted extensive interest from researchers. Currently,
more than 28000 articles on MOFs have been recorded at the
Cambridge Crystallographic Data Centre'>"® and the research
direction on MOFs has gradually developed from the construction
of different structures to the possibility of their actual application.

International Union of Pure and Applied Chemistry (IUPAC)
has defined pores with a pore size of <2 nm as micropores,
pores in the range of 2-50 nm as mesopores, and pores
>50 nm as macropores. In the field of gas separation, a proven
strategy is to use micropores of pore sizes between the dynamic
diameters of the gas molecules to sieve the gas mixture.
However, in practical applications, the active sites of microporous
porous materials are usually confined to the micropores, making
the intrinsic mass transfer rates of microporous porous materials
severely limited in catalytic and adsorption processes.** Despite
the high selectivity of microporous MOFs for the separation of
specific gas components, they are limited by slow mass transfer
rates and low separation productivity. Thus, they have not been
widely applied in industry." To date, the majority of the reported
MOFs are microporous and only a few MOFs materials have
mesoporous or macroporous structures.®!”

The drawback that microporous MOFs restrict mass transfer
and macromolecule passage can be solved by extending the
chain length of the ligand to directly enlarge the pore size of
MOFs. Therefore, the design and synthesis of long-chain
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organic ligands have been of great research interest, but the
pore size has only been increased to 98 A, which is probably the
limit of what can be achieved by extending the ligand length."®
Moreover, MOFs with extended ligand-constructed mesoporous
structures usually collapse rapidly upon removal of the solvent
because mesoporous topologies are more fragile than micro-
porous structures. In addition, such extended ligand-constructed
mesoporous MOFs are also prone to forming interpenetrating
structures, leading to a significant reduction in the specific
surface area and pore size. Therefore, the construction of
hierarchically porous MOFs has been proposed to solve these
problems. Two or more composite pore sizes in the same
material is the key characteristic of hierarchically porous MOFs.
When compared with conventional MOFs, the introduction of
some larger pores can provide two or more pore advantages at
the same time, such as the advantages of high specific surface
area provided by micropores and the reduction of the molecular
mass transfer resistance and accessible entrance of large
molecules provided by mesopores and macropores.® As a result,
hierarchically porous MOFs show great promise for various
applications in the petrochemical industry.>®

In most cases, the formation mechanisms of pores with
similar sizes tend to have similarities during the formation of
the hierarchical pores in MOFs. Therefore, the construction
methods can be effectively classified according to the pore size
formed by the hierarchical pores. In this paper, we introduce
the methods used to construct hierarchically porous MOFs
from micropores (mostly ligands with different functional
groups are introduced), mesoporous (mostly pores formed by
defects within the crystals), and macropores (predominantly
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pores formed by crystal stacking), and present the application
advantages of hierarchically porous MOFs in adsorption and
catalysis, as shown in Scheme 1.>'728

2 Constructing strategies at different
pore scales

Extensive efforts have been made toward the construction of
porous materials used for gas adsorption and separation,
including hierarchically porous materials. For example, in our
recent work, donut-like zeolite K-chabazite nanocrystal aggregates
were obtained using a facile and green seed-passaging method,
which exhibited a hierarchical macro-meso-microstructure.*
The gas diffusion rate of this hierarchically porous material was
significantly improved when compared to commercial adsorbents
and exhibited the highest CH, adsorption capacity and separation
performance recorded among commercial zeolites reported to
date. Based on the characteristic that the pores of MOFs are more
accessible to regulate than zeolites, it is expected that hierarchi-
cally porous MOFs will exhibit higher performance. Consequently,
hierarchical porous MOFs with various mechanisms and their
preparation methods are constantly emerging."”>'****> The
current methods used to construct hierarchically porous MOFs
usually have some drawbacks. For example, the template is easily
repelled during the crystal growth process. In addition, it is
difficult to control the pore size accurately in the strategies
used to introduce defects, which usually results in the formation
of a wide range of pore sizes. In addition, the etched pores are
not uniform, which can easily cause pore blockage and the

Compositeg

Scheme 1 Constructing strategies of hierarchically porous MOFs with different pore size ranges and their applications in adsorption and catalysis.
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introduction of impurities; the mixed ligand and MOF-on-MOF
methods can only be used in a narrow range. Due to these
drawbacks, these methods are generally not universal. To date,
mesopores with relatively uniform pore size and adjustable range
can be obtained using surfactants as templates. However,
hierarchically porous materials simultaneously containing micro-
pores, mesopores, and macropores have been rarely reported.
Therefore, it is necessary to summarize the existing methods used
to construct hierarchically porous and combine the advantages
and disadvantages of the evaluation methods used for each
application in order to obtain a general strategy for constructing
hierarchically porous MOFs with adjustable pore diameters under
relatively mild conditions.

2.1 Micropore scale

There are two main ways to construct MOFs with microporous-
microporous hierarchical structures. One is the use of mixed
metals and the other is to utilize mixed ligands (usually mixing
the original ligands with derivatized ligands). The mass trans-
fer rates of different molecules within MOFs are affected by the
pore size, but also depend on the pore chemistry, therefore,
appropriate ligands and metals can usually be selected to
adjust the mass transfer rate of different molecules according
to the type of functional groups present.*®

2.1.1 Mixed metal strategy. There are usually two synthetic
approaches used for the mixed-metal strategy: (1) metal
exchange and (2) mixed-metal synthesis. The first approach
involves direct synthesis from a mixture of the metal salts and
MOFs. Mixed metals change the size of the original pores in the
MOF. They can affect the adsorption and diffusion of different
molecules or provide different active sites, and even improve
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the adsorption capacity. For example, Ti-exchanged UiO-66
exhibits an excellent CO, uptake capacity. After partial substi-
tution of Zr** by Ti*" in Ui0O-66, the CO, adsorption capacity at
273 K increases from 2.3 to 4 mmol g~ (81 wt% improvement).
When compared with pristine UiO-66, the exchanged UiO-66
(Ti/Zr) has a smaller pore size and stronger interaction between
CO, and the Ti*"-nodes, both of which are beneficial to improving
the CO, adsorption capacity.”” A schematic diagram of CO,
adsorption by Ti-exchanged Ui0O-66 is shown in Fig. 1a.*® The
other approach is to introduce the second metal during the
synthesis process. MOFs containing more than two metal ions
mixed in one secondary structure unit are rare because the
synthesis usually produces a mixed MOF phase rather
than pure phases of the mixed metal MOF (MM-MOF). Wang
et al. have directly synthesized MOF-74, which is capable of
containing 10 different metals in pure phase crystals, as shown
in Fig. 1b.*® Controlling the spatial distribution of multiple
metals in mixed-metal MOFs and the uniform distribution of
mixed-metal secondary building blocks requires further under-
standing of the crystal formation mechanisms and interactions
formed between the metals and ligands. When compared to the
introduction of mixed metals during the synthesis process,
metal exchange after synthesis is more likely to form a
homogeneous phase.

2.1.2 Mixed ligand strategy. The mixed ligand strategy
involves the introduction of active sites with different func-
tional groups on the basis of the original MOF structure.
Therefore, the pore size change is usually in the micropore
range. Deng et al. introduced the first (MTV) MOF-5 with
multiple ligands. Up to eight different ligands were simulta-
neously constructed in the MTV-MOF-5 materials (Fig. 1c).>
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Fig. 1 (a) Ti-Exchanged UiO-66 enhances CO, adsorption capacity.*’*® Reprinted with permission from ref. 48. Copyright 2013, The Royal Society of
Chemistry. (b) Pure-phase MOF-74 crystals containing 10 different metals.*® Reprinted with permission from ref. 49. Copyright 2014, American Chemical
Society. (c) MTV-MOF-5 was constructed simultaneously with eight different ligands.>® Reprinted with permission from ref. 50. Copyright 2010, American

Association for the Advancement of Science.
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BET analysis shows that the specific surface areas of MTV-MOF-
EI and MTV-MOF-EHI are lower than that of MOF-5, but their
CO, adsorption capacities significantly increase. In addition,
mixed ligands lead to an increase in the CO,/CO selectivity;
the selectivity of MTV-MOF-EHI was improved by a factor of ~4,
indicating that MTV-MOFs exhibit a substantial recognition of
CO,. Although the mixed ligand strategy has the advantages of
pore size adjustment and functional group modification, there
are still shortcomings in its application. The main problem is it
is difficult control the structure constructed by the mixed ligands
and the following two situations often occur: (1) the different
ligands are unevenly distributed in the crystal and (2) the
different ligands each grow into separate crystals.

In some cases, however, the pores introduced by the mixed
ligands are mesopores as a result of a lack of ligands, mostly
due to the different properties of the ligands used. For example,
Jin et al. proposed a mixed ligand strategy to form hierarchically
porous MIL-125 based on differences in the electronegativity.”*
Hierarchically porous MIL-125 with a series of continuously
tunable mesoporous pore sizes can be obtained by simply
adjusting the molar ratio of the two organic ligands, BDC-NH,
(2-aminoterephthalic acid) and BDC (terephthalic acid). In addi-
tion, trimesic acid (btc) can be mixed with pyridine-3,5-
dicarboxylate (pydc) to introduce structural defects to construct
hierarchically porous Ru-MOF and reduce the valence of the Ru
metal.>®> Mixed ligands can also be introduced under mild
conditions utilizing a post-synthetic exchange (PSE) strategy,”*™°
which was named by Kim et al.>® Cai et al. developed a general
post-synthetic ligand substitution (PSLS) strategy to obtain more
than 10 g of hierarchically porous UiO-66 and its composites

Microporous MOF
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using a simple reflux system.>” This strategy opens new doors for
the fast, facile, versatile, and large-scale production of HP-MOF
and its related composites to expand the application of conven-
tional microporous MOF-based materials.

2.2 Mesopore scale

The principle of most methods used to construct mesoporous
MOF is the formation of defects on an ordered network backbone,
which is a simple and important method to obtain hierarchically
porous MOFs. However, there are obvious disadvantages to this
method, such as the difficulty to precisely control the pore size
and the stability of the resulting structures. Structural stability not
only refers to the overall structure of the MOF, but also refers to
the mesoporous region after the formation of defects. The struc-
tural instability of the mesoporous region after the formation of
defects causes part of the MOF structure to collapse, which cannot
form uniform mesopores. There are several main strategies for
defect construction, such as the post-treatment strategy, modera-
tor strategy, and template strategy. In addition, conventional
construction methods used to prepare mesoporous structures
also include nucleation kinetics and MOFs composites.

2.2.1 Post-treatment strategy. The purpose of the post-
treatment strategy is to form defective structures in order to
construct mesopores. There are several main strategies used for
defect construction, one of which is to controllably construct
hierarchically porous MOFs using partially unstable ligands in
mixed ligand systems under specific conditions. The process of
constructing hierarchically porous MOFs using this method
generally involves the initial synthesis of a pure phase MOF
with both stable and unstable ligands. Defects are subsequently
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Fig. 2 (a) Schematic illustration of the process for obtaining hierarchically porous PCN-160 from chemically labile CBAB ligands.>® (b) Schematic
illustration of the post-synthesis hydrolysis to obtain the hierarchically porous POST-66(Y).®* Reprinted with permission from ref. 61. Copyright 2015,
Wiley. (c) The reduction of HKUST-1 by methanol steam formed hierarchically porous.®? Reprinted with permission from ref. 62. Copyright 2019, Wiley.
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formed to generate mesopores by removing the labile ligand.
This method can controllably construct a hierarchically porous
structure in a stable MOF. Hierarchically porous MOFs can be
constructed using chemically unstable ligands. For example,
Yuan et al. partially replaced the stable ligands in PCN-160 [Zr-
AZDC] (AZDC = azobenzene-4,4'-dicarboxylate) with labile CBAB
(4-carboxybenzylidene-4-aminobenzoate), followed by the hydro-
lysis of CBAB, which can achieve a controllable pore size from
1.5 to 18 nm, as shown in Fig. 2a.”® The pore size of the resulting
MOF can be controlled by two factors, the labile ligand content
(i.e., the percentage of CBAB in PCN-160) and the concentration of
acetic acid used during the hydrolysis step. Furthermore, hier-
archically porous MOFs can also be constructed using thermally
unstable ligands. Different from utilizing the chemical instability
of the ligand, Feng et al. proposed a relatively general method,
known as ligand pyrolysis, which can controllably generate meso-
pores in Ui0-66-NH,.”® The ultra-small MO@HP-MOF composites
(MO = ultra-small metal oxides) were formed via precise control of
the decomposition temperature and exhibit stronger adsorption
and catalytic performance. In addition, mesopores structures also
can be constructed using another nine relatively thermally
unstable ligands, indicating that this strategy is relatively versatile
for the construction of UiO-66-based materials. The advantage of
this method is that the crystallinity and the chemical stability of
the MOF can be maintained after the ligand pyrolysis step
generates the hierarchically porous structure. By controlling the
pyrolysis temperature, heating time, and ratio of thermolabile
ligands, the pore size can be tuned from 0.8 to 15 nm. However,
the ligand-destabilized method requires the MOF to be highly
stable.

Defect construction can also take advantage of the relative
stability of MOFs. This method produces defects in a straight-
forward way by precisely dissolving a portion of the MOF
crystals, forming mesopores with a pore size distribution that
is typically broader than that of the mesopores formed using
the ligand instability method. According to the different pro-
cessing methods used,®® most of these methods used to con-
struct mesopores via etching the crystal can be divided into
liquid-phase, gas-phase, and metal reduction (the principle is
to reduce the coordination number of the metal, resulting in
the absence of ligands and the formation of defects) methods.
Liquid-phase etching methods include that reported by Kim
et al., which obtained hierarchically porous POST-66(Y) via
hydrolysis.°® This method generates mesopores in the range
of 3 to 20 nm in the MOF, which can be controlled by adjusting
the time and temperature of hydrolysis, as shown in Fig. 2b.
The resulting mesopore size increases upon increasing the
dissolution time or temperature. Since the bridging ligands of
some MOFs are carboxylic acid ligands, these MOFs are usually
unstable under alkaline conditions. Etching these MOFs in
alkaline solutions is likely to cause the rapid collapse of the
MOF structure, so that the crystal can be etched with alkaline
vapors under relatively mild conditions. For example,
Albolkany et al. were the first to propose an ammonia etching
strategy for HKUST-1, which can reversibly generate and repair
mesopores with tunable pore size.>* This strategy can generate
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ordered mesopores on specific crystal planes of carboxylate-
based microporous MOFs without affecting the crystal mor-
phology. The pore sizes of the mesopores can be controlled by
the etching temperature and the porosity of the mesopores can
be adjusted by the pressure of etchant. The resulting meso-
pores can also be modified using the MOF precursor solution
for controllable mesopore generation or encapsulation of the
adsorbed molecules.

In addition, another method used to construct mesopores
utilizing the crystal instability strategy is the metal reduction
method. For example, Qi et al. reported an approach to con-
struct hierarchically porous structures in HKUST-1 by tuning
the valence state of the metal ions, as shown in Fig. 2¢.°” Their
experiments showed that a portion of the Cu" sites was reduced
to Cu' by the CH;OH vapor, which destroys some of the
coordination bonds, resulting in the formation of mesopores
in the microporous framework and the formation of macro-
pores. Moreover, Song et al. used hydroquinone (H,Q) to reduce
Cu”" ions in HKUST-1 for the first time to obtain mesopores.®®
Using single-crystal X-ray diffraction, CO adsorption, and
'"H NMR spectroscopic analysis, it was demonstrated that the
treatment of HKUST-1 with H,Q under anhydrous conditions
resulted in the reduction of 33.3% of the Cu®" sites (half of the
framework Cu’ and half of the free Cu" sites). The reduction
reaction will not proceed any further once 33.3% of the Cu*"
sites are reduced to Cu'. This phenomenon is due to the fact
that HKUST-1 has a limited number of pore cages. Further-
more, coordination reduction results in a significant enhance-
ment of the hydrolytic stability of HKUST-1, which remains
structurally intact even after two years of exposure to humid air.

2.2.2 Modulator strategy. The modulator strategy usually
involves co-assembly with monocarboxylic acids to controllably
create defects. Liu et al. used a low-dose HRTEM technique to
study the defects of formic acid regulators constructed in UiO-
66 during the synthesis process via direct imaging and some of
the images are shown in Fig. 3a.°* It was found that ligand
defects predominate, while cluster defects only appear in small
regions; as the crystal grows, only the ligand-lacking defects
remain. The defect evolution can be reversed by increasing the
concentration of the regulator (formic acid). These observations
provide insight into the evolution of MOF defects, including
their types and distributions. Kim et al. first proposed an acetic
acid co-assembly strategy to generate mesopores in HKUST-1.°>
This hierarchically porous HKUST-1 material exhibits a higher
methane adsorption capacity (13% higher storage capacity at
65 bar) and significantly increased surface area (from 1787
to 2396 m”> g~ ') when compared to the original HKUST-1.
Carboxylic acids coordinate with the metal ions to form
metal-oxygen clusters. At the same time, the alkyl chains create
structural defects and additional pore space, so the pore size
can be systematically tuned by varying the length and concen-
tration of the modulators used. Kirchon et al. obtained PCN-250
with tunable mesopore pore sizes using fatty acids with differ-
ent alkyl chain lengths and concentrations as the regulator, as
shown in Fig. 3b.%° Similarly, Cai et al. used a monocarboxylic
acid as the modulator to prepare hierarchically porous MOFs,

2948 | Mater. Chem. Front., 2022, 6, 2944-2967 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022


https://doi.org/10.1039/d2qm00557c

Published on 10 agosto 2022. Downloaded on 14/08/2024 23:21:16.

Review

1200 - =
. $ 4
on 2 Ui0-66:D
’ N
1,000 1< 1 suOesP @ A s
& « e [C3Moduiater ¢
200

5
800} ° closee
§

°
1 ¥
600 oo femdt Lt
0 ERES .
oy S
400 BT LA

=D D
T2 00 0000 0D DO O DDDD

200 4

0

0.0 0.2 0.4 06 08 1.0

Vclume adsorbed (cm®g™")
1012|NPON 90

Relative pressure (P/P,)

. @@

Internal

MOF

View Article Online

Materials Chemistry Frontiers

o7

oK activation ﬁ
18— 18—
Microporous MOF
e s 3 e T
. @%@ 5 e T %
TERE AR kb X & } : -
ik @ o 2 o XS X Pz A
b 4 e IR e o ok b
i ey b gl
x 5 & o FAGRH A
4 HQ HQ A ¥
At @ oibedt ¥k RN OB o
ot @ soraghes WA £ S o
@zr )"\ modulator +O~soC DO mesopore or macropore
0.04
2acid
-~ 8 acid
oo i ——12acid
o .»[ ——16 acid
£ 0.
e
g
20.
3

4 6 8 10 12 14
Pore Diameter (nm)

12 acid (0)
——12 acid (20) | &
——12 acid (35)
——12 acid (50)

°
=
2

dV/dD (cm’/g STP)
o o ¢
s 3
2 B

14
=S
3

14

4 6 8 10 1
Pore Diameter (nm)

Fig. 3 (a) HRTEM analysis of missing ligands in UiO-66.%* Reprinted with permission from ref. 64. Copyright 2019, Nature Publishing Group. (b)
Schematic diagram of the preparation of hierarchically porous PCN-250 with monocarboxylic acid as modulator.®® Reprinted with permission from ref.
66. Copyright 2019, Wiley. (c) The pore size of mesoporous UiO-66 is systematically adjusted by changing the concentration of acetic acid.®” Reprinted

with permission from ref. 67. Copyright 2017, Wiley.

including UiO-66 and its derivatives, MIL-53, DUT-5, and MOF-
808, as shown in Fig. 3c.®” Other works using acetic acid as a
modulator to construct hierarchically porous MOFs have been
reported, such as Ma et al. study on UiO-66-NH, with tunable
mesopores They systematically investigated the effect of this
structural defect on photocatalysis.>” Other modulators can be
used to construct hierarchically porous MOFs. For example,
Liu et al. synthesized hierarchically porous HKUST-1 under
hydrothermal synthesis conditions using a simple one-step
mixing of trimesic acid and benzoic acid.®® Using benzoic acid
as the modifier to partially replace the trimesic acid ligands, the
paddlewheel structure was twisted to adapt to its coordination
and in addition to the original micropores in HKUST-1, meso-
pores were generated in this twisted structure. Wang et al. used
trifluoroacetic acid (TFA) as a modifier to construct defects in
UiO-66 to form a hierarchically porous MOF and a number and
types of the structural defects in UiO-66 (i.e., missing cluster
defects or missing ligand defects) could be regulated by precise
control of synthesis or processing conditions. Both types of
structural defects can increase the number of effective open
metal sites.®® The greatest advantage of the modulator strategy
is that it can usually form two pore sizes of mesopores, but
there are still some problems to be solved. First, adjusting the
molar ratio of the modulator cannot precisely adjust the pore
size of the pores formed by the defects. Secondly, the addition
of monocarboxylic acids will affect the formation of MOFs,
especially MOFs bearing imidazole ligands. Consequently, it is
still necessary to solve how MOFs from the same reaction
precursors with different topologies can be used to construct
other building units using the regulator strategy. The key to

fabricating defects in this way is choosing the suitable
modifier.

2.2.3 Template strategy. Another common strategy to intro-
duce defects in MOFs is to use templating agents (such as
surfactants and hard templates). Methods that require the
formation of the template under the reaction conditions (such
as the presence of a surfactant) are known as soft-templating
methods. In contrast, the hard-template method involves the
template to be formed prior to beginning the reaction. The soft-
template method has been widely favored due to its relatively
ubiquitous and tunable pore structure. The soft-template
method has two main prerequisites, the surfactant must form
stable micelles in the solution and the surfactant must form a
strong interaction with the MOF precursor. However, since the
synthetic solution used for the preparation of MOFs is
composed of organic solvents with amphiphilic properties, it
is difficult for most surfactants to form stable micelles. There
are only a few ionic surfactants or amphoteric blocks used for the
preparation of hierarchically porous MOFs. Qiu et al. reported the
preparation of micro-mesoporous HKUST-1(Cuz(BTC),(H,0)3),
which was the first example of the construction of a hierarchically
porous MOF using the soft template method.”” CTAB (cetyltri-
methylammonium bromide) was added to the MOF precursor
solution in the solvothermal synthesis used to obtain hierarchi-
cally porous HKUST-1, in which the molar ratio of CTAB and Cu**
could be adjusted to increase the specific surface area and volume
of the mesopores, and the maximum pore size was 5.6 nm. The
hydrophobic TMB surfactant was used in conjunction with CTAB
to further expand the mesopores and the maximum mesopore
pore size could be extended to 31 nm. MIL-100 can also be
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synthesized using CTAB to build hierarchically porous structures.”*
This showed that in the presence of CTAB, changing the pH
and molar ratio of H,O to EtOH in the synthesis will affect the
micelle configuration and ligand solubility, resulting in three
different topologies: MIL-96, MIL-100, and MIL-110. Controlling
the pH, the molar ratio of the surfactant to metal, and molar
ratio of the solvent (H,O to EtOH) can be used to tune the pore
size of the mesopores between 3 and 33 nm. However, the
template is often repelled due to the weak interaction formed
between the template and the precursors, allowing the indepen-
dent nucleation of the MOFs during the crystal growth process.
Thus, the interactions formed between the metal ions and
surfactant molecules can be enhanced using citric acid.”> The
resulting hierarchically porous HKUST-1 formed 20 nm meso-
pores. They proposed a general co-assembly mechanism, in
which the inorganic salts combine with the surfactant mole-
cules to form intermediates.”® A study has used a dicationic
quaternary ammonium as a soft templating agent utilizing
weak electrostatic interactions to obtain hierarchically porous
Cu-BTC.” 1,3,5-Trimethylbenzene can be used to expand the pore
size of the mesopores with dicationic quaternary ammonium via
their synergistic effects. Recently, Yang et al. constructed regular
macroporous channels up to 100 nm and uniform macroporous
walls of 11-12 nm in UiO-66(Ce) by systematically adjusting the
feed ratio of P123/F127 and the amount of toluene used, as shown
in Fig. 4a.** When compared with the generation of defects or the
use of long alkyl chain ligands, the hierarchically porous MOFs
constructed using the soft templating method can precisely tune
the porosity to form mesopores with uniform pore sizes. The
mesopores introduced using the soft templating method typically
depend on the size of the micelles formed by the surfactant.
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MOFs can also encapsulate nanoparticles with the desired
size and then etch the encapsulated particles to form hier-
archically porous materials. The encapsulated particles need
to have functional groups that can interact with the MOF
precursors. For example, Shen et al. used highly ordered poly-
styrene microspheres (PS) as the hard template and ZIF-8 as the
research object. They reported the world’s first ordered macro-
porous-microporous MOF in the form of a single crystal, as
shown in Fig. 4b. This opened up the field of three-dimensional
ordered macroporous-microporous materials.”® The ZIF-8
precursor was assembled and grown on the highly ordered
monodisperse PS nanospheres. Finally, the PS template was
removed using THF selective etching to obtain the highly
ordered macroporous-microporous ZIF-8 single crystals. The
size of the hard template determined the pore size of the
mesopores. However, hard templates are sometimes tricky to
remove without destroying the crystallinity of the MOF. There-
fore, another approach to the hard template method has been
developed, which is to use the reactant as the template (usually
a metal or ligand source that is insoluble in the solution), and
the formed MOF nanoparticles are stacked and grown around
the template. Therefore, the template is involved in the reaction.
The mesopores formed using the self-sacrificial template
method are constructed via the self-sacrificial formation of
defects. Therefore, the pore size formed using this method also
depends on the size of the template used, but it is not con-
trollable when compared with the soft template method and
other hard template methods. Zhang reported a simple and
effective self-sacrificial templating strategy based on the nano-
scale Kirkendall effect to form hollow nanorod structures of
Co-MOF-74, which can efficiently adsorb/desorb gas molecules.

SOM-ZIF-8@PS

Fig. 4 (a) Construction of hierarchically porous UiO-66(Ce) by soft template method.?* Reprinted with permission from ref. 24. Copyright 2022,
American Chemical Society. (b) Using highly ordered PS to construct hierarchically porous ZIF-8.2% Reprinted with permission from ref. 28. Copyright

2018, American Association for the Advancement of Science.
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This nanostructured MOF-74 shortens the diffusion distance
and increases the rate of CO, gas adsorption under dynamic
adsorption conditions.”> In addition, ionic liquids, CO,-
expanded liquid, etc. can also be used as templates to construct
hierarchical porous MOFs.”®””

2.2.4 Nucleation kinetics. In addition to the methods
mentioned beforehand used to construct mesopores, nucleation
kinetics is a more straightforward method to make the MOF
crystals stack during the crystal growth process to form meso-
porous by controlling several conditions for crystal nucleation
during the reaction. Yue et al reported a rapid template-free
synthesis of hierarchically porous Zn-MOF-74 at room
temperature.”® The morphology of the hierarchically porous
Zn-MOF-74 increases with the reaction time, from the surface
formed by large crystallites to the surface formed by the accu-
mulation of nanoparticles. The reaction solvent can also be
changed to control the crystallinity and adsorption properties
of hierarchically porous Zn-MOF-74. The pore size of Zn-MOF-74/
0.25 obtained after 15 min of reaction was 9 nm, and after 10 d of
reaction this was ~ 15 nm. Besides adjusting the reaction time,
the crystal nucleation can also be influenced by adjusting the
reaction temperature, thereby constructing hierarchically porous
MOFs. Cao et al. controlled the pores formed by the packing of
nano-HKUST-1 particles under solvothermal conditions by sim-
ply changing the synthesis temperature, resulting in mesopores
with pore sizes ranging from 26 to 72 nm.”® When the reaction
temperature was low, small nanoparticles are formed, and when
the reaction temperature is high, the nanoparticles formed
become larger, and larger mesopores are formed by their loose
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packing. Therefore, with the increase in the reaction tempera-
ture, the average pore size of the mesopores increases. Moreover,
this method of constructing mesopores can be applied in other
organic solvents, such as methanol, n-propanol, DMF, etc. The
solvent of the reaction system can also be adjusted, for example,
Li et al. developed a hierarchically porous material comprised of
UiO-66(Hf) and other UiO-66-based MOFs by adjusting the molar
ratio of monocarboxylic acid/water. The mesoporous pore size
can be adjusted in the range from 3 to 13 nm, as shown in
Fig. 52.° As the amount of H,O increases, the crystal size
decreases, and thus, the mesopore size decreases. These experi-
ments show that mesopores are beneficial to the adsorption and
catalysis of macromolecules.

2.2.5 MOF composites. MOFs can also be composited with
porous materials with different pore sizes (including MOFs,
porous organic polymers, and carbon materials). The obtained
porous composites can contain the features of both materials,
which can be widely used in different applications. The com-
posite of MOFs with other MOFs can form porous materials
with both characteristics of the MOFs and two kinds of pores,
and even realize the possibility of one-step separation and
purification or one-step catalysis.®* MOFs composites exhibit
different pore sizes depending on the materials used. MOF-on-
MOF also form mesopores. For example, Zhao et al. showed
that PCN-222 (also known as MOF-545) nanorods can be
selectively grown along both ends of the long ellipsoid axis of
PCN-608 nanocrystals and NU-1000 hexagonal prism-like struc-
tures can be formed along the two basal planes of the nanorod
crystals and the upper and lower basal planes of PCN-134
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(a) Nearly linear adjustment of the mesopore pore size of hierarchically porous UiO-66(Hf) by adjusting the molar ratio of monocarboxylic acid/

water.8% Reprinted with permission from ref. 80. Copyright 2021, Wiley. (b) Selectively grown to form hierarchical structure MOFs.82 Reprinted with
permission from ref. 82. Copyright 2020, American Chemical Society. (c) MOF-74 arrays are closely arranged on the surface of Co/CC rods.?> Reprinted
with permission from ref. 85. Copyright 2020, American Chemical Society.
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hexagonal nanosheets. The Zr-BTB nanosheets selectively grow
on the sides and six edges surface of the PCN-134 hexagonal
nanosheets. A schematic illustration of the selective growth
of MOFs to form a layered structure is shown in Fig. 5b.%% The
MOF-on-MOF strategy usually requires the structure to be
identical to the composite material rather than separate
phases. Zhuang et al. used the same approach to synthesize
composite materials with different crystal structures and
chemical properties.®> A layer of mesoporous silica was
wrapped on UiO-66@ZIF-8 mediated by CTAB, forming a stable
core-shell-shell hierarchical nanoporous material. The main
role of CTAB was to reduce the high interfacial energy caused by
the topological mismatch between the core-shell components.

There are also methods of compounding MOFs with other
porous materials, such as mixed matrix membranes. At the
same time, there are problems such as the incompatibility
between the MOFs and polymer, and clogging of the pores.
Wang et al. reported the conversion of an MOF-on-MOF to
MOF-polymer composite. This templated synthesis allows the
introduction of MOFs of various sizes, distributions, and con-
centrations into polymeric matrices, which partially form
mesopores.®® In the work of Zha et al., a hierarchically struc-
tured Co, Fe-MOF-74/Co/CC (carbon layer) hybrid electrode
nanorod structure was obtained using a simple solvothermal
treatment method.®> MOF-74 arrays are densely arranged on
the surface of Co/CC rods, forming a hierarchical structure, as
shown in Fig. 5c. McDonald et al. uniformly grafted PMMA
(polymethyl methacrylate) on a core-shell MOF, IRMOF-
3@MOF-5, maintaining its internal porosity.*® Since the PMMA
polymerization initiator can be bound to the amino group
using a post-synthesis modification method, the thickness of
the polymer film can be controlled by adjusting the thickness of
the shell layer carrying the initiator. This strategy to form MOF
composites usually enables the materials to exhibit better
properties than single pure-phase MOFs. However, the synth-
esis conditions are relatively harsh, which not only imposes
certain restrictions on the MOFs used, but the stability of the
MOFs is also required in some cases. In general, this strategy is
easier to nucleate on its own than to form composites. Of
course, the most considerable difficulty faced by such compo-
site MOF materials with mismatched topologies is how to solve
the high interface energy as a result of mismatched topologies.®”
To rise above the energy barrier, the use of surfactants or
structure-directing agents is an option to simultaneously grow
two different MOFs, especially with different topological struc-
tures. Otherwise, the crystal growth behaviors need to be
adjusted to overcome the surface energy.®®

2.3 Macropore scale

The macropores introduced in the MOF are usually formed by
the accumulation of MOF crystals and the methods used to
develop macropores by introducing defects are generally diffi-
cult because of their tendency to cause structural instability in
the MOF. The main techniques of MOFs crystal accumulation
to form macropores include MOF gelation, mechanical synth-
esis, and 3D printing.

View Article Online
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2.3.1 Gelation of MOFs. On the macroporous scale, MOF
nanoparticles can stack to form intergranular macropores
using gelation methods. The gelation method combines rigid
frames into flexible gels in various solvents. Lohe et al. reported
the rapid synthesis of MIL-100(Fe) aerogels with internal micro-
pores and macroporosity at room temperature.’® The samples
showed a wide pore size distribution from micropores to
mesopores, and even macropores without long-range ordering.
Xiang et al. explored the gel synthesis of Fe*" and Cr*" metal
ions with various carboxylic acid ligands, while delving into the
gelation process.”® Highly porous aerogels can be prepared
from rigid carboxylate ligands, such as BDC and BTC. Aerogels
have tunable porous structures with micropores and mesopores
that can be adjusted by the reactant concentration. At high
reactant concentrations, Cr-BTC materials are predominantly
microporous, in contrast to hierarchical structures with narrow
mesopore size distributions at lower concentrations. Li et al.
further proposed a general and facile synthesis route for the
two-step gelation of ultralight hierarchically porous MOFs
aerogels to synthesize hierarchically porous MIL-53 nano-
particles with various ligands, as shown in Fig. 6a.>> The first
step of the gelation process is the formation of MOF clusters
and the second step is the breaking of the ligand equilibrium.
The critical factor for inducing the sol-gel transition is the
selection of a suitable gel temperature. The pore sizes can be
adjusted from 3.6 to 87.8 nm by controlling the concentration
or temperature. The temperature causes the MOF crystals to
transform into non-crystalline nanoparticles so that the crystals
no longer grow and cross-link with each other. The mesopore
size of the aerogels can be manipulated by changing the
concentration of the reactants and the mediating effect of
surfactants. The gelation method can obtain hierarchically
porous MOF gels with tunable porosity, high surface area,
and low density. However, the disadvantage is that the original
crystallinity and micropores of the MOF are usually sacrificed.

2.3.2 Mechanosynthesis of MOFs. Mechanosynthesis is an
efficient and environmentally friendly alternative method for
synthesizing MOFs. The MOFs obtained via mechanosynthesis
usually have hierarchically porous structures, which have good
applications in the adsorption of macromolecules and
catalysis.”® Currently, mechanosynthesis allows the preparation
of various MOFs, such as MOF-5,”> HKUST-1,”* MIL-101,°* UiO-
66°> and the ZIF series of MOFs.’®®” These MOFs obtained by
mechanical synthesis usually have high specific surface areas,
which are not lower than MOFs prepared using conventional
solvothermal methods.®® For example, Yang et al. used NaCl or
KCl as a solid solvent and template to assist the mechanical
synthesis of HKUST-1 with microporous, mesoporous, and even
macroporous structures, as shown in Fig. 6b.”° By adjusting the
amounts of NaCl and TED added, the type of mesopores,
proportion of pores, pore size, and number of functional
groups can be controlled. Moreover, the MOFs synthesized
using salt-assisted mechanochemistry exhibit higher perfor-
mance in trapping iodine vapor than the products prepared
via heating in solvent. Furthermore, Tanaka et al. proposed a
mechanosynthetic method in which ZIF-8 could be obtained via
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the rapid reaction of ZnO and 2-methylimidazole under solvent-
free conditions using zinc acetate dihydrate as a partial Zn
source and catalyst, as shown in Fig. 6c.'°® The adsorption
capacity of rhodamine B by mechanically synthesized ZIF-8
(9.6 pmol g~') was much higher than single crystal ZIF-8
(2.9 umol g~ ') because of the macroporous structure formed
by the accumulation of nano-ZIF-8. Under solvent-free condi-
tions, it is safer and more environmentally friendly to use metal
oxides instead of metal salts. For example, Julien et al. demon-
strated the real-time in situ monitoring of Zn-MOF-74 prepared
via mechanosynthesis on a gram-scale. They revealed two new
intermediate phases of ZnO during the direct mechanosynth-
esis of Zn-MOF-74, as well as an unusual stepwise reaction
mechanism in which the tightly packed intermediates react to
form an open framework.'*" The presence of a small amount of
solvent in the mechanochemical synthesis process enhances
the mobility of the metal ions and organic ligands, thus
facilitating the chemical reaction and improving the reaction
rate and crystallinity of the product.'®® For example, water
in the grinding solution accelerates the mechanosynthesis
process and the BET surface area of Zn-MOF-74 obtained from
the synthesis with DMF in the grinding solution matched the
highest value reported to date.'® The hierarchical pore struc-
ture was formed according to type II and type IV isotherms.
Furthermore, ultrasonic synthesis provides MOF crystals with
smaller size.’®* Abbasi et al. reported the ultrasonic synthesis of
hierarchically porous nano-HKUST-1 (U-CuBTC) and compared
the adsorption and release capacity of crystalline violet (CV)
and methylene blue (MB) with HKUST-1 (M-CuBTC) obtained
via mechanical synthesis."®> When compared to M-CuBTC,
U-CuBTC has a lower specific surface area and larger average

mesopore pore size. Upon comparison, the adsorption capacity
of U-CuBTC for MB (33.7%) and CV (27.5%) significantly exceed
that of M-CuBTC for MB (22.9%) and CV (11.9%).

2.3.3 3D printing. Thakkar et al. reported the use of 3D
printing technology to fabricate post-molding MOFs for the
first time and investigated their CO, adsorption properties.'®®
In this study, pre-prepared MOF powder and bentonite (as a
binder) were mixed in ethanol. The resulting mixture was
added to a mixture of polyvinyl alcohol (PVA) and deionized
water to form an extrudable paste, which was then loaded into a
3D printer to produce macroscopically shape-tunable MOF
monoliths, as shown in Fig. 7a. MOF-74(Ni) and UTSA-16(Co)
monoliths with MOF loadings of up to 80 and 85 wt%,
respectively, were fabricated by 3D printing, preserving the
physical properties and complete structure of the pristine
MOF powders. In addition, when comparing the penetration
test of UTSA-16(Co) monolith and powder, the UTSA-16(Co)
monolith reached the adsorption equilibrium faster, indicating
faster adsorption kinetics than its corresponding powder form.
When compared with other methods used to fabricate microporous
MOFs, 3D printing can efficiently synthesize MOFs with multiple
complex structures and easily reproducible experiments.'®” In
addition, the preparation of MOF composites is easier than con-
ventional MOFs that requires the bonding of ligands with specific
functional groups, and 3D printing makes it easier to form MOFs
with additional macroporous when compared to the conventional
solvent thermal synthesis.'® For example, a ZIF-67 monolith with
a macrostructure has been synthesized using 3D printing, as
shown in Fig. 7b."% Current technology for 3D printing MOFs
focuses on the fabrication of molded MOFs monoliths with the
ability to introduce hierarchical structures."'® However, the current
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technology for 3D printing MOFs may be immature and most of
the micropores in the MOFs will be lost in most cases."™ In
addition, 3D printing may not be suitable for synthesizing MOFs
that are unstable in the air because the layer-by-layer printing
process may require prolonged exposure to air (15-120 h)."*> When
3D printing technology becomes more mature, the structure and
pore sizes of MOFs will be tailored more precisely.

3 Hierarchically porous MOFs used for
adsorption and catalysis
3.1 Gas adsorption

The purpose of constructing hierarchically porous MOFs via
various methods is to meet the multiple needs of their practical
applications, such as their widespread use to address slow
diffusion in gas adsorption.*® The pore size distribution usually
enhances the gas adsorption and mass transfer rate of hier-
archically porous MOFs and therefore, they are widely used in
gas adsorption."™® CO,, a major greenhouse gas, is a major
industrial gas that contributes to climate change and global
warming. Therefore, it is of great importance for human devel-
opment to study the removal of CO,.""*™""7 The selective
adsorption of CO,, CH4,"**"?° and H,"***** using mesoporous
MOFs indicates that mesopores have a high gas adsorption
capacity. In addition, hierarchically porous MOFs can also
modulate the shape of the pores or modulate the selective
adsorption of different molecules.*” The improved perfor-
mance of hierarchically porous MOF materials in gas adsorp-
tion compared to pristine MOFs can be presented as an

example of CO, adsorption. This is due to the presence of more
channels in the hierarchically porous MOF crystals, which
increases the specific surface area and molecular diffusion
mass transfer rate, increasing the CO, gas loading rate.'**

A mixed-ligand strategy has been used to construct a hier-
archically porous MOF capable of enhancing CO, adsorption,
which can introduce functional groups that have an effect on CO,
or expose uncoordinated carboxylic acid groups. For example,
Park et al. co-assembled TPTC (terphenyl-tetra carboxylate) and
R-isoph (5-R isophthalic acid, R represents a functional group) to
introduce functionalized mesopores in PCN-125.">> The intro-
duced functional groups enhance the interaction with CO, and
most of the R(N)-PCN-125 materials exhibit higher CO, uptake
and heat of adsorption when compared to pristine PCN-125,
although the specific surface area is lower, and NH,(1)-PCN-125
has a higher CO, uptake at 130 mmHg than pristine PCN-125. The
CO, uptake of NH,(1)-PCN-125 was 30% higher than that of
pristine PCN-125, as shown in Fig. 8a. The functionalized MOF
obtained using this strategy has a better effect on CO, adsorption
when compared with conventional surface modification methods.

Introducing defects into MOFs generally improves their
ability to adsorb CO,. For example, Wu et al. reported a general
gas matching exchange (VPLE) method for the post-synthesis
modification of MOFs."*® Using VPLE, ligands with functional
groups can be inserted into MOF via ligand exchange. VPLE
also allows multi-stage operations to obtain MOF materials
with multiple ligands and functional groups. Among them, ZIF-
8/Br exhibits a high CO,/N, adsorption selectivity of 31.1 and
CH4/N, of 10.8, which are higher than the original ZIF-8
material. Mao et al. developed a ligand-assisted etching process
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Fig. 8 (a) Mixed-ligand strategy to construct hierarchically porous MOFs that enhance CO, adsorption.??® Reprinted with permission from ref. 125.
Copyright 2012, American Chemical Society. (b) Modulator strategy to construct hierarchically porous MOFs that enhance CO, adsorption.?! Reprinted
with permission from ref. 21. Copyright 2011, American Chemical Society. (c) MOF composites to enhance SO, adsorption.*® Reprinted with permission

from ref. 136. Copyright 2016, American Chemical Society.

for the template-free synthesis of hierarchical single-crystal
HKUST-1 at 313 K."*” It was shown that the CO, adsorption
of hierarchically porous HKUST-1 is ~ 1.5 times higher than the
original HKUST-1 material at 223 K and 20 kPa. Even at 323 K
and 20 kPa, the CO, adsorption was 25% higher than that of
pristine HKUST-1. Moreover, the mesoporous structure
enhances the CO, diffusion and mass transfer rate. In addition,
modulator and template strategies have been used to enhance
the CO, adsorption capacity.?""**'*® For example, Choi et al.
demonstrated the highly crystalline hierarchical structures of
spng-MOF-5 (sponge structure) and pmg-MOF-5 (pomegranate
structure) and investigated the CO, adsorption properties of
these hierarchically porous MOFs.”" Although the surface area
of pmg-MOF-5 (3230 m* g~ ) was smaller than that of MOF-5
(3410 m> g7"), pmg-MOF-5 (CO,: 2.0 g g~ " at 195 K and 760 torr)
adsorbs more CO, than MOF-5 (CO,: 1.5 g g’1 at 195 K and
760 torr). When comparing the adsorption isotherms of CO, at
195 K, pmg-MOF-5 forms an adsorption hysteresis loop
between 160 torr and 220 torr that was not observed for MOF-
5 and the amount of CO, adsorbed was significantly higher, as
shown in Fig. 8b. In situ synchrotron powder X-ray diffraction
analysis of the gas adsorption process showed that pmg-MOF-5
has scattered X-ray peaks corresponding to CO, adsorbed in the
micropores and mesopores. In contrast, MOF-5 has scattered
X-ray peaks for CO, adsorbed in the micropore region only.

The additional CO, adsorption in the mesopores and macro-
pores of pmg-MOF-5 was confirmed. Wang et al. obtained
hierarchically porous HKUST-1 with micro-meso-macropores
upon adding compressed CO, during the synthesis process.'*
The obtained hierarchically porous HKUST-1 can be used for the
selective adsorption of CO, and CH,. The results showed that the
adsorption of CH, increased compared to the original HKUST-1
material, but was much lower than the increased adsorption of
CO,. Due to the larger quadrupole moment of CO, molecules
and lower adsorption energy of CH, molecules at the Cu sites,
CO, has a higher adsorption capacity than CH,."*"

In addition, MOFs can also be combined with porous
materials to enhance their adsorption capacity for CO,. Rosi
et al. reported a core-shell MOF with a hierarchical structure
comprised of a bio-MOF-11/14 hybrid core and bio-MOF-14
shell used for CO, adsorption.®* The core-shell MOF com-
prised of bio-MOF-11/14@bio-MOF-14 showed 30% higher CO,
adsorption than bio-MOF-14, but lower N, adsorption than the
bio-MOF-11/14 core. When the core-shell structure was dis-
rupted by grinding the fractured microcrystals, the N, adsorp-
tion amount doubled, but the CO, adsorption capacity remained
the same. It was shown that the bio-MOF-14 shell has a sig-
nificant inhibitory effect on N, adsorption and no effect on CO,
adsorption, combining the advantages of bio-MOF-11 (high CO,
adsorption capacity) and bio-MOF-14 (high CO,/N, selectivity
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and water stability). Singh et al. reported the core-shell synthesis
ZIF-8@ZIF-67 and ZIF-67@ZIF-8 with enhanced H, storage per-
formance (2.03 and 1.69 wt%) at 77 K and 1 bar, which was
approximately 41 and 18% higher than that of ZIF-8, respec-
tively. In addition, the CO, uptake of the core-shell ZIF-8@
ZIF-67 structure (1.67 mmol g ', 7.35 wt%) was two times
higher than that of the core ZIF-8 material (0.83 mmol g,
3.65 wt%) and also higher than that of the shell ZIF-67 material
(1.11 mmol g™, 4.91 wt%)."** Kim et al. prepared a graphene/
ZIF-8 nanocomposite with tunable porosity and surface area,
where the distribution of micro-mesopores and the crystal size
of ZIF-8 can be controlled by simply varying the annealing
temperature of graphene oxide (GO)."** The specific surface area
of GO/ZIF-8 was 720.0 m? g~ ' and the CO, adsorption at 35 bar
and 303 K was 17 mmol g’1, which is much higher than the CO,
adsorption measured under the same conditions for ZIF-8 with a
specific surface area of 1871 m” g~ (8.5 mmol g~ '), indicating
that the synergistic effect between graphene and ZIF-8 can
enhance the CO, adsorption capacity, while the gas molecules
can be rapidly mass transferred to the adsorbent via the meso-
pores. Pressure swing adsorption (PSA) usually requires relatively
high pressure to capture and store CO,, so the GO/ZIF-8 nano-
composite is more favorable for application in PSA than ZIF-8.

Hierarchically porous MOFs with macroporous structures
are generally not used for gas adsorption, but are typically
used for the adsorption of organic molecules and catalysis.
Hierarchically porous MOFs are widely used to enhance the gas
adsorption capacity. For example, Wisser et al. used chitinous
material obtained from sponges as a carrier for MOFs and this
composite has a hierarchically porous structure.**® The specific
surface area of the composite prepared with a 53% (w/w)
loading of HKUST-1 was up to 800 m” g~ !, where the structure
of the mesopores depends on the structure of the chitinous
pores. Ammonia penetration experiments showed the good
adsorption kinetics of the composites. Moreover, SO, is one
of the major gaseous pollutants harmful to the ecosystem.
Zhang et al. adsorbed SO, by compositing MOFs with polyacry-
lonitrile (PAN) into hierarchically porous materials."*® Because
MOFs have more binding sites than PAN, the MOF-199/PAN
and UiO-66-NH,/PAN composites adsorb SO, more effectively
when compared to pure PAN, as shown in Fig. 8c. The N,
isotherms are typical type II curves. Penetration tests indicate
that the hierarchically porous structures in the composites
enhance the mass transfer rate. In addition to the gases
mentioned above, PM (particulate matter) is one of the main
gaseous pollutants found in the environment."*” Wang and
co-workers reported a roll-to-roll hot-pressing method for the
large-scale production of different MOF composites used for
PM adsorption."*® The PM removal efficiency of ZIF-8@Plastic
with a hierarchically porous structure was improved by a factor
of four when compared to the original plastic mesh.

3.2 Adsorption of other molecules

In terms of environmental pollution, heavy metals such as
mercury, cadmium, lead, chromium, and arsenic, are biotoxic
and significant pollutents. Low concentrations of heavy metal
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ions can accumulate in living organisms causing heavy metal
poisoning and carcinogenesis, which can have fatal effects on
humans.’**'*° Since hierarchically porous MOFs are usually
considered promising materials for the adsorption of hazardous
substances due to their simultaneous multiple pore properties,'’
the application of hierarchically porous MOFs has been investi-
gated for adsorption of arsenic**""** and heavy metal ions, such
as chromium,*® lead,*** and cadmium. Liu et al. proposed
a strategy to prepare UiO-66-NH,-CS aerogels (UNCAM) with
hierarchical structures.>” UNCAM exhibited higher mass transfer
rates than UiO-66-NH, powder, as shown in Fig. 9a. The adsorp-
tion capacity for Pb(u) increased with an increase in the UiO-66-
NH, content in UNCAM. The adsorption capacity of UNCAM was
still >90% after three cycles. Wu et al. investigated the synthesis
of ZIF-8 with a double microporous-mesoporous structure using
cetyltrimethylammonium bromide (CTAB) and r-histidine (His)
as co-templates in water at room temperature.'** Experiments
on the static adsorption of arsenate revealed that the As’
ion adsorption capacity of the hierarchical structured ZIF-8
(H-ZIF-8-14) prepared with a CTAB: His molar ratio of 1:4 was
~1.8 times higher than that of ZIF-8 synthesized in an aqueous
system. This may be attributed to ZIF-8 with mesoporous
structures has higher porosity, which facilitates mass transfer
and increases the contact area with arsenate. The arsenate
adsorption capacity of hierarchically porous ZIF-8 was main-
tained after three adsorption-desorption cycles. Some MOF-on-
MOF structures can enhance the mass transfer and adsorption
of macromolecules. For example, Mutruc et al. developed a two-
component core-shell MOF based on UiO-68, which consists of a
core that stores the guest molecule and an azobenzene-ligand
shell that photoisomerizes to control the uptake and release of
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Fig. 9 (a) Hierarchically porous UiO-66-NH, aerogel adsorbs Pb(i).2®
Reprinted with permission from ref. 25. Copyright 2020, Elsevier.
(b) Core—shell structured MOF adsorbs macromolecules.’*® Reprinted
with permission from ref. 145. Copyright 2019, Wiley. (c) Hierarchically
porous UiO-66-NH, improves catalytic efficiency.?” Reprinted with per-
mission from ref. 27. Copyright 2019, Wiley.
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Table 1 Summary of hierarchically porous MOFs constructed by different strategies
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Pore dia-
meter
Scale Strategy MOFs Metal with linker, additives (nm) Control methods Application Ref.
Micro-micro Mix metals UiO-66 Zr, Ti with BDC 0.5-1 The molar ratio of CO, absorption 48
porous metals mixture
MOF-74 Mg, Ca, Sr, Ba, Mn, Fe, Co, Ni, — The molar ratio of — 49
Zn, Cd with DOT metals mixture
Mix linkers MOF-5 Zn with BDC, BDC-NH,, BDC- 0.5-1.1  The molar ratio of CO,, CO absorption 50
Br, BDC-(Cl),, BDC-NO,, BDC- linkers mixture
(CH3;),, BDC-C,H,, BDC-
(OC;Hs),, BDC-(OC,H;),
MOF-5 Zn with BDC, BDC-NH, — The molar ratio of Benzene, toluene, para- 46
linkers mixture  xylene, meta-xylene,
ortho-xylene diffusion
UiO-66 Zr with BDC, r-serine — The molar ratio of CO, absorption 53
linkers mixture
ZIF-8 Zn with MelIM, IIM, BriM, — Type of func- CO,/N,, CH4/N, adsorption 126
CIBIM tional groups
Micro- Mix linkers PCN-125 Cu with TPTC, H-isoph, CH3- 2-30 The molar ratio of CO, absorption 125
mesoporous isoph, NH,-isoph, CH,NH,- linkers mixture
isoph, NO,-isoph, SO;H-
isoph, SO;Na-isoph
Ruj;(btc),Cly 5 Ru with BTC, pyridine-3,5- — The molar ratio of CO,, CO and H, absorption; 52
dicarboxylate linkers mixture  catalytic hydrogenation of 1-
octene
MIL-125 Ti with BDC, BDC-NH, 2-50 The molar ratio of Toluene adsorption; 51
linkers mixture  photodegradation process of
toluene
Post- PCN-160 Zr with AZDC, CBAB 2.5-19 Exchange ratio  accessibility of enzymes; oxi- 58
treatment and acetic acid  dation of ABTS and
concentration o-phenylenediamine
(0-PDA)
Ui0-66, UiO-67, MOF-5, Zr with BDC; Zr with BPDC; 5.5-13 Thermolabile lin- Meerwein-Ponndorf- 59
MIL-125(Ti), MIL-53(Fe) Zn with BDC; Ti with BDC; Fe ker ratio, tem-  Verley (MPV) reaction
with BDC perature and heat
time
Ui0-66, ZIF-8, UiO-67, Zr with BDC, TCPP, CoPc; Zr 2-4.5 The time of laser — 152
UiO-66(Hf) with BPDC; Zn with MeIM; Hf exposure and
with BDC ratio of photo-
labile/robust
linkers
POST-66(Y), POST- Y with Hzhmtt; Dy with 3.8 and Etching tempera- VB;,, Cyt ¢, myoglobin, HRP 61
66(Dy), POST-66(Tb), = Hzhmtt; Tb with H;hmtt; Zn 6.2-16 ture, time absorption; catalytic activity
MOF-177(Zn), UiO- with BTB; Zr with BPDC; Al of co-oxidation of
67(Zr), MIL-100(Al), with BTC 4-aminoantiprine (4-AAP)
and phenol
HKUST-1 Cu with BTC 3-30 Treatment time Thiophene adsorption 62
HKUST-1 Cu with BTC, hydroquinone 3.8 and — CO adsorption 63
(2-50)
HKUST-1 Cu with BTC, NH; gas 9.2-38  Etching tempera- Encapsulation of methylene 23
ture and amount blue
of the etchant
HKUST-1, ZIF-67 Cu with BTC; Co with MeIM 3.2 and — Cycloaddition of CO, with 149
(2-50) epoxides to produce cyclic
carbonates
PCN-250 Fe, Ni, Mn, Co, Al, In, Sc with 4 and (2- Type of metal CH,, CO, adsorption 150
ABTC 50) clusters and dec-
arboxylation
temperature
Ui0-66, UiO-67, MOF- Zr with BDC, sodium acetate, 2-30 Type and amount CO, absorption; methyl 57
808, MIL-53 sodium formate, sodium of solution orange absorption; catalytic
propionate, sodium benzo- cycloaddition reactions
ate; Zr with BPDC; Zr with between CO, and epoxides
BTC; Al with BDC with different sizes, one-pot
cascade synthesis of second-
ary arylamines
Modulator UiO-66, UiO-66-NH,, Zr with BDC, acetic acid, 2-8 Molar ratio of Coomassie brilliant blue R250 67
Ui0-66-NO,, UiO-67,  octanoic acid, dodecanoic reactant and absorption; ring opening of
MIL-53, MIL-53-NH,,  acid, palmitic acid; Zr with length of styrene oxide with methanol,
DUT-5, MOF-808 NH,-BDC; Zr with NO,-BDC; modulator cycloaddition reactions
Zr with BPDC; Al with BDC; Al
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Table 1 (continued)

Pore dia-
meter
Scale Strategy MOFs Metal with linker, additives (nm) Control methods Application Ref.
with NH,-BDC; Al with BPDC; between 1,3-cyclohexanedione
Zr with BTC and o,B-unsaturated aldehydes
UiO-66 Zr with BDC, acetic acid 1.7 and Process of Isomerization of glucose to 64
16 crystallization fructose
and concen-
tration of
modulator
Ui0-66 Zr with BDC, trifluoroacetic 1.6 and Aging time Cyclohexanone conversion to 69
acid >20 cyclohexanol
UiO-66-NH, Zr with NH,-BDC, acetic acid 1.5-50 Amount of the Photocatalytic H, from water 27
modulator splitting
HKUST-1 Cu with BTC, acetic acid 2-15 and Amount of the CH, absorption 65
>25 modulator
HKUST-1 Cu with BTC, benzoic acid ~14.8 — — 68
PCN-250 Fe with ABTC, propanoic 4-18 The length and  Methylene blue absorption 66
acid, hexanoic acid, nonanoic concentration of
acid, myristic acid the fatty acid
Template HKUST-1 Cu with BTC, CTAB 3.8-31  Molar ratio of — 70
template
HKUST-1 Cu with BTC, CTAB, citric 3-30 Molar ratio of — 72
acid template
HKUST-1 Cu with BTC, CTAB, 1,3,5- 4-25 Type of template CO, adsorption; oxidation of 74
trimethyl benzene and molar ratio of benzyl alcohol to
template benzaldehyde
MIL-100, MIL-96, MIL- Al with BTC, CTAB 3-33 pH value and — 71
110 ratio of solvent
MFM-100, HKUST-1,  Cu with biphenyl-3,3',5,5'-  ~4.7 Molar ratio of Catalytic activity of alcohol 76
MOF-2 tetracarboxylic acid, template and oxidation
OmimBF,; Cu with BTC; Zn electrosynthesis
with BDC
HKUST-1, Mn-BTC, Mn- Cu with BTC, CO,-expanded 13-23 Molar ratio of Oxidation of benzyl alcohol 77
BDC liquid; Mn with BTC; Mn with template (CO, to benzaldehyde
BDC pressure) and
type of solvent
Ui0-66, HKUST-1 Zr with BDC, poly(ethylene = 2-50 Temperature and Encapsulation of Cyt ¢ 151
glycol)-based alkylammo- time of synthesis
nium and bromide ionic
liquid; Cu with BTC
Nucleation UiO-66(Hf), UiO-66, Hf with BDC; Zr with BDC; Hf 3.7-16.6 Molar ratio of Tetrakis (4-carboxyphenyl)- 80
kinetics UiO-66-OH,(Hf), UiO-  with OH,-BDC; Hf with NH,- solvent porphyrin absorption; cataly-
66-NH,(Hf), NUS-6(Hf) BDC; Hf with SO;Na-BDC tic methanolysis of styrene
oxide
Zn-MOF-74 Zn with DOT 5-20 Time of synthesis Brilliant Blue R-250 78
absorption
MOF PCN-222@PS, PCN- Zr with TCPP, Zn with BDC, — — — 84
composites 160(Zr)@PS, PCN- tetrasodium ethylenediami-
224(Zr)@PS, MOF- netetraacetate, PS; Zr with
801(Zr)@PS, PCN- AZDC; Zr with TCPP; Zr with
900(Eu)@PS fumaric acid; Eu with TCPP
PCN-222/PCN-608, /NU- Zr with TCPP, TCPB-OH; Zr <5 — — 82
1000, /PCN-134, Zr-BTB/ with TBAPy; Zr with TCPP,
PCN-134 BTB
PCN-222@Ui0O-67, PCN- Zn with TCPP, Zr with BPDC; <5 — Catalyze epoxidation of 88
134@Zr-BTB, PCN- Zr with BTB; Zr with TBAPy; alkenes
222@Nu-1000, PCN-  Zr with AZDC; Zr with NDC;
222@Zr-AZDC, PCN-  La with TCPP, La with BPDC
222@Zr-NDC, La-
TCPP@La-BPDC
Co, Fe-MOF-74/Co/car- Co, Fe with DOT, carbon — Molar ratio of Electrocatalytic splitting 85
bon cloth cloth metal salt water
PMMA@IRMOF- Zn with BDC, BDC-NH,, — Time of — 86
3@MOF-5 PMMA polymerization
UiO-66@ZIF-8, Pd-UiO- Zr with BDC, Zn with MeIM, — — Ethylene hydrogenation 83
66-NH,@ZIF-8 CTAB, PVP, SiO,; Pd, Zr with
BDC-NH,, Zn with MeIM
NH,-UiO-66@NH,-MIL- Zr, Ti with BDC-NH,, PVP; Tb — — cr'! adsorption; photo- 26
125, MOF-76@NH,- with BTC; Cr with BDC catalytic Cr"" reduction
MIL-125, MIL-
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Table 1 (continued)
Pore dia-
meter
Scale Strategy MOFs Metal with linker, additives (nm) Control methods Application Ref.
101@NH,-MIL-125,
NH,-UiO-66 & MOF-
76@NH,-MIL-125
ZIF-67 @ZIF-8 Zn, Co with MeIM — — H, storage, CO, adsorption 133
M,(ndc),(dabco) (M =  Co, Ni, Cu, Zn with NDC, 5->20 — Methane, ethane, ethene, 119
Co, Ni, Cu, Zn) dabco propane, propene adsorption
ZIF-67 @Yeast Co with MelM, yeast — — Pb”>" adsorption 143
Polyacrylonitrile/UiO-66 Zr with BDC, polyacrylonitrile 2.5-10 ~ — H, storage 122
Chitin fibers/HKUST-1 Cu with BTC, chitin fibers  — — NH; adsorption 135
ZIF-8/PAN, Mg-MOF-74/ Zn with MeIM, PAN; Mg with — — Particulate matter, SO, 136
PAN, UiO-66-NH,/PAN, DOT; Zr with H,N-BDC; Cu adsorption
MOF-199/PAN with BTC
Gelation  Cr, Fe-BTC, BDC, NDC, Cr, Fe with BTC, BDC, NDC, 3-33 Molar ratio of Methyl orange, dimethyl 90
ADC, FDC, BuDC, BTB ADC, FDC, BuDC, BTB, BPDC reactant, phthalate, methylene blue
temperature adsorption
Micro- Template ZIF-8 Zn with MeIM, PS 190-470 Particle size of =~ Knoevenagel reaction 28
macroporous template between benzaldehydes and
malononitriles
3D printing MOF-5 Cu with BTC, acrylonitrile (> 50) — H, storage 112
butadiene styrene
Micro- Post- UiO-66 Zr with BDC, acetate, for- 3-70 The length of the Cytochrome c, horse radish 60
meso-— treatment mate, propionate, benzoate monocarboxylic  peroxidase absorption
macroporous acid, etching
temperature and
amount of the
etchant
HKUST-1, MOF-5 Cu with BTC; Zn with BDC ~ 30-260  Etching tempera- CO, adsorption 127
ture, time, molar
ratio of solvent
Modulator MOF-5 Zn with BDC, 4-(dodecylox- 10-100  Molar ratio of CO, absorption 21
y)benzoic acid reactant
Template HKUST-1, AI-MIL-96 Cu with BTC, CO,-expanded ~25 and Molar ratio of CH,, CO, adsorption; methy- 130
liquid; Al with BTC, F127 68-106  template (CO, lene blue adsorption
pressure), molar
ratio of solvent
HKUST-1, CuBDC Cu with BTC, PS, citrate/ ~20 and Particle size of =~ Methylene blue adsorption; 147
CTAB; Cu with BDC 80-400  template accelerate Friedlander reac-
tion between 2-
aminobenzophenones and
acetylacetone, hydrolyse the
ester in water
MIL-101 Cr with BDC, CTAB 5-100 Molar ratio of Methene blue adsorption 123
template
ZIF-8, ZIF-90 Zn with MeIM, N,N- 5-100 Molar ratio of CO, adsorption 128
diethylethanolamine; Zn with template
imidazole-2-carboxyaldehyde
UiO-66(Ce) Ce with BDC, P123/F127 20-110  Molar ratio of DNA adsorption; catalyze the 24
and template hydrolysis of the high-energy
>1000 phosphate bonds
Cu-BDC Cu with BDC, PS, P123 3.9 and Particle size of = CO, adsorption; CO, carbo- 129
455 template nylative coupling reaction
with 4-methylbenzyl chloride
Nucleation ZIF-8 Zn with MeIM 10-60 Molar ratio of CO, adsorption; methylene 124
kinetics reactant blue, methyl blue, rhodamine
B absorption
HKUST-1 Cu with BTC 26-72 Temperature of  Electrocatalytic oxygen 79
synthesis reduction reaction
MOF Graphene/ZIF-8 Zn with MeIM, graphene 3.7and Temperature of CO, adsorption 134
composites 10-100  thermally
annealed
Gelation ~ MIL-100(Fe) Fe with BTC 3-4.5 and Molar ratio of CH, adsorption 89
>50 linkers
MIL-53(Al), Al-BTC Al with BDC, CTAB, TMB; Al 5.4-87.8 Gelation tem- H, storage, CO, adsorption; 22
with BTC perature, reactant benzene, n-hexane, methanol
concentration adsorption; congo red, bril-
liant blue R-250 adsorption
UiO-66-NH, Zr with BDC-NH, — — pb2* 25
MOF-5 Zn with BDC <200 92
This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022 Mater. Chem. Front., 2022, 6, 2944-2967 | 2959
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Table 1 (continued)
Pore dia-
meter
Scale Strategy MOFs Metal with linker, additives (nm) Control methods Application Ref.
Mechano- Molar ratio of Methane, ethane, propane, n-
synthesis reactant, grinding butane, n-pentane, n-hexane,
speed and time n-heptane absorption
HKUST-1 Cu with BTC — Molar ratio of Benzene absorption 93
solvent, treat-
ment time
HKUST-1 Cu with BTC, NacCl, KCl, 2-100 Molar ratio of I, adsorption 99
triethylenediamine reactant
ZIF-8 Zn with MeIM 10-100  Molar ratio of n-Butanol and hexane 100
reactant adsorption; rhodamine B
adsorption
ZIF-1, ZIF-3, ZIF-4, ZIF-8 Zn with imidazole; Zn with  10-100 — — 96
MeIM
Zn-MOF-74 Zn with DOT — Type of solvent — 101
3D printing HKUST-1 Cu with BTC (2-50 and — CH, adsorption 120
>50)
HKUST-1 Cu with BTC, PVA, bentonite 2.9-9.1  Synthesis tem-  CO, adsorption 108
clay, methyl-cellulose and (50) perature and acti-
vation solvent
MOF-74(Ni), UTSA- Ni with DOT, bentonite clay, 10-50 — CO, adsorption 106
16(Co) poly(vinyl alcohol); Co with  and
citric acid (>50)
ZIF-8 (MIL-100(Fe)) Zn with MeIM, TOCNF, cur- 2-50 and MOF contents Curcumin release 110

cumin, alginate

(>50)

BDC = 1,4-benzenedicarboxylate; BTC = 1,3,5-benzenetricarboxylate; DOT = 2,5-dioxidoterephthalate; BPDC = 4,4’-biphenyl-dicarboxylate; TPTC =
terphenyltetracarboxylate; isoph = isophthalic acid; MeIM = 2-methylimidazole; IIM = 4-iodoimidazole; BrIM = 4-bromoimidazole; CIBIM = 2-
chloromethylbenzimidazole; AZDC = azobenzene-4,4’-dicarboxylate; CBAB = 4-carboxybenzylidene-4-aminobenzate; TCPP = tetrakis(4-
carboxyphenyl)porphyrin; CoPc = cobalt tetra(carboxy)phthalocyanine; Hzhmtt = methyl substituted truxene tricarboxylic acid; VB, = Vitamin
B2, Cyt ¢ = cytochrome ¢, HRP = horseradish peroxidase; BTB = 1,3,5-benzenetribenzoic acid; ABTC = 3,3',5,5"-azobenzenetetracarboxylic;
OmimBF, = 1-octyl-3-methylimidazolium tetrafluoroborate; PS = polystyrene; TPCB-OH = 3,3',5,5"-tetrakis(4-carboxyphenyl)-4,4'-
dihydroxybiphenyl; TBAPy = 1,3,6,8-tetrakis(4-benzoicacid)pyrene; NDC = naphthalene dicarboxylate; PMMA = poly(methyl methacrylate); dabco
= 1,4-diazabicyclo[2.2.2]octane; H2BuDC = 5-tert-butylisophthalic acid; FDC = fumaric acid; ADC = 5-aminoisophthalic acid; TMB = 1,3,5-

trimethylbenzene; TOCNF = anionic 2,2,6,6-tetramethylpiperidine-1-oxylradical-mediated oxidized cellulose nanofibers.

the guest molecule.'* The results obtained from 1-pyrene

carboxylic acid adsorption experiments showed that the adsorp-
tion and release properties can be effectively modulated by
tuning the photo-responsive azobenzene shell, as shown in
Fig. 9b. In addition to the adsorption of organic macromolecules
and immobilization of biological macromolecules such as
enzymes, DNA, and proteins can be achieved by expanding the
pore size of the mesopores in hierarchically porous MOFs.*®
Enzymes encapsulated in MOFs have higher catalytic activity."*®
These examples demonstrate that introducing larger pores into
pristine microporous MOFs can be used to encapsulate
macromolecules.

3.3 Catalysis

MOFs are widely used in multiphase catalysis, but usually the
pore sizes of MOFs are regulated in the micropore range, thus,
slowing the diffusion rate and limiting the catalytic reactions of
large molecules.*® Hierarchically porous MOFs are usually
constructed using defects to enhance the mass transfer and
have exposed active sites, which can improve the catalytic
efficiency of UiO-66-NH,, as shown in Fig. 9¢c.”” Cui et al
proposed a method to prepare highly monodisperse HKUST-1
with cubic shape and a hierarchically porous structure based
on a microfluidic strategy."*” Their experiments found that
when compared with microporous HKUST-1, monocrystalline

HKUST-1 with a hierarchically porous structure can accelerate
the Friedldnder reaction between 2-amino benzophenone and
acetylacetone, indicating that hierarchically porous HKUST-1
accelerated the mass transfer and enhanced the catalytic effi-
ciency. Zhang et al. reported the synthesis of Pt/ZIF-8 with a
hierarchically porous structure using Au nanoparticles as hard
templates (followed by etching with solutions of KI and I,)."*®
This strategy of constructing hierarchically porous ZIF-8 can
regulate the nature of mesopores by adjusting the size, shape,
and spatial distribution of the Au nanoparticles, while not
destroying the original crystal structure. It was found that Pt/
ZIF-8 with a hierarchically porous structure showed significantly
higher conversions in the catalytic liquid-phase hydrogenation
of n-pentene, n-hexene, n-heptene, and cis-cyclooctene, indicat-
ing that the mesopores in Pt/ZIF-8 with a hierarchically porous
structure improved the diffusion rate of the molecules and
maintained its molecular sieving selectivity.

4 Conclusion and outlook

Because microporous MOF materials are used in adsorption
and separation, there are problems related to their slow mass
transfer rates and active sites being confined to the micropores.
The introduction of larger pores in the presence of micropores
can improve the mass transfer efficiency and even the
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utilization of active sites. Therefore, each strategy used for the
construction of hierarchically porous MOFs based on the pore
size introduced have been summarized and some examples of
their applications in adsorption-diffusion are presented
(Table 1).

Methods that introduce pores whose pore sizes are usually
micropores mainly replacing part of the metal or ligand in the
MOF. Usually, the effect of replacing the metal on the MOF pore
size is minimal. Still, this approach changes the active sites and
has an impact on the adsorption performance. Under the
condition of ensuring the same topology, the choice of the
replacement ligand mostly involves the use of a derivatized
ligand bearing different functional groups, so the change in the
pore size is usually smaller than the original pore. However,
mixed ligands sometimes have the phenomenon of missing
ligands, which cannot only improve diffusion, but also intro-
duce different functional groups to change the active sites.
There is still a lack of sufficient knowledge to apply this
approach to construct mesopores. There are three mechanisms
in the methods used to introduce mesopores, including the
introduction of defects, nucleation kinetics, and combination
of other porous materials (including MOFs). Constructing
mesoporous MOFs by introducing defects usually requires the
MOFs to be structurally stable before and after the introduction
of the defects in order to obtain homogeneous pore sizes. The
strategies used to form mesopores via introducing defects
include post-treatment, modulator, and template strategies.
Among them, post-treatment can easily construct hierarchically
porous structures in different MOFs. The modulator strategy is
often applied to partial MOFs bearing carboxylic acid ligands.
Although the template strategy usually forms relatively uniform
mesopores, the problem of repelling the templates during the
crystal growth process of MOFs and the additional steps
required to remove the template need to be addressed (the
removal of the template may lead to the collapse of the uniform
mesopores formed during this process). The nucleation
kinetics strategy enables the formation of tunable mesopores
by changing the synthesis conditions, but at the expense of the
MOF crystallinity. In addition, MOFs composites can combine
the characteristics of two porous materials in addition to
introducing different pore sizes, e.g., MOF composites with
carbon materials can significantly enhance the CO, adsorption
performance. Methods that usually introduce macropores
mainly include mechanosynthesis and gelation. The mechan-
osynthesis strategy is a green and economic approach that can
synthesize MOFs in large quantities. MOFs gelation and 3D
printed MOFs are both molding processes. In addition, the 3D
printing strategy can fabricate MOFs monolithic materials and
precisely control the pore size of the macropores. It is expected
that after 3D printing technology is upgraded, work on 3D
printed and accurately customized MOFs structures will
be seen.

Despite the extensive work fabricating hierarchically porous
MOFs, three main challenges still need to be addressed. One is
to meet the requirements of their industrial production and
find a general method for the green synthesis and reproducible
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construction of hierarchically porous MOFs. The second is to
synthesize hierarchically porous MOFs with uniform and highly
ordered porous structures. The third is the effect of activation
on the structural stability of the hierarchically porous MOFs. In
addition, there are few reports on the construction of hier-
archically porous MOFs with multiple strategies and it is
speculated that micro-meso-macroporous MOF materials can
be constructed through the combination of multiple strategies.
In conclusion, the extensive application of hierarchically por-
ous MOFs in adsorption-diffusion validates that the strategy of
constructing hierarchically porous MOFs to improve the mass
transfer rate of microporous MOFs is feasible.
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