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In recent years, metal-organic frameworks (MOFs) have attracted incredible chemical and material
research interests because of their prominent properties and charming structures. The reliable produc-
tion of a wide variety of MOFs materials and MOF derivatives, such as MOF-metal nanoparticles compos-
ites and MOFs-polymers hybrids, offers many possibilities to develop MOF-based applied materials.
Although MOFs have many unique features, including abundant pore structures and multiple functional
ligands, their applied performance is limited by intrinsic fragility and powdered crystalline state, as well
as unsatisfied stability and processability. By this, MOF-based hydrogels and aerogels have achieved
unparalleled results, outperforming ungelated MOFs materials in many aspects. This review presents cur-
rent developments of MOF-based hydrogels and aerogels with emphasis on the specific categories and
the synergistic effects of MOF-derived aerogels between MOFs and additional materials. Particular
emphasis is placed on discussing the advantages of MOF-based hydrogels and aerogels in applications
such as sensors, batteries, supercapacitors, adsorbents, catalysts etc. MOF-based hydrogels and aerogels
can provide valuable guidance for the investigation of MOFs towards practical applications with process-
ability, stability, and easy handling. Specifically, we will summary recent progress of pure MOF hydrogels,
MOF@biology derived organic macromolecules hydrogels, MOF@biocompatible hydrogels, MOF@ gra-
phene hydrogels, pure MOF aerogels, MOF@silica aerogel composites, MOF@ graphene aerogel compos-
ites, MOF@cellulose aerogel composites, and aerogel composites containing MOFs-derived materials. In
addition, their applications are also discussed. We hope that this review will be helpful for those who
want quick access to valuable references about MOF-based hydrogels and aerogels and their applications.

� 2019 Elsevier B.V. All rights reserved.
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1. Introduction

The research of metal-organic frameworks (MOFs), also known
as porous coordination polymers, is growing very fast [1–6]. This
upsurge can be reflected in the increasing number of papers pub-
lished over the last fifteen years, as shown in Fig. 1a. As special por-
ous crystalline materials, MOFs are formed by the linkage between
organic ligands and metal-containing nodes through coordination
bonds [7–9]. Up to now, tens of thousands of MOFs with various
molecular compositions, topologies, crystal structures, pore struc-
tures, and surface morphologies have been discovered because of
these diverse metal nodes and ligands [10–15]. In addition, many
MOF composites have been developed and are active in various
applications [16–18]. The tunability of MOFs is based on their mul-
titudinous composition, physical properties, topology of the under-
lying nets, ligands, and metal nodes. By using some rational
methods such as interweaving motif, mixed-ligand strategy and
functionalization, etc., the properties and application performance
of MOFs can be tuned [19–22]. The tunability of MOFs paves the
way for their applications, such as molecular separation, energy
storage, catalysis, gas adsorption, luminescent sensing, and drug
delivery, etc [23–32]. However, some practical applications are
hindered by the disadvantageous nature of MOFs, such as rigidity
and very easy to be crumbled. Besides, MOFs with high crys-
tallinity always show intrinsic fragility and unsatisfied processabil-
ity [33]. Although MOFs in crystalline powder states have rich pore
(a) The number of publications in the area of MOFs from 2003 to 2018 (inter
orks. (b) The number of publications in the area of hydrogels from 2003 to 2018
mber of publications in the area of aerogels from 2003 to 2018 (internet search
structures, most of them are micropores, which will result to poor
surface accessibility [34]. Therefore, designing flexible and stable
MOF-based materials with good surface accessibility, flexible pro-
cessability and high surface area is a meaningful strategy for
improving the practical performances of MOFs.

Given the tunable multifunction, small size, and microporous
structure, the use of MOFs as a functional reinforcing additive
agent for inactive chemical composites has attracted significant
interest [35]. However, the high activity of MOFs and their ten-
dency to decomposition in hydrophilic media, have made the effi-
cient utilization of these MOFs-based composites very challenging.
In response to this problem, several waterproof MOFs have been
reported to improve stability [36–38]. This high activity of MOFs
is beneficial in their use as reinforcing additive agents of hydrogels.
Hydrogels are generally considered as highly hydrated cross-linked
three-dimensional (3D) networks that contain a wide range of
structural forms and chemical compositions [39]. The increasing
number of the related reports (Fig. 1b) indicates the popularity of
hydrogels. The 3D networks can be used to promote the dis-
persibility of MOFs in hydrogel matrices. Conversely, MOFs can
interact with other components or tune the properties of hydrogel
matrices. Particularly, tailoring the chemical properties of hydro-
gels remains a barrier to the successful translation of hydrogels
to specific applications, which is important to create high applied
performance functional materials. Moreover, the metal-ion stabil-
ity of some MOFs in hydrogel matrices makes them attractive in
net search of the Scopus on May 27, 2019). Keywords for search: metal-organic
(internet search of the Scopus on July 14, 2019). Keywords for search: hydrogels. (c)
of the Scopus on July 14, 2019). Keywords for search: aerogels.



Fig. 3. The preparation processes of MOF-based hydrogels and aerogels in situ on
hydrogels and aerogels.
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biological applications such as drug delivery and wound healing.
All of these applications are served by high porosity, water content,
and cytocompatibility of hydrogels.

However, in practical application fields such as adsorption and
catalysis, the network structure of materials is required to be free
of liquid. By some special drying methods such as critical point
drying and freeze-drying, the liquid in the macro-scale gels can
be removed. The corresponding product is called aerogel. Aerogel
possesses a space network structure filled with gas [40]. Aerogels
are lightweight nanoporous materials that have continuous 3D
nanoporous network structure composed of nanoparticles, and
they are endowed with unique structural characteristics such as
low density, high porosity, high specific surface area, and large
pore volume, etc [41]. These advantages enable aerogels to have
good performances in thermal insulation, gas adsorption, water
treatment, catalysis and so on [42], and make the research of aero-
gels more and more attractive, as shown in Fig. 1c. The first aerogel
in the world was prepared using supercritical drying technology in
1931 by Kistler, which replaced the liquid component in the gel
with gases and kept the gel wall from collapsing [43]. According
to Kistler, aerogels should possess the following characteristics:
(1) the aerogels are obtained via drying the hydrogels; (2) the aero-
gels have no obvious shrinkage and fragmentation of hydrogels
during drying process; (3) typical aerogels have complete crack-
free appearance; and (4) The aerogels possess high porosity [44].
According to the types of matrix, aerogels can be divided into oxide
aerogels, carbide aerogels, organic aerogels, carbon aerogels, etc.
The classical preparation of aerogels consists of two processes:
sol-gel process and drying process. The former process mainly
obtains gels with certain space network structures while the latter
one aims to remove the solvents from the network of the gels and
obtain the final aerogels. In addition, in order to meet the require-
ment of applications, the preparation of aerogels also currently
needs additional auxiliary processes, including aging, surface mod-
ification, solvent replacement, and thermal treatment, etc [45].
Comparing with other aerogels, MOFs-based aerogels possess
enhanced mechanical properties (due to the rigid structure of
MOFs) and high specific surface areas (due to the microporous
structure of MOFs).

The various processing methods for the preparation of MOF-
based hydrogels and aerogels have also increased the wide applica-
tion of these materials. Hydrogels are mainly prepared by adding
Fig. 2. The preparation processes of MOF-based hydroge
MOFs to a polymer precursor solution. Then, the chemically
crosslinking of the polymer components that surround the MOFs
can be realized by free radical polymerization. On the other hand,
aerogels can be prepared by using the method of freeze-drying or
critical point drying to treat a precursor material or gel. The aque-
ous gel phase is replaced by gas (air) to form a solid or supercritical
regime [46]. As a result, the MOF-based hydrogels and aerogels can
take into account the advantages of both MOFs and hydrogels/
aerogels. In addition, there are many kinds of MOFs and hydrogels
and aerogels, which provide a wide space for the development of
composite materials. It is reasonable to believe that the advantages
from both two components (MOFs and hydrogels/aerogels) can be
retained while some shortcomings from two components can be
avoided. Such composites can achieve optimized performance,
which can upgrade their application areas.

Considering the superiority of MOF-based hydrogels and aero-
gels, this review will try to provide a comprehensive overview of
the MOF-based hydrogels and aerogels that have been reported
until now, including pure MOF hydrogels, MOF@biology derived
organic macromolecules hydrogels, MOF@biocompatible hydro-
gels, MOF@ graphene hydrogels, pure MOF aerogels, MOF@silica
ls and aerogels by using the direct mixing method.



Table 1
The Summary of MOF-based hydrogels.

MOF Matrix Application Ref

Eu-MOFs, Tb-MOFs, and Dy-MOFs – tunable emission and multi-target detection [49]
ZIF-8 gelatin hydrogel – [50]
HKUST-1 gelatin hydrogel – [50]
ZIF-8 poly (vinylalcohol)-chitosan hydrogel CO2 capture [51]
UiO-66-NH2 agarose hydrogel sensing [52]
HKUST-1 alginate hydrogel water treatment [53]
ZIF-8 alginate hydrogel water treatment [53]
MIL-100(Fe) alginate hydrogel water treatment [53]
ZIF-67 alginate hydrogel water treatment [53]
copper-vitamin MOF alginate hydrogel wound healing [54]
Zinc-vitamin MOF alginate hydrogel wound healing [54]
zeolite-like MOF N-vinyl-2-pyrolidinone hydrogel Drug release [55]
UiO-68 polyacrylamide/DNA hydrogel Drug release [56]
HKUST-1 PPCN hydrogel wound healing [57]
Zinc-MOF GO hydrogel – [58]
ZIF-8 Graphene hydrogel biomass degradation [59]
ZIF-8 laponite clay hydrogel – [60]
HKUST-1 PVA-co-PE/PVA hybrid hydrogel adsorption [61]
MOF [Eu2(BPDC)(BDC)2 (H2O)2]n alginate hydrogel Sensing [62]
Co-MOF alginate hydrogel water treatment [63]
ZIF-8 polyacrylamide hydrogel water treatment [64]
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aerogel composites, MOF@ graphene aerogel composites, MOF@-
cellulose aerogel composites, and aerogel composites containing
MOFs-derived materials, because the variety of MOFs affords a
huge number of possible combinations. Herein, the categories of
MOF-based hydrogels and aerogels have been introduced firstly.
Then, their existing applications are discussed. We hope that this
carefully-prepared review will inspire the skilled chemists in other
fields to investigate more MOF materials beyond powder MOFs,
and bring inexperienced researchers into more practical applica-
tions based on MOF-based hydrogels and aerogels.
2. The methods for synthesis of MOF-based hydrogels and
aerogels

MOF-based hydrogels and aerogels are generally synthesized by
incorporating MOFs into the hydrogel or aerogel matrixes. Corre-
spondingly, the MOFs can be considered as the dispersed phase,
meanwhile, the hydrogel or aerogel matrixes are the continuous
phase. MOF-based hydrogels and aerogels can be shaped into var-
ious structures. MOF-based hydrogels and aerogels can be synthe-
sized via using the following two different methods: (1) Direct
mixing method and (2) In situMOF synthesis. For aerogels, the final
drying step is added.
Fig. 4. Photographs of (a) Tb-Dy MOF hydrogel, (b) Eu-Tb MOF hydrogel, (c) Eu-Dy
MOF hydrogel, and (d) Eu-Tb-Dy MOF hydrogel with mixed-metal ratios of 1:1 or
1:1:1 under sunlight (left) and under excitation at 275 nm (right). Reproduced with
permission [49]. Copyright 2019 Published by The Royal Society of Chemistry.
2.1. Direct mixing method

In this method, before gelation, the procedures for hydrogels
are modified by adding MOF crystals to the liquid precursor or
the sol, as shown in Fig. 2. The final gelation of the hydrogel
matrixes entraps the MOF crystals to produce MOF-based hydro-
gels. Besides, by using further supercritical drying or freeze-
drying methods, MOF-based aerogels can be obtained.

2.2. In situ MOF synthesis

Another method for preparing MOF-based hydrogels and aero-
gels is to in situ prepare MOFs inside the pores of hydrogels or aero-
gels. For aerogels, the final drying step is required. The pores of the
hydrogels or aerogels are the bottles while the MOF crystals are the
ships. Scientists can make MOFs grow inside the pores of hydrogels
or aerogels by sequential adding the metal precursor and the
organic linker, as shown in Fig. 3. For synthesis in hydrogels, the
precursors of MOFs are incorporated into the hydrogels, and then,
the MOF crystals are grown in situ inside the pores of the hydrogels
to obtain MOF-based hydrogels. The corresponding MOF-based
aerogels can be obtained by the drying method. For synthesis in
aerogels, the pre-synthesized aerogels are immersed in the solu-
tions of MOF precursors to prepare the MOF crystals inside the
pores of the pre-synthesized aerogels, and followed by drying to
obtain MOF-based aerogels.
3. The categories of MOF-based hydrogels and aerogels

3.1. MOF-based hydrogels

MOFs composed of metal ions linked by multidentate ligands
have attracted significant attention in recent years by the virtue
of their potential applications [47]. Overall, the MOFs synthesized
by researchers are almost obtained in a powdered crystalline state.
The powdered crystalline state limits the industrial applicability of
MOFs due to the technical challenges of powders such as poor han-
dling and mass transfer limitations. At the same time, adding MOF
powder is beneficial to enhance the mechanical properties of
hydrogels [48]. In view of this, MOF-based hydrogels, a new kind
of gels, were designed to provide an access to meet the industrial
demand. We summarized MOF-based hydrogels in Table 1.



Fig. 5. Scanning electron micrographs (SEM) images of ZIF-8 containing various amounts of gelatin (0.005–0.1 wt%). The scale bar is 10 mm. Reproduced with permission
[50]. Copyright 2013 The Royal Society of Chemistry.

Fig. 6. (a) The preparation of the MOFs-alginate hydrogel composite. (b) Alginate hydrogels cross-linked by Cu2+ ions after adding a sodium alginate aqueous solution to a
Cu2+ aqueous solution. (c) Alginate hydrogels cross-linked by Cu2+ ions after being washed with water and ethanol. (d) The photograph of HKUST-1-alginate hydrogels.
Reproduced with permission [53]. Copyright 2016 American Chemical Society.
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3.1.1. Pure MOF hydrogels
Yin et al. reported lanthanide MOF hydrogels with intrinsic and

tunable emission color [49]. These hydrogels were prepared with
5-boronoisophthalic acid and Tb3+, Eu3+, or Dy3+ ions similar to
the common MOFs. The gels exhibited intrinsic trichromatic fluo-
rescence, because the full-color emissions can be obtained by tun-
ing the type or ratio of lanthanide ions. The lanthanide ions and 5-
boronoisophthalic acid formed separate layers. Then, these layers
grow anisotropically to form nanoribbons, which are further
wound together to produce hydrogels. Yin et al. poured Eu-Tb-Dy
MOF hydrogels with various Eu/Dy/Tb ratios into separate molds
to explore their ability. As shown in Fig. 4, Eu-Tb-Dy MOF hydro-
gels can be shaped into different shapes, indicating their tunable
shape. All the hydrogels possess the same color under sunlight,
however, under single-wavelength excitation at 275 nm, their
color difference is very obvious. This work provides a new method
of the design of flexible and soft MOFs hydrogels for extensive
applications in the future.

3.1.2. MOF@biology derived organic macromolecules hydrogels
Biology-derived organic macromolecules are undoubtedly ideal

materials, because they come from nature. Biology-derived organic
macromolecules are able to combine low costs, sustainable pro-
duction, and environmental protection. The usage of biology-
derived organic macromolecules as matrixes for MOF growth is
rarely explored.



Fig. 7. (a) Synthesis of DNA/polyacrylamide-hydrogel-coated MOFs loaded with dye or drug. (b) Typical SEM image of the MOFs. (c) Typical SEM image of the MOFs coated
with hydrogel. Reproduced with permission [56]. Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Gelatin is a protein partially hydrolyzed by the collagen of
bones, skins, hoofs and tendons of cows, pigs, fish, or other animals
[65]. Bradshaw and coworkers employed a biomineral-inspired
method to grow two classical MOFs (ZIF-8 and HKUST-1) in a
cheap non-toxic gelatin hydrogel as a matrix [50]. The approach
was to add metal salts during the gelatin formation process to form
cation-embedded hydrogels. Through the addition of metal salt
solutions containing 1-hexyl-3-methylimidazolium or trimesic
acid, ZIF-8 or HKUST-1 crystals can be obtained respectively. In
addition, gelatin hydrogel can be used as a modifier of macro-
molecular crystal growth to change the crystal growth degree of
two MOFs, which is similar to natural biomineralization. As shown
in Fig. 5, the amount of the added gelatin can greatly change the
crystalline size of the ZIF-8 inside the matrix to meet different
application requirements.

Chitosan is derived from chitin, which is widespread found in
the shell of crustaceans, the shell of insects and the cell wall of
fungi. Wang et al. prepared ZIF-8/chitosan composites in the chi-
tosan hydrogel matrix [66], where chitosan was interpenetrated
with ZIF-8 crystals. The existence of chitosan greatly changed the
size of ZIF-8 crystals, because the oxhydryl and amino groups of
chitosan would affect the exposure of the crystal surfaces. Cui
Fig. 8. The typical method to synthesize A-GO. Reproduced with permission
and coworkers embedded carbonic anhydrase molecules into ZIF-
8 (CA@ZIF-8) [51]. Then, this composite was encapsulated in the
poly (vinylalcohol)-chitosan hydrogel to prepare composite hydro-
gel. The immobilization efficiency of carbonic anhydrase molecules
was more than 70%, indicating its high immobilization efficiency.
Compared with carbonic anhydrase and CA@ZIF-8 composite, the
as-prepared composite hydrogel displayed better mechanical
strength, stability, and reusability.

Agarose is a type of polysaccharide extracted from the plant
(Rhodophyceae). Because of its special gelling properties, agarose
has been widely used in many fields. The composite between MOFs
and Agarose can also be synthesized by using agarose hydrogel as
the matrix. Huang and coworkers incorporated a fluorescent dye
(Rhodamine B (RhB)) into stable UiO-66-NH2 (a Zr-based MOF)
[52]. Then, this material was dissolved in hot ultrapure water with
dispersed agarose powder. The solution was transferred into a 96-
well plate and cooled down to obtain MOF-based agarose hydrogel.
Owing to its portable, robust, and convenient-synthesis character-
istics, this MOF-based agarose hydrogel was expected to show
potential in field of clinical diagnosis. In addition, this synthetic
method is expected to be able to prepare more composites
between stable MOFs and agarose hydrogel.
[58]. Copyright 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Later on, a series of alginate hydrogels have been fabricated. As
shown in Fig. 6, the cation cross-linked hydrogels are a good can-
didate to prepare MOFs-based composites for lithium adsorption,
water purification, and the diagnosis of penicillin allergy [53].
Especially, Zhao et al. prepared a hydrogel microfiber containing
vitamin MOFs through microfluidic spinning method [54]. The
alginate hydrogel shell was formed by the rapid gelation reaction
between sodium alginate and calcium chloride from the two-
phase solution in the microfluidic system. At the same time, nico-
tinic acid (vitamin B3) solution and copper acetate or zinc acetate
solution were injected into the fiber sheath as the precursors of
MOFs, and then, copper-vitamin or zinc-vitamin MOF were formed
in situ in the hollow hydrogel shell.
3.1.3. MOF@biocompatible hydrogels
Biocompatible hydrogels play an important role in several fields

such as drug delivery and wound healing, however, they are often
limited by their instability [67]. To address this issue, the addition
of MOFs in biocompatible hydrogels might be a good strategy to
improve the mechanical properties of biocompatible hydrogels.
Harmon and coworkers designed a zeolite-like MOF to enhance
the property of N-vinyl-2-pyrolidinone hydrogel [55]. The as-
obtained composites had a net covering the pores and exhibited
the better mechanical stability in water than that of N-vinyl-2-
pyrolidinone hydrogel without zeolite-like MOF.

Willner et al. employed MOF nanoparticles to support anti-
cancer drug doxorubicin and coated a stimulatory-responsive
polyacrylamide/DNA hydrogel [56]. The cross-linking of this
hydrogel was carried out in cage structure by nucleic acid double
chains containing anti-adenosine triphosphate aptamers. Fig. 7
shows the schematic diagram and morphology of hydrogel-
coated MOF nanoparticles. As shown in Fig. 7a, after synthesizing
MOF material (UiO-68), the amino functional groups on its surface
were converted into azide functional groups to link the modified
nucleic acid. The anticancer drug doxorubicin was then loaded into
the UiO-68 nanoparticles and the carrier was hybridized to form a
double-stranded immobilization unit. Finally, these nanoparticles
were further precipitated and suspended in buffer solution
Fig. 9. (a) The typical formula of ligand 1. (b) The Photographs of MOF-A-GO composite h
with permission [58]. Copyright 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
containing DNA functional acrylamide chains with two hairpins.
As shown in Fig. 7b and 7c, the UiO-68 nanoparticles exhibit a dou-
ble pyramid structure with a size between 280 and 350 nm. After
hydrogel coating, the sharp angle of the UiO-68 nanoparticles dis-
appears, and the surface of the particles becomes smooth.

Copper ion shows bright prospects in the healing of chronic
non-healing wounds. Excessive use of copper salts or copper oxi-
des, however, may cause the wound to deteriorate. To solve this
problem, Ameer et al. embedded copper MOF nanoparticles
(named as HKUST-1 NPs) within an antioxidant thermo-
responsive citrate-based hydrogel (poly-(polyethyleneglycol
citrate-co-N-isopropylacrylamide), named as PPCN) [57]. This
method can accelerate wound healing and decrease the toxicity
of copper ions. This report further confirms that biologically-
incompatible MOF materials wrapped in biocompatible hydrogels
can play a specific role in the field of biomedicine.
3.1.4. MOF@graphene hydrogels
As a new kind of carbon materials, the study of graphene mate-

rials, including graphene, graphene oxide (GO), and reduced gra-
phene oxide (rGO), is very hot in the fields of chemical science
and material science [68]. Graphene materials are well character-
ized by their 3D graphene network, excellent conductivity, and rich
functional group structures [69].

As shown in Fig. 8, Jung et al. efficiently synthesized a derivative
of GO by using a two-step reaction method [58]. The derivative
was named as A-GO. The A-GO can produce a MOF-GO composite
hydrogel (named as MOF-A-GO) by mixing with organic ligands
(Fig. 9a) in the presence of Zn2+ ions. Fig. 9b shows the appearance
and fluorescence characteristic of the resulting hydrogel. As shown
in Fig. 9c, the morphology of MOF-A-GO is quite different from that
of common GO nanosheets. MOF-A-GO has a nanorod structure
with a length of several micrometers and a width of 100–
150 nm. It indicates that A-GO and organic ligands are well bonded
and arranged in an order manner to form a well-arranged
structure.

Yan and coworkers used modified Hummer’s method to prepare
GO powder, which can be dispersed in water [59]. Ascorbic acid
ydrogels. (c) The typical SEM image of a MOF-A-GO composite hydrogel. Reproduced
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and sodium hydrate were added into the GO solution. Then, the
mixed solution was heated to gain the graphene hydrogel, which
was further immersed in methyl alcohol containing zinc nitrate
hexahydrate and 2-methylimidazole. After a period of reaction,
ZIF-8 would grow in the network of graphene hydrogel. The
obtained ZIF-8/graphene hydrogel nanocomposite is stable in alka-
line solution.

In addition to the MOF-based hydrogels mentioned above, there
are other types of MOF-based hydrogels such as ZIF-8/laponite clay
hydrogel nanocomposite and HKUST-1@PVA-co-PE/PVA hybrid
hydrogel [60,61]. Overall, there are not many types of MOF-based
hydrogels. Besides, with the attention paid to environmental
protection, recycling and other related fields, the demand for
stimulus response and self-repairing hydrogels is increasing
day by day. Thus, more exploration is this direction is highly
desirable.
Table 2
The summary of MOF-based aerogels.

MOF Matrix

MIL-100 (Fe) –
Cr-BTC –
Al (III)-carboxylate –
UiO-66 –
UiO-67 –
UiO-66-NH2 –
HKUST-1 silica aerogel
HKUST-1 silica aerogel
HKUST-1 silica aerogel
ZIF-8 silica aerogel
MIL-101 graphene oxide aerogel
ZIF-8 graphene aerogel
ZIF-8 graphene aerogel
MIL-88-Fe graphene aerogel
HKUST-1 Ru/graphene aerogel
ZIF-8 reduced graphene oxide aerogel
polypyrrole@ZIF-8 graphene aerogel
ZIF-8 cellulose nanocrystal
UiO-66 cellulose nanocrystal
MIL-100 (Fe) cellulose nanocrystal
ZIF-8 cellulose nanocrystal-carboxymeth
UiO-66 cellulose nanocrystal-carboxymeth
MIL-100 (Fe) cellulose nanocrystal-carboxymeth
ZIF-9 cellulose aerogel
ZIF-12 cellulose aerogel
ZIF-67-derived Co/C composites polypyrrole hydrogel
Prussian blue-derived Fe2O3 graphene aerogel
MOF (Fe)-derived Fe2O3 reduced graphene oxide aerogel
MOF (Ni)-derived NiO/Ni reduced graphene oxide aerogel
MOF (Fe)-derived Fe2O3 nitrogen-doped graphene aerogel
MOF (Co)-derived CoOx nitrogen-doped graphene aerogel
MOF (Co)-derived Co nanoparticles nitrogen-doped graphene aerogel
ZIF-67 derived Co3O4 carbon aerogel
ZIF-8/C3N4 agar aerogel
Cu-BTC Titania aerogel
[Zn(N-(4-pyridylmethyl)-L-valine�HCl)(Cl)](H2O)2 Titania aerogel
ZIF-8 Konjac glucomannan
Ni/Co-MOF CMC aerogel
Tb (III)-based metal-organic gel –
Eu (III)-based metal-organic gel –
HKUST-1@Fe3O4 particles –
ZIF-8 PolyHIPEs
UiO-66 PolyHIPEs
Cr-MIL-101 PolyHIPEs
HKUST-1 PolyHIPEs
HKUST-1 MMPam
MOF-2 MMPam
UiO-66 MMPam
Fe-MIL-101(-NH2) MMPam
3.2. MOF-based aerogels

Aerogels are multifunctional materials with 3D interconnected
gel networks, and often prepared by sol-gel approach and
supercritical drying processing [70,71]. A various of aerogels such
as silica aerogels, metal oxide aerogels, polymeric aerogels,
carbon-based aerogels, semiconductor chalcogenide aerogels and
protein-based aerogels have been studied [45]. By using aerogels
as the matrixes, MOF crystals can be inserted into them and
become more stable. We summarized MOF-based aerogels in
Table 2. Apart from pure MOF aerogels, MOF-derived aerogels
can be categorized into four primary types in terms of their mate-
rial compositions: MOF@silica aerogel composites, MOF@graphene
aerogel composites, MOF@cellulose aerogel composites, and aero-
gel composites containing MOFs-derived materials. Besides, there
are some special aerogels with especial complex composition.
Application Ref

– [72]
Dye adsorption [73]
absorbent [74]
– [75]
– [75]
– [75]
– [76]
Chromatographic material [77]
– [78]
– [79]
Drug extraction [80]
CO2 adsorption [81]
Particulate Matter Capturing [82]
Supercapacitors [83]
Catalytic CO Oxidation [84]
water remediation [85]
sensing [86]
– [87]
– [87]
– [87]

yl cellulose – [87]
yl cellulose – [87]
yl cellulose – [87]

Water treatment [88]
Water treatment [88]
Electromagnetic absorption [89]
Lithium-Ion Battery [90]
Supercapacitor [91]
Supercapacitor [91]
Oxygen reduction reaction [92]
Oxygen reduction reaction [93]
Hydrogen evolution reaction and oxygen reduction reaction [94]
Supercapacitor [95]
Water treatment [96]
photon absorption [97]
dye-sensitized solar cell [98]
Water treatment [99]
Water treatment [100]
Sensing [101]
Sensing [102]
– [103]
– [104]
– [104]
– [104]
– [104]
catalysis [105]
– [105]
– [105]
– [105]
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3.2.1. Pure MOF aerogels
MIL-100 constructed from iron ions and benzene tricarboxy-

lates have been reported as a typical MOF. Besides, MIL-100 is also
the first MOF aerogel synthesized in a sol-gel approach, followed
by supercritical carbon dioxide (CO2) drying in a particular reaction
container. Kaskel and co-workers have reported that MIL-100 aero-
gel possessed a structure of lower density as compared to the air-
dried powdered MIL-100 sample, and showed a higher degree of
macroporosity (Fig. 10). The specific surface areas and micropore
(diameter < 2 nm) volumes were given 1183 m2 g�1, 0.52 cm3 g�1

and 1618 m2 g�1, 0.72 cm3 g�1 for the powdered MIL-100 and
MIL-100 aerogel, respectively. The coexistence of microporosity
and macroporosity is decisive for the catalysis or storage applica-
tions of MIL-100 aerogel without mass transport restrictions [72].
Notably, this work pioneered the technique to prepare monolithic
MOF aerogels with various shapes and sizes through changing the
reaction containers, which opened novel possibilities in the indus-
trial application of MOFs.

Zhang et al. designed a new method to produce a range of Cr
(III) porous aerogels and Fe (III) porous aerogels with different rigid
bridging carboxylic ligands, including BTC, BDC, ADC, NDC, FDC,
BuDC, and BTB. These aerogels with large void spaces were
Fig. 10. (a) The photograph of the MIL-100 aerogel. (b) The typical SEM image of the MIL
Chemistry.

Fig. 11. The synthesis process of HKUST-1@silica aerogel pellets and their photograph. R
LLC.
synthesized in a sol-gel approach at 80 �C, followed by solvent
exchange and supercritical CO2 drying. By using rigid carboxylate
ligands such as 1,4-BDC and 1,3,5-BTC, various MOFs could be pre-
pared, then leading to highly porous aerogels. These aerogels had
high surface areas and satisfied porous structures with microp-
orosity and mesoporosity. It is worth pointing out that the porosity
of Cr-BTC aerogel could be tuned by changing the reactant concen-
trations. The Cr-BTC aerogel is mainly microporous at high reactant
concentrations, while the hierarchical porous aerogel with meso-
pore (2 nm < diameter < 50 nm) can be obtained at lower reactant
concentrations [73]. This work represented a strategy to prepare
organic-inorganic hybrid aerogels with various frameworks for
adsorption. Moreover, porous Al (III)-carboxylate aerogels could
be produced by the mismatched growth-gelation of MOF nanopar-
ticles, followed by CO2 extraction [74].

In order to directly utilize Zr4+ based MOF aerogels for adsorp-
tive and catalytic applications, three kinds of Zr4+-based MOF aero-
gel monoliths (including UiO-66, UiO-67, and UiO-66-NH2) were
presented. After sol-gel approach, the as-resulted gels can be dried
under supercritical CO2 to reap Zr4+ based MOF aerogels. Espe-
cially, monolithic UiO-66 spheres with uniform and adjustable
diameter were prepared by using an oil-drop method. Unlike pow-
-100 aerogel. Reproduced with permission [72]. Copyright 2009 The Royal Society of

eproduced with permission [78]. Copyright 2017 Springer Science Business Media,
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dered UiO-66 bulk, UiO-66 spheres possessed large pore volumes
and hierarchical pore system, which can facilitate mass transfer.
Moreover, this is a convenient way to prepare MOF aerogels with
a hierarchical structure, which can be directly used for industrial
adsorptive applications or packed-bed catalytic [75].
3.2.2. MOF@silica aerogel composites
There are many methods for synthesizing MOF-silica compos-

ites to improve their mechanical properties [106,107]. Among dif-
ferent types of nanoporous silica materials, silica aerogels are
considered as appropriate candidates for the varieties of applica-
tions because of their attractive properties such as high surface
area, narrow pore size distribution, flexible processability, low
density, as well as thermal conductivity [45]. Silica aerogels belong
to mesoporous materials, which can be synthesized via sol-gel
technique. Recently, many researchers have begun to attach the
importance onto the study of developing shaped composites of sil-
ica aerogels with various guest materials. Besides, designing appro-
priate approaches of MOFs shaping is a hot topic in the research
world. Based on combining silica aerogels with the desirable MOFs,
it is possible to produce new shaped MOF@silica aerogel compos-
ites for specific applications.

HKUST-1, also known as Cu-BTC, which consists of copper oxide
clusters linked by benzene-1, 3, 5-tricarboxylate ligands, is a com-
mon MOF material. Erkey et al. synthesized HKUST-1@silica aero-
gel composites with monolithic structures at the first time by
using sol-gel process including hydrolysis, condensation, gelation,
curing, solvent exchange, and then supercritical drying. The blue
monolithic materials consisted of dispersed microporous HKUST-
1 in the silica aerogel with mesoporosity and could be produced
in any shape. The microporosity of HKUST-1@silica aerogel com-
posites was increased with the increasing amount of HKUST-1,
and the total surface area of these monolithic materials could reach
1138 m2 g�1. Thanks to the rich pore structures, HKUST-1@silica
aerogel composites had potential for gas adsorption and gas sepa-
ration [76]. However, some fraction of monolithic aerogel compos-
ites was blocked. In order to overcome this defect, an evolutive
approach was exploited for the synthesis of HKUST-1@silica aero-
gel composites utilizing preparative prepared silicon dioxide (SiO2)
sol as a silica precursor. After adding the HKUST-1 and proceeding
sol-gel method, the gel was dried in supercritical CO2. This syn-
thetic approach minimized the deterioration of the individual
structures of HKUST-1 and silica aerogel, and then prevented the
micropores of HKUST-1 from being blocked. The advanced
Fig. 12. (a) The schematic illustration of the synthesis process of the spindle-like MOF@
SEM images of the spindle-like MOF@GA (scale bar: 2 mm) and the corresponding high-m
MOF@GA (scale bar: 2 mm) and the corresponding high-magnification SEM images (inset
Verlag GmbH & Co. KGaA, Weinheim.
HKUST-1@silica aerogel composites can tune the properties of
themselves and have the potential to be used in the field of chro-
matographic separation as stationary phases [77]. But during the
process to prepare the aerogel pellets for stationary phase, the
material must be reshaped, and then nearly 40 percent of the
HKUST-1@silica aerogel composites will be wasted in the form of
a fine powder. Consequently, the direct synthesis of HKUST-
1@silica aerogel composites as pellets has been reported by apply-
ing the combination of the sol-gel method and emulsion method.
The pellet size can be tuned from 0.1 mm to 2.5 mm by changing
the speed of stirring, indicating that the pellets of HKUST-
1@silica aerogel composites can meet different application
requirements (Fig. 11) [78].

In addition to HKUST-1@silica aerogel composites, there is a
novel silica aerogel composite with ZIF-8 prepared by using
sol-gel method. The pore characteristics of ZIF-8@silica aerogel
composite can be tuned by varying the content of ZIF-8. The com-
posites with different ZIF-8 contents (10, 20 wt%) exhibited differ-
ent specific surface area in the range of 563–540 m2 g�1. The ZIF-8
crystals in silica aerogels were clearly showed by using transmis-
sion electron microscope (TEM). Owing to its pore sizes and struc-
tures, the potential application fields of ZIF-8@silica aerogel
composites are diverse, such as adsorption, catalysis, and energy
devices [79].

It is worth noting that typical silica aerogels are very brittle and
fragile under stress, especially at high temperatures or sudden
thermal shocks. Conventional strategies for reducing the brittle-
ness of the silica aerogel often result in a reduction in other prop-
erties. As a result, many flexible aerogels have been developed.
3.2.3. MOF@graphene aerogel composites
Graphene aerogel (GA) has lower density, higher compressibil-

ity, higher specific surface area, and better electrical conductivity
than other graphene macrostructures [108]. More importantly,
GAs can be used as reliable matrixes for depositing numerous
nanomaterials such as MOFs, which could achieve enhanced
applied performances due to the synergistic effects. For example,
the synergistic effects of GA and MOF can enhance the perfor-
mance as supercapacitor materials, because the rich pore structure
and large specific surface area of MOF can provide a large number
of electron adsorption sites and GA can provide strong
conductivity.

Ding et al. first reported the importance and application
potential of MOF@graphene aerogel composites. They synthesized
GA. (b) The schematic illustration of the synthesis process of rod-like MOF@GA. (c)
agnification SEM images (inset; scale bar: 500 nm). (d) SEM images of the rod-like
; scale bar: 500 nm). Reproduced with permission [83]. Copyright 2018 Wiley-VCH
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MIL-101@graphene oxide hybrid aerogels with a 3D architecture
by a ‘‘sol-cryo” method without using any templates [80]. In order
to simplify the preparation process of MIL-101@graphene oxide
hybrid aerogel, Xing et al. synthesized MIL-101 by hydrothermal
method, and then mixed the as-synthesized MIL-101 with gra-
phene oxide [109]. After hydrothermal and freeze drying, the
MIL-101@graphene oxide hybrid aerogel was simply synthesized.
After the emergence of MIL-101@graphene oxide hybrid aerogel,
more similar aerogels had appeared. ZIF-67@graphene hybrid
aerogel was synthesized by using a counter diffusion method.
The ZIF nanoparticles of the aerogel uniformly dispersed in the
3D macroporous framework of graphene sheets. Hierarchically
porous ZIF-8@graphene hybrid aerogel was prepared by a two-
step reduction strategy and a layer-by-layer assembly method.
This energy-saving synthesis strategy can avoid tedious dry step
and power-wasting freeze-drying technology [81]. Besides, a novel
strategy to decorate ZIF-8 crystals on grapheme aerogel by com-
bining in situ crystallization of ZIF-8 crystals with naturally drying
the resultant hydrogel [82]. Interestingly, scientists found that
changing the adding time of ligands could alter the morphology
of MOF. To synthesize MIL-88-Fe@GA, adding iron ion and 1,4-
benzenedicarboxylate (H2BDC) ligand solutions into GA solution
can produce spindle-like MIL-88-Fe (spindle-like MOF@GA). On
the contrary, the morphology of MIL-88-Fe is rod-like (rod-like
MOF@GA) when the ligand solution was added into previously-
treated homogeneous mixed solution of iron ion and GA (Fig. 12)
[83]. Obviously, different morphologies of MIL-88-Fe can lead to
different physical properties, which make it possible for different
applications. In some catalytic applications, noble metals, such as
Pt and Ru, are needed to be loaded into graphene aerogel. Some
novel aerogels can be synthesized by combining MOF and gra-
phene aerogel loading noble metals (noble metals/GA) because of
the macroporous structure of the noble metals/GA. As a typical
example, Ru/GA-HKUST-1 with excellent compressibility was syn-
thesized by decorating HKUST-1 on the Ru/GA surface via using
solvothermal synthesis and step-by-step self-assembly method.
HKUST-1 nanoparticles uniformly dispersed on the surface of GA
and maintained the structure well [84]. Besides, in order to obtain
MOF@rGO aerogel composites, it is necessary to add reductants
after synthesizing GO, such as hydrazine hydrate and vitamin C.
As a typical example, ZIF-8@rGO aerogel was synthesized with
synergistic effects of chemical reduction and cross-linking by
Fig. 13. (a) The schematic of the designed MOF-cellulose hybrid aerogel. (b) The photog
aerogels (CNC:CMC:MOF = 1:1:1 by weight). (c) Photographs of all-CNC based hybrid aer
and the height of all aerogels is about 5 mm. Reproduced with permission [87]. Copyrig
metal ions. After reduction process, the oxygen-containing groups
of GO were removed, and the p-p stacking interactions were
enhanced to form relatively ordered pore structures [85]. Further-
more, the MIL-101@GO hybrid aerogel mentioned above can be
reduced to MIL-101@rGO hybrid aerogel under the treatment of
hydrazine vapor [80]. These methods of the as-obtained MOF@rGO
aerogel composites with relatively ordered pore structures can
produce many new aerogels based on rGO and MOF, which can
be applied in different fields including energy and environment.
Recently, scientists have also reported on ternary aerogel compos-
ites, such as polypyrrole@ZIF-8/graphene aerogel. It is reasonable
to believe that the composition and properties of ternary aerogel
composites are expected to be further tuned and enhanced. Apart
from such MOF@graphene aerogel composite materials, there is a
variety of MOF-derived material@graphene hybrid aerogels men-
tioned frequently, which are mentioned in the following
Section 2.2.5.

All of the above-mentioned MOF@graphene aerogel composites
can maintain the characteristics of the aerogels and embed MOFs.
However, compared with these aerogels, superelastic hard carbon
nanofiber aerogel shows great advantages in mechanical strength
and structural stability [110]. Therefore, it is very meaningful to
explore its composite aerogel with MOFs.

3.2.4. MOF@cellulose aerogel composites
Cellulose is one of the most abundant renewable polymer mate-

rials stored in nature. It can be extracted from cotton, wood, hemp,
bamboo and crop straw. Cellulose is considered to be the main raw
material in the energy and chemical fields in the future due to its
wide source, renewable property, high specific surface area, low
cost, complete biodegradation and easy physical or chemical mod-
ification [111]. The shape ability and mechanical flexibility of cel-
lulose aerogels rely on their cross-linking, pore structure,
intrinsic toughness, and dimensionality [112]. Cellulose has mod-
erate diameter and offers the opportunity of producing a fibrous
porous matrix, which can be combined with MOFs to produce
novel aerogel composites. This combination approach can effec-
tively address the challenge to improve the processability and han-
dling of MOFs, however, such approach didn’t receive much
attention until Cranston and coworkers discovered cellulose
nanocrystal (CNC)-cross-linkable carboxymethyl cellulose (CMC)
based MOF hybrid aerogels (CNC:CMC:MOF = 1:1:1 by weight)
raphs of cellulose nanocrystal (CNC)-carboxymethyl cellulose (CMC) based hybrid
ogels (CNC:CNC:MOF = 1:1:1 by weight). The diameter of all aerogels is about 7 mm
ht 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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and all-CNC based MOF hybrid aerogels (CNC:CNC:MOF = 1:1:1 by
weight) [87]. The MOFs in the hybrid aerogels included ZIF-8, UiO-
66, and MIL-100(Fe) (Fig. 13). The hybrid aerogels were prepared
by using a sol-gel process, and followed by freeze-drying. The syn-
thesis of these materials was based on orthogonally functionalized
celluloses prepared by straight-forward water-based chemistry to
impart crosslinking ability. When pre-synthesized MOFs and cellu-
loses were mixed together, celluloses would assemble into cross-
linked clusters with pre-synthesized MOFs. After this study, more
MOF@cellulose aerogel composites with different structures were
synthesized and reported, such as ZIF-9@cellulose aerogel and
ZIF-12@cellulose aerogel [88]. Besides, to pursue simplification,
the synthetic processes of ZIF-9@cellulose aerogel and ZIF-
12@cellulose aerogel were optimized to avoid the pre-synthesis
of MOFs. For example, in order to synthesize ZIF-9@cellulose aero-
gel hybrids, scientists mixed Co2+ ions (acting as coordination cen-
ters) and cellulose aerogels together, then added benzimidazole
solution to form ZIF-9. ZIF-9@cellulose aerogel could be expedi-
ently obtained by freeze-drying. The innovative combination of
two emerging materials, including celluloses and MOFs, not only
contributes to the development of material science, but also shows
satisfactory potential in adsorption, separations, and catalysis
applications. The preparation of MOF@cellulose aerogel compos-
ites with special properties by physical or chemical modification
is the development direction in the future. Besides, the develop-
ment of clean and efficient solvents, as well as low-cost industrial
preparation technology, is also necessary.
3.2.5. MOF@organic polymers aerogel composites
In the field of chemical materials, polymers have been paid

more and more attention because of their various kinds and func-
tions. So far, some polymers have also been used as the matrixes to
synthesize MOF@organic polymers aerogel composites. Generally,
magnetic nanoparticles combined with MOFs can produce mag-
netic composites. However, the pores of MOFs part will be blocked
and result in some adverse effects. Bradshaw and coworkers used a
pre-synthesized magnetic macroporous polymer as the aerogel
matrix for growth of MOFs, as shown in Fig. 14 [105]. The polymer
was magnetic macroporous polyacrylamides (MMPam), and the
obtained aerogel composite was named as MOF@MMPam. Many
MOFs can participate these aerogel composites, including
Fig. 14. The synthetic route for the synthesis of MOF@MMPam. Reproduced wi
HKUST-1, MOF-2, UiO-66, and Fe-MIL-101(-NH2). The final aerogel
products had excellent magnetic properties, and the structures of
MOFs in the pores of aerogels can be well retained.

Besides, they reported another similar strategy. Some MOF par-
ticles, including ZIF-8, UiO-66, Cr-MIL-101, and HKUST-1 have
been incorporated into the PolyHIPEs composites [104]. PolyHIPEs
are porous polymers derived from high internal phase emulsions
(HIPEs). The size of pores within the HIPEs can be controlled via
changing the amount of MOF crystals, and the final composites
can be shaped into any shape. The as-obtained porous MOF/Poly-
HIPEs composites exhibited robust mechanical properties. In addi-
tion, no shape change or deformation was observed under
pressure, indicating their bright application prospect.

MOF crystals are always insoluble in solvents and not thermo-
plastic, indicating that traditional solvent-based or melting-based
techniques are not applicable for MOF crystals. Wang et al. incor-
porated HKUST-1@Fe3O4 particles and CMC solution to form mag-
netic fluid and presented a strategy to transform the fluid phase to
hydrogel and the subsequent aerogel [103]. This strategy solved
the above-mentioned defect that MOF crystals were insoluble.
The as-obtained aerogel possessed good recoverability and
processability.
3.2.6. Aerogel composites containing MOFs-derived materials
In recent years, MOFs have been used as sacrificial templates

benefiting from their structural and compositional features for
the synthesis of numerous functional nanomaterials, such as
metal-carbon, sulfides, oxides, etc. Generally speaking, preparing
MOF-derived materials depends on a thermolysis process under a
certain gaseous atmosphere, including argon, nitrogen, or air, at a
high temperature [113]. Based on this synthetic technology as well
as the combination of the current research focus of aerogels, some
composites of MOFs-derived materials and aerogels, referred to as
MOFs-derived materials@aerogel composites in which the aerogels
serve as the matrixes for the dispersed growth of MOFs-derived
materials, have been successfully synthesized. Polypyrrole (PPy)
aerogel decorated with MOF-derived Co/C (Co/C@PPy aerogel com-
posites) was prepared by a self-assembled polymerization method.
Co/C composites were prepared by the calcination of ZIF-67 pre-
cursors under argon atmosphere. After this step, Co/C composites
and pyrrole monomers were mixed together to form polypyrrole
th permission [105]. Copyright 2019 Springer Science Business Media, LLC.
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hydrogel by adding the oxygenant, and then dried at 50 �C to form
Co/C@PPy aerogel composites [89]. Similarly, Wang et al. synthe-
sized ZIF-67 derived Co3O4/carbon aerogel [95]. Apart from these
exceptive aerogels, all current MOFs-derived materials@aerogel
composites are based on graphene aerogel matrixes. Preparation
of MOF@graphene aerogel composites followed by specific calcina-
tion process is a verified way to obtain MOFs-derived materials@-
graphene aerogel composites. MOF-derived metal oxides with
diversified compositions, porosity, and morphologies are particu-
larly interesting for various applications, because metal oxides pos-
sess a variety of functionalities. The method of using MOFs as
templates provides an interesting way to prepare metal oxides,
such as MoO3, ZrO2, and Al2O3. For example, based on graphene
aerogel matrix and Prussian Blue, Fe2O3@graphene aerogel com-
posite was designed by an excessive metal-ion-induced combina-
tion and Ostwald ripening strategy. After calcination process,
Prussian Blue could be converted into Fe2O3 nanoparticles, which
are encapsulated within graphene aerogel [90]. In a similar way,
Fe2O3@rGO aerogel composite and NiO/Ni@rGO aerogel composite
were produced through freezing-dried and calcination method
(Fig. 15) [91]. In addition, in order to obtain nitrogen-doped gra-
phene aerogel, ammonia can be added before the hydrothermal
reaction of graphite oxide to synthesize graphene aerogel. To date,
these materials mainly include Fe3O4@nitrogen-doped graphene
aerogel (NGA) composites and CoOx@NGA composites [92,93]. Par-
ticularly, Cui et al reported cobalt-embedded-in nitrogen-doped
graphene aerogel composite (Co@NGA) without metal oxides as a
superior catalyst. The composite with hierarchical porosity was
Fig. 15. The typical preparation processes of MOF-derived material@rGO aerogel. R
synthesized from a MOFs@GA composite through in situ
hydrothermal assembly method and pyrolysis approach. Co2+

was chosen to serve as the central ion which can coordinate with
the ligand of 5-Amino-1H-tetrazol to form MOFs [94]. There is no
doubt that the above-mentioned aerogel composites containing
MOFs-derived materials can expand the range of aerogels and
MOFs. Thus, the research and development of these materials
should be taken seriously.

3.2.7. Other aerogel composites
In addition to the above-mentioned MOF-based aerogels, there

are other types of aerogels. Here, we will list some special and
unique MOF-based aerogel composites.

Dispersed ZIF-8 nanoparticles agglomerated on C3N4

nanosheets (ZIF-8/C3N4) were integrated into agar aerogel to form
an aerogel composite (Fig. 16). Compared with conventional ZIF-8
nanoparticles, ZIF-8 nanoparticles involved in C3N4 nanosheets
showed smaller size and better dispersity, indicating that C3N4

nanosheets can restrict the excessive self-agglomeration of ZIF-8.
The crystallinity of the ZIF-8/C3N4 contained in aerogel composite
is retained, so the structure and composition of ZIF-8/C3N4 were
maintained well after the formation of the agar aerogel composite.
The ZIF-8/C3N4 component was encapsulated or embedded within
the agar aerogel, thus, the loss of ZIF-8/C3N4 can be minimized dur-
ing practical application process [96].

Titania (TiO2) aerogels are of great interest because of their
good chemical stability, wide band gap, continuous network, and
high specific surface area. Composites containing titania aerogel
eproduced with permission [91]. Copyright 2017 American Chemical Society.



Fig. 16. (a) Schematic illustration of the synthesis of ZIF-8/C3N4 heterostructure containing hybrid aerogels. (b) The typical SEM image of ZIF-8/C3N4. (c) The HRTEM image of
ZIF-8/ C3N4. (d) Photographs of agar aerogel loading with 0% (top, named as Hgel-0) and 50% (bottom, named as Hgel-50) ZIF-8/C3N4. (e) XRD patterns of Hgel-50 and Hgel-0.
(f, g) SEM images of agar Hgel-50 at different magnifications. (h) The SEM-EDX elemental mappings of C, N, and Zn elements for ZIF-8/C3N4@agar aerogel. Reproduced with
permission [96]. Copyright 2017 American Chemical Society.
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and MOFs such as Cu-BTC and [Zn(N-(4-pyridylmethyl)-L-
valine�HCl)(Cl)](H2O)2, were synthesized using sol-gel route fol-
lowed by subcritical drying technique [97,98]. The aerogel com-
posites are composed of interconnected nanoporous structure
which is similar to pristine TiO2 aerogel. The TiO2 aerogel acts as
the matrix for aerogel composites. MOFs have steadily retained
their structural integrity in TiO2 aerogel matrix and made the aero-
gel composite more stable.

MOF-based aerogels can be used to fabricate functional devices,
however, their industrialized production is inconvenient. Konjac
glucomannan (KGM) is abundant in the environment and easily
forms aerogels by the deacetylation using sodium carbonate (Na2-
CO3). Besides, 1 mg of KGM can adsorb 0.1 g of water, indicating its
low density and good adsorption capacity. Therefore, KGM aerogel
is an ideal matrix to immobilize MOFs nanoparticles by forming 3D
porous structures in nature. Yan and coworkers prepared plastic
KGM-based aerogels combined with ZIF-8 (ZIF-8@KMG aerogel)
to enhance the adsorption capacity of KGM. ZIF-8@KMG aerogel
was synthesized by using a combination of sol-gel method and
freeze-drying process. KGM powder was added to the mixture of
ZIF-8 and Na2CO3 while stirring. Then, the mixture was covered
with a preservative film and placed in a 90 �C environment to form
hydrogel. The hydrogel was cooled and freeze-dried to form ZIF-
8@KMG aerogel. The ZIF-8@KMG aerogel possessed a smooth sur-
face and uniform pore distribution. Besides, ZIF-8 was dispersedly
distributed on the KGM aerogel matrix [99]. This valuable research
on KGM-based aerogel has the advantages of portability, flexibility,
strong adsorption, green without pollution, easy synthesis, and low
cost of raw materials, indicating that KGM aerogel is a promising
novel aerogel matrix for MOFs.

However, all of the MOF-based aerogels described above
require the pre-synthesis of aerogels. In order to simplify the syn-
thesis process and facilitate large-scale production, using ready-
made aerogel templates, such as foams, sponges, and 3D graphene
network, is the most convenient method to get the MOF-based
aerogels. These templates possess very stable porous structures
and have made promising advances in industrialization. By
immersing the template into the mixed solution of ligands and
central ions, scientists have made the MOF materials disperse in
the pore of the template during solvothermal growth process to
produce MOF@template composites. The composites, such as
UiO-66@polyurethane foam, MOF-derived ZnCo2O4-ZnO-C@ nickel
foam, ZIF-8@melamine, MOF-derived octahedral CuO@3D gra-
phene network, and ZIF-8@3D graphene network, maintained the
flexibility of the templates, and exhibited the porosity and high
surface area of MOFs [114–118]. Combining the inherent advan-
tages of both MOFs and templates, MOF@template composites
have more accessibility and higher dispersibility of MOF sites than
pristine templates, and better processability, flexibility and porta-
bility than powdered MOFs.
4. The applications of MOF-based hydrogels and aerogels

4.1. MOF-based hydrogels

Manymatrixes of MOF-based hydrogels come from biological or
biocompatible materials, so these hydrogels always have good
properties in the biologically-applied fields such as drug release
and wound healing. In addition, due to the porous nature of MOFs
and hydrogel matrixes, the composite hydrogels of MOFs and
hydrogel matrixes have bright prospects in the field of adsorption
and sensing.
4.1.1. Drug release
Drug controlled release is a method of using some drug-

contained materials to release drugs quantitatively and uniformly
in vivo at a constant rate to keep the concentration of drugs in
the blood constant [119].
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Maji and coworkers synthesized ZIF-8/laponite clay hydrogel
nanocomposite, which exhibited a pH-controlled release of encap-
sulated molecules [60]. In the ZIF-8/laponite clay hydrogel
nanocomposite, drug (5-fluorouracil)-encapsulated ZIF-8 nanopar-
ticles were wrapped with laponite layers. The final composite was
named as FU@ZIF-8+LP. The release properties of FU@ZIF-8+LP and
composites without laponite layers (named as FU@ZIF-8) in acetate
buffer (pH 5.0) and phosphate-buffered saline buffer (pH 7.4) dif-
fered greatly. The release experiments were monitored over 48 h.
In an acetate buffer (pH 5.0), the 5-fluorouracil release rates of
FU@ZIF-8 and FU@ZIF-8+LP are high and comparable. More than
90% of 5-fluorouracil was released from both FU@ZIF-8 and
FU@ZIF-8+LP within 24 h. This was attributed to the decomposi-
Fig. 17. (a) Curve of release of time-dependent doxorubicin from MOF nanoparticles coa
ATP. (b) Fluorescence spectra of doxorubicin released from hydrogel coated MOF nanop
5 � 10�3 m, 3) 10 � 10�3 m, 4) 25 � 10�3 m, 5) 50 � 10�3 m. (c) Selective release of doxo
ATP, 0 � 10�3 m, 2) added TTP, 50 � 10�3 m, 3) added GTP, 50 � 10�3 m, 4) added CTP, 5
released/leaked from MOF nanoparticles coated with hydrogel and nucleic acid-terminat
hydrogel under the action of ATP. 2) Doxorubicin released from nucleic acid-terminate
nanoparticles coated with hydrogel without ATP. 20) Doxorubicin released from nucleic a
Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 18. (a) Schematic diagram of preparation of vitamin MOF hydrogel microfibers. (b)
zinc-MOF microfibers, and combined MOF microfibers. The scale bar is 500 mm. The scale
Chemistry.
tion of ZIF-8 under acidic conditions. In a phosphate-buffered sal-
ine buffer (pH 7.4), FU@ZIF-8 exhibits more than 60% release of the
encapsulated 5-fluorouracil within 24 h. As a contrast, less than
15% of 5-fluorouracil is released from the FU@ZIF-8+LP in the first
24 h. It indicates that the undesired loss of 5-fluorouracil could be
reduced at physiological conditions (pH 7.4) by using FU@ZIF-8+LP
composite.

Polyacrylamide/DNA-hydrogel coated MOFs were utilized to
control doxorubicin drug release [56]. Fig. 17a shows the release
curves of doxorubicin from polyacrylamide/DNA-hydrogel coated
MOFs, indicating the facilitating role of the added ATP. Fig. 17b
shows the fluorescence spectra of doxorubicin released from
polyacrylamide/DNA-hydrogel coated MOFs at different ATP con-
ted with hydrogel: 1) upon addition of ATP, 50 � 10�3 m, 2) without the addition of
articles at different ATP concentrations for a fixed time of 0.5 h: 1) 0 � 10�3 m, 2)
rubicin from MOF nanoparticles coated with hydrogel in the presence of: 1) added
0 � 10�3 m, 5) added ATP, 50 � 10�3 m. (d) Comparison of time-related doxorubicin
ed MOF nanoparticles: 1) Doxorubicin released from MOF nanoparticles coated with
d MOF nanoparticles under the action of ATP. 10) Doxorubicin leaking from MOF
cid-terminated MOF nanoparticles without ATP. Reproduced with permission [56].

Photos of the skin wounds treated with Ca-Alg (control), copper-MOF microfibers,
bar is 1 mm. Reproduced with permission [54]. Copyright 2018 The Royal Society of
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centrations. It is obvious that the release of doxorubicin can be
controlled by adjusting the concentration of ATP. Besides, as the
ATP concentration increases, the release is gradually increased.
As shown in Fig. 17c, only ATP can stimulate the selective release
of doxorubicin from polyacrylamide/DNA-hydrogel coated MOFs,
while other four kinds of nucleoside triphosphates are ineffective.
Finally, as shown in Fig. 17d, polyacrylamide/DNA-hydrogel coated
MOFs release a higher amount of doxorubicin under ATP triggering
with less leakage than nucleic acid-terminated MOFs. This conclu-
sion is obtained by comparing time-dependent amounts of doxoru-
bicin released/leakage from polyacrylamide/DNA-hydrogel coated
MOFs and nucleic acid-terminated MOFs. These results indicate
that the report of polyacrylamide/DNA-hydrogel coated MOFs
has successfully developed a high performance stimuli-
responsive hydrogel-MOF nanoparticle as a drug carrier.

4.1.2. Wound healing
Chronic non-healing wounds remain a huge challenge and bring

many unnecessary medical expenses [120]. However, copper ion
might solve this issue because it is an important element of the
human world and is involved in many processes related to wound
healing because of promoting angiogenesis [121]. However, when
copper ions are used for clinical treatment, it is necessary to expose
the wound to copper salts or oxides multiple times, which would
potentially expose the patient to excess toxic copper ions. In order
to solve this thorny problem, copper ions were used as central ions
to prepare a MOF material HKUST-1 [57]. Then, this material was
embedded into a thermo-reversible citrate-based hydrogel with
antioxidant. The composition of the hydrogel is poly-
(polyethyleneglycol citrate-co-N-isopropylacrylamide), abbrevi-
ated as PPCN. This operation reduced the toxicity of copper ions
and promoted wound healing. HKUST-1 did not destabilize the
network of PPCN by shielding positive charges of copper ions. PPCN
protected HKUST-1 from the disintegration through diffusion-
limited degradation. This synergistic effect allowed the HKUST-1-
PPCN composite to possess the advantages of both HKUST-1 and
PPCN. Besides, HKUST-1 made the sustained release of copper ions
possible, which can reduce the cytotoxicity of copper ions. The pre-
served antioxidant properties of PPCN can promote the cell migra-
tion, angiogenesis, collagen deposition, and accelerate the wound
healing.
Fig. 19. (a) Luminescence responses of HM for the varying b-lactamase. (b) The rel
Photographs of the HM toward the various b-lactamase serum solutions with various con
Chemistry.
As shown in Fig. 18a, Zhao and coworkers used a coaxial capil-
lary microfluidic system with multi-stage injection channels for
continuous microfluidic spinning to prepare microfibers with algi-
nate hydrogel as the shell and copper-vitamin or zinc-vitamin MOF
as the core [54]. They also prepared microfibers containing two
cores and three cores. The composition of the hydrogel microfibers
can be precisely controlled since the concentration of the different
components or pre-gel solutions can be used. The size of the
hydrogel microfibers was also controllable by adjusting the flow
rate of the microfluids. Due to the presence of the adjustable algi-
nate hydrogel shell, the release process of the vitamin MOF hydro-
gel microfiber was mild and controllable. To validate the use of this
vitamin MOF hydrogel microfiber in biomedical applications, Zhao
and coworkers first tested its biocompatibility. As the concentra-
tion of metal ions increased, the cytotoxicity of the material grad-
ually increased. Interestingly, there was a small increase in cell
viability at very low metal ion concentrations, which may be the
result of a combination of metal ions and vitamins. Subsequently,
the antibacterial activity of vitamin MOF hydrogel microfibers
and the ability to promote wound healing were tested. With the
increase of copper ion concentration, copper-vitamin MOF hydro-
gel microfiber can effectively reduce the survival rate of Escheri-
chia coli, thus preventing bacterial infection in the environment.
It was found through experiments that biocompatibility and
antibacterial activity can be achieved when the copper ion concen-
tration is 0.158 mM. In addition, zinc-containing zinc-vitamin MOF
hydrogel microfiber protected cells from oxidative damage. Finally,
zinc-vitamin and copper-vitamin MOF hydrogel microfibers were
used for wound healing in animals to verify their utility in promot-
ing wound healing. As shown in Fig. 18b and c, after 9 days of treat-
ment with MOF microfibers, the wounds healed substantially,
however, the control group healed longer. The combination of
zinc-vitamin and copper-vitamin MOF hydrogel microfibers is fas-
ter than the healing rate of each individual one. These results
demonstrated that the antibacterial and antioxidant functions of
these MOF hydrogel microfibers do contribute to wound healing.

4.1.3. Sensing
Chemical sensing technology is a very popular research area

[122–124]. The detection of specific substances in liquids or gases
by specific sensing materials allows people to find them quickly
ationship between intensities of HM and the concentrations of b-lactamase. (c)
centrations. Reproduced with permission [62]. Copyright 2019 The Royal Society of



Fig. 20. (a) Schematic of the synthesis of ZIF-8 PAM hydrogel. (b) Effect of contact
time and initial concentration of humic acid on the adsorption capacity of ZIF-8
PAM hydrogel for humic acid. Initial concentrations of humic acid range from 10 to
175 mg L�1 and contact time maximum was 7 days. Reproduced with permission
[64]. Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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and easily [125]. In the face of the current serious health problems,
exploring the application of new fluorescent or luminescent sens-
ing materials for the detection of harmful substances in blood
has always been one of the research hotspots in the fields of chem-
istry and materials [126]. In recent years, MOFs have attracted
much attention in the field of fluorescent or luminescent sensing
because of their unique advantages such as porosity, high specific
surface area, and adjustable pore size [127–129]. At the same time,
hydrogels have always been favored in the field of biosensing.
Some work has been reported to combine these two materials
for fluorescence sensing.

Penicillin is a b-lactam-based antibiotic that is a common drug
against inflammation, but the use of penicillin is sometimes
accompanied by poisoning and allergic reactions [130]. Therefore,
the detection of the content of b-lactam in the blood of a patient
using penicillin can effectively avoid the risk. A novel alginate
hydrogel@MOF [Eu2(BPDC)(BDC)2(H2O)2]n composite, named as
HM, was used for b-lactam sensing [62]. The HM had high sensitiv-
ity and selectivity to b-lactam in both aqueous solution and serum.
As shown in Fig. 19a, the luminescence signal of HM is positively
correlated with the concentration of b-lactam. Fig. 19b shows the
linear relationship between the intensity of luminescence signal
and the concentration of b-lactam. After the sensing test, the b-
lactam was irradiated with ultraviolet light. Fig. 19c shows that
as the concentration of b-lactam increases, the color of HM under
ultraviolet light changes from dark red to bright red. This indicates
that the color of HM irradiated with ultraviolet light can intuitively
reflect the resistance of patient to penicillin and diagnose the peni-
cillin allergy.

Inorganic phosphate is an important electrolyte and is the key
to maintain pH in human body [131]. Also, inorganic phosphate
is involved in most metabolic processes and enzyme reactions.
Therefore, the concentration of phosphate in the body affects the
health of the human body. Sensing of different concentrations of
phosphate is necessary. Based on a composite hydrogel consisting
of a UiO-66-NH2, Rhodamine B (RhB, a fluorescent dye) and agar-
ose hydrogel (as the matrix, a novel fluorescent sensing platform)
were developed [52]. The porous structure of agarose facilitates the
diffusion of phosphate in the hydrogel matrix. At 430 nm, the flu-
orescence intensity of UiO-66-NH2 was sensitive to phosphate and
increased with the increment of phosphate concentration. At
585 nm, a negligible change was observed for the fluorescence
intensity of Rhodamine B. In the range of 0.5–10 mM, a good linear
correlation was obtained between phosphate concentration and
I430 nm/I585 nm. In addition, under the irradiation of ultraviolet
light, the fluorescent color of the composite hydrogel also changed
from orange to blue, which was consistent with the solution
change. Besides, the use of composite hydrogel for the detection
of phosphate in human serum has been applied. Emission spectra
of composite hydrogels before and after incubated in serum sam-
ples indicated that a fluorescence color change was occurred. This
sensing method is reliable, and can realize the visual measurement
of the phosphate content in the serum of the human body, and is
convenient for rapid detection.

Although these studies on sensors have shown excellent sens-
ing performance of MOF-based hydrogels, their selectivity has
not been highlighted. Obviously, selectivity is critical to the sensor.
The composition of human blood is very complex, but also has
individual differences. Therefore, how to improve the selectivity
of these sensors in order to enhance their universality is an inevi-
table topic.

4.1.4. Water treatment
In daily life and in industrial production, various pollutants are

discharged into the water environment [132]. At the same time,
the usage of water resources is inevitable. Therefore, it is necessary
to develop useful techniques to remove pollutants from water. In
the field of MOF-based hydrogels, some materials had been used
to treat polluted water, and showed favorable practical potential.

Shi and coworkers attached the importance to process MOF par-
ticles into hydrogels, and proposed a one-step method to prepare a
3D alginate based Co-MOF hydrogel to remove tetracycline inwater
[63]. The microstructure of the as-synthesized Co-MOF-alginate
hydrogel turned from a smooth surface into a particle-like face. It
indicates that the Co-MOF-alginate hydrogel has a polymer
skeleton and a whole Co-MOF structure. In tetracycline adsorption,
the maximum adsorption capacity was 364.89 mg g�1. After 10
cycles, the Co-MOF-alginate hydrogel had favorable regeneration
properties. This report paved a novel way for preparing polymer
based MOF hydrogels with potential for water treatment.

Maan et al. reported an in situ method to synthesize ZIF-8 in a
polyacrylamide (PAM) hydrogel via using a zinc hydroxide PAM
composite as the precursor gel [64]. They found the ability of this
ZIF-8 PAM composite hydrogel to remove humic acid (HA) from
water. This material possessed a maximum HA adsorption capacity
of 111.5 mg g�1 ZIF-8 approximately, as shown in Fig. 20. The
hydrogel showed improved adsorption efficiency for HA, and pos-
sessed easier synthesis operation than ZIF-8 powders.
4.2. MOF-based aerogels

Many scientific researches on MOF-based aerogels have been
conducted because of their flexible processability, accessible speci-
fic surface areas, tunable pore sizes, excellent stability, and various
properties. In this section, the studies of MOF-based aerogels in



Fig. 21. (a) The fabrication process of bacteria cellulose @MOFs composite aerogels
(BC@UiO-66). (b) The fabrication process of BC@UiO-66@PDA. (c) The cycling
stability/retention and corresponding coulombic efficiency of lithium-sulphur
battery with pristine separator, BC@UiO-66 interlayer and BC@UiO-66@PDA
interlayer at 0.5C. Reproduced with permission [137]. Copyright 2019 Elsevier Inc.
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applications including energy storage, adsorption, catalysis, and
water treatment are discussed.

4.2.1. Energy storage
There has been fleetly growing scientific interest in electro-

chemistry applications such as in energy conversion and storage
[133]. MOF-based aerogels have been utilized to be appropriate
candidates in the field of electrochemistry. Furthermore, the rich
porosity structures of MOFs are advantageous for fast mass trans-
portation. The reports on MOF-based aerogels in electrical applica-
tions mainly involve lithium-ion batteries (LIBs) and
supercapacitors.

4.2.1.1. Lithium-ion batteries (LIBs). The growing demand for
advanced LIBs with large energy, power density, and long cyclic life
in portable electronics has spurred forceful research efforts in the
last few decades [134]. One of the most important cores of promot-
ing the progress in LIBs lies in the research and development for
safe and low-cost groundbreaking anode materials with desirable
energy and power capabilities, such as metals and metal oxides.
Metal oxides, such as MnO2, have gotten tremendous attention
for high theoretical capacity and natural abundance [135]. How-
ever, as anode materials for LIBs, many common problems still
exist for metal oxides and largely limit their electrochemical prop-
erties, including low rate capabilities and poor cycling stabilities
result from large volume change and low inherent conductivity.
To achieve satisfactory electrochemical performance, porous metal
oxides have attracted interests because of their large surface area
and high porosity. Porous architecture can provide shorter paths
for speeding up the diffusion of Li+ ions as well as electrons, and
alleviate the volume change. In order to obtain porous metal oxide
based aerogels, scientists pre-synthesize the MOFs in the surface of
porous aerogels, such as 3D graphene, and then calcine the com-
posites. Graphene aerogel matrix not only provides porous struc-
ture, but also greatly enhances the conductivity of the aerogel
composites.

Zhang et al. prepared MIL-88-Fe derived Fe2O3@3D graphene
network (Fe2O3@3DGN) as the anode for LIBs. The 3DGN was
served as current collector. In the first discharge curve of Fe2O3@3-
DGNwith good mechanical properties, the sloping voltage plateaus
at 1.5 V can be attributed to the structural transformation of Fe2O3

and the sloping voltage plateaus at 1.0 V can be attributed to the
insertion of lithium ions. The voltage plateau at 0.8 V was attribu-
ted to the reaction of Li2Fe2O3 into Fe. This conversion was
reversed in the charging process. Benefiting from its chemical com-
position, the Fe2O3@3DGN composite exhibited a reversible capac-
ity at 0.2 A g�1 of 864 mAh g�1 after 50 cycles, higher than that of
Fe2O3 powder (261 mAh g�1). Moreover, the rate capacities of Fe2-
O3@3DGN exhibited 10th-cycle discharge capacities of 871, 785,
and 587 mAh g�1 at current densities of 0.2, 1, and 5 A g�1, respec-
tively. In contrast, Fe2O3 electrode exhibited 10th-cycle discharge
capacity of less than 50 mAh g�1 at current density of 1 A g�1.
Fe2O3@3DGN with low areal density is promising for the industri-
alization of lightweight LIBs because of the reduced total weight
and high capacity of per unit mass [118].

Porous Fe2O3@three-dimensional graphene aerogel
(Fe2O3@3DGA) was designed as an anode for LIBs. The capacity of
Fe2O3@3DGA (1129 mAh g�1) at 0.2 A g�1 after 130 cycles was
obviously better than that of Fe2O3@3DGN (864 mAh g�1) after
50 cycles. Fe2O3@3DGA possessed outstanding cycling stability
after 1200 cycles at 5 A g�1 with capacity retention more than
97%. Compared with Fe2O3@3DGN, Fe2O3@3DGA had larger surface
area and richer pore structure. Besides, porous Fe2O3 nanoparticles
could be uniformly encapsulated in graphene aerogel, on the con-
trary, Fe2O3 were simply deposited on the surface of 3DGN. Espe-
cially, porous Fe2O3@3DGA was used as flexible anode directly
for LIBs upon mechanical pressing, indicating that the preparation
process of anode can be simplified [90].

Yuan et al. synthesized binder-free porous CuO@3DGN anode
via using solution immersion method and a subsequent thermal
treatment. CuO@3DGN possessed a reversible capacity of
409 mAh g�1 at 0.1 A g�1 and outstanding cycling stability after
50 cycles at 5 A g�1 with a capacity of 219 mAh g�1 at 1.6 A g�1.
The outstanding performance of the electrode can be attributed
to the synergistic interaction between porous CuO with high
capacity and the porous 3DGN with large surface area [117]. More-
over, they reported graphene aerogel encapsulated Fe-Co oxide
nanocubes (Fe-Co oxide@GA). The Fe-Co oxide nanocubes were
derived from Prussian Blue Analogue (PBA) as self-sacrificial tem-
plate. The Fe-Co oxide@GA composite was used as integrated
anode material in lithium-ion batteries. The anode material pos-
sessed an excellent cycle stability with a specific capacity of
947 mAh g�1 at 100 mA g�1 after more than 100 cycles. The inter-
connected network of GA provided the space for buffering volume
change of Fe-Co oxide. Contrarily, Fe-Co oxides strongly wrapped
within GA contribute large specific capacity [136].
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As shown in Fig. 21a and b, a bacteria cellulose (BC)@UiO-66
nanofiber aerogel was designed. It had a high reversible capacity
of 631 mAh g�1 at 0.5 C after 100 cycles as a flexible lithium-
sulfur battery interlayer film. It should be attributed to the preem-
inent selectivity for Li+ ions and efficient inhibition to the soluble
polysulfide ions. Moreover, the presence of polydopamine (PDA)
coating on BC@UiO-66 nanofiber aerogel increased the reversible
capacity to 739 mAh g�1 at 0.5 C over 100 cycles (Fig. 21c) [137].

4.2.1.2. Supercapacitors. Supercapacitor is a new type of energy
storage devices between traditional capacitors and rechargeable
batteries, which mainly depends on double layer and redox
pseudo-capacitor charge [138]. Different from traditional electro-
chemical power source, supercapacitor is a kind of power sources
between traditional capacitors and batteries. It has the advantages
of high power density, short charge as well as discharge times, long
cycle life, and wide working temperature range [139]. Therefore,
supercapacitors, especially flexible supercapacitors, have great
application value and market potential in many fields, such as
industrial control, electric power, transportation, intelligent instru-
ment, national defense, new energy vehicle, and so on. The perfor-
mance of supercapacitors is dependent on surface area and
electrical conductivity of electrode materials [140]. Recently,
MOF-based aerogels have been investigated in supercapacitor
applications because of porous structures and convenient prepara-
tion methods. Besides, MOF-based aerogels are able to provide
effective contact between the electrolyte and electrodes. For
instance, Fe2O3@rGO composite aerogel, prepared by calcinating
a mixture of Fe-MOF crystals and GO, showed an ideal rate capabil-
ity behavior with high specific capacitance of 869.2 F g�1 and at the
current densities of 1 A g�1 and 289.6 F g�1 at the current densities
of 20 A g�1, respectively [91]. Liu et al. designed a graphene
assisted method to break bulk Co-based MOF (Co(mIM)2
Fig. 22. (a) The CV curves of C@NGA at various scan rates in H2SO4 solution. (b) GCD curv
The cycling stability of C@NGA at 20 A g�1. Reproduced with permission [93]. Copyright
(mIM = 2-methylimidazole)) crystals into porous carbon combined
with N-doped graphene aerogel, represented by C@NGA compos-
ite. After removing of Co from the composite, it was used as the
electrode in supercapacitor. In the 1 M H2SO4 solution, all CV
curves exhibited semirectangular shapes from �1.0 to 0 V (vs Ag/
AgCl). The current response increased when increasing the scan
rate, indicating excellent rate capability of C@NGA. All of the gal-
vanostatic charge-discharge (GCD) curves displayed typical trian-
gular profiles. C@NGA exhibited 421 F g�1 capacitance at the
current density of 1 A g�1. C@NGA possesses excellent cycling sta-
bility after 20,000 cycles with a capacitance retention more than
99% (Fig. 22) [93].

Remarkably, by changing the addition order of Fe3+ ions, the
MOF composites on graphene will evolve different morphologies
and crystal structures. One of them was the oriented rod-like
MIL-88-Fe growing at (0 0 2) lattice plane on the surface of gra-
phene (rod-like MOF@GA), and another was the spindle-like MOF
dispersing on the graphene surface (spindle-like MOF@GA). As
the materials for supercapacitors, the capacitance of GA with
MIL-88-Fe can be improved by introducing the MIL-88-Fe. The
capacitance of spindle-like MOF@GA was about 353 F g�1 at the
scan rate of 20 A g�1. Besides, rod-like MOF@GA had higher capac-
itive volume, faster charge/discharge rate, and more reliable
cycling stability than spindle-like MOF@GA. The oriented MOFs
(rod-like MOFs) on graphene sheets can promote the capacitive
capability via using the mesopores and macropores of GA, which
can provide channels for ion transportation. After 10,000 cycles
testing, the retention ratio can reach 74%. This study reveals that
the morphology and growth patterns of MOFs on aerogels matrix
greatly affect their properties [83].

Qu and coworkers synthesized NiS nanorods (derived from Ni-
MOF-74)-modified reduced GA as an electrode [141]. The electrode
displayed excellent specific capacity of 744 C g�1 at 1 A g�1 and
es of C@NGA at various current densities. (c) The specific capacitance of C@NGA. (d)
2017 American Chemical Society.
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600 C g�1 at 50 A g�1 and excellent cycle life after 20,000 cycles.
The performance was better than other nickel sulfide-based elec-
trodes. The enhanced performance should be attributed to the
active (1 1 0) and (1 0 1) edges of the hybrid. These edges exhibited
a forceful affinity for OH� in KOH electrolyte. Then a hybrid super-
capacitor based on them was constructed by coupling this hybrid
to the capacitive electrode. The as-designed device possessed
extraordinarily high energy and power densities.

4.2.2. Catalysis
As typical catalysts, MOFs have the following advantages: (1)

the selectivity from the shape and size of the porosity and (2)
the diversity of functional groups [142,143]. Among the functional
applications of MOF-based aerogels, catalysis is one of the most
rapidly developing fields. There are high densities and uniform dis-
persive catalytic activity sites in the structures of MOF-based aero-
gels. Their pore structures ensure the accessibility of every
catalytic active site. The large pore channels of aerogel matrixes
greatly facilitate the transport of substrate and products from cat-
alytic reactions.

4.2.2.1. Electrocatalysis. The working mechanism of fuel cell, a
promising technology for generating electricity, mainly includes
two half reactions: fuel oxidation and oxygen reduction [144]. In
general, the rate of oxidation reaction is faster than that of reduc-
tion reaction, so it is very important to increase the rate of oxygen
reduction reaction (ORR). The common catalyst to accelerate the
ORR is commercially-available Pt/C, however, it is urgent to
explore alternative materials due to the high price of Pt [145].

Fe-2,20-bipyridine-3,30-dicarboxylic acid-C3N4-carbon aerogel
(Fe-bpdc-C3N4-CA) was synthesized by H. Zhu and coworkers. The
Fe-bpdc MOF and g-C3N4 were encapsulated into a resorcinol-
formaldehyde resin to obtain a composite, and then, the composite
was crushed by ball milling method and carbonized by calcination
to get Fe-bpdc-C3N4-CA. The doping of N heteroatoms was critical
Fig. 23. (a) The preparation process of Co-N-GA. (b) The typical TEM of Co-N-GA; the inse
CV curves of Co-N-GA in N2-saturated and O2-saturated KOH solution with 0.1 M concent
plots of Pt/C and Co-N-GA. (g) ORR polarization curves of Co-N-GA (different rotating sp
transfer numbers of Co-N-GA at various potentials based on K-L data. Reproduced with
to ORR, and Fe-NX active sites had good catalytic activity for ORR.
The presence of porous carbon aerogel ensured the conductivity
of the composite. Fe-bpdc-C3N4-CA catalysts exhibited stable ORR
activity with initial reduction potential (1.09 V) and half-wave
potential (0.96 V) vs reversible hydrogen electrode (RHE) in
0.1 mol L�1 KOH [146].

In addition, some MOF-derived metal oxides also play an
important role in the field of electrocatalysis combined with
N-doped GA. Zou et al. made [Fe3O(H2N-BDC)3] (H2N-BDC =
2-aminoterephtalic acid, denoted as MIL-88B-NH2) grow on the
surface of the pre-synthesizing nitrogen-doped graphene hydrogel.
After solvent exchange, freeze drying and pyrolyzation,
Fe3O4@nitrogen-doped graphene aerogel (named as Fe3O4@NGA)
was obtained. The Fe3O4 nanoparticles with rich edge area in
aerogel supported considerable active sites for ORR. Compared
with Pt/C, Fe3O4@NGA possessed more satisfied ORR catalytic
activity (high onset potential (0.92 V) and peak potential (0.77 V)
vs RHE in O2-saturated 0.1 mol L�1 KOH), as well as longer term
durability (After 500 min, 65% of the relative current density can
be retained) [92].

Cui et al. reported a cobalt-embedded nitrogen-doped GA
(Co-N-GA) pyrolyzed from a MOFs@GA composite, and used it as
a catalyst for ORR (Fig. 23a). As shown in Fig. 23b and c, the porous
catalyst possessed a high surface area (466.6 m2 g�1) and hierar-
chical porosity, including macropores, mesopores, and micropores.
Owing to the synergetic effect of hierarchical porosity and high
surface area, Co-N-GA displayed superior activity for ORR with
excellent stability in 0.1 mol L�1 KOH. Fig. 23d-i indicates that
the ORR activity, durability, and selectivity of Co-N-GA were supe-
rior than commercial Pt/C, indicating its advantages of practical
applications [94]. In addition, this material also has a good perfor-
mance in hydrogen evolution reaction (HER). The onset overpoten-
tial was 0 mV, the overpotentials@10, 100 mA cm�2 were 46 mV,
183 mV, respectively, and Tafel slope is 33 mV dec�1. These values
are lower than almost all as-prepared noble-metal-free HER
t shows the typical photograph of Co-N-GA. (c) The typical SEM of Co-N-GA. (d) The
ration. (e) ORR polarization curves at 10 mV s�1 at 1600 rpm. (f) Corresponding Tafel
eeds at 10 mV s�1). (h) K-L plots of Co-N-GA at different potentials. (i) The electron
permission [94]. Copyright 2016 The Royal Society of Chemistry.



Fig. 24. (a) The topological structure of MOF PCN-224. (b) View down the tetragonal channels of MOF PCN-224 (C atom, black; M atom, purple; N atom, blue; hydrogen
omitted). (c) The procedure for the preparation of the MOF PCN-224 decorated melamine foam composites. (d) Photograph of melamine foam and its chemical formula. (e)
The typical SEM image of the melamine foam. (f) A mixture of tetrakis (4-carboxyphenyl)-porphyrin (Fe), ZrCl4, and benzoic acid in DMF solution (left) and immersing the
melamine foam into the solution (right). (g) Photograph of melamine foam. (h) Photograph of PCN-224@MF. (i) The melamine foam could be compressed and distorted. (j)
The PCN-224@MF could be compressed and distorted. (k) The epoxidation reaction of cholesteryl esters by using PCN-224@MF as the catalyst. Reproduced with permission
[150]. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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catalysts, which indicates that this material possesses excellent
activity for HER. Notably, the Co-N-GA displayed favorable stability
for HER in acidic and alkaline media. The stability should be attrib-
uted to the fact that 3D graphene aerogel architecture possesses
strong chemical stability in a harsh environment.
Overall, the research on electro-catalysis of MOF-based aerogels
mainly focuses on ORR, while more other catalytic forms such as
HER are required to be conducted in the future. Besides, the
electro-catalytic performances of MOF-based aerogels are satisfac-
tory. However, in terms of absolute catalytic performance, there is



Fig. 25. (a) Photos of the synthesized hybrid aerogels containing ZIF-9 and ZIF-12.
(b) The mechanism schematic of MOF@GEL/PMS system to generate free radicals.
Reproduced with permission [88]. Copyright 2018 Elsevier Inc.
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still a gap with some materials such as bimetallic materials
[147,148]. It may be meaningful to try to composite some
monometallic or bimetallic nanoparticles with small size in MOF-
based aerogel structure and explore their catalytic activity.

4.2.2.2. Other catalysis. Heterogeneous catalysis is very popular in
the field of organic chemistry. Compared with homogeneous cata-
lysts, heterogeneous catalysts have the advantages of easy separa-
tion of products, recoverability, and less metal loss [149]. As novel
heterogeneous catalysts, the catalytic activity sites of MOF-based
aerogels can be derived from metal ions or organic ligands. MOF-
based aerogels, which possess low density, excellent mechanical
capacity, good stability, can provide different reaction spaces for
reactants.

By catalytic epoxidation, unsaturated cholesteryl esters have
the potential to produce certain cholesterol derivatives, which
act as sanatory medicines for diseases. By using a one-pot strategy,
Zhou et al. integrating MOF PCN-224 (PCN-224 is constructed with
tetrakis (4-carboxy-phenyl)-porphyrin ligands and Zr6 clusters)
and porous melamine foam (MF) into composite, named PCN-
224@MF (Fig. 24a–j). PCN-224@MF possessed high efficiency in
the epoxidation of cis-stilbene (Fig. 24k). Encouraged by this prop-
erty, this material was used for catalyzing epoxidation reaction of
cholesteryl esters from unsaturated cholesteryl. Under the most
appropriate condition, an excellent yield (92%) of corresponding
product was obtained after one day because of the macroporous
structures of MF and dispersedly distributed catalytic active sites
of PCN-224 [150]. Based on porous MF, chemists can synthesize
more composites used in heterogeneous catalysis by changing
the types of metal ions and ligands.

Martyanov et al. prepared HKUST-1@silica aerogel composite
pellets by applying the coupled sol-gel and emulsion methods for
catalyzing styrene oxide to phenyl acetaldehyde. The conversion
of styrene oxide at 110 �C was more than 85% and the selectivity
to phenyl acetaldehyde was 93% in a flow reactor under nitrogen.
Notably, when the time-on-stream reached 90 min, the conversion
was more than 50%, and the selectivity was not changing visibly,
indicating the application potential of HKUST-1@silica aerogel
composite pellets in continuous flow catalysis [78]. Martyanov
et al. found that the characteristic X-ray diffraction (XRD) peaks
of the recycled HKUST-1@silica aerogel composite pellets after
catalytic testing were not different from the peaks of original
HKUST-1@silica aerogel composite pellets. It indicates the
excellent stability of the HKUST-1 crystal structure during the
catalytic reaction.

Lu et al. employed Ru/GA-HKUST-1 for the oxidation of carbon
monoxide (CO). The CO conversion ratio (100%) of Ru/GA-HKUST-1
was higher than that of the Ru/GA without HKUST-1 (19.8%) at
30 �C, because the open porous structures of HKUST-1 provided
pathways for adsorption and catalytic oxidation simultaneously
[84]. This interesting finding provides a feasible strategy for
enhancing the adsorption capacity of reactants around the catalyst
and increasing the catalytic reaction rate.

4.2.3. Water treatment
Water treatment refers to the physical and chemical measures

taken to make the water quality meet certain use standards
[151]. There are many kinds of harmful substances in water, and
the relative treatment methods are different. The treatment can
be classified as degradation and adsorption. MOF-based aerogels
have abundant pore structures and are favorable for adsorption
[152]. Metal ions in MOF can also provide active sites for the degra-
dation of harmful substances [153]. Crucially, these MOF-based
aerogels can be easily removed from aqueous solutions for reuse
after the previous water treatment process, which is fascinating.
Therefore, MOF-based aerogels are widely used in water treatment.
4.2.3.1. Pollutants degradation. The degradation of harmful organic
pollutants via catalytic methods is necessary. P-nitrophenol
(PNP) is flammable, toxic and allergic to the skin. In order to
degrade PNP, we loaded ZIF-9 and ZIF-12 (Fig. 25a) on cellulose
aerogels to convert peroxymonosulfate (PMS) into sulfate radicals
(SO4

��), which plays the key role in PNP degradation, as shown in
Fig. 25b. The two hybrid aerogels, combined with activated PMS,
could remove more than 80% of PNP in 60 min. The green aerogel
composites can be easily separated from the treated solution and
possesses good recyclability [88].

It is interesting to note that there are some MOF-based aerogels
that can rely on more than one catalytic mode for synergistic effect.
For example, MOF (2Fe/Co)@carbon aerogel (CA) with appropriate
electrocatalytic and photocatalytic activity was applied in solar
photo-electro-Fenton (SPEF) process for removing Rhodamine B
(100%) and dimethyl phthalate (85%). MOF (2Fe/Co) promoted
the ORR activity and improved the yield of H2O2. Simultaneously,
the photoinduced electron (ecb�) of MOF (2Fe/Co) instantly
reacted with H2O2 to improve the generation of �OH radicals, which
could react with organic pollutants and obtain carbon dioxide and
water. In the pH range of 3–9, MOF (2Fe/Co)@CA retained ideal
degradation efficiency [154].
4.2.3.2. Liquid adsorption. Industrial liquid wastes always contain a
certain concentration of hazardous heavy metal ions and organics,
which will pollute the water and environment and endanger
human health. Therefore, it is urgent to eliminate hazardous sub-
stances from industrial wastewater [155,156]. In addition, some
contaminated fresh water sources are in urgent need of decontam-
ination to reclaim clean fresh water resources [157].

To date, scientists have developed many materials to adsorb
harmful substances and contaminations in water. Cr (VI) is an
ingestion poison or an extremely toxic inhaled substance [158].
Exposing skin to Cr (VI) may lead to genetic defects. People who
drinking contaminated water containing Cr (VI) ion may suffer
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from cancer [159]. UiO-66@cellulose aerogel with tunable MOF
loading was prepared to adsorb Cr (VI) ion in water, because the
hierarchical porous structure of aerogel allows the fast uptake
and reaction between Cr (VI) ion and UiO-66. The water containing
Cr (VI) ion was initially yellow but became colorless after adding
the UiO-66@cellulose aerogel. At the same time, the color of the
aerogel changed from white to yellow. The aerogel with 50 wt%
UiO-66 loadings can adsorb 85% of the Cr (VI) ion in water after
24 h, but aerogel containing 33.3 wt% UiO-66 can adsorb 67% of
the Cr (VI) because of the low MOF content. After adsorbing Cr
(VI) ion with low concentration, the aerogel can be compressed
to squeeze out the adsorbed water, then adsorb the bulk solution
containing higher concentration of Cr (VI) ion [87]. Our group
reported that ZIF-8@cellulose aerogel possessed Cr (VI) ion adsorp-
tion potential. Fig. 26 shows the morphologies of ZIF-8, cellulose
aerogels, and ZIF-8@cellulose aerogel. The high binding potential,
high specific surface area and superior processability endowed this
ZIF-8@cellulose aerogel possess high adsorption capacity towards
Cr (VI) ion. The removal rates of Cr (VI) ion by ZIF-8@cellulose
aerogel were higher than 90% in all concentration ranges (1 ppm
to 100 ppm), which were higher than that in UiO-66@cellulose
aerogel. Importantly, when the initial concentration of Cr (VI) ion
was 1 ppm, ZIF-8@cellulose aerogel could remove 99.74% of Cr
(VI) ion from the contaminated water, being among the top rank
of Cr (VI) ion adsorption in chemical materials [160].

Besides, our group also reported an in situ growth procedure to
load MOFs (UiO-66-NH2 and UiO-66) on the flexible cellulose aero-
gels as aerogels composite materials. These materials were favor-
able Pb2+ and Cu2+ adsorbents. The MOFs were not blocked after
cellulose aerogels growth, so UiO-66-NH2@cellulose and UiO-
66@cellulose aerogels can be recycled to adsorb the above-
mentioned two ions in water after cleaning. The equilibrium
adsorption capacity of Pb2+ ion adsorbed by UiO-66-
NH2@cellulose aerogel was 89.40 mg g�1, and the equilibrium
adsorption capacity of Cu2+ ion was 39.33 mg g�1 [161].

Printing and dyeing companies usually need to use large
amounts of freshwater resources and drain the contaminated
water containing dyes such as Rhodamine B (RhB), Methyl Orange
(MO), Malachite Green (MG), Crystal Violet (CV), Congo Red (CR)
and Brilliant Blue R-250 (BBR-250) into the environment [162–
166]. At present, since fresh water resources are very precious, it
is very meaningful to regenerate contaminated water by adsorbing
dyes. Li et al. reported that the maximum adsorption capacity of
ZIF-8@fibrous aerogel for RhB dye could be up to 81 mg g�1

[167]. Besides, ZIF-67@GA not only adsorbed RhB dye but also
MO dye. The adsorption ability of ZIF-67@GA towards MO dye
was larger than that of RhB dye, because ZIF-67@GA reacted differ-
ently with two dyes. Owing to the electrostatic attraction, ZIF-67
with positive surface charge can enhance the retention anionic
MO dye in the ZIF-67@GA. In contrast, ZIF-67@GA absorbed catio-
nic RhB dye by weak p-p interaction between grapheme and RhB
[168]. Yang and coworkers have reported similar research about
absorb CV dye and MO dye by using ZIF-67@rGA. The maximum
Fig. 26. (a) SEM image of ZIF-8. (b) SEM image of cellulose aerogels. (c) SEM image of ZIF-
adsorption capacity was 1714.2 mg g�1 for CV dye and
426.3 mg g�1 for MO dye (Fig. 27). The adsorption towards cationic
CV dyes was driven by p-p interactions, as well as electrostatic
interactions between ZIF-67@rGA and CV dye [169]. Su et al.
achieved a synthetic route to fabricate porous Al (III)-carboxylate
aerogel that featured high surface area, tunable porosity and low
density to absorb dyes. The aerogel displayed a fast uptake of CR
and BBR-250 dye molecules. The adsorption capacities reached
633.4 mg g�1 for CR and 621.3 mg g�1 for BBR-250, because the
mesopores of Al (III)-carboxylate aerogel were accessible to dye
molecules and facilitated the adsorption [74]. In addition, owing
to the p-p interaction between ZIF-67 and MG, ZIF-67@melamine
sponge showed the highest adsorption capacity to date for toxic
MG dye of 4093 mg g�1. In this study, ZIF-67@melamine sponge
could be regenerated effectively by washing it with ethanol and
reused for absorbing MG dye. After three cycles of washing, ZIF-
67 nanocrystals remained stable on the melamine sponge [170].
The excellent regeneration greatly enhances the commercial
potential of ZIF-67@melamine sponge.

The removal of other organics fromwater also has been studied.
A Zr-MOF@GA was synthesized and used to remove hydroquinone
after the immobilization of laccase with adsorption rate of
73.8 mg g�1. Owing to the combination of GA adsorption and the
catalysis by laccase attached to Zr-MOF, the composite removed
79% of hydroquinone [171]. ZIF-8@konjac glucomannan (KMG)
aerogel was prepared for the removal of ciprofloxacin (CIP) from
water. Electrostatic attraction between CIP and ZIF-8@KMG aero-
gel played the most critical role in CIP adsorption. When the ratio
of KGM to ZIF-8 was 1.4, the CIP adsorption capacity reached to the
maximum (more than 920 mg g�1). However, when the content of
ZIF-8 further increased, the adsorption capacity decreased, because
the excessive content of ZIF-8 led to unstable structure that was
prone to collapse [99]. It is indicating that the adding amount of
MOFs in aerogel matrixes should be carefully studied because this
research has a great impact on the application performance of
aerogel composites.

Li and coworkers grew Ni/Co-MOF in the pores of the CMC aero-
gel to synthesize a novel aerogel composite named as Ni/Co-
MOF@CMC aerogel [100]. The aerogel composite can remove tetra-
cycline hydrochloride (TC) within 5 min. The removal efficiency
was 80% approximately, and the adsorption capacity was
624.87 mg g�1 approximately. The adsorption mode between TC
and Ni/Co-MOF@CMC aerogel was chemisorption. Because of the
hydroxyl groups and carboxy groups in CMC aerogel, it is unneces-
sary to modify this aerogel to form a solid MOF film. The TC mole-
cules in solution were more likely to contact with compact MOF
layer during the solution flowing through the aerogel composite,
which was necessary for removing TC. Besides, the as-prepared
Ni/Co-MOF@CMC aerogel showed excellent antibacterial proper-
ties. This aerogel composite can be used for efficient and recyclable
water treatment.

Some aerogels have a wide range of applications and can absorb
a large number of liquid contaminants. Ma and coworkers reported
8@cellulose aerogel. Reproduced with permission [160]. Copyright 2018 Elsevier Inc.



Fig. 27. (a) The scheme of removal process of CV and MO by ZIF-67@rGA. (b) The photographs of CV and MO solution at different adsorption time. Reproduced with
permission [169]. Copyright 2018 Elsevier Inc.
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a lightweight porous ZIF-8@cellulose nanofiber@cellulose foam
(ZIF-8@CNF@cellulose) with outstanding adsorption properties.
The ZIF-8@CNF@cellulose showed high adsorption capacity for
24.6 mg g�1 RhB dye, 35.6 mg g�1 Cr (VI) ions and 45.2 g g�1 N,N-
dimethylformamide (DMF) [172].

The above-mentioned studies indicate that the unique pore
structure of MOFs and the stability of aerogels contribute to the
development of reusable water treatment materials. The microp-
orous structure of MOFs combined with the diversity of ligands
and metal ions enables them to adsorb different kinds of harmful
substances in water. At the same time, aerogel solves the problem
that single MOF material cannot be recycled and reused. In general,
the use of MOF-based aerogels for efficient water treatment is a
new and far-reaching area. With the further improvement of the
preparation process, the industrial application will be obtained in
the near future.

4.2.4. Gas adsorption
The permanent porosity, high specific surface area, and multi-

tudinous functionalization make MOF-based aerogels convention-
ally used in gas absorption. Compared with MOFs powders, the
better recyclability and portability of MOF-based aerogels enhance
their application value of gas adsorption.

Stimulated by global warming, which is the result from the
increased CO2 emission, the adsorption of CO2 is becoming impor-
tant [173]. Well-designed ZIF-8@GA with a pore volume of
0.67 cm3 g�1 and a BET surface area of 1099 m2 g�1 was prepared,
and then checked for the CO2 adsorption application. The incorpo-
ration of ZIF-8 into GA matrix resulted in an increase of CO2 uptake
storage from 0.38 mmol g�1 (pristine GA) to 0.99 mmol g�1 (ZIF-
8@GA) because of the synergistic effect between ZIF-8 and GA,
which ranked this ZIF-8@GA among the most promising CO2

adsorption materials. In addition, the mechanical robustness of
ZIF-8@GA could be improved with the increased amount of ZIF-8
in the GA [81].

By synthesizing UiO-66 over a polyurethane foam template,
Pinto et al. prepared UiO-66@polyurethane foam with a pore vol-
ume of 0.213 cm3 g�1 and a BET surface area of 511 m2 g�1. The
UiO-66@polyurethane foam had exhibited more than 70% of
adsorption capacity for n-hexane and benzene vapors. Besides, this
composite presented good transport properties because UiO-
66@polyurethane foam maintained the flexibility and macrostruc-
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ture of the polyurethane foam, and can be used for gas adsorption
[114].

These reports are the preliminary exploration of MOF-based
aerogels in the field of gas adsorption. In this era of rapid economic
development, new houses or decorated houses contain many
harmful gases, such as formaldehyde, toluene, ethylbenzene,
xylene, and so on [125,174,175]. Therefore, more kinds of MOF-
based aerogels should be developed to adsorb these common
harmful gases in the air to reduce their damage to the human body.

4.2.5. Sensing
Similar to the MOF-based hydrogels mentioned above for sens-

ing, some aerogels also have sensing applications.
Zhao, Li and their research group have been devoted to the

research and the development of MOF-based aerogels and their
research on antibiotics and explosives sensing properties for a long
time. This research group reported a water-stable Tb (III)-based
metal-organic gel (MOG) [101]. After drying, the corresponding
green aerogel was obtained with water stability and luminescence
properties. The strong emission of the aerogel can be quenched via
using trace amounts of sulfamethazine (SMZ) and sulfadiazine
(SDZ). The aerogel exhibited sensitive detection ability effectively
towards SMZ and SDZ with low detection limits of 0.086 and
0.218 ppm, respectively. Besides, the aerogel showed its applica-
tion as a chemical sensor to detect explosive nitroaromatics,
including 2,4-dinitrophenol (2,4-DNT) and 2,6-dinitrophenol (2,6-
DNT). The aerogel exhibited sensitive detection ability effectively
towards 2,4-DNT and (2,6-DNT) with low detection limits of
1.115 and 1.589 ppm, respectively.

They also designed a fluorescent MOG by metal-ion exchange
between Eu3+ and Al3+ in the nonfluorescent MOG (Al) gel [102].
The corresponding red MOG (Eu) aerogel showed excellent sensing
ability to ronidazole (RDZ), ornidazole (ODZ), metronidazole
(MDZ), dimetridazole (DTZ), and 4-nitrophenol (4-NP). The corre-
sponding limits were 1.205, 0.542, 0.999, 0.377, and 1.582 ppm,
respectively. In addition, the selectivity and reversibility of the sen-
sitive material were excellent. Therefore, the aerogel materials
designed by Zhao, Li and their research group can combine sensi-
tivity, selectivity and reversibility together in the detection of
antibiotics and explosives, and are very promising in practical
application.

Furthermore, some special MOF-based aerogels can also be
employed in the fields of oil and water separation [176,177], elec-
tromagnetic pollution adsorption [89], electron adsorption, drug
extraction [80], hydrocarbons separation [77], heavy-metal ions
detection [178], and so on. These applications are fragmented
and not systematic enough.

5. Conclusions and outlook

In summary, the categories and applications of MOF-based
hydrogels and aerogels were reviewed detailly. MOF-based hydro-
gels and aerogels have received wide attention because of their
outstanding flexible, structural, and chemical properties although
the class of MOF-based hydrogels and aerogels is just an ordinary
member of MOF materials family. The reported works have
demonstrated the enhancements of processability and handling
as well as environmental resistances as compared to MOF powders.
This suggests that MOF-based hydrogels and aerogels could be
adopted for practical applications in many areas, where MOF pow-
ders are not stable. This review provides a generalization of the
cutting-edge development of the categories and applications of
MOF-based hydrogels and aerogels by summarizing a great num-
ber of reported studies of MOF-based hydrogels and aerogels.
Although MOF-based hydrogels and aerogels had attracted
increasing attention recently, this research area has not yet entered
the mature stage. The stability of MOFs in MOF-based hydrogels
and aerogels is key point that has been addressed owing to the fra-
gility of MOFs during the processing conditions. MOFs in hydrogels
and aerogels should retain high surface area, ordered structure and
accessibility. Thus, these materials must be characterized by X-ray
diffraction (XRD) and nitrogen isothermal adsorption measure-
ments to confirm their stability after combined with hydrogel
and aerogel matrixes.

In terms of the hydrogel and aerogel matrixes for constructing
MOF-based hydrogels and aerogels, the examples of pure MOF
hydrogels, MOF@biology derived organic macromolecules hydro-
gels, MOF@biocompatible hydrogels, MOF@ graphene hydrogels,
pure MOF aerogels, MOF@silica aerogel composites, MOF@ gra-
phene aerogel composites, MOF@cellulose aerogel composites,
aerogel composites containing MOFs-derived materials, etc, are
presented. All of these composites and their synthesizing strategies
are used in preparing various MOF-based hydrogels and aerogels
successfully, which widen the road for the rational optimization
of MOFs with the enhancement of stabilization, accessibility, easy
handling and flexibility for expanding the field of potential applica-
tions. Besides, these synthesizing strategies provide guidance for
the synthesis of other MOF-based hydrogels and aerogels derived
from unexplored MOFs. However, these strategies of synthesizing
MOF-based hydrogels and aerogels are overly dependent on a lim-
ited variety of aerogel matrix materials. So, further exploration of
widening the range of green and novel matrixes and advanced pure
MOF hydrogels and aerogels is highly desirable.

Based on the advantages of rich porosity and structural flexibil-
ity as well as stability, scientists have made great efforts to explore
versatile potential applications of MOF-based hydrogels and aero-
gels, including drug control release, wound healing, sensing,
energy storage, catalysis, water treatment, gas adsorption, oil/
water separation, electromagnetic pollution adsorption, electron
absorption, drug extraction, hydrocarbons separation and so on.
Even though these studies cover a wide range of the applications
of MOF-based hydrogels and aerogels, the distribution of the appli-
cations is not balanced. Most applications are focused on electro-
chemistry, catalysis, and water treatment now. Besides, the
studies on the practical applications of MOF-based hydrogels and
aerogels still lack in depth and systematization. MOF-based hydro-
gels and aerogels are still at early stage compared with other MOF
composites such as enzyme-MOF composites and metal
nanoparticles-MOF composites. Consequently, more in-depth
researches are needed to extend the applied range of MOF-based
hydrogels and aerogels.

The large size and pipelined synthesis process of MOF-based
hydrogels and aerogels with satisfactory stability implies their sig-
nificant potential in industrial production, but some economical
and green methods for synthesizing matrixes of MOF-based hydro-
gels and aerogels should be developed with repeatable quality, like
naturally KMG aerogel. Once the economical MOF-based hydrogels
and aerogels are implemented in large quantities to the industri-
ally practical application level, it is a qualitative leap in the devel-
opment of MOF materials. We hope that chemical and material
researchers can be inspired by this review to come up with novel
and smart ideas to stimulate the emergence of new materials
and applications in the field of MOF-based hydrogels and aerogels.
The diversity of MOFs and matrixes in MOF-based hydrogels and
aerogels and their versatility offer unlimited possibilities for the
regulation of the applied properties of this kind of materials. There-
fore, these materials have great potential to achieve wider applica-
tion in the future.
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