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ogy, controllable nanostructure, ultra-high porosity, and large specific surface area, which have been
widely used in the environment and energy fields. Here, the recent advances in controlled synthesis will
be comprehensively introduced, mainly focusing on the transformation of MOF morphology and struc-
ture based on the following factors, such as precursors, substrates, and synthesis methods.
Furthermore, the progress of relevant MOF applications, including gas storage and separation, dye
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i;;:;:gﬁ,gy adsorption, heterogeneous catalysis, and fuel cells, is described to emphasize the intrinsic structure-
Multifunctionality property relationship. Lastly, the challenges and intractable dilemmas arising in their controlled synthe-
sis and performance applications are also briefly discussed.
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1. Background

Back in 1995, Omar M. Yaghi is the first man to report a coordi-
nation compound with a two-dimensional (2D) nanostructure con-
structed from a rigid organic ligand and the transition metal [1].
Since then, the concept of metal-organic frameworks (MOFs) is
formally introduced, and a series of IRMOF, ZIF, MIL, NU, DUT,
NOTT, UiO, etc. emerge in the following nearly two decades. As
an emerging subclass of coordination polymers, MOFs are porous
crystalline materials with ordered periodic topology formed by
self-assembly of metal-based nodes, such as metal ions and/or
metal clusters, also called secondary building units (SBUs), with
various organic ligands [2-6]. Furthermore, the structure of MOFs
can be induced by internal or external factors to change and even-
tually form the desired morphology, such as thin films, hollow
tubes, etc., for specific fields. Therefore, an in-depth study of the
effect on structure and morphology of MOFs will facilitate the
facile and controlled synthesis of the desirable crystalline
materials.

However, the structural control of MOF materials at multiple-
scales remains a huge challenge nowadays, which is the key to
translating scientific innovations in coordination chemistry from
theory to real-world applications [7]. At the same time, the struc-
tural and chemical tunability of a large number of MOFs are asso-
ciated with a wealth of metal nodes and organic linkers, allowing
their synthesis to start with a strategic selection of precursor mate-
rials [8]. First of all, metal ions can be derived from easily soluble
metal salts or low-solubility metal oxides [9,10]. This part owns
various reaction properties due to different atomic radii and charge
densities, and thus impacts the way of coordination with bridging
linkers, leading to changes in the growth behavior of MOF crystals
[11]. Besides, there are a wide variety of organic ligands, mostly
based on aromatic carboxylates, which can be further functional-
ized with acidic groups (-COOH, -SOsH), basic groups (-NH,, -
NH-), or even different organic compounds, resulting in activities
derived from the nature of the grafted moieties [12]. It is well-
known that these modified connectors can be used in an one-
step synthesis of MOFs that completely or partially substitute the
original linkers, which will interfere with the formation of the

intended structure and empower different functionality to the tar-
get material.[13,14]. On the other hand, the structure-guiding role
of inorganic SBUs is crucial for determining the topology of MOFs
[15]. The multinuclear nature of SBUs gives a unique skeleton
structure and mechanical stability compared to single-metal
nodes, and also facilitates the development of MOFs with high
porosity [16]. Meanwhile, solvents are also essential for maintain-
ing framework stability in crystal preparation, usually as guest
molecules filling the pores of MOFs, and also inducing transforma-
tions in morphology and structure of MOFs depending on the dif-
ferent solubility of metal salts and organic ligands [17]. In
addition to the appealing influencing factors, altering various fac-
tors such as time, temperature, and pressure during the reaction
can modulate the overall crystal morphology, optimize the pore
structure to increase the accessible surface area, and improve the
practical application of MOF-based products [18-20].

Despite the high intrinsic surface area of MOFs, the available
region for large-sized molecules is limited to the pore size deter-
mined by the crystal structure, and further optimization of mor-
phology can realize the full utilization of MOFs [21,22]. Normally,
MOFs exist as polycrystalline micropowders, while they are assem-
bled into specially shaped materials, such as membrane and hol-
low sphere, leading to unprecedented technological
breakthroughs [23,24]. In this regard, the substrate-assisted
approach is practical to guiding randomly grown MOF particles
into unique and promising nanomaterials by the role of supports
[25]. The substrates can be chosen from a wide range of insoluble
materials with a specific morphology, such as conductive graphene
and dielectric quartz glass, which can guide the formation of nano-
thick MOF membranes over their surface in the lattice-matching
situation [26,27]. Besides, the soluble substances, including soft-
templates (surfactants, colloids) [28,29] and hard-templates (poly-
styrene spheres, silica spheres),[30,31] can also be selected to pro-
vide suitable conditions for the self-assembly process to enrich the
pore structures and morphological features of MOFs. Moreover,
these emerging MOF-on-MOFs structures synthesized with MOFs
as supports will offer greater structural diversity and larger poten-
tial for performance enhancement, as the integration of MOFs with
different functions will maximize their capabilities and generate
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Scheme 1. [llustration for the construction elements of structure-induced MOFs. Here, the sun, clouds, ship, and sea represent the temperature, time, reaction vessel, and
solvent, respectively, which are the basic conditions for the synthesis of MOFs. Finally, the crystals with 1D tubular, 2D sheet and 3D spherical morphologies can be
synthesized in a controlled manner by changing various metal ions, organic ligands, and synthesis conditions.

unexpected properties [32,33]. At present, the most challenging
aspect of MOF-based composites is the inhomogeneity of the com-
position, but this can be surmounted nicely with the help of well-
shaped nanomaterials as a matrix through the bottom-up growth
method [34]. Thus, the substrate-assisted synthesis strategy of
MOFs provides a flexible way to tune the particle size and mor-
phology, conferring attractive properties and advanced functional-
ity while minimizing the amount of material used for
breakthrough performance in environmental protection [35-37].

As for the traditional synthesis techniques like hydrothermal,
microwave-assisted, and solvothermal methods, they are always
limited in large-scale production, so there is an urgent need to pro-
pose innovative strategies to efficiently produce desirable MOF
materials in a variety of forms [38]. For example, chemical vapor
deposition (CVD) [39], and electrochemically growth strategies
[40] can be used to acquire dense MOF films in large quantities,
and the universality of the spray-drying method [41] has been tes-
tified to be applicable for the preparation of hollow superstruc-
tures. Furthermore, desirable hollow structures and multi-metal
doped MOFs can be selectively prepared by chemical etching and
mechanical grinding, respectively, for a wider range of applica-
tions.[42,43]. Ultimately, by selecting the structurally modified
and morphologically tuned MOFs with high specific surface area,
abundant porosity, and diverse components as precursors
[44,45], they can be further transformed into metal oxides [46],
metal phosphides [47], and metal carbides [48] with controlled
porous structures, high porosity, and exposed active sites, which
exhibit important applications in energy engineering [40,49].

In this review, we summarize the structural and morphological
control methods of MOFs and several novel synthetic strategies,
with particular emphasis on the respective different roles played
by intrinsic and extrinsic influences as structure-guiding agents.
Starting from the structural adjustment of factors such as metal

ions, organic ligands, and solvents, it covers the transformation
of single MOFs as well as subsequent MOF composites and pro-
vides a comprehensive discussion of the synthesis methods and
mechanisms (Scheme 1). Eventually, we detail the key role of mor-
phological and structural conversion of MOFs in the fields of gas
storage, dye adsorption, electrochemical catalysis, fuel cells, and
so on (Scheme 2). Overall, this review describes the various per-
spectives that can influence the morphological and structural
changes of MOFs to obtain controlled and tunable high-quality
crystals for relevant applications, providing a rare opportunity for
rational design and utilization of MOFs.

2. Tunable structure of MOFs

It is well known that microporous MOFs are recognized as a
subclass of compounds consisting of metal ions or clusters as inor-
ganic SBUs, which are further connected to organic spacers to form
different dimension nanostructures [50]. In addition, there are
numerous factors such as the used solvent, time, and temperature
that can have a significant impact on the morphology and structure
of MOFs [51,52]. Therefore, in this section, we will focus on the
structural changes and morphological differences of MOFs due to
composition modifications for more effective applications in differ-
ent fields.

2.1. Metals

Undoubtedly, metal centers can pose a significant influence on
the overall structure of three-dimensional (3D) framework [53]. It
is well-known that the coordination preference of inorganic part
determines the size and shape of pores by dictating how many
ligands can bind to the metal and in which orientation [54,55].
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Scheme 2. Schematic illustration of MOFs and their derivatives with different structures and morphologies for energy and environment application, such as drug delivery,
dye adsorption, gas separation, heterogeneous catalysis, electrochemical catalyst, and battery.

Under these circumstances, main group (MG) metal elements,
including aluminum, gallium, and indium, have been demon-
strated to successfully construct various MOF structures [56-58].
However, the MG IIIA metals induce different MOF growth behav-
iors due to the large difference in ionic radius. Fig. 1a shows an epi-
taxial growth of heterometallic MOFs by using Fe-MIL-88B (CPP-
15) as a seed with the addition of Ga(Ill) and In(IlI) ions [59]. In this
work, the size difference between Ga(lll, 76.0 pm) and In(III,
94.0 pm) involved within the Fe-based CPP-15 (Fe(Ill), 78.5 pm)
will give rise to variation in the cell units of the as-obtained
heterostructures. Scanning/transmission electron microscopy
(SEM/TEM) images reveal the successful preparation of two
heterostructured MOF-on-MOFs through an isotropic manner to
grow Ga-CPP I (A@B), while a nonisotropic growth creates hybrid
In-CPP II (A@C). Therefore, the dissimilar growth behavior on the
surface of the CPP-15 seeds can be well explained by the size vari-
ation of the metal ions. Furthermore, MIL-96, formed by coordina-
tion bonds between 1,3,5-benzenetricarboxylic acid (H3BTC) and
Al (III, 53.5 pm) ions, can induce the change of crystal morphology
by using Cu (II, 73.0 pm) salts as structural guiding agents [60]. It is
found that Cu ions alter the equilibrium between Al ions and
ligands, and restrict the growth direction of MIL-96 without chang-
ing the structure. Eventually, the morphology of MIL-96 is trans-
formed from an icosahedral hexagonal spindle to an octahedral
hexagonal spindle, while the size is reduced from 10 pm to 1 pm.

Although the radius of transition metal (TM) ions are compara-
tively similar, especially in Group VIII (Fe(Ill), 64.5 pm; Co(Il),
74.5 pm; Ni(Il), 69.0 pm), the introduction of different TM ions

could change the structure and morphology of MOFs. In Fig. 1b,
while Co(Il) and Ni(Il) ions are simultaneously added into Fe-
MIL-101-NH,, the microstructure of trimetallic CoNiFe-MOF can
be conveniently obtained from the original smooth surface to
rough, fluffy nanosheet [61]. During the ion exchange process, Ni
ions replace part of Fe atoms in the framework, while Co ions etch
the surface of Fe-MIL-101-NH,, and then the dissolved Fe ions are
re-coordinated with carboxylate groups to form trimetallic MOF
nanosheets. Hence, the mutual function of Co(Il) and Ni(Il) ions
plays an indispensable role in the morphology change of MOF,
leading to the two-dimensional (2D) ternary metal MOF layer
encapsulated into the 3D MOF octahedral crystal. As for the lan-
thanide (Ln) metals, the difference in atomic radius between them
will be even smaller. Nevertheless, when different Ln metals are
combined to generate the MOF-on-MOFs, there are still different
growth manners to result in different morphologies. There are a
series of single crystals with isomorphic structures from the self-
assembly of organic ligand (TMPBPO) with various Ln salts
(Ln = Ce, Pr, Nd, Sm, Eu, Gd, Tb) [62]. In Fig. 1c1-1¢3, bimetallic
crystals show distinguishable colors under daylight due to the
eye-detectable color difference between Pr, Nd, and Ce cations.
As for other mixed-metallic crystals (Fig. 1c4-1¢15), the multilevel
crystals exhibit intrinsic multi-color luminescence, while hybrid-
type hetero-Ln-MOF crystals show uniform emission colors (Fig. 1-
c16-1c18).

Overall, the growth behavior of MOFs can be affected by the size
change of metal ions to a certain extent, so the isotropic and/or ani-
sotropic epitaxial growth mode can be precisely controlled by
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Fig. 1. A) Schematic route to synthesize heterostructured In-/Ga-MOFs governed by the isotropic and anisotropic growth. Reproduced with permission from ref. [59].
Copyright 2013, American Chemical Society. b) Preparation of trimetallic MOF from initial Fe-MOF seed. Reproduced with permission from ref. [61]. Copyright 2021, Elsevier.
c) An epitaxial growth of bi-/tri-metallic Ln-MOFs. Reproduced with permission from ref. [62]. Copyright 2017, Wiley-VCH GmbH.

selecting appropriate metal species. For another, the charge differ-
ence between different metals will affect the coordination style
and thus change the overall structure of the crystals, which
deserves more in-depth study [63]. Therefore, the well-designed
polymetallic-doped MOF materials own wonderful heterostructure
and electronic structure, which is of great significance to the
research of multifunctional materials and the optimization of cat-
alytic performance [64,65].

2.2. Ligands

In the composition of MOFs, besides metal ions, organic ligands
are another dominant factor in forming the monolithic framework.
Meanwhile, we can exchange an existing organic linking group in a
prefabricated MOF with a new linker by the post-synthetic modifi-
cation (PSM), which enables the incorporation of various func-
tional groups into MOFs [66]. The resulting structural and

morphological features of MOF particles are closely related to
organic linkers with different width and functionality [67-69].

In Fig. 2a1-2a6, there are a series of reactions in the presence of
In(III) cations, in which various ratios of isophthalic acid (H,IPA) to
terephthalic acid (H,BDC) have been carried out [70]. The mor-
phology of intermediate MOF particles is highly dependent on
the relative amounts of the two organic linkers where the mor-
phology of MOF particles changes with the increase of H,BDC from
microspheres to ovals, angulated ovals, and finally close to hexag-
onal microrods. On the other hand, when the width of the ligand
remains unchanged, altering the substituent groups will also
induce unforeseeable changes [71,72]. Fig. 2a7-2a10 shows that
MOFs are constructed from these functionalized H,BDC ligands,
including  H,BDC-Br, naphthalene-1,4-dicarboxylatic  acid
(H,NDC), H,BDC-NO, and H,BDC-NH,, where they have identical
lengths but different widths. It is observed that H,BDC-Br is added
to give microrods without causing too much change, while the
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additional large aromatic rings of the H,NDC building blocks may
interrupt MIL-68-like structure, resulting in the formation of thin
rods. However, the steric constraints originating from more polar
-NO; and -NH, cause defects in the structure, thus forming amor-
phous particles. Because -Br, -NO,, and -NH, groups exhibit simi-
lar molecular sizes, it is predictable that the isotropic growth on
MOF template produces core-shell MOF-on-MOFs (MIL-68@MIL-
68-Br, MIL-68@MIL-68-NO,, MIL-68@MIL-68-NH,, Fig. 2b)
[70,71]. As for H,NDC, a type of 3D square nanostructure owns
well-matched lattices with the MIL-68 template along the direc-
tion of the a/c axes but shows a largely mismatched lattice in b
axis. Therefore, it can grow on the six rectangular facets (ac plane)
but cannot grow on the two hexagonal facets (ab plane) of the tem-
plate to obtain an intriguing MIL-68@MIL-68-NDC.

Depending on the lengths of bridging organic linkers, the
growth of secondary MOFs on the spherulite seeds can be com-
pletely different (Fig. 3a). One fact is that the pore size and porosity
of MOF-74 analogues can be systematically expanded by elongat-
ing the bridging spacer length (Fig. 3b) [73]. However, by utilizing
MOF-74-111 spherulites as seeds, multiple quaternary architectures
with superior hierarchy could be achieved. In Fig. 3¢, the secondary
evolution modes including epitaxial growth of MOF-74-Ill, plu-
mose superstructures of MOF-74-11 and templated evolution of
MOF-74-1 hollow aggregates are observed when MOF-74-III spher-
ulites are mixed with precursors containing linkers which have
either identical or different lengths as a result of the significant dif-
ference in the chemical stability of MOFs [74].

As researches find that by adjusting the relative amount of the
mixed linkers, substituting ligands with different functional

groups, and changing the length of the organic connectors, the evo-
lution process of the crystals can be reasonably designed to obtain
unique porous materials with diverse morphologies and multilay-
ered structures [75]. Taking these advantages of the growth strat-
egy using ligand replacement, it is a practical method to improve
the crystallinity and porosity of MOF materials, which help to facil-
itate the encapsulation of guest molecules in porous channels for
further applications in drug storage and delivery [76,77].

2.3. Secondary building units

Usually, inorganic-organic SBUs refer to a structural unit
formed by stable metal-oxygen/nitrogen bonds with a certain geo-
metric environment, which are conducive to generating more coor-
dination sites and promoting the extension of the overall
framework [78,79]. In contrast to the adjustment of inorganic met-
als and organic ligands, these SBU-regulated frameworks are fea-
tured with these following unique advantages: 1) avoid irrational
selection of metal centers to form long-range ordered structures;
2) save time in synthesizing organic ligands with specified func-
tional groups; 3) induce various structures of larger pores
stemmed from these sophisticated SBUs [80].

In this case, the mononuclear SBU formed by the Cu(Il) centers
that are coordinated with four pyridine moieties can be further
extended to grow achiral yo-yo-like crystals (Fig. 4a) [81]. It is
amazing that the chiral structure can be triggered through chang-
ing the arrangement way of the pyridine groups around the metal
ions to create a propeller-shaped conformation. In the micro-
computed tomography and SEM images, one single crystal contains
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two concave disks with distinct petals and a stigma as a support.
Similarly, an achiral FJI-H16 is formed by multinuclear Zn(II)/Cd
(I1)-0O SBUs with benzene-1,3,5-tris(4-benzoic acid) (HsBTB) [82].
In Fig. 4b, it shows that the extra addition of pyridine leads to
the formation of chiral FJI-H27 and can further selectively produce
FJI-H27(M) or FJI-H27(P) by controlling its concentration, confirm-
ing that pyridine serves as the inducer for transformation of chiral-
ity from achiral SBUs. Otherwise, the MOFs with different
structures can be further adjusted by the modification of the termi-
nal sites in SBUs. For example, three original —-OH/H,O terminal
groups in initial soc-MOF with the trinuclear Fes(t3-O)(CH3COO0)s
can be substituted by three imidazole (IM) molecules to form the
soc-MOF-IM (Fig. 4c) [83]. However, in the surface and cross-
section SEM images and energy-dispersive X-ray spectroscopy
(EDS) mapping images, both membranes possess a continuous sur-
face with an average thickness of 20 pum. After adding IM, the pore
environmental engineering of Fe-MOFs can be regulated in which
pore size can be reduced from 3.9 to 2.5 A.

Therefore, we can adjust the morphology and structure of MOFs
by changing the chirality of SBUs and/or modifying SBUs directly.
Especially, with the SBU-decorated engineering, the pores of these
modified MOFs can be controlled to play a molecular sieving effect.
[84]. However, most of SBUs cannot exist alone and need to be sta-
bilized in a suitable solution, so the added solvent is another key
point in the synthesis process.

2.4. Solvents

Solvent, one of the most critical factors during the synthesis of
single crystals, greatly affects the nucleation and growth of MOFs
for the polarity and solubility of the building blocks [85]. Herein,
it can not only act as a reaction medium but also a structure direct-
ing agent to modulate the topology of different MOFs [86]. It
means that exchanging the solvent interferes with the assembly
process to form coordination compounds with various morpholo-
gies. Generally speaking, the solvent as guest molecules could play
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the template effect in filling the micropores of crystals, which is an
effective means to achieve the desired framework topology [87].
Through understanding the properties of solvent and the formation
mechanism, the ideal size and morphology of MOF particles can be
designed rationally and synthesized controllably.

A recent work has been reported that solvents play a dominant
role in the self-assembly of coordination polymer [88]. It is learned
that various organic solvents can dissolve fiber gels and provide a
suitable crystal growth environment for MOFs by a solvent-
triggered method simultaneously (Fig. 5a) [89]. On this occasion,
an amorphous metal-organic gel composed of Cu(ll) and HsBTB
can be in situ transformed into unconventional MOFs with the
shapes of cross star and hollow dodecahedron in acetone and
methanol (MeOH), respectively. Meanwhile, SEM images reveal
that except for the dodecahedron obtained in mixed MeOH-
acetonitrile (MeCN) solvents, the gels can also be converted into
polyhedron and cube-like crystals in MeOH-acetone and acetone-
ethanol (EtOH), respectively. On the other hand, the growth pat-
tern of MOFs can be tuned to some extent by optimizing the ratio
of dual-solvent [90]. The polymorphism of a 3D pillar-layer ZBD
(Z = Zn(NOs); B = BDC, benzene-1,4-dicarboxylic acid;
D = DABCO, 1,4-diazabicyclo[2.2.2]octane) is further controlled
by using N,N-dimethylformamide (DMF) and MeOH as co-solvent
(Fig. 5b). Compared to DMF, polar protic MeOH tends to surround
the nucleophilic DABCO ligand and forms hydrogen bonds, thus
hindering the longitudinal growth of (001) plane to give the
plate-like tetragonal framework. As the content of MeOH increases,
the anisotropic hexagonal nanorods (D10) gradually turn into
hexagonal microplates (D6M4), tetragonal microcubes (D5M5),
and finally tetragonal nanoplates (M10). Moreover, the choice of
solvent can affect the reaction kinetics of the PSM, resulting in
the formation of multifunctional MOFs with different microstruc-
tures. The bulk crystal of IRMOF-3 composed of Zn O SBU and
NH,-BDC linkers is selected as the research object because its large
pores allow a variety of molecules to diffuse efficiently (Fig. 5¢)

[91]. After PSM, SEM-EDS images show more uniform microstruc-
ture with 2-chloroethyl isocyanate and core-shell morphology
with chloroacetyl isocyanate, which is attributed to the higher
reaction rate of chloroacetyl isocyanate with amine functionality.
When the reaction rate between the solvent and MOF is quicker
than the diffusion rate, the core-shell structure will be formed;
otherwise, the uniform structure will be achieved.

By selectively adjusting the types, proportions, and properties
of different solvents, the MOFs with different morphologies, sizes,
and topological structures can be conveniently synthesized. The
as-synthesized MOFs have incomparable performance to ordinary
MOFs, which can be thermally converted into carbon nanocompos-
ites with given morphologies applied in energy field [92]. More sol-
vent effect on structure-directed growth and morphology of
multifunctional MOFs and their derivatives should be explored in
the near future, such as polarity, solubility, stability, etc. [93].

2.5. Surfactants

In general, surfactants are amphiphilic organic compounds
composed of hydrophobic groups and hydrophilic groups, and
can be dissolved in solution to influence the topological extension
[94,95]. On the one hand, the hydrophobic tails of the surfactants
are closely linked while the hydrophilic heads come into contact
with the surrounding aqueous phase in solution, forming spherical
or cylindrical aggregates as templates to provide sites for nucle-
ation [96]. On the other hand, partial cationic surfactants can
adsorb on inorganic-organic building blocks with negative charge
as capping agents, which prevent the self-assembly process from
proceeding normally and inhibit the conventional growth of MOFs
[97].

Previously, our group has utilized an ionic surfactant of sodium
dodecyl sulfate (SDS) as an inhibitor to regulate the morphology of
MnCo-based Prussian blue analogous (MnCoPBA, Fig. 6a) [98]. The
anionic SDS can selectively adsorb on the high-energy (111) face
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to slow down the degradation rate of the (111) face and control
the growth of the (100) face, thus changing the morphology of
MnCoPBA crystals from solid sphere (PBA-I) to hollow cube shell
(PBA-IV). By comparison, a type of non-ionic surfactant of
polyvinylpyrrolidone (PVP) works as the capping agent that
reduces the surface energy of (100) face of Prussian blue (PB,
Fig. 6b) [99]. In this work, H,PtClg becomes an etchant to corrode
the PB microcubes (PB-cubs) along the high-energy edges and cor-
ners. As the concentration of H,PtClg increases, a microcube struc-
ture with six protruding faces (PB-mpfs) and a final product with
hexapod morphology (PB-hpds) will appear in proper order.
Besides, using surfactants as templates is another familiar method
for preparing MOFs with ideal morphology. Especially, the hexade-
cyltrimethylammonium bromide (CTAB) molecules as cationic sur-
factant readily dissociate into CTA" cations in aqueous solution,
and their long hydrophobic chains are well stacked to form nano-
sized vesicles that electrostatically attract the anionic [Cu-
complex] intermediate (Fig. 6¢) [100]. After that, these CTA*-
composed vesicles can serve as templates to provide nucleation
sites for efficient growth of MOF crystals and promote nucleating
preferentially in the equatorial region to give the ring-like
HKUST-1 particles.

10

According to the properties of surfactants applied to different
structures, it will produce the unexpected MOFs with various mor-
phologies [101]. Meanwhile, the crystals with special shape
obtained by surfactant-assisted modification could modulate the
electronegativity of overall framework to possess markable effects
on environmental pollution control [102]. It is worth mentioning
that the detailed mechanism to generate intriguing nanostructures
and/or superstrutures for multifunctional MOFs is deserved to be
under investigation in some cases.

2.6. Others

In addition to these above-mentioned strategies, there are still
other approaches to tune structure and composition as well as
transform the morphology of MOFs [103,104]. Except for the above
factors, other factors such as time, temperature, gas pressure, solu-
tion concentration, and the ratio of metal salts to organic ligands
may all cause changes in the morphology and structure of porous
MOFs [105-107].

Firstly, the reaction time plays a pivotal impact on the forma-
tion of crystals. In Fig. 7a, by adjusting the microwave irradiation
time, spindle, concave octahedron, solid octahedron, yolk-shell
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Table 1
The Synthesis of MOFs with Different Morphologies.
MOF Morphology Metal ion Organic linker Solvent Synthesis strategy Ref.
CPP-15 Nanorod Fe3* H,BDC DMF + MeCN 120 °C, 40 min [59]
CPP 1/l Core-shell nanorod Ga**/In®* DMF CPP-15, 100 °C,
20 min
Fe-MOF Octahedron Fe3* H,BDC-NH, DMF 115°C, 20 h [61]
NiFe/CoFe/CoNiFe- Octahedron/Concaved Ni%*|Co?*/Co?*+Ni%* / Fe-MOF, 90 °C, 48 h
MOF octahedron/Nanosheet
Hierarchical Ln-MOF  Core-shell/Striped bulk Ln®* TMPBPO Acetone + H,0 Room temperature, [62]
5 days
In-MIL-68 Amorphous spherical | In** H,IPA:H,BDC = 1:0/ DMF 140 °C, 20 min [70]
Sphere/Oval/Angulated 10:5/7.5:7.5/5:10/
oval/Inflated hexagonal 2:13/0:1
rod/Hexagonal rod
MIL-68-Br/NDC/NO,/  Hexagonal rod/ In3* H,BDC-Br/NDC/ DMF 100 °C, 20 min/ [71,72]
NH, Rectangular rod/Walnuts/ NO,/NH, 40 min
Octahedron and sphere
MOF-74-1/11/111/IV Hollow aggregate/ Zn** L-1/11/1I/IV EtOH + H,0 + DMF 100 °C, 24 h [73,74]
Spherulite
Yo-yo like MOF Yo-yo like chiral cylinder Ccu®* TPEPA DMF + CHCl3 Room temperature, [81]
2 days
FJI-H16 Bulk Cd**+Zn?* H3BTB DEF + EtOH 85 °C, 3 days [82]
FJI-H27 Chiral bulk Pyridine, 85 °C,
3 days
soc-MOF/soc-MOF- Membrane Fe?* H4ABTC/ HAc + DMF 150 °C, 12 h [83]
M H4ABTC + IM
Cu-MOF Cross star/Hollow cu? H3BTB Acetone/MeOH/ 25 °C, 7 days [89]
dodecahedron/ MeOH + MeCN/
Dodecahedron/ Acetone + MeOH/
Polyhedron/Cube Acetone + EtOH
ZBDh/ZBDt Hexagonal Zn?* H,BDC + DABCO DMF/MeOH Room temperature, [90]
rod/Tetragonal 2 days
plate
PBA-I/II/II/IV Solid sphere/Truncated Mn?* K3[Co(CN)e] H,0 SDS, 70 °C, 15 min/  [98]
cube/Cuboidal shell/Cube 2h/6h/24 h
PB-cubs/mpfs/hpds Microcube/Protrusive face/ Fe>* K4Fe(CN)g HCI + H,0 PVP, 85 °C, 24 h [99]
Hexapod
HKUST-1-R Ring-like sheet cu®* H3BTC H,0 + TEA CTAB, room [100]
temperature, 30 min
MIL-53-0.5/1/2/3/6/ Spindle/Spindle/Concave Fe3* H,BDC DMF 150 °C, 0.5 h/1h/2h/ [108]
12 octahedron/Solid 3h/6h/12 h/
octahedron/Yolk-shell
octahedron/Rod
B/N-Cu(BDC) Bulk/Nanosheet cu? H,BDC DMF CO,, 100 °C, 24 h [109]
FJU-96/97 Microwires/Microplate cd? TPBE DMF + H,0 + HCl (2 M)/ 65°C, 12 h [110]
(1 M)
Ni-CAT-1 Film Ni%* HHTP H,0 SLG,85°C, 12 h [111]
Cuy(TCPP) Film Cu?* TCPP H,0 + NH3-H,0 Quartz glass, 60 °C, [112]
30 min
Co/CoNi/CoFe/NiFe- Flower-like nanosheet Co?*Ni?*[Fe** H,(BDC) DMF + MeCN CMC, seed- [113]
BDC secondary growth
SOM-ZIF-8 Truncated rhombic Zn%* 2-MI MeOH PS, room [114]
dodecahedra temperature, 24 h
ZIF-8 Hollow spherical Zn* 2-MI MeOH Colloid, room [115]
temperature, 1 h
PCN-74 Microfiber Zn** LI EtOH + H,0 + DEF 100 °C, 2 h [116]
MOF-74-11 Hollow tube PCN-74,100 °C, 24 h
InOF-1 Micro-rod In?* H4BPTC DMF + H,0 + HNO3 + TEA CTAB,140°C,30 min [117]
InOF-1@ Sugar-gourd-like rod Co** 2-MI MeOH InOF-1, PVP, 70 °C,
ZIF-67 20 min
MIL-125 Cake-like bulk Ti* Aminoterephthalate DMF + MeOH 150 °C, 24 h [118]
MIL-125@ Sandwich cookie Co?*Zn?* 2-MI MeOH MIL-125/MIL-
ZIF-67 [MIL- 125@ZIF-67, room
125@ZIF-67@ZIF-8 temperature, 4 h
11-ZIF-8 Solid dodecahedron Zn%* 2-MI MeOH Room temperature, [119]
1 min
2/6/81-ZIFs(8) Multiple core-shell Co?*+Zn?* ZIF-8, room
dodecahedron temperature, 24 h
ZIF-8-PMMA Multilayer film / / MeOH ZIF-8, liquid-air [120]
interface technique
ZIF-8-gel Thin membrane / / MeOH ZIF-8, vaporization-  [121]
gelation method
Zn-MOF-74 Sphere Zn%* L-1 MeOH Ultrasonication, [122]
30 min
SS-MOFNR Chestnut-shell-like sphere | / H,0 Zn-MOF-74, urea,
175°C, 24 h
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MOF Morphology Metal ion Organic linker Solvent Synthesis strategy Ref.
ZIF-8 Polyhedron Zn** 2-MI MeOH 120°C,3 h [123]
SS-MOFNS Sheet-like sphere / / MeOH ZIF-8, H3BOs3, 175 °C,
24h
TRD/TD ZIF-8 Truncated rhombic Zn%* 2-MI H,0 Room temperature, [124]
dodecahedron/Rhombic 15 min/2h
dodecahedron
Ui0-66 Octahedron r H,BDC DMF 120°C,12 h
ZIF-71/72 Film Zn2* HdcIm DMF + EtOH/H,0 CcVD [125]
Cu-BTC Film Cu?* H5BTC EtOH + H,0 PES, [126]
electrochemically
growth
HKUST-1/Cu-bdc/ Hollow sphere Cu?*/Cu?*[Fe*|Fe**|Zzn?**|  H5BTC/H,BDC/ DMF + EtOH + H,O/DMF/  Spray-drying [127]
MIL-88A/MIL-88B/ Cu?*/Cu®*[Zr* Fumaric acid/2- DMF/DMF/DMF + H,0/ synthesis
MOF-74/MOF-14/ Amino-bdc/L-I/ DMF + EtOH + H,0/
NOTT-100/UiO-66 H3BTB/H4BPTC/ DMF + H,O/DMF
H,BDC
tZIF-67 Hollow truncated / / EtOH ZIF-67, CA, 60 °C, [128]
dodecahedron 24 h
HE-ZIF-BM/ST Bulk Zn?*+Cd? +Cu?*+Co?*+Ni*  2-MI Solvent-free/MeOH Ball grinding, 2 h/ [129]
90°C, 24 h
ST/MF-ZrBTB Bulk/Nanosheet r* H5;BTB DMF 130 °C, 96 h/ [130]

Microdroplet flow
reaction, formic
acid, 130 °C, 32 min

octahedron, and nanorod of Fe-based MOFs, MIL-53(Fe), can be
achieved successively [108]. Secondly, gas molecules behave in a
way similar to surfactants as a capping agent to effectively control
the directional growth of frameworks [109]. In the presence of CO,,
the coordination growth process of Cu(ll) and H,BDC is severely
limited to form nanosheet-like N-Cu(BDC) whose thickness
decreases with CO, pressure, while bulk B-Cu(BDC) will be formed
without CO, (Fig. 7b). At high pressures, CO, is easily soluble in
organic solvents and prevents Cu(BDC) from stacking vertically
due to its ability to interact with the coordination unsaturated
Cu sites. Furthermore, the coordination mode of MOFs can be
altered by employing the halogen atoms to facilitate nucleation
of crystals. By changing the concentration of HCl, one-
dimensional (1D) microwire FJU-96 and 2D microdisk FJU-97 are
easily synthesized (Fig. 7c¢) [110]. At a high HCI concentration,
these Cd-O-Cd chains are induced to stack along the [001] direc-

tion to form 1D rods. On the contrary, low-concentration HCI can
promote the extension of organic molecules along the [001] and
[010] directions (Table 1).

By artificially changing these external influencing factors, the
preparation of MOF materials with special morphology becomes
facile, rapid, and high-efficiency, and the as-obtained metal-or-
ganic hybrid compounds are endowed with advantages in the
many fields [131]. There is no doubt about the morphological
adjustments caused by structural changes, but optimizing the
shape of MOFs without changing the overall frames is another
meaningful operation that can broaden their applications (Table 2).

3. Controllable morphology of MOFs

Although changing the internal influencing factors of MOFs can
significantly adjust the structure and morphology of MOFs and

Table 2
The environmental protection and energy storage performance of MOFs and their derivatives.
Materials Applications Performance Ref.
In-MIL-68 N,/CO, sorption BET surface areas: 1208 m? g~ [70]
HKUST-1 H, storage store 46 g L™! H, at 50 bar and 77 K [132]
DUT-23 CH, storage 373 cm3(STP) cm 3 [132]
soc-MOF-IM H,/CO, separation Sh2/Scoz = 0.00535, Dy/Dcoz = 8911 [83]
PB-hpss RhB degradation removal efficiency: 97.1% [99]
M/HKUST-1-R Dye adsorption adsorption efficiency of the MB: 90% [100]
Ag-MOF Dye adsorption adsorption efficiency of the MB: 98% [133]
Ui0-66(Zr) Dye adsorption the removal of crystal violet, malachite green, alizarin green, and MO are 58.80%, 64.82%, 61.61%, and  [134]
21.12%, respectively
CoP-InNC@CNT HER the overpotentials at 10 mA cm~2 reach 153 and 159 mV in 0.5 M H,SO, and 1.0 M KOH, respectively [117]
CoNiFeO4-NC OER overpotential at 50 mA cm™2: 265 mV, Tafel slope: 64.05 mV dec™' [61]
PBA-III-700 ORR half-wave potential: 0.801 V, diffusion-limited current density: 5.36 mA cm~2, Tafel slope: 47.5 mV  [98]
dec™!
MFM-220-p/CP CO,RR total current density: 23 mA cm ™2, FEgormate at 1.1 V vs. RHE: 90.4% [135]
Fe,05-2 LIB discharge and charge capacity: 1456 and 1048 mAh g~' [108]
Fe,Sg/C@ZnS/N-C@C SIB reversible capacity of 364.7 mAh g~! after 10,000 cycles at current density of 5.0 A g! [136]
NiFe-MOF NSs@CQDs-  ZAB open-circuit voltage: 1.42 V, specific capacity: 895.5 mAh gz}, [137]
COOH
LH-Co@NC Hydrogenation CPL selectivity at 160 °C: 97% [119]
CuBDC/CMC Cycloaddition the yield of phenyl cyclic carbonate: 91.5% [113]
Pd@InOF-1 Suzuki-Miyaura coupling isolated yields: 90% [138]
reaction
MOF-5 Drug delivery encapsulate CUR, SUL, TAT [139]
MILB@LR Drug delivery encapsulate OXA [140]
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improve the application value in various fields, this will also be
limited by their intrinsic structures. For example, MOFs generally
are in the form of powder particles, which hinders the rapid mass
transfer and seriously limits their practical application [141]. By
contrast, MOF films can overcome this defect well because of their
complete structure and continuity [142]. Therefore, other external
factors should be considered such as the substrate effect that can
be well explained by the changes in the kinetic process, due to
specific surface properties [143]. For this purpose, several synthetic
methods have been developed to prepare MOFs with special mor-
phology [144].

3.1. Substrates

Firstly, the facile growth of MOFs on the substrates by means of
ex-situ methods is regarded as a good choice to synthesize crystals
with perfect morphology and appropriate size according to the
properties of corresponding materials [145]. Surprisingly, ultra-
thin single-layer graphene (SLG) with high conductivity and trans-
parency can be expected to become the substrate to facilitate the
formation of 2D MOF films [111]. Ni-CAT-1-on-SLG can be effi-
ciently synthesized by the coordination reaction of 2,3,6,7,10,11-
hexahydroxytriphenylene (HHTP) and Ni(Il) cations on SLG by
wet chemistry (Fig. 8a). Here, the Ni-CAT-1 displays an extended
hexagonal frame, and the triphenylene unit from the organic linker
constitutes strong m-m stacking. Therefore, these obtained SEM

Coordination Chemistry Reviews 484 (2023) 215101

images show dense accumulation of Ni-CAT-1 crystals on SLG layer
to generate ultra-thin films with an average thickness of 25 nm. On
the other hand, SLG owns high permeability, nanoporosity, and
molecular sieving function, which becomes promising for gas sep-
aration [146]. The functional group modification of SLG surface not
only allows better dispersion in solution, but also induces nucle-
ation of metal-organic units.[147]. In addition, the development
of synthetic methods that can prepare graphene on a large scale
can largely improve the possibility for synthesizing 2D MOF films.
In addition to conductive substrates, the dielectric and hydro-
philic substrates are also suitable for the growth of MOF films
(Fig. 8b) [112], in which the highly hydrophilic material is conduc-
tive to the diffusion of solvent on the substrate surface. Then the
microporous interface of the two substrates stacked face to face
will form the capillary effect that inhales trace Cu ions. Finally,
the Cu,(TCPP) membrane is formed on the functionalized substrate
because the low nucleation density is favorable for the expansion
of thin films. Through the high-resolution atomic force microscopy
(AFM) and cryogenic TEM, the obtained MOF film exhibits high
crystallinity with obvious internally ordered architecture.
Besides, aerogels can also become ideal supports to fabricate
MOF films owing to their rich porous structure, flexibility, and high
stability [113]. Here, the available carboxymethylcellulose (CMC) is
employed as the carrier, where H,BDC can be seeded on as the fol-
lowing nucleation site and a small amount of metal ion solution
can be sprayed to inhibit homogeneous nucleation (Fig. 8c). Subse-
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Fig. 8. A) Epitaxial growth of Ni-CAT-1 on slg transparent substrate. Reproduced with permission from ref. [111]. Copyright 2020, Wiley-VCH GmbH. b) Wafer-scale
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quently, uniform flower-like MOF films of Co-BDC are further
grown on the substrate via soaking process. To demonstrate the
universality of the strategy, a series of 2D nanosheet-like CoNi-
BDC, CoFe-BDC, and NiFe-BDC films can conveniently be prepared
on the aerogel walls. And CMC can also be used as a template to
anchor ZIF-L nanosheets, of which not only improves the process-
ability and applicability of ZIF-L, but also provides a highly 3D por-
ous structure, contributing to enhance catalytic activity [148].
Moreover, because of the weak interfacial bonding between MOFs
and substrates and the lack of regulation of ionic sites, crystals
tend to detach from the composite membrane plate and cannot
precisely regulate the crystal structure. However, using 2,2,6,6-tet
ramethylpiperidyl-1-oxyl-oxidized algae cellulose nanofibers as
substrates allows the precisely control of site chelation of metal
ions and subsequent firm entanglement of assembled MOF crystals
[149]. Thus, low-cost and diverse aerogels are expected to be
promising substrates for modulating the morphology and structure
of MOFs for a wider range of practical applications.

It is also worth mentioning that low nucleation density is favor-
able for the formation of 2D nanosized films, which is a key factor
to achieve large-scale production [150]. The excellent structure of
MOFs combined with the special properties of the substrates can
improve the performed activity, so the structural design is of great
significance with the rational choice of versatile substrates [151].

3.2. Templates

On the other hand, some special substrates, such as polystyrene
sphere (PS) [152], silicon dioxide [153], metal oxide [154], and
spherical colloid [155], can also be used as templates to prepare
nanomaterials with controlled morphology and hierarchical struc-
ture [156]. Among them, PS has the advantages of transparency,
good moldability, high rigidity, excellent electrical insulation, and
low price. Besdies, these selected templates can be simply removed
or degraded during or after chemical reactions, the as-synthesized
product will maintain the shape of the template [157]. Further-
more, by choosing the befitting MOF precursors to grow on the
particular templates, MOF crystals with definite composition and
structure can be efficiently constructed. Such as colloidal particles
have a better spherical shape, can continuously change shape to
oblong or oblong-elliptical by a fixed volume, and the colloidal sus-
pension of monodisperse spherical particles can adsorb metal ions
by electrostatic attraction and provide nucleation sites thus being
used as a substrate for the synthesis of novel MOFs.

For instance, a highly ordered PS monomer that can be removed
after the reaction is applied as a hard template to regulate the MOF
appearance [114]. In Fig. 9a, a type of macro-microporous SOM-
ZIF-8 single crystals with a tetrakaidecahedron morphology is
obtained. SEM images show that the orientation of ordered macro-
pores of the (100) and (111) faces crystal is well-matched with
those of 3D ordered PS template, proving that the synthesized hier-
archical materials completely inherit the appearance of PS mono-
liths (Fig. 9a1-9a5), while a truncated rhombic dodecahedron is
obtained without PS spheres (Fig. 9a6). However, the molecular
structure of PS contains benzene rings, which are rigid and have
poor adhesion to polar substances. Thus, modifiers need to be
added to treat them to cross-link each other to form ester poly-
mers, improve the adhesion to polar substances, and promote the
nucleation growth of MOFs.

On the other hand, the spherical colloids can behave as soft
template to fabricate MOFs, because they will be consumed in
the reaction process. For example, metal sulfates are insoluble in
alcohols, but ZnS0Oy, is slightly soluble in MeOH and in-situ gener-
ates spherical colloidal components due to self-aggregation effect
[115]. Subsequently, when a MeOH solution of 2-
methylimidazole (2-MI) is added, the well-defined hollow spheri-
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cal ZIF-8 colloidosomes are obtained gradually (Fig. 9b). And the
self-templating method, also known as the self-sacrificing method,
is regarded as a more feasible approach that can also be utilized to
efficiently synthesize hollow MOF crystallites. With this method, a
hollow tubular structure of MOF-74-11 with high crystallinity is
synthesized based on the initial PCN-74 microfiber (Fig. 9c)
[116]. PCN-74 is structurally labile in the absence of solvents and
can be gradually transformed into needle-like MOF-74-I1 through
a highly reversible coordination bond recombination. More impor-
tantly, in the process of epitaxial growth, the microfiber template
would restrict the movement of MOF-74-II needles to form a crys-
talline hollow tubule ultimately.

In general, MOF materials prepared by the template-assisted
method can retain the morphology of the supporting templates
to a large extent. The hierarchically porous nature and directional
multi-channel superstructure have shown great potential in gas
transport, sensing, and electrochemistry [158]. This will be helpful
to provide reference for the growth and evolution mechanism of
MOFs in dynamic control. Moreover, to satisfy manufacturing
requirements, the 3D hybrid MOF-on-MOF heterogeneous archi-
tecture is formed by introducing MOFs with different functions
into the modular MOF matrix, creating a novel multifunctional
platform. Thus, MOFs themselves can also be considered as a tem-
plate on which another MOF can be grown, constituting multifunc-
tional MOF-on-MOF heterostructures to widen their research field
[159].

3.3. MOF-on-MOFs

Actually, MOF-on-MOF heterostructures are regarded as a kind
of composite materials derived from the bottom MOFs as tem-
plates in popular sense [160]. Here, the basal MOFs can not only
provide nucleation sites to induce the formation of the upper MOFs
on their surface, but also become suitable precursors to promote
the epitaxial growth of homogeneous crystals directly [161]. Con-
sidering that single MOF cannot achieve the desired effect on
account of its limited functionality, the multifunctional MOF-on-
MOFs can be designed by adding secondary MOFs [162-165].
Therefore, the intriguing MOF-on-MOF system can greatly enhance
the application performance with hierarchical porosity and pre-
cisely controllable interface [166,167].

Previously, our group has prepared an indium-based InOF-1
with a rod-like morphology and hierarchical structure, which
becomes an excellent template to easily absorb free Co(Il) ions
owing to the large specific surface area and 1D channel structure
[117]. Followed by adding 2-MI ligands, it would rapidly coordi-
nate with metals so that the formed densely packed ZIF-67 parti-
cles will tightly wrap on the InOF-1 precursors, thus constituting
the binary InOF-1@ZIF-67 (Fig. 10a). Compared with the binary
structures, the ternary MOF-on-MOFs mainly depend on the selec-
tion of suitable MOFs and the interaction between the base build-
ing blocks and the superstructure units. There is a Ti-based MIL-
125 as the host material which is conducive to inducing the growth
of the guest MOFs (Fig. 10b) [118]. As a result of the rapid nucle-
ation of Co(II) ion and 2-MI and the weaker electrostatic repulsion
on the (001) face of MIL-125, the ZIF-67 particles will uniformly
grow onto the initial MOF to give a binary MIL-125@ZIF-67. As
detected by high-angle annular dark field scanning TEM (HAADF-
STEM) and element mapping, the shape of MOF-on-MOFs exhibits
a sandwich cookie with two Co-rich layers (Fig. 10b1). After that,
this binary MIL-125@ZIF-67 is further modified by extra ZIF-8 lay-
ers to form the unconventional ternary MIL-125@ZIF-67@ZIF-8
(Fig. 10b2). Furthermore, due to the same structural and topologi-
cal characteristics, the ZIF-67 layer can be heterogeneously nucle-
ated and grown on the surface of ZIF-8 in an epitaxial manner
(Fig. 10c).[119] Thus the alternating growth of ZIF-8 layer and
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ZIF-67 layer can be realized by repeating the step-by-step crystal
growth process to have ZIF-67-on-ZIF-8 series with multiple
core-shell structure (2/4/6/81-ZIFs(8)).

Different types of multiple MOF-on-MOF hybrids can be synthe-
sized by selecting appropriate MOF precursors, and the morphol-
ogy and collocation of the whole frame can be precisely
controlled. Compared with single MOF blocks, hierarchical MOF
system shows higher catalytic performance due to the complexity
of their structure and composition [168]. In particular, the unique
structural transformation and the tunability of the chemical com-
position of multifunctional MOFs in the pyrolytic process make it
possible to efficiently control the morphology and active sites of
their derivatives, which significantly improves the performed
properties [169].

3.4. Self-assembly

Compared to the intricate synthesis mechanism of MOF-on-
MOFs, the direct use of prefabricated MOF particles to self-
assemble into a controlled morphology is more easily grasped. As
the self-assembly of organic ligands and inorganic metals is
dynamically limited by the topological structure and cannot grow
continuously, only forming individually dispersed crystal particles
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eventually [170]. Therefore, if these discrete MOF particles can be
self-assembled again and arranged into ordered nanostructures,
their various applications will be greatly promoted.

By surfactant-assisted modification, monodisperse ZIF-8 parti-
cles can be used to construct the self-assembled MOF monolayers
(SAMM) using a liquid-air interface technique (Fig. 11a) [120].
Before the self-assembly process, it first uses imidazolium groups
(his-BiB) to conduct post-synthetic exchange reaction on the
MOF precursors, which are subsequently combined with methyl
methacrylate (MMA) to form core-shell ZIF-8 (ZIF-8-PMMA)
through atom transfer radical polymerization (ATRP). Then, the
ZIF-8-PMMA is fused with the adjacent particles by evaporation-
induced interfacial assembly at the liquid-gas interface, resulting
in the formation of a continuous and compact SAMM film (Fig. 11-
al-11a3). This film can be neatly stacked alternately with the
PMMA or superimposed with each other to form the hetero-/
homo-multilayer films (Fig. 11a4-11a5). Meanwhile, the obtained
flexible SAMM film can cover the SiO, particles and create a self-
standing film with iridescence on the wire ring (Fig. 11a6-11a7).
In addition, MOF particles can also be converted into free-
standing MOF-gel membrane wusing a relatively simple
vaporization-gelation method (Fig. 11b) [121]. In this case, the
ZIF-8 wet gel is first cast on the glass substrate and then self-
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assembled during the evaporation process to form a dense and
intact MOF-gel film. SEM images show that the made MOF-gel film
composed by the ZIF-8 nanoparticles (NPs) exhibit a smooth sur-
face and a thickness of around 30 pm.

Under these circumstances, self-assembled MOF membranes
are intrinsically endowed with a high MOF loading and great
porosity inherited from the microporous MOF precursors. There-
fore, they can give full play to potential advantages of the corre-
sponding MOFs as one type of battery separators [171]. Due to
the diversity of MOFs with different pore sizes and channels, it is
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possible to optimize their structure, composition, and property of
the self-assembled MOF membranes [172].

3.5. Superstructures

Surprisingly, with the self-assembly method, these simple MOF
building blocks can be further transformed into well-ordered
superstructures [173]. Generally speaking, superstructure, some
composite structures with higher complexity than the original
structure, can be formed on the basis of a certain structural level,
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arousing great interest in optics, catalysis, and energy-related
fields [174,175]. More recently, the self-assembly of uniformly
shaped spherical colloidal particles and polyhedral MOF crystals
has been demonstrated as a viable strategy to constitute a series
of long-range ordered stacking superstructures [176].

Owing to the superior flexibility of MOF nanorods, they will
help to form spherical superstructures with spatial order and
nanoscale precision. For example, 1D nanorods prepared with crys-
talline Zn-MOF-74 NPs and urea can be assembled into highly uni-
form spherical superstructure of MOF nanorods (SS-MOFNR)
(Fig. 12a) [122]. During the hydrothermal transformation, the slow
dissolution of Zn-MOF-74 precursor provides low-concentration
metal and ligand, which greatly reduces the nucleation rate and
facilitates forming rod-like MOF. Meanwhile, urea as an effective
modulator results in the formation of 3D chestnut-shell-like SS-
MOEFNR. Finally, Zn-MOF-74-derived 1D nanorods are closely and
orderly arranged and extend outward to form a spherical super-
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structure with a large cavity. Under the similar mechanism, the
polyhedral ZIF-8 particles react with boric acid (H3BOs3) to give a
spherical superstructure composed of MOF nanosheets (SS-
MOENS) (Fig. 12b) [123]. The difference is that H3BO5 not only dis-
solves MOF precursors as an etching agent but also participates in
the coordination to transform the topological structure. Further-
more, by controlling the amount of CTAB, ZIF-8 nanocubes will
gradually evolve into truncated rhombic dodecahedral (TRD) parti-
cles with truncation (t) = 0.69 and 0.57 since they can be selec-
tively attached to the (100) face. It finally turns into the
thermodynamically more stable rhombic dodecahedral particles
(Fig. 12¢) [124]. With evaporation in colloidal solution, these uni-
form MOF particles, including ZIF-8 and UiO-66, are induced by
strong van der Waals forces to self-assemble into ordered MOF
superstructures.

The advantage of the MOF superstructure is that its appearance
and composition can be optimized by adjusting the morphology
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and size of the used MOFs. By chemical transformation, highly uni-
form 3D spherical superstructures composed of 1D anisotropic
MOF nanorods or 2D anisotropic MOF nanosheets can be conve-
niently obtained [177,178]. Meanwhile, the polyhedral MOF parti-
cles with good dispersion, uniform shape, and high colloid stability
can also be self-assembled into 3D ordered superstructures
[179,180]. These above methods not only provide a new way for
the preparation of MOF superstructures, but also provide new
ideas for the development of MOF nanomaterials and their deriva-
tives in energy storage, catalysis, and other related fields.

4. Novel synthetic strategies of MOFs

In addition to changing the necessary factors for the production
of MOFs, the morphology and structure of MOFs can also be
adjusted by using different synthetic strategies [181]. Generally,
most of MOF materials can be obtained by conventional methods
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where the nucleation occurs and crystal grows in a homogeneous
solution [182]. For example, in the synthesis of porous MOFs for
gas storage and separation, a useful method is to use these
metal-binding solvents, such as water [183]. In these cases, when
the solvent is evacuated, the exposed metal sites from the desol-
vated MOFs can easily and selectively combine with the target
gas molecules [184]. Although the hydrothermal or solvothermal
synthesis have been demonstrated as the most common and effec-
tive approach to synthesize structurally stable crystals in the labo-
ratory [185], the use of MOFs for commercialization requires the
further development of new synthesis methods at a large scale.

4.1. Chemical vapor deposition
Through CVD, smooth and defect-free MOF films can be effec-

tively deposited on the substrate, which has attracted much atten-
tion [186]. This MOF-CVD method consists of two steps: I) metal
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oxide layers are first deposited; II) these layers are exposed to sub-
limate ligand molecules, inducing phase transformation into the
MOF lattice (Fig. 13a) [125]. The introduction of solvents with
favorable hydrogen bond acceptors, such as DMF or EtOH, will con-
tribute to stabilizing the porous structure and promoting the for-
mation of crystallized ZIF-71 during the reaction between ZnO
and 4,5-dichloroimidazole (HdcIlm) vapor (Fig. 13b). On the con-
trary, while the added solvent is changed to H,O vapor, it will
evolve into amorphous ZIF-72. And SEM images show that the
two kinds of topologically controlled ZIF crystals are assembled
into dense and uniform MOF films (Fig. 13¢, 13d).

In recent years, the CVD growth of MOFs is a rapidly developing
field, and crystals such as ZIF-8, ZIF-67, MOF-5, CuBDC, CuCDC, and
HKUST-1 have been successfully synthesized by this method one
after another [187,188]. In contrast to the solvothermal, CVD
allows the facile synthesis of porous MOFs under solvent-free
and catalyst-free conditions. For example, the zeolitic imidazolate
framework (MAF-6), which consists of 2-ethylimidazolate linkers
and Zn?* ions, is not easily synthesized in solution due to its sub-
stable nature [189]. On the other hand, the methylene group of
2-ethylimidazole enhances the volatility of the organic linker,
hence giving it well suited for gas—solid reactions with ZnO. Thus,
the film deposition of MAF-6 can be achieved completely from the
gas phase synthesis when ZnO is vaporized with 2-ethylimidazole
and without any solvent addition at any stage. Another work has
showed that the MOF-CVD process relies on the solvent-thermal
conversion of the atomic layer deposited oxide to MOF [190]. How-
ever, in the absence of solvent, when the ZnO precursors are fully
exposed to the vapor of the protonated 2-MI linkers can conve-
niently form even ZIF-8 membranes, which is used to prepare
gas separation membranes, sensors and energy storage devices.
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The reasonable utilization of MOF-CVD method has exerted
great research value in changing the morphology and structure of
MOFs. During the formation of MOF films, the introduction of sol-
vent steam in MOF-CVD process can control the polymorphism of
MOFs and form more uniform films. For CVD preparation, some
important parameters that should be especially paid attention to
include the flowing speed of vapor, temperature, pressure, sup-
porting substrate, etc. [191]. Meanwhile, the MOFs in thin-film
form can retain the original structure of MOFs, with high porosity
and large specific surface area more conducive to gas storage and
screening.

4.2. Electrochemical growth

Based on the structural advantages of porous MOF films, the in-
situ electrochemical growth is recently proposed [192]. These
advantages of electrochemistry-assisted interfacial growth MOF
membranes are as follows: 1) less time consuming and no needs
of high-temperature and high-pressure conditions; 2) no limitation
of solvent types; 3) easy realization of precise control and real-time
monitoring of MOF synthesis [193]. Therefore, this synthesis strat-
egy is expected to achieve interfacial synthesis of MOFs on porous
polymer substrates, reduce the difficulty of synthesis, and expand
the application range of MOF/polymer composite membranes
[194].

In the process of electrochemical preparation of HKUST-1 film,
the H3BTC solution, Cu plate, and porous polyethersulfone (PES)
covered Cu plate are used as the electrolyte, cathode, and anode,
respectively (Fig. 14a) [126]. During the anode reaction, the pre-
cipitation rate of Cu(Il) cations can be adjusted by controlling the
current intensity, while the precipitation of hydrogen promotes
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the deprotonation of organic ligands, thus facilitating the growth
of MOFs. Combined with SEM images and element mapping anal-
ysis, it can be proved that the irregular polyhedral crystals are
densely stacked to form a continuous and complete Cu-BTC/PES
membrane (Fig. 14b-14h). The combination of polymers and
MOFs not only gives play to the porous structure characteristics
of polymer supports, but also makes full use of the absorption
ability of MOFs. The as-prepared MOF/polymer membrane have
great advantages in dye adsorption and many other applications
[195,196].

In addition to the anodic dissolution strategy described above,
there are cathodic deposition and electrophoretic deposition meth-
ods in the preparation of MOF films by electrochemical deposition
[197]. Firstly, in the cathodic deposition strategy, both metal ions
and organic ligands are dissolved in the solvent, and reduction
reactions occur near the conductive substrate to promote ligands
deprotonation, and eventually nucleation and crystal growth on
the substrate. This cathodic deposition method can be used to fab-
ricate ZIF-8 membranes, using water as the solvent and obtaining
low defect density membranes without any pre-synthesis treat-
ment, which show excellent performance in C3Hg/C3Hg separa-
tion.[198]. Besides, in the electrophoretic deposition strategy,
charged particles are driven by an electric field toward the conduc-
tive matrix and eventually form a thin film on the substrate. For
instance, 2D Nis(HITP), nanosheets can be deposited on nickel
foam using an electrophoretic deposition method for the facile
preparation of supercapacitor and exhibits excellent electrochem-
ical properties in Na,SO4 electrolyte [199].

4.3. Spray-drying

Considering the unconventional nanometer effect, the nanos-
cale MOFs often have a higher range of applications and better per-
formance than micron-level MOFs [200]. Although the traditional
solvothermal method can efficiently produce the ultrafine MOFs,
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the synthetic method with adjustable composition and uniform
size distribution of nanometer MOF is still a difficult and demand-
ing task [201]. With the in-depth research, the spray-drying tech-
nology acts as a kind of general cost-effective method that can be
used in the rapid, large-scale synthesis and self-assembly of MOF
nanocrystals [202].

By atomizing the solution containing metal ions and organic
ligands, the efficient nucleation and crystallization will occur on
the surface of the formed micro-droplets, and the hollow spherical
nanosized MOF superstructures can be created conveniently
(Fig. 15) [127]. Primarily, the solvent of atomized droplets begins
to evaporate and induce the diffusion of the internal precursors
to the surface under the heating action of circulating airflow. With
the solvent evaporation, the concentration of precursors will grad-
ually increase until the initial crystallization, and they eventually
assemble into the 3D spherical nanoscale complexes when the lig-
uid disappears completely. At the same time, by adjusting the
operating parameters, such as gas temperature and airflow rate,
the hollow nanosized MOF materials with ideal size and structure
can be selectively prepared. According to this novel method, sev-
eral hollow nanoscale MOFs, including HKUST-1, Cu-bdc, MIL-
88A, MIL-88B, MOF-74, MOF-14, NOTT-100, and UiO-66 crystals,
can be conveniently synthesized to verify its practicality and
universality.

In this context, the convenient preparation of hollow MOFs
would show better application in guest molecule adsorption
because of their unique nanostructures and large cavity. The
emerging spray-drying technology can realize the large-scale pro-
duction of nanoscale MOF nanomaterials and greatly reduce the
synthetic cost and production time. Finally, it is worth noting that
another satisfactory advantage of spray-drying is to recycle a large
number of used solvent that can protect the environment to a large
extent [203]. Among them, hollow MOFs have been proved to be
promising candidates for electrolytes as well as catalysts in a vari-
ety of applications [204,205].
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4.4. Chemical etching

Recently, hollow MOF materials can be conveniently obtained
by anisotropic chemical etching, which exhibit the well-defined
geometry with controllable or selectively etched facets [206,207].
However, it remains a huge challenge to prepare the MOF crystals
with hollow structure and excellent geometrical shape with the
rational design and facile synthesis. In Fig. 16a, 16b, a type of trun-
cated rhombic dodecahedron ZIF-67 (tZIF-67) is synthesized,
which is further transformed into a unique hollow framework via
combining the anisotropic surface modification and etching strate-
gies [128]. Due to the steric hindrance effect of the (100) face, the
cyanuric acid (CA) molecules are more likely to bond with the
(110) plane, thereby protecting them from etching in the following
stage. Subsequently, the protons released from CA could competi-
tively break the coordination bond to cause the inside-out selective
etching of (100) face (Fig. 16c). Furthermore, the added metal salt,
such as H,PtClg, not only can play the role of etching agent as Lewis
acid, but also can be used as a doping agent to diversify the com-
position of the final product. And the SEM and TEM images show
that H,PtClg also selectively etches the (100) face of tZIF-67 and
gives rise to six square pits on the surface, which suggests that
the etching reaction with metal salt is conducted outside-in
(Fig. 16d).

Typically, hollow nanostructures can be prepared with MOFs as
templates since weak metal-organic coordination bonds are prone
to be broken when reacting with metal salts. The kinetics of shell
layer formation and template removal can be controlled by regu-
lating the concentration of MOF precursors and metal salts, which
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will lead to the formation of hollow layered double hydroxides on
the MOF surfaces [42]. In addition, a wet chemical process can be
used to control the anisotropic etching of ZIF-8 and ZIF-67 crystals
[208]. Because the exposed crystal faces, edges, and vertices of
MOFs own different chemical compositions, and etching process
preferentially occurs in the crystal orientation where metal-ligand
bonds are abundant and on the high-dimensional number of crys-
tal surfaces [209]. Therefore, the solubilization rate of the metal
ions can be regulated by adjusting the pH of etchants, which ulti-
mately converts these porous MOFs uniformly into a hollow
morphology.

In general, these nanomaterials with hollow morphology have
recently attracted significant research interest for various applica-
tions on account of their unique nanostructures and intrinsic phys-
ical and chemical properties. It deserves more efforts to the
development of hollow MOFs and their derivatives with the simple
and effective chemical etching. Moreover, the acidity/alkalinity of
the etchant and its affinity to different crystal planes within vari-
ous MOFs should be under an in-depth investigation [210,211].

4.5. Mechanochemistry

On the other hand, when different types of inorganic species are
deliberately or randomly combined into the lattice of MOF struc-
tures, more metal centers will be inserted to make this kind of
polymetallic MOFs have more unique properties [212]. It is well
known that mechanochemistry is recognized as a powerful tool
for the facile preparation of various porous nanomaterials, and ball
milling is the most common method [213,214]. In the process of
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Fig. 16. A) Hollow MOFs by anisotropic chemical etching. Reproduced with permission from ref. [128]. Copyright 2021, Wiley-VCH GmbH. The SEM images for b) tZIF-67, c)

hollow tZIF-67, and d) Metal/tZIF-67.

ball grinding, local short-range heating is used to induce the for-
mation of high-entropy MOFs [129]. The rapid development of
high-entropy materials provides the possibility to obtain MOF
materials that constitute two or more inorganic SBUs [215,216].
In this context, one high-entropy ZIF (HE-ZIF-BM) containing
five metal species is prepared by long-time powerful ball milling
of Zn(II)/Cu(II)/Cd(I1)/Ni(II)/Co(II) based metal salts together with
an excess of 2-MI ligand (Fig. 17a-17b) [129]. It shows that the
synthesized HE-ZIF-BM owns similar crystal structure, Brunauer-
Emmett-Teller (BET) specific surface area, and pore width in com-
parison with the HE-ZIF-ST obtained by a traditional solvothermal
approach (Fig. 17¢-17e). In this case, compared to single-metal ZIF
material, the five metal ions play a synergistic role and have stron-
ger catalytic conversion of CO, to carbonate in HE-ZIF material.
Moreover, ball milling is well-known for the solvent-free, and
can be used to encapsulate various nanosized particles when com-
bined with porous MOFs. For example, since bulky and rigid
fullerenes are soluble only in nonpolar solvents, while MOFs are
unstable in most solvents, encapsulation of fullerenes into MOFs
by solvent-based methods is obviously a great challenge. However,
the problem of solvent selection is not only avoided when prepar-
ing MOFs by the ball milling, but also fullerenes can be completely
encapsulated within the crystal voids [217]. Besides, a series of
enzymes, such as B-glucosidase, invertase, B-galactosidase, and
catalase, can be efficiently included in ZIF-8, Ui0-66-NH,, or Zn-
MOF-74 by mechanochemistry, thus preserving the biological
activity of the enzymes to a large extent [213]. Furthermore, it is
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feasible to wrap metal NPs with MOFs and prevent the aggregation
of metal NPs on the crystal surface with assistance of the ball
grinding method [218]. Therefore, the preparation of MOFs by
mechanochemical method presents the following advantages: 1)
no solvent is needed enabling the synthesis process to be safe
and pollution-free; 2) the problem of uneven growth of MOFs in
solution can be avoided; 3) more kinds of functional NPs can be
coated to form MOF composites without destroying the overall
crystal structure.

4.6. Others

To expand their application range, the facile preparation of var-
ious MOF materials with varied shapes and tunable structures is
highly desired. For instance, when MOF is combined with 3D print-
ing technology [219], the hierarchical integration of functional
nanoscale MOF materials can be achieved. Meanwhile, a continu-
ous and facile bottom-up method is utilized to obtain ultrathin
2D metal-organic nanosheets directly through the novel micro-
droplet flow reaction [220]. In addition to these above-
mentioned novel methods, there are more and more emerging syn-
thesis methods that have also been developed to date [221-224].

In Fig. 18a, 3D Ln-MOFs-assembled optical platforms with tun-
able colors and morphology features are successfully constructed
using a direct ink writing [225]. At first, the mellitic acid with high
connectivity and hydrophilic sodium alginate are mixed together
to obtain the fine precursor inks. After that, the ink can be loaded
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into a 3D printing workstation to produce variously shaped mate-
rials (Fig. 18a1-18a6). Meanwhile, the emergence of microdroplet
flow technology has also witnessed a breakthrough in the produc-
tion of ultra-thin MOF nanosheets (Fig. 18b) [130]. In this case, the
2D ZrBTB affected by van der Waals interaction and interlayer
hydrogen bonding will generate 3D blocky crystals by solvother-
mal method (ST-ZrBTB). However, in the microdroplet flow reac-
tion process, it is beneficial to restrict the growth of crystal along
the vertical direction to form the ultra-thin 2D nanosheets (MF-
ZrBTB). Clearly, the collected SEM, HRTEM and AFM images show
that the as-synthesized 2D MF-ZrBTB nanosheets exhibit well-
dispersion and distinct wrinkle with an average thickness of
3 nm. Furthermore, the traditional X-ray and electron-beam lithog-
raphy (XRL and EBL) can be further utilized to achieve resistance-
free lithography of MOFs at the small scale and fabricate highly
permeable materials with controlled morphologies (Fig. 18c) [226].

5. Relevant applications of MOFs and their derivatives

Thanks to the unique morphology, adjustable nanostructure,
abundant active site, diverse pore environment, and large specific
surface area, MOF materials have attracted numerous attention
in the fields of environmental protection and energy conservation,
including gas storage and separation, heterogeneous catalysis, drug
delivery and release, etc. [227-229]. Moreover, because metal ions
and organic ligands are regularly and orderly arranged in the crys-
tals, MOF materials can also be utilized as appropriate precursors
or sacrificial templates for the facile preparation of multifunctional
nanomaterials with intricate structure, tunable composition, and
uniform distribution of components [230]. Through calcination in
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different atmospheres, such as argon or air, MOFs can be thermally
transformed into porous metal oxides, metal phosphides, and
metal carbides with certain structures, which not only inherit the
special morphology of precursors but also exploit innovative func-
tional applications in more scientific fields.

5.1. Gas storage and separation

In order to meet the demand for clean energy and the reduction
of greenhouse gas emissions, the H, storage, as well as CO, capture
and sequestration, remains a great challenge. MOFs are a unique
class of porous materials that have attracted extensive scientific
interest for gas storage and separation applications [231,232]. To
improve the adsorption capacity, different types of MOFs have
been prepared to face the sustainability issues with great environ-
mental benefits [233]. Although MOFs, COFs (covalent organic
frameworks) and HOFs (hydrogen-bonded organic frameworks)
are all crystalline materials, they structurally differ in structure
due to various bonding modes. For example, HOFs are slightly less
designable and unstable due to weak bond orientation. In contrast,
MOFs are ligated by metal ions and organic ligands, which
becomes more stable. Also, MOFs can be modified to have more
flexible structures, thus showing significantly better performance
than COFs and HOFs in terms of gas separation, energy storage
and other related applications.

After structural modification, the performance and application
of MOF nanomaterials can be improved. For example, in the
mixed-ligand system, sphere (10:5), oval (7.5:7.5, 6.5:8.5), angu-
lated oval (5:10, 3.5:11.5), and inflated hexagonal rod-like (2:13)
In-based MOF particles can be obtained by adjusting the ratio of
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H,IPA and H,BDC linker (Fig. 19a-19f) [70]. It is proved that the
morphology structure and porosity of the resulting products are
closely related to the relative amounts of the two organic linkers,
which greatly affect the gas adsorption performance. Clearly, the
N, and CO; adsorption capacity could be improved gradually with
the increase of H,BDC connector (Fig. 19g-19h). Meanwhile, the
development of novel porous MOFs for transporting H, and CHy
which are considered as the sustainable energy carrier and alterna-
tive to fossil fuels is of great intergenerational importance. At pre-
sent, the HKUST-1 monoliths as the best-in-class densified MOF
could store 46 g L'! H, at 50 bar and 77 K, and delivers 42 g L'
H, at the same operating pressures [132]. Besides, after a large-
scale computational screening of 5446 MOFs, DUT-23(Cu) and
DUT-23(Co) exhibit higher working capacities towards the natural
gas than other porous materials, and exceed the airborne CH, stor-
age and release performance targets set by advanced research pro-
jects agency-energy [234]. Moreover, MOFs with porous properties
can be applied to adsorb greenhouse gases to ameliorate global cli-
mate issues, which is also worthy of further study and discussion.

To achieve better gas separation effect, the pore environment
can be further optimized by decorating the SBUs of MOF, so that
the obtained materials can selectively sieve gas molecules. Inspired
by this, the IM ligand is chosen to modify the Fe;(3-O)(CH3C0O0)g
of soc-MOF to construct the stable and microporous soc-MOF-IM
membrane (Fig. 19i-19j) [83]. Due to the introduction of IM, the
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diffusion path of small H, molecules do not change, while the fur-
ther diffusion of larger CO, is hindered (Fig. 19Kk). Furthermore, the
H,/CO; selectivity of soc-MOF-IM membrane is significantly higher
than that of unmodified membrane, indicating that a suitable pore
environment is a key factor for efficient gas separation, especially
in the pore structure of MOFs (Fig. 191-19n). However, when sev-
eral gas molecules are close in size, as in the case of light hydrocar-
bon mixtures (C,H,, C,H4, CoHg, C3Hg), more efficient methods are
required for the precise detection and monitoring. For example,
Raman spectroscopy isotherm is analyzed to investigate the inter-
action of MOFs with adsorbed gaseous guests, thus determining
the independent adsorption contribution of each component in
the gas mixture and facilitating the initial screening of adsorbents
in the separation [235]. Unfortunately, it remains a puzzle to reg-
ulate the internal structure of the MOFs to achieve a satisfactory
separation.

5.2. Dye adsorption and degradation

On the other hand, the rapid development of industry has pro-
duced many organic pollutants that cause increasingly serious
environmental pollution. There is a strong demand to develop a
novel technology to decompose organic pollutants into harmless
carbon dioxide and water. In recent years, PB nanocrystals with
different sizes and morphologies have been synthesized to over-

3 D printing

Mixed
Eu(NO,),
or

Fig. 18. A) Schematic illustration of controlled assembly in 3D printing. Reproduced with permission from ref. [225]. Copyright 2021, Springer Nature. b) The process of 2D
MF-ZrBTB through microdroplet flow reaction technology. Reproduced with permission from ref. [130]. Copyright 2018, American Chemical Society. c) Direct patterning of

MOF films by XRL and EBL.[226].
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come these difficult problems. A series of PB microcrystals ranging
from cubes to hexapod stars are prepared by adjusting the concen-
tration of HyPtClg (Fig. 20a-20f) [99]. They can be used as photo-
Fenton catalyst to degrade the RhB due to their high specific sur-
face area and exposed Fe''-NC active sites. The removal efficiency
of cube-like PB to RhB is calculated to be only 16.6% after one hour,
while PB-hpds have a significantly higher removal efficiency of
97.1% (Fig. 20g). As the etching degree of H,PtClg deepens, the
specific surface area of PB increases rapidly, which is conducive
to the exposure of active sites, and the corresponding kinetic con-
stants rise gradually (Fig. 20h). By UV-vis spectrum analysis, the
concentration of RhB is reduced over time in the presence of PB-
hpds microcrystals, and complete degradation is achieved after
60 min (Fig. 20i). Finally, the catalytic performance of PB-hpds in
different reaction systems is investigated, and results show that
when PB-hpds and H,0, coexist, the degradation efficiency of
RhB is significantly improved (Fig. 20j).

Moreover, ion exchange is an effective method to adjust the
structure of MOFs to improve their adsorption performance for
dyes. One type of anionic HKUST-1-R with hierarchical ring struc-
ture is synthesized by using CTAB as template, which consists of
numerous 2D nanoplates stacked together and clustered in the
center of the cavity, allowing cationic interaction and thus obtain-
ing mesoporous materials (M/HKUST-1-R, M = Ca, Cd, Ce, Co, Li,
Mn, Na, Ni, or Zn) (Fig. 20k-20n) [100]. In the dye adsorption,
the UV-vis absorption peak of methylene blue (MB) decreases with
time, while the absorption peak of methyl orange (MO) remains
relatively constant, which proves the selective adsorption of catio-
nic dyes through cation exchange (Fig. 200). At the same time, the
non-porosity of neutral HKUST-1 shows a significantly lower
adsorption capacity (Fig. 20p). More importantly, the anionic
frameworks of HKUST-1-R and M/HKUST-1-R provide selective
adsorption of the cationic MB, with an efficiency up to 90%, which
cannot be achieved within pristine HKUST-1 (Fig. 20q). Similarly,
another research work reports the removal of MB by Ag-MOF
immobilized on graphene oxide at more than 98% under mono-
layer adsorption with electrostatic interactions [ 133]. Furthermore,
an NH,-functionalized UiO-66(Zr) could become a carrier for fixing
laccase, which improve the pH stability of free laccase and affinity
for the dyes, and the removal of crystal violet, malachite green, ali-
zarin green, and MO are as high as 58.80%, 64.82%, 61.61%, and
21.12%, respectively [134]. However, it is well-known that MOFs
are prone to decompose in aqueous solutions, especially in acidic
and alkaline mediums, so improving the water stability of MOFs
could grant more possibilities in dye adsorption and degradation
applications.

Therefore, it is very important to control the structure and mor-
phology of MOFs, which can not only enhance the performance but
also expand the application range. It is obvious that they have out-
standing contribution in reducing greenhouse gas emissions and
can effectively protect the environment [236]. Moreover, the sig-
nificance of MOF morphology control goes far beyond this and will
have excellent performance in the energy fields [237].

5.3. Electrochemical catalysts

In recent years, the crisis of traditional energy shortage is
becoming more and more prominent, and the development of
new energy sources can alleviate the problem to a limited extent,
which is of great significance to energy saving and emission reduc-
tion [238]. In the field of electrochemical energy storage and con-
version, the sustainable and environmentally friendly energy
conversion technologies, such as overall water splitting, metal-air
batteries, and fuel cells, can effectively overcome the problem of
future energy shortages [239]. In the water splitting [240], hydro-
gen evolution reaction (HER) [241] and oxygen evolution reaction
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(OER) [242] are two important half reactions, while oxygen reduc-
tion reaction (ORR) [243] plays an important role in fuel cell and
metal-air batteries. However, its sluggish reaction kinetics severely
restricts the efficiency of electrochemical process, and thus electro-
catalysts with high catalytic activity are demanded to reduce the
energy barrier and enhance the reaction rate [244]. In this case,
the MOF-derived electrocatalysts with designated structures and
diversified morphologies have large specific surface area, exposed
active sites, and open pore structures, which can shorten the mass
and charge transfer distance to speed up the electrochemical reac-
tion [245].

The CoP-InNC@CNT is prepared by phosphorization from the
sugar-gourd-like InOF-1@ZIF-67 [117]. Their SEM and TEM images
show a large number of carbon nanotubes coated with fine CoP
particles that are wrapped around the rough surface of the
nanocomposite (Fig. 21a-21b). Meanwhile, the abundant meso-
porous structure of CoP-InNC@CNT compounds are conducive to
promoting the charge and mass transfer during electrocatalysis.
By analyzing the linear sweep voltammetry (LSV) curves, it can
be concluded that the overpotentials of the CoP-InNC@CNT electro-
catalyst reach 153 and 159 mV in 0.5 M H,SO4 and 1.0 M KOH,
respectively (Fig. 21c-21d). The corresponding Tafel slopes (62
and 56 mV dec™!) are significantly lower than those of control sam-
ples, including CoPInNC (65 and 78 mV dec™!), CoInNC@CNT (106
and 122 mV dec!), CoInNC (116 and 147 mV dec'), and InNC
(257 and 201 mV dec') (Fig. 21e-21f), indicating that the MOF-
derived catalyst owns more active sites and porous structures.

In order to obtain excellent OER catalyst, by calcination of
CoNiFe-MOF in air, the spinel oxide-carbonitride hybrid
(CoNiFeO4-NC) with multi-layer structures is obtained (Fig. 21g)
[61]. The microstructure of trimetallic spinel oxides, including
NiFe,04, y-Fe,03 species and amorphous carbon structure, is fur-
ther confirmed by HRTEM (Fig. 21h). In the OER test, the optimal
CoNiFeO4-NC electrocatalyst gives an outstanding overpotential
of 265 mV at 50 mA cm 2 with an excellent Tafel slope of
64.05 mV dec™! as a result of the enhancement of reaction kinetics
after adding Co and Ni (Fig. 21i, 21j). Besides, the carbonitride pro-
vides a stable skeleton and large specific surface area for the uni-
form distribution of CoNiFeO, active sites that greatly improves
its OER property. When exploring the relationship between elec-
tronic structure in different spinel oxides and OER mechanism,
the third reaction step owns the largest energy barrier as the
rate-determining step (Fig. 21k-21 1). However, the free energy
of Co-NiFe,04 (110) at the third step drops significantly, which
means that it requires a lower overpotential for OER. Therefore,
the well-designed CoNiFeOy electrocatalyst is intrinsically
endowed with excellent performance in alkaline OER.

In terms of ORR applications, the research work on MOF-
derived carbon materials for ORR applications is also greatly
appreciated [246]. Hence, a series of carbon nanomaterials
(PBA-I/II/III/IV-700) with Mn;Co,C NPs and specific morphologies
are prepared by calcining the SDS modified MnCoPBA crystals
(Fig. 22a1-22a4) [98]. Due to the unique morphology of PBA-III-
700 favorable for ion/electron transport in the carbon layer, it
possesses a good half-wave potential of 0.801 V, a large
diffusion-limited current density of 5.36 mA cm~2, and the lowest
Tafel slope of 47.5 mV dec™! close to Pt/C (0.821 V, 5.32 mA cm 2,
and 67.2 mV dec!) (Fig. 22b-22c). Although PBA-III-700 exhibits
superior stability compared to the Pt/C, it still does not meet
industry standards (Fig. 22d). In general, the reasons for poor sta-
bility are related to the deactivation of active sites, including the
carbon corrosion, dissolution of metal atoms, Osterwald ripening,
agglomeration, particle detachment, etc. [247]. Therefore, it
remains a challenge to seek for suitable MOF precursors to obtain
carbon carriers that can effectively stabilize catalytic sites for
practical applications.
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Besides, the reduction of CO, to fuels or chemical feedstocks by
electrochemical methods is a highly desirable carbon neutral pro-
cess. Also, HER is the main competing side reaction in the electro-
chemical CO, reduction reaction (CO,RR), and the inhibition of
hydrogen precipitation will greatly increase the Faraday efficiency
(FE) of the formed carbon-based products. Three structurally dif-
ferent Bi-MOFs, namely MFM-220, MFM-221, and MFM-222, with
different porosity are applied in a comprehensive study of the
reduction of CO, to formate (Fig. 22e1-22e3).[135]. The as-
synthesized MFM-220-p/CP (p = potential; CP = carbon paper) with
the highest porosity shows the best catalytic performance for CO,-
RR, with a total current density of 23 mA cm ™2 and FEgyrmace Of
90.4% at 1.1 V vs. RHE (Fig. 22f-22 g). This study demonstrates
the important role of the porosity of MOFs in their evolution into
CO, reduction electrocatalysts. However, the stability of this CO,RR
catalyst is not as satisfactory as that of the ORR catalyst mentioned
above, indicating that the long-term stability effect should be
taken into account along with the catalytic performance in the
practical electrolysis (Fig. 22h).

Moreover, the electrocatalytic reaction also includes the hydro-
gen oxidation reaction (HOR) which is an important anodic half-
reaction driving fuel cell and the nitrogen reduction reaction
(NRR) which is a key step in the electrochemical ammonia produc-
tion. Until now, there is still controversy about the mechanism and
catalytic pathway of HOR and NRR, causing few relevant MOFs to
be reported in this aspect. Although, it is reasonable to believe that
MOFs with their unique charm and advantages will be used in
more fields and play an excellent performance.

5.4. Battery

The development of metal-ion battery (MIB) is of great signifi-
cance in the field of electrochemical energy storage [248]. To
improve the battery performance, it is necessary to design and con-
struct electrode materials with a novel nanostructure, and hollow
metal oxides originated from the MOFs with unique composition
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and flexible structure have low mass density, excellent stability,
and large surface area, which can be explored and applied as the
anode materials of battery [249]. For example, by air-calcining
the MIL-53(Fe) to adjust the morphology, the obtained transition
metal oxides with different shapes, such as porous spindle-like
Fe,05-0.5, can be well used in lithium-ion battery (LIB, Fig. 23a1-
23a6) [108]. Then, the as-synthesized hollow Fe,03-2 is prepared
as the anode of LIB for cyclic voltammetry (CV) experiment, where
the obvious change of valence state of Fe ions is observed during
the first CV scan that is consistent with the result of charge-dis-
charge curve under 100 mA g~' (Fig. 23b, 23c). Compared with
the same series of products, Fe,05-2 exhibits the largest initial dis-
charge and charge capacity of 1456 and 1048 mAh g~!, respec-
tively, in the cycle performance test at 1 A g~! (Fig. 23d). When
the cycling performance is carried out at a constant current density
of 0.1 A g!, the reversible charging capacity of Fe,05-2 is smooth
and steady during the 200 cycles, mainly due to its porous yolk-
shell structure with larger surface area and more active sites for
lithium storage (Fig. 23e).

In recent decades, sodium-ion battery (SIB) has also been
widely studied owing to abundant sodium resources and low cost.
Meanwhile, MOFs with core-shell structure can be prepared as
carbon-based bimetallic sulfide with high active cores, abundant
interfaces, and strong mechanical strength, thus extremely poten-
tial for large-scale energy storage [250]. Thus, the okra-like Fe;Sg/
C@ZnS/N-C@C (Fig. 23g1-23g4) with layered core-shell structure
is designed and synthesized by high-temperature calcination of a
MOF-on-MOF hybrid structure of MIL-53@ZIF-8@RF (Fig. 23f1-
23f4) with a MIL-53 core, ZIF-8 shell and resorcinol-formaldehyde
coating [136]. While the Fe;Sg/C@ZnS/N-C@C is acted as an anode
catalyst for SIB, the carbon layer not only facilitates the promotion
of Na* transport, but also limits the aggregation of active sites. Ex
situ powder X-ray diffraction (XRD) tests are performed in different
charging/discharging states, and it is found that Fe;Sg would be
converted to NayFeS,, Fe, Zn, Na,S, and NaZn;s in order with the
gradual decrease of the discharging voltage (Fig. 23h). However,
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the Na,FeS, peaks still present in the fully charged state to confirm
that the reaction could not be restored to the Fe;Sg phase (Fig. 23i).
The schematic diagram depicted in Fig. 23j further illustrates that
the stepwise sodization/desodiation reactions at different posi-
tions will form a homogeneous solid state interface layer and grad-
ually release the strain, ensuring its cyclic stability. Therefore, by
structural design and composition optimization of MOF precursors,
core-shell hybrids with different layer chemistry and metal sul-
fides with large energy band gap differences can not only acceler-
ate sodium storage kinetics but also provide combined advantages
in terms of cycling stability and ion/electron transport.
Meanwhile, as the theory of gas diffusion electrode is further
complicated, metal-air batteries (MAB) with oxygen in air as posi-
tive electrode, such as zinc-air batteries (ZAB), aluminum-air bat-
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teries, magnesium-air batteries, etc., are widely researched and
developed. As a high-performance emerging green energy, MAB
is regarded as an ideal product to replace traditional batteries
because of its low cost, no pollution, and high specific energy. In
a meaningful research work, the layer spacing of NiFe-MOF is
expanded using carboxylated carbon quantum dots (CQDs-
COOH), and effectively inducing the formation of 2D NiFe-MOF
nanosheets by electron-withdrawing-COOH groups, which
increases the positive charge on the active sites and improves
the electrocatalytic performance [137]. When NiFe-MOF
NSs@CQDs-COOH is applied as a cathode catalyst in a rechargeable
ZAB, it shows excellent performance with an open-circuit voltage
of 1.42 V and a specific capacity of 895.5 mAh gz... In addition, sev-
eral works in our group have also shown that MOF-derived carbon
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nanocomposites can have diverse morphologies and tunable active Except the study of MIB and MAB, MOF-derived nanomaterials
sites, resulting in ultra-high oxygen reduction activity and long- have also been applied to zinc-manganese and lithium-sulfur bat-
term stability in ZAB [251]. teries [252,253]. Due to their unique structure and composition
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advantages, MOF-derived composites have great potential in the
application of electrode materials for rechargeable batteries. How-
ever, there are still many unexplored applications, and the advan-
tages of MOFs have not yet been fully exploited.

5.5. Heterogeneous catalysts

A number of works have been reported that the potential appli-
cations of MOFs with hollow nanostructures with large surface
area, multiphase interfaces, and excellent mass diffusion proper-
ties in heterogeneous catalysis. In addition, the synergistic effects
arising from the interaction of different shell layers are exploited

Coordination Chemistry Reviews 484 (2023) 215101

to modify their properties for specific applications and confined
environments to improve stability.

For example, multilayer MOF-on-MOF heterostructures can be
fabricated and subjected to a pyrolysis process to achieve solid-
to-hollow transition, and the shell number, hollow nanostructure,
and metal composition of the resulting metal@NC can be tuned
by adjusting the multilayer solid ZIFs [119]. When the multishell
hollow Co@NC dodecahedra are employed for the selective hydro-
genation of furfural to produce cyclopentanol (CPL), the catalytic
activity gradually will be enhanced with increasing shell number
(Fig. 24a). The multishell hollow structure not only enhances the
dispersion of active Co NPs, but also provides a stable multiphase
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Fig. 24. A) The CPL yields and selectivity of LH-Co@NC. Reproduced with permission from ref. [119]. Copyright 2019, American Chemical Society. b) Mechanism for the
hydrogenation of furfural to CPL. c) Influence of reaction temperature and d) H, pressure on FFA conversion and product selectivity. e) Retention of the phenyl cyclic
carbonate yield in successive cycles and f) yield for cyclic carbonates catalyzed using the CuBDC/CMC micro-reactor. Reproduced with permission from ref. [113]. Copyright

2021, Wiley-VCH GmbH.
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heterogeneous environment and improved mass diffusion ability.
As shown in Fig. 24b, furfural molecules are firstly adsorbed on
the surface of Co NPs and further reduced to furfuryl alcohol by
dissociated H atoms. Subsequently, CPL is generated by the cleav-
age of the C-O bond in furfuryl alcohol, the capture of H,O mole-
cules, the rearrangement reaction of intermediate II, and the
complete hydrogenation of cyclopentanone. Obviously, the furfural
conversion is also affected by the reaction temperature and hydro-
gen pressure (Fig. 24c-24d).

At the same time, MOFs through morphological modification
can be applied as heterogeneous catalysts for cycloaddition reac-
tions. MOFs/aerogel composites have abundant active sites and
good mass transfer properties, which provide high reactivity and
stability in cycloaddition catalysis [113]. The layered CuBDC/CMC
aerogel composites are designed as catalytic micro-reactors due
to their high hygroscopicity, mechanical and thermal stability,
abundant active sites, and continuous nanostructured coating for
the [2 + 3] cycloaddition reaction of CO, with four epoxides to gen-
erate five-membered cyclic carbonates (Fig. 24e). CuBDC
nanosheets without support tend to agglomerate during the cat-
alytic process, thus losing a large number of available Cu active
sites, while the CMC-supported CuBDC films maintain structural
stability throughout the process, thus ensuring high catalytic activ-
ity and stability. Meanwhile, the CuBDC/CMC micro-reactor also
exhibits better catalytic performance than the CuBDC nanosheet
catalyst in other cyclization reactions of different epoxides
(Fig. 24f).

However, a qualified catalyst should have high recoverable uti-
lization and catalytic selectivity. Based on this, water-stabilized
InOF-1 as a carrier is anchored with ultrafine Pd NPs by a two-
solvent method [138]. By the synergistic effect, the microporous
structure of MOFs improves the selectivity of the target product,
while the loaded Pd NPs provide abundant catalytic active sites.
Ultimately, the prepared Pd@InOF-1 exhibits a satisfactory size
selection effect in the Suzuki-Miyaura coupling reaction with iso-
lated yields up to 90%. Therefore, improving the solution stability,
modulating the morphology, and optimizing the pore environment
of MOFs becomes a realistic strategy for its application in various
organocatalytic reactions.

5.6. Drug delivery

MOFs with porous structures can be used as drug carriers to
inhibit drug crystallization by confinement in their nanoscale
pores, but rapid hydrolysis in the stomach leads to the immediate
release of the drug (Fig. 25a) [139]. The current approach to drug
delivery using MOFs is mainly the controllable release, where
MOFs with long-term chemical stability become regulators of drug
release under different stimuli such as medium pH, temperature,
and pressure.[140]. The poorly water-soluble drug molecules, such
as curcumin (CUR), sulindac (SUL), and triamterene (TAT), are
encapsulated by post-synthesis binding, and immersion of MOF-5
crystals in dichloromethane or acetonitrile in excess of the drug,
thus showing significant change in the color of the drug after
encapsulation (Fig. 25b). The drug molecules are immediately
released from MOF-5 by hydrolysis decomposition, leading to
rapid dissolution and high supersaturation generation in 60 min
(Fig. 25c-25e). Of note when considering a suitable MOF as an
amorphous drug stabilizer and host for rapid release, the main con-
siderations are 1) acceptable toxicity profile, 2) reactive decompo-
sition in an appropriate medium, and 3) suitable pore size to host
the drug target.

Research in the treatment of glioblastoma multiforme (GBM)
has been hampered by the presence of the highly selective perme-
ability of the blood-brain barrier (BBB). Recently, nanosized parti-
cles that mimic viruses have attracted increasing attention in the

31

Coordination Chemistry Reviews 484 (2023) 215101

development of novel drug delivery systems [255]. Fe-based MIL
series are chosen as the backbone of the nanoplatform because of
its controllable morphology, tunable surface modification, high
loading capacity, and versatility, which possesses not only rabies
virus (RABV)-like surface proteins, but also RABV-related struc-
tures (Fig. 25f) [254]. As shown in Fig. 25g1-25g6, the presence
of water dramatically alters its structure and precisely tailors the
morphology and size of MIL series, which can be tuned to closely
match the bullet-shaped structure of RABV. MOFs are further func-
tionalized by the lipid bilayer, making the particles more similar to
the envelope structure of RABV, thus enhancing BBB penetration
and chemotherapy of Glioma (Fig. 25h). In short, to achieve the
desired effect of drug delivery and therapeutic efficacy, the physio-
chemical characteristics of viruses need to be taken into account,
and the fabrication of bionanocarriers that are highly similar to
the structure/morphology and function of viruses may be one of
the most effective ways to deliver therapeutic drugs to the target
site.

Consequently, in comparison with some common nanocarriers,
MOFs for drug delivery have some unique advantages: regular pore
structure, large specific surface area, low pharmacological activity,
non-toxic, uniform drug loading, and the functionalized surface.
Even so, MOF materials for drug delivery still face some severe
issues, such as most MOFs are unstable under physiological condi-
tions, so surface modification is needed to slow down the decom-
position of MOFs and thus prevent the early release of drugs.
Meanwhile, due to the relatively unstable coordination bond
between metals and ligands, MOFs are biodegradable and can be
widely used in the field of drug delivery.

6. Conclusion and perspectives

Extensive research works have demonstrated that the structure
of MOFs determines their function, while the morphology control
of crystal materials at multiple dimensions enables the precise fab-
rication of different hierarchical architectures. Compared with
other conventional porous materials, hybrid inorganic-organic
MOFs with ultra-large specific surface area, highly ordered struc-
ture, and controllable morphology show great potential in terms
of environmental protection and energy conservation fields. More-
over, the flexible frameworks allow many desirable structure-
related properties to be integrated for extending practical applica-
tions. To date, various strategies have been devised, including the
use of rationally designed SBUs and multifunctional linkers, the
selection of suitable surfactants and reaction solvents, the utiliza-
tion of diverse substrates, and unprecedented synthetic methods.

Although many methods have been proposed to synthesize the
corresponding intricate morphologies and tailored nanostructures
based on the various influencing factors of MOFs, the ability to
accurately control their sizes and shapes is far from satisfactory.
More importantly, the study of morphology-property relationships
has not been carried out systematically, and there are still some
remaining challenges in the ever-increasing fields of MOF-related
research. 1) The understanding of the dynamic coordination prin-
ciples should be deepened to encompass the kinetic and thermody-
namic mechanisms in the formation of MOF crystals as a way to
rationally design the structure of MOFs. 2) Investigating the nature
of the template and selecting the suitable substrate would provide
a good platform for tuning the MOFs. Although the morphology of
MOFs could be affected by the templates to a large extent, the
homogeneity of the crystals cannot be guaranteed. Hence, post-
treatment or functional group modification of these templates is
still essential to induce the structural growth of MOFs. 3) Specific
crystal structures of bimetallic MOFs need to be elucidated, and
atomically accurate structural characterization and computational
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modeling are necessary to grasp a fundamental understanding of
structure-property relationships. 4) In practical applications, MOFs
are susceptible to structural collapse and degradation by moisture
in the air. Reinforcing the strength of the coordination bond
between metal ions and organic ligands, and realizing reversible
structural transformation can effectively improve the stability,
which is worthy of in-depth research.

However, these above factors are usually interrelated with
coordination structures, and the systematic study of morphological
effects is extremely challenging. In a word, the structure-directed
growth and morphology control of multifunctional MOFs is an
effective and versatile approach that offers many valuable oppor-
tunities for broader applications. In the future, it is highly antici-
pated to combine interdisciplinary techniques to fully exploit the
advantages of MOF materials for industrial applications, and we
have reasons to believe that the prospect of MOF fields is extre-
mely bright.
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