Chinese Chemical Letters 33 (2022) 693-702

ik

¥ -

ELSEVIE

=

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Two-dimensional metal-organic framework nanosheet composites: ®)

Preparations and applications

Check for
updates

Yutian Qin®P1, Yue WanP!, Jun Guo®*, Meiting ZhaoP*

aSchool of Chemistry, Tiangong University, Tianjin 300387, China

b Tianjin Key Laboratory of Molecular Optoelectronic Sciences, Department of Chemistry, Institute of Molecular Aggregation Science, Tianjin University,

Tianjin 300072, China

ARTICLE INFO ABSTRACT

Article history:

Received 8 June 2021
Revised 1 July 2021
Accepted 4 July 2021
Available online 11 July 2021

Keywords:

Metal-organic framework
2D nanosheet

Composite

Energy conversion
Catalysis

Separation

Biomedicine

As emerging two-dimensional materials, metal-organic framework (MOF) nanosheet composites pos-
sess many unique physical and chemical properties, thus being expected to be widely applied in gas
separation and adsorption, energy conversion and storage, heterogeneous catalysis, sensing as well as
biomedicine. In this review, we first introduce the methods for integrating MOF nanosheets with other
materials to prepare multifunctional composites. Next, the applications of MOF nanosheet composites in
versatile fields are summarized and discussed. We hope this review will be instructive for researchers in
the aspects of designs, preparations and applications of MOF nanosheet composites.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Two-dimensional (2D) materials, in recent decades, have re-
ceived extensive attentions in the fields of sensing, separation,
catalysis, optoelectrical device and biomedicine due to their unique
physical and chemical properties [1-4]. Particularly, compared with
bulk three-dimensional (3D) materials, 2D materials possess some
special characteristics [5-8]. For instance, the ultrasmall thick-
ness and relatively large planar dimension endow 2D materials
with larger external surface area and more exposed active sites,
which are advantageous in sensing and catalysis applications [9-
12]. Meanwhile, the high aspect ratio of 2D materials make them
suitable candidates for assembling separation membranes, which
enjoy the merits of high feedstock flux and low mass transfer re-
sistance [13,14].

Metal-organic frameworks (MOFs) are a class of novel porous
crystalline materials constructed with metal nodes and organic
polydentate linkers, which typically have periodic planar or triax-
ial network structure [15,16]. In general, compared with conven-
tional porous materials (e.g., active carbon and metal oxide), MOFs
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possess tunable topology and structure, facile functionalization and
modification, and even larger surface area and higher pore volume
[17-19]. As an emerging type of 2D materials, MOF nanosheets
have combined both advantages of MOFs and 2D materials, and
achieved lots successes in gas separation and adsorption, energy
conversion and storage, catalysis, sensing as well as biomedicine
[20-26].

In order to further extend the application scope or improve the
performance of MOF nanosheets, a series of composites have been
proposed by combining MOF nanosheets with other functional
components involving metal nanostructures [27-30], inorganic ox-
ides [31,32], graphene [33,34], carbon nanotube (CNT) [35-37],
polymers [38,39] and biomacromolecules [40]. The incorporation
of other component can modify the physical and chemical prop-
erties of pristine MOF nanosheets. For example, carbonized nano-
materials and metal nanoparticles are usually added for improv-
ing the electron conductivity of pristine MOF nanosheets; while
flexible nanomaterials (e.g., graphene and CNT) are introduced aim
at strengthening the mechanical properties of resulting compos-
ites [36,41]. In addition, other functional moieties, such as active
sites are employed for promoting the catalysis and sensing perfor-
mances [42]. Consequently, MOF nanosheet composites can usually
exert better and even exceptional performance beyond each indi-
vidual component in versatile application fields [43,44]. In this re-
view, we aim to give a brief overview on the research progress of
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2D MOF nanosheet composites. First, the preparation methods of
MOF nanosheet composites are introduced. Next, the applications
of MOF nanosheet composites in diverse fields are discussed. Fi-
nally, our personal perspectives on the future development of this
field are also provided. We hope these can be instructive for read-
ers who are interested in the rational design and controllable con-
struction of high-performance MOF nanosheet composites for de-
sired applications.

2. Preparations of MOF nanosheet composites

During the past few years, many methods have been devel-
oped for the preparation of MOF nanosheets, including bottom
up synthesis [45-51] and top down exfoliation methods [52-56].
These methods have been comprehensively summarized in other
reviews [57-61]. Herein, we will focus on the preparation of MOF
nanosheet composites, which are classified into two groups: sup-
porting/growing other materials on MOF nanosheets, and growing
MOF nanosheets on other materials.

2.1. MOF nanosheets as supporters

Metal nanoparticles (NPs), in many occasions, can endow ma-
terials with good catalytic activities as well as modified physical
and chemical properties [62-65]. Hence, much efforts have been
devoted to develop methods for the growth of metal NPs (e.g., Au
[66,67], Ag [67,68], Pt [67,69], Pd [69-71], Ru [72,73], Ir [74] and
their alloys [67]) on MOF nanosheets [75]. Generally, metal NPs can
be deposited by adding metal precursors into the suspension of
MOF nanosheets and subsequent reduction treatment. For example,
our group has reported the preparation of Au NPs decorated Cu-
TCPP(M) nanosheets (TCPP = tetrakis(4-carboxyphenyl)porphyrin;
M = Fe, Co). In a typical experiment, HAuCl,; was added to the
aqueous suspension of Cu-TCPP(M), and then the obtained mix-
ture was treated with NaBH,4. Finally, Au NPs were homogeneously
formed on Cu-TCPP(M) with a small dimension of 2.1 + 0.5 nm
[66].

Single-metal sites installed MOF composites have attracted
great interests recently, especially in the field of heterogeneous
catalysis, as the separately dispersed single-metal sites can ex-
hibit superb activity and selectivity [76]. 2D MOF nanosheets
featured with large external surface area and abundant metal-
anchoring sites are considered as ideal supporters for installa-
tion of single-metal sites. For example, post-synthetic modifica-
tion strategy was employed in the metallation of 2D Zry;Og(jt3-
OH)g(u,-OH)g(BPDC)g (denoted as Zri,-BPDC; BPDC = biphenyl-
1,1’-dicarboxylate) MOF. In a typical process, LiCH,SiMe; was
added into the dispersion of pristine Zr,-BPDC to deprotonate
the Zri50g(u3-OH)g(u2-OH)g clusters as the first step. Then, as-
deprotonated MOF was treated with Cu(CH3CN)4BF,4 solution for
the incorporation of Cu sites to form the final Zr;,-BPDC-Cu com-
posite [77].

It is also appealing to integrate metal sulfides with 2D MOF
nanosheets [78-80]. Dating back to 2016, our group reported the
sulfidation of Co-based MOF nanosheets under 650 °C at the cost
of collapse of MOF crystallinity [81]. To resolve this issue, we have
further developed a mild preparation method for the incorpora-
tion of metal sulfide onto 2D MOF nanosheets. In brief, an ethanol
(or aqueous) dispersion of 2D MOF (e.g., M-TCPP, M = Cd, Cu, Co)
nanosheets containing organic sulfur source (e.g., thioacetamide,
TAA) was heated at mild temperature (e.g., 70 °C for Cd-TCPP, 75
°C for Cu-TCPP, 150 °C for Co-TCPP). Corresponding metal sulfide
NPs were formed on the M-TCPP nanosheet surface without alter-
ing the 2D morphology substantially (Figs. 1a-c). More importantly,
the dimensional size of resultant metal sulfide NPs can be readily
regulated via adjusting the heating time [82].
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Fig. 1. (a) Scheme of preparation, (b) transmission electron microscopy (TEM) im-
age, (c) dark-field scanning transmission electron microscope (STEM) image and
energy-dispersive X-ray spectroscopy (EDS) mapping of CuS/Cu-TCPP composite
nanosheets. Reproduced with permission [82]. Copyright 2016, Wiley-VCH. (d) In-
corporation of Zn species to 2D Al,(OH),(TCPP) MOF. Reproduced with permission
[85]. Copyright 2020, Wiley-VCH.

The incorporation of metal oxide into 2D MOF nanosheets
can be realized via the vapor-phase infiltration (VPI) technology.
In a general VPI process, the vapor of metal precursors (e.g.,
organometallic compounds) are allowed to diffuse into MOF pores
for forming desired metal oxide inside MOF after further chemical
reactions [83]. Taking an example, a thin layer of Al,(OH),(TCPP)
was formed onto the carbon fiber first via treating the alumina-
coated carbon fiber with TCPP solution [84]. Next, as-prepared
Al,(OH),(TCPP) was placed in an atomic layer deposition (ALD)
chamber, and the vapor of diethylzinc and water was introduced
alternately. The Zn atom was first incorporated via coordination to
the N atoms of porphyrin. As the infiltration cycle increased, ex-
cessive Zn atoms formed ZnO clusters inside the MOF pores for
the fabrication of the final composite (Fig. 1d) [85]. Besides, co-
precipitation method can also be used for the incorporation of
metal oxide into MOFs. In a representative research, Fe;04 was
supported onto Au/Cu(HBTC)-1 nanosheets (i.e., Cu(HBTC)(H,0)s,
BTC = trimesate) with Au NPs pre-deposited. In specification, the
mixed solution of FeCl, and FeCl; was added into the aqueous dis-
persion of Au/Cu(HBTC)-1. After being heated for a while, the mix-
ture was adjusted to the alkaline status (pH 10~11) and kept at
80 °C for another 3 h. As a result, Fe304 NPs with a mean size of
6 nm were formed and anchored onto the hybrid Au/Cu(HBTC)-1
nanosheets [31].

The direct growth strategy can also be utilized for the incor-
poration of polymers, e.g., polypyrrole (PPy), into MOF nanosheets.
In a typical process, pyrrole monomer was mixed thoroughly with
an aqueous suspension of Cu-TCPP MOF nanosheets. Owing to the
-7 interaction, the monomer molecules were adsorbed onto the
MOF surface prior to polymerization. Next, ammonium persulfate
was added into the mixture to initiate the polymerization. Finally,
Cu-TCPP@PPy composite nanosheets were obtained, in which the
surface of Cu-TCPP was covered with a coat of PPy particles uni-
formly [43].

MOF nanosheets have been used for constructing separation
membranes [86-89]. In order to improve the performance of MOF
membranes, flexible materials are suggested to be integrated with
MOF nanosheets to form composite membranes. A facile graphene
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Fig. 2. Scheme of preparation of (a) PCN-222/PCN-134 composite and (c) Zr-
BTC/PCN-134 composite. (b) SEM and (Inset) STEM images of PCN-222/PCN-134
composite. (d) SEM image of Zr-BTC/PCN-134 composite. Reproduced with permis-
sion [90]. Copyright 2020, American Chemical Society.

oxide (GO) induced method was proposed to construct defect-free
MOF membranes with improved mechanical properties. In a typi-
cal process, suspension of MOF nanosheets and GO are mixed un-
der sonication assistance, and the obtained mixture is then used
to assemble MOF/GO composite membranes on certain substrate
through a vacuum filtration device. For example, a uniform CuBDC-
GO composite membrane with no visible pinholes or cracks can be
obtained through this method, and the assembled composite layer
can be firmly adhered to both inorganic and organic substrates
(e.g., porous alumina and nylon-6 fiber). It is considered that GO
can not only repair the defect by filling the voids between MOF
nanosheets, but also form Cu-O bond, hydrogen bond and 7-7 in-
teraction with CuBDC, thus jointly dramatically improving the sep-
aration selectivity of resultant composite membranes [41].

Additionally, 2D MOF nanosheets can be integrated with an-
other type of MOFs, thereby forming MOF-on-MOF composites.
Our group has reported a seeded epitaxial growth method for the
preparation of MOF heterostructures, in which a type of MOF can
grow epitaxially on the surface of another type of MOF seed if
their crystalline lattices are matched with each other. For instance,
PCN-134, a 2D plate-like MOF constructed by classical Zrg clus-
ters and TCPP/BTB (BTB = benzene-1,3,5-tribenzoate) mixed link-
ers in the P6/mmm space group, was synthesized by the solvother-
mal method in advance. Then, PCN-134 was applied as the seed for
epitaxial growth of PCN-222 and Zr-BTB, respectively. PCN-222 is a
1D rod-like MOF constructed by the Zrg clusters and TCPP linkers
in the P6/mmm space group as well. The lattice parameter in the
a-b plane of PCN-222 is very close to two times of that of PCN-134,
and thus, PCN-222 grew vertically on the basal planes of PCN-134
(Figs. 2a and b). In contrast, Zr-BTB possesses a 2D layered struc-
ture, and PCN-134 can be regarded as the product of Zr-BTB lay-
ers intercalated with TCPP linkers. Since the intralayer coordination
bonds of Zr-BTB are much stronger than the interlayer stacking in-
teraction, Zr-BTB are preferable to grow on the edge of PCN-134
(Figs. 2c and d) via extension of the intralayer coordination bonds
[90].

In another work, a method to integrate different MOF layers via
Van der Waals force was proposed. As a typical example, Cu-TCPP
nanosheets with square lattice (sql) topology were combined with
Cu-HHTP (HHTP = 2,3,6,7,10,11-hexahydrotriphenylene) nanosheets
with the honeycomb lattice (hyb) topology. First, the Cu-HHTP
layer was formed by spray liquid-phase epitaxial (LPE) growth on
the gold substrate. Second, Cu-TCPP nanosheets, prepared via direct
solvothermal reaction, were dispersed in ethanol and then added
drop-by-drop on the surface of water, so as to form a thin film of
Cu-TCPP after evaporation of ethanol. Third, the film of Cu-TCPP
was transferred onto the Cu-HHTP layer by a stamping procedure.
The latter two procedures can be repeated several times, thereby
tuning the layers of Cu-TCPP in the resultant composite film [91].
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Last but not least, biomacromolecules (e.g., enzyme, protein and
nucleic acid) incorporated 2D MOF nanosheets are promising ma-
terials in clinical diagnosis and therapy [40,92]. Physical adsorption
is a facile strategy to immobilize biomacromolecules onto MOF
nanosheets. For example, glucose oxidase can be easily assembled
on 2D Cu-TCPP(Fe) nanosheets by mixing the enzyme and corre-
sponding MOF nanosheets in the aqueous medium without impair-
ing the morphology of 2D MOF nanosheets [40].

2.2. Growth of MOF nanosheets on other materials

In contrast to the methods discussed above, MOF nanosheets
may also directly grow on other types of materials. For instance,
Lin and coworkers reported the growth of 2D MOF nanosheets
on CNT [35,36]. In a typical process, carboxylated multiwall CNT
was added into the solution containing metal salt and organic lig-
and (e.g., HfCl; and Co-metalated 5,15-di(p-benzoato)-porphyrin,
denoted as CoDBP). After solvothermal reaction, the composite in-
tegration of CNT and corresponding 2D MOF nanosheets (e.g., Hf,-
CoDBP/CNT) was obtained. Noteworthily, the carboxylate functional
groups exposed on CNT were responsible for the adherence of 2D
MOF nanosheets onto CNT via formation of coordination bonding
[36]. Moreover, Qiao et al. reported the hybrid nanosheets of Co-
BDC MOF and MoS,. First, MoS, were prepared by exfoliation of
bulk MoS, via lithium intercalation. Next, as-prepared MoS, layers
were mixed with the mixed solution of CoCl, and H,BDC. After the
mixture being processed under sonication, Co-BDC/MoS, hybrid
nanosheets were obtained, in which Co-BDC MOF was uniformly
formed on the surface of MoS, [55]. Besides, the direct growth
of 2D MOFs onto metal nanocrystals (NCs) have been reported.
For instance, Yang, Yaghi and coworkers prepared nano-Agc MOF
composite, in which Ag NCs are enclosed with 2D Al,(OH),TCPP
MOF. First, an alumina film in thickness of 3 nm was formed onto
Ag NCs via atomic layer deposition (ALD) using AlMe; and wa-
ter as precursors. Next, the as-prepared Al,03-coated Ag NCs were
treated with the DMF/H,0 solution containing TCPP ligand un-
der solvothermal conditions, which led to the conversion of Al,03
coating into Al,(OH),TCPP MOF layers [93]. Such metal oxide as-
sisted preparation strategy has been further applied to integrate
2D MOF nanosheets with various substrates (e.g., polymer textile
and silicon wafer). For example, the ALD step was first carried out
to coat an alumina layer onto polypropylene (PP) fiber and silicon
wafer (Si/SiO,), respectively. The obtained materials, i.e., PP@Al,05
and Si/SiO,@Al,03, were then immersed into the solution con-
taining H,TCPP ligand and underwent a solvothermal treatment.
During which, the Al,0; was able to react with H,TCPP ligand,
thereby forming a layer of Al,(OH),(H,TCPP) MOF (denoted as Al-
PMOF) nanosheets onto corresponding substrates, i.e., PP@AI-PMOF
and Si/SiO,@AI-PMOF (Fig. 3a) [84]. In another example, porous
alumina tubes were clad in the sheet-shaped zeolitic imidazolate
framework (ZIF), Zn,(blm), (bIm = benzimidazole), via dip coating
with the ZnO precursor and subsequent treatment with bim solu-
tion to transform ZnO into Zn,(bIm), [86].

The hydroxy double salt (HDS) intermediated method was de-
veloped to regulate the orientation of MOF nanosheets in the re-
sultant composites. HDSs are a series of layered materials those
consist of two types of divalent metal cations connected with in-
organic or organic anions [94]. Typically, a conformal ZnO layer
was formed on PP substrate via ALD for further use (Fig. 3b).
If the produced PP@ZnO composite was directly treated with a
mixed solution of Cu(NOs3), and TCPP, 2D Cu-TCPP would hori-
zontally grow onto the PP substrate (Fig. 3c). Instead, the HDS-
intermediated method led to the radial growth of MOF nanosheets.
To be specific, PP@Zn0O was first processed with Cu(NOs3),, and
needle-shaped layers of HDS(Zn,Cu) were formed radially as the
intermediate; then, a treatment with TCPP was performed to trans-
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Fig. 3. (a) Preparation of PP@AI-MOF composite via metal oxide coordination repli-
cation. Reproduced with permission [84]. Copyright 2020, Elsevier. (b) Orientation-
controlled preparation of (c) PP@Cu-TCPP (horizontal) and (d) PP@Cu-TCPP (radial).
Reproduced with permission [95]. Copyright 2019, Wiley VCH.

form HDS(Zn,Cu) into Cu-TCPP without changing the radial fashion
(Fig. 3d). As a universal method, the HDS intermediated method
can be also applied in synthesizing PP@M-TCPP composites of
other metals (e.g.,, M = Zn and Co) [95]. In another report, Zhang
and co-workers developed a facile method to prepare composite
membrane via direct growth of 2D MOFs on anodized aluminum
oxide (AAO) template. In a typical process, a piece of AAO mem-
brane was added into the solution containing 2-aminoterephthalic
acid (H,BDC-NH,) and HCI, and the obtained reaction system was
then kept in hydrothermal conditions. Al,03 on the surface of AAO
membrane was gradually dissolved in the presence of HCl, and
the in situ generated AI** was then connected with H,BDC-NH,,
thereby forming MIL-53-NH, nanoplates on the surface of AAO
membrane [96].

3. Applications of 2D MOF nanosheet composites
3.1. Gas separation and adsorption

The separation of CO, from gaseous mixtures is a key procedure
in water-gas shift process [97,98]. In a typical research, the CuBDC-
GO hybrid membrane was utilized to separate the gaseous mixture
of CO, and H,. Because of the interfacial voids existing in the pure
CuBDC membrane or CuBDC-GO hybrid membrane but with a rel-
atively low GO content, CO, molecules are likely to leak out and
resulted in low H,/CO, separation selectivity (7.3:1). Fortunately,
the CuBDC-GO hybrid membrane having optimal GO amount ex-
hibited a H,/CO, selectivity higher than 100:1 since the voids were
thoroughly filled by GO. However, excessive GO usually led to poor
H, permeance due to the rapidly rising mass transfer resistance in
resultant composite membrane (Fig. 4) [41].

As a type of toxic and irritating gas, ammonia widely occurred
in biochemical processes, and adsorbent of high capacity is de-
sired in NH3; removal. In a typical work, Cu-TCPP MOF coated
PP fiber, PP@Cu-TCPP, has been developed and applied in NHj
adsorption. Under identical dry conditions, PP@Cu-TCPP exhibited
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Fig. 4. Schematic view of gas molecule diffusion through CuBDC-GO composite
membranes with different GO concentration. Reproduced with permission [41].
Copyright 2018, American Chemical Society.

higher NH3 adsorption capacity (2.0 mol/kgyor) in comparison
to pure Cu-TCPP powder (1.2 mol/kgyor). Moreover, the presence
of moisture can magnify the advantage of PP@Cu-TCPP compos-
ite in further. At a relative humidity of 80%, PP@Cu-TCPP showed
a significant improvement on NHs adsorption performance (3.5
mol/kgynor), whereas no enhancement was observed for Cu-TCPP
powder. The abundant external surface sites exposed from the ra-
dially aligned Cu-TCPP nanosheets onto PP fiber were contribute to
the higher adsorption capacity of PP@Cu-TCPP towards incoming
polar molecules (i.e., NH3 and H,0). Moreover, the higher water
adsorption capability of PP@Cu-TCPP can further improve its am-
monia uptake thanks to the formation of hydrogen bond between
the preformed water film with ammonia [95].

3.2. Energy conversion and storage

A number of MOF nanosheet composites have been applied as
active components for energy conversion processes, such as hydro-
gen evolution reaction (HER) [36,55,69,99], oxygen evolution reac-
tion (OER) [42,99-101], CO, reduction reaction (CO,RR) [85,102]
and photoelectrochemical (PEC) cells [82].

In a typical research, Lin and coworkers designed a hybrid
material combining 2D Hf;,-CoDBP (DBP = 5,15-di(p-benzoato)-
porphyrin) MOF nanosheets with CNT, in which the carboxylate
substitutes on CNT directly bonded to the secondary building
blocks (SBUs) of Hfj,-CoDBP. First of all, the coordination bond
mode between Hf;,-CoDBP and CNT endows the composite with
superior conductivity, that is, improved electron transfer rate from
the electrode surface to the CoDBP catalytic sites. Besides, the
sheet-like shape of Hf;,-CoDBP renders the CoDBP catalytic site
communicating to the electrolyte, substrate and conductive sup-
port more efficiently. Moreover, the porous nature of Hf;,-CoDBP
endows the composite with rich catalytically active sites. In brief,
these characters make Hf;,-CoDBP/CNT a good HER electrocatalyst.
Namely, an onset potential of 315 mV and a turnover frequency
(TOF) of 17.7 s~! were obtained in the acidic medium [36].

It has been well accepted that the adsorption energy of H* and
OH* (* refers to species bound to the catalyst surface) interme-
diates can impact the catalytic activity of HER and OER catalyst,
respectively [103-105]. Qiao and coworkers reported a hybrid Pt
NC/Ni-MOF material, in which Pt NCs were incorporated into 2D
MOF nanosheets constructed with nickel(Il) and BDC linker (Ni-
MOF). As X-ray photoelectron spectroscopy (XPS) revealed, Ni-O-Pt
bonds were formed at the interface between Pt NCs and Ni-MOF,
which can increase the electron density of Pt NCs and meanwhile
reduce the electron density of Ni-MOF. As a result, the adsorption
energy of H* onto the Pt NC/Ni-MOF became slightly weaker than
free Pt NCs, and the adsorption energy of OH* on the Ni site was
strengthened in comparison with pristine Ni-MOF, thus improving
the catalytic activity of both HER and OER (Figs. 5a-d). In the al-
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kaline medium, the HER mass activity of Pt-NC/Ni-MOF reached
7.92 mA/pgp; (at a 70 mV overpotential), over 2.5 times higher than
free Pt NCs. Correspondingly, the OER current density reached 39.6
mA/cm? (at a 340 mV overpotential), 5.5 times higher than the
pristine Ni-MOF [99].

In addition to Pt NCs, transitional metal dichalcogenides (e.g.,
MoS,) are considered as an alternative active component in HER
due to its low cost, good chemical stability and suitable H* adsorp-
tion energy. Generally, MoS, exists in several different phases (e.g.,
1T, 1H, 2H and 3R), among which the 2H phase is most stable in
thermodynamics. However, the electron conductivity of 2H MoS,
is relatively poor. Besides, only a small portion of sites (i.e., unsat-
urated edge sites) exposed by the 2H MoS, are active in HER. In
comparison, 1T MoS, possesses higher electron conductivity and
larger active site proportion, making it preferable as HER elec-
trocatalysis [106]. Qiao et al. developed 2D Co-BDC/MoS, hybrid
nanosheets by depositing Co-BDC on the surface of the thermo-
dynamically stable 2H MoS,. The incorporation of Co-BDC is sup-
posed to increase the electron density of MoS,, and thus leads to
a partial phase transformation from 2H to 1T. Moreover, the Co-
BDC part can accelerate the water dissociation step efficiently in
the alkaline medium. In combination, the precisely designed Co-
BDC/MoS, hybrid nanosheets exhibited a 10 mA/cm? HER current
density at an overpotential of 248 mV, which was much lower than
that of separate MoS, (349 mV) and Co-BDC (529 mV) (Figs. 5e-g)
[55].

CO,RR is of high significance in carbon neutralization [107-
109]. The applications of MOF nanosheet composites in electro-
chemical CO,RR has been vastly reported as well. For example,
Ag@AI-PMOF (PMOF refers to Al,(OH),(TCPP)), in which spheri-
cal Ag NCs on a conducive substrate were covered with a layer of
Al,(OH),(TCPP), was applied as a CO,RR electrocatalyst in KHCO3
aqueous solution. Generally, CO,RR catalysts are in face of the chal-
lenge of HER competition. In this case, Ag and Al-PMOF are in close
contact with each other in order to increase the electron density of
catalytic Ag NCs (as confirmed by XPS) via electron transfer from
Al-PMOF, thus facilitating the reduction ability of Ag NCs towards
CO,. As a result, in comparison to pure Ag NCs, Ag@AI-PMOF ex-
hibited a higher CO,RR activity with producing formate and carbon
monoxide (Figs. 6a and b) [102]. In another work, ZnO decorated
Al,(OH),(TCPP) MOF prepared via the VPI method was applied in
electrochemical CO,RR. As mentioned in Section 2.1 (Fig. 1d), the

697

Fig. 6. (a) XPS Ag 3d spectra and (b) Faradic efficiency of Ag NCs, Ag@AI-PMOF and
Agoram@AI-PMOF for CO,RR, wherein Agoiam refers to Ag NCs covered with oley-
lamine, in which the MOF-to-Ag electron transfer is prohibited. Reproduced with
permission [102]. Copyright 2019, Wiley-VCH. (c) Linear sweep voltammograms
(LSV) curves and (d) transient photocurrent responses at -0.6 V (vs. Ag/AgCl) bias
potential of Cu-TCPP nanosheets and CuS/Cu-TCPP-n composite nanosheets, wherein
n refers to the sulfidation reaction time (hour) during composite preparation. Larger
n value leads to higher CuS content. Reproduced with permission [82]. Copyright
2016, Wiley-VCH.

growth of ZnO can induce internal strain inside MOF structure, and
therefore partially deform the coordination sphere of the catalytic
Zn site at the center of porphyrin ring for CO,RR activity improve-
ment. As expected, at an overpotential of —1.2 V, the ZnO deco-
rated Al,(OH),(TCPP) exhibited much higher Faradic efficiency (FE)
(33%) than the Zn ion-metalated Al,(OH),(TCPP) (8%) [85].

The composites constructed from MOF nanosheets have been
also applied in PEC cells. For instance, TCPP-based MOF nanosheets
possess high visible light absorption ability and good stability
against photobleaching, making them as promising candidates for
PEC. Nevertheless, their performance is still limited by the fast re-
combination of excitons. In order to facilitate the separation of ex-
citons, a feasible strategy is to construct heterojunctions by com-
bining TCPP-based MOF nanosheets with semiconductor NPs. For
example, our group investigated the PEC performance of CuS/Cu-
TCPP, in which CuS NPs were decorated on the surface of 2D Cu-
TCPP nanosheets (as previously illustrated in Figs. 1a-c). In a typ-
ical experiment, fluorine-doped tin oxide (FTO) glass coated with
primary Cu-TCPP or CuS/Cu-TCPP composite film was tested as the
photoelectrode. One can clearly see that much improved photocur-
rent density was obtained upon using the CuS/Cu-TCPP composite
with optimal CuS amount (Figs. 6¢ and d), in comparison to pure
Cu-TCPP. This is because that, on one hand, the type-II heterojunc-
tion formed between CuS and Cu-TCPP can enhance the separation
of photo-generated carriers; on the other hand, the higher charge
mobility of CuS is conducive to the charge transfer between the
active material layer and the electrode [82].

In addition, a type of nano-composite combining Cu-TCPP MOF
and PPy polymer, Cu-TCPP@PPy, has been prepared and applied as
the electrochemical capacitor. In comparison with pure PPy, the
Cu-TCPP@PPy composite possesses increased electrochemically ac-
tive surface area and decreased ion diffusion length, which to-
gether lead to higher charge transfer efficiency. Moreover, when
compared with pristine Cu-TCPP, the PPy coating endows the com-
posite with improved electron transport capability due to the good
conductive nature of PPy and the strong w-m interaction between
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Fig. 7. (a) Cascade reactions catalyzed by Au NPs/Cu-TCPP(M) composites. Repro-
duced with permission [66]. Copyright 2017, Wiley-VCH. (b) Reduction of nitroarene
on MOF nanosheet composites. (c) Hydrogenation cyclization of levulinic acid on
Ru/Zr-BDC composite nanosheets.
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PPy and Cu-TCPP. Impressively, a maximal specific capacitance of
496 F/g was achieved at 1 A/g current density for Cu-TCPP@PPy,
which was significantly higher than pure PPy (245 F/g), Cu-TCPP
(negligible) and their simple mechanical mixture (176 F/g). In ad-
dition, the close contact between Cu-TCPP and PPy at the interface
can efficiently buffer the volume change during charging and dis-
charging process, thereby ensuring the excellent cycling stability of
the composite electrode (i.e., at a high current density of 20 A/g,
nearly 70% of the initial capacitance could be kept after 3000 cir-
cles) [43].

3.3. Catalysis

The large planar dimension and ultrathin thickness donate ul-
trahigh external surface area to MOF nanosheet composites, which
are expected to serve as the ideal support used for heteroge-
neous catalysts. Lots of researches have explored the catalytic
applications of metal NPs-incorporated MOF nanosheets [75,110].
For example, our group employed Cu-TCPP(M) (TCPP = tetrakis(4-
carboxyphenyl)porphyrin; M = Fe, Co) nanosheets as the support
for growing gold NPs. Since Au NPs can function as glucose ox-
idase analogue, and meanwhile 2D metalloporphyrinic MOFs are
able to exhibit peroxidase-like catalytic activity, as-resultant Au
NPs/Cu-TCPP(M) composite was used as the biomimicking cata-
lyst for cascade reactions. First, with the existence of oxygen, Au
NPs/Cu-TCPP(M) promoted the conversion of glucose to gluconic
acid, which was accompanied with the generation of H,0,. Simul-
taneously, 3,3',5,5'-tetramethylbenzidine (TMB) was transformed
into oxidized 3,3/,5,5'-tetramethylbenzidine (oXTMB) by the in-situ
formed H,0, (Fig. 7a). According to results of control experiments,
no conversion of TMB was observed without the presence of ei-
ther glucose or Au NPs/Cu-TCPP(M), proving that the dual function
of Au NPs/Cu-TCPP(M) composites are essential to catalyze the cas-
cade reaction [66].

Lu and coworkers incorporated wultrasmall Au NPs
into a type of nickel MOF nanosheet, [NMOF-Ni, Ni,(5,4-
PMIA),(TPOM)g5]n (5,4-PMIA = 5-(4-pyridyl)-methoxylisophthalic
acid; TPOM = tetrakis(4-pyridyloxymethylene)methane), and the
obtained Au-1@NMOF-Ni composite was utilized to catalyze the
reduction of nitro compounds (e.g., 4-nitrophenol) with NaBHg4
(Fig. 7b). Because of the confinement of NMOF-Ni, no obvious
aggregation of Au NPs occurred during the catalyst preparation as
well as performance test. Consequently, Au-1@NMOF-Ni showed
much higher catalytic activity (100% conversion was reached after
reaction of 6 min) and better reuse performance (no obvious
activity loss after ten consecutive catalytic cycles) than isolated
Au NPs (100% conversion was achieved after reaction of 20 min,
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but the conversion rate was dropped to 20% after ten consecutive
catalytic cycles) [111]. In another work, a type of copper-based
2D MOF nanosheet, Cu(HBTC)(H,0); (namely, Cu(HBTC)-1), was
applied as the supporter to load Ag, Au, Pd, Pt NPs or their alloys.
The 4-nitrophenol reduction with NaBH4 was also chosen as the
model reaction to evaluate the catalytic performance of prepared
metal NPs/Cu(HBTC)-1 composites. Among which, the ternary
and binary alloy composites (e.g., Aug3Ptg3Pdg4/Cu(HBTC)-1,
Aug4Pdgg/Cu(HBTC)-1 and Aug4Ptyg/Cu(HBTC)-1) gave higher
catalytic rate constants (0.31-0.48 min~!) than the monometallic
ones (e.g., Pd/Cu(HBTC)-1, Au/Cu(HBTC)-1, Pt/Cu(HBTC)-1 and
Ag/Cu(HBTC)-1) (0.17-0.27 min~'), possibly attributed to the
synergic effect among multiple metal species [67].

Hydrogenation reactions catalyzed by 2D MOF nanosheet com-
posites have been widely investigated as well. Wang et al. immo-
bilized Pd NPs onto the hierarchical-pore 2D nanosheets of MOF-5
(donated as H-MOF-5). The resultant Pd-H-MOF-5 composite was
used to promote the hydrogenation of nitroarene. Thanks to the
existence of abundant mesopores, Pd-H-MOF-5 was more efficient
in the catalytic hydrogenation compared with bulk MOF-5 sup-
ported Pd NPs (Pd@bulk MOF-5). Namely, under identical reaction
conditions (H, 1 atm, 60 °C, 1.5 h), Pd-H-MOF-5 gave near 100%
conversion of nitrobenzene, much higher than the ~40% achieved
by Pd@bulk MOF-5 [71]. More significantly, the hydrogenation of
levulinic acid (LA) to yield cyclic y-valerolactone (GVL) is a key
process in the chemical transformation of biomass (Fig. 7c). Ru NPs
deposited 2D-UiO-66 nanosheets (Ru/2D-UiO-66) was employed in
the catalysis of the LA-to-GVL conversion. The reaction could pro-
ceed under 3 MPa H, at 90 °C, and the TOF of Ru/2D-Ui0-66 com-
posite nanosheets (349 h~!) was nearly 10 times as high as that
of Ru NPs deposited bulk 3D-Ui0-66 crystals (38.1 h~1). The highly
exposed catalytic sites and reduced geometric restraints of 2D-UiO-
66 nanosheets were considered as main contributions for the su-
perior performance [72].

In addition to metal NPs, single-metal site incorporated 2D
MOFs have also been substantially applied in the field of het-
erogeneous catalysis. For instance, Wang and coworkers reported
Cu(I) modified Zr;,-BPDC 2D MOF (as mentioned in Section 2.1)
for CO, reduction by hydrogen. In resultant Zry,-BPDC-CuCs com-
posite, the negatively charged Zry, cluster [Zri;0g(u3-07)g(o-
07)6(CO0~ )31~ is balanced with eleven Cu(l) and three Cs*. Im-
pressively, the closely spaced Cu(l) sites anchored on the same
Zri; node can form Cu(I)-Cu(I) bimetallic active site for boosting
carbon-carbon coupling product (e.g., ethanol). In contrast with zir-
conia supported Cu NPs, which gave methanol as the main hy-
drogenation product, Zry,-BPDC-CuCs exhibited a turnover number
(TON) up to 4080 toward ethanol product [77].

A MOF-on-MOF composite, PCN-222(Co)@MTTB (MTTB refers
to a metal-organic layer constructed with the classical Zrg cluster
and 4,4’,4"-s-triazine-2,4,6-triyl-tribenzoate, TTB), was developed
recently as the efficient catalyst for CO, cycloaddition of epoxides
(Fig. 8a). In which, the surface of PCN-222(Co) nanosticks is cov-
ered with MTTB nanosheets. It is worthy to mention that the abun-
dance of Lewis acidic (Co and Zr) and alkaline (TTB) sites are both
favored in the CO, cycloaddition of epoxides. Taking butyl glycidyl
ether as the representation, as-obtained composite gave 52% yield
of corresponding cyclic carbonate product under 50 °C and 1 atm
CO,. It was higher than separate PCN-222(Co) (32%) and MTTB
(36%) as well as their simple mixture (34%), implying a synergic
effect between the two MOF components [44].

Since porphyrin species are active in the generation of sin-
glet oxygen (10,) under the irradiation of visible light, the PP@AI-
PMOF composite (Fig. 3a) can be applied in the photocatalytic ox-
idation of 2-chloroethyl ethyl sulfide (CEES), a simulant of sulfur
mustard blistering agent, into non-toxic 2-chloroethyl ethyl sulfox-
ide (Fig. 8b). In the presence of oxygen and under the irradiation
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Fig. 8. (a) CO, cycloaddition catalyzed by PCN-222(Co)@MTTB. (b) Photocatalytic
oxidation of CEES catalyzed by PP@AI-PMOF. (c) AAO/MIL-53-NH, composite and
(d) membrane reactor for Knoevenagel reaction between benzaldehyde and mal-
ononitrile. Reproduced with permission [96]. Copyright 2017, Wiley-VCH.

of blue LED illuminant, PP@AI-PMOF led to a TOF of 170 molcggs
mMOlchromophore | Min~1, nearly 20 times of the separate Al-PMOF
powder (9 molcges MOlchromophore ' Min~1). Reasoningly, the MOF
nanosheets bound to the surface of the textile PP substrate can be
prevented from aggregation for absorbing light illumination more
efficiently, which may account for the significant enhancement in
the photocatalytic efficiency [84].

Although heterogeneous catalysts can be recollected after re-
action, in many cases, they are dispersed in the catalytic system,
and an additional separation step, such as filtration and centrifu-
gation, is still needed. The applications of MOF-based composite
membranes can avoid the extra separation operation. For instance,
2D anodized aluminum oxide (AAO)/MOF composite was devel-
oped as the membrane reactor to catalyze the Knoevenagel con-
densation. First, MIL-53-NH, nanosheets featured with catalytically
active amino groups grew in the channels of AAO membrane to
form AAO/MIL-53-NH,. The resultant composite was then installed
in a dead-end membrane module to construct a type of mem-
brane reactor for the Knoevenagel reaction of benzaldehyde and
malononitrile (Figs. 8c and d). The AAO/MIL-53-NH,-based mem-
brane reactor showed a benzylidenemalononitrile yield of about
50% at the beginning of reaction and the yield could be kept al-
most unchanged for 60 min, which was higher in stability than the
batch reaction system using bulk MIL-53-NH, powder. In addition,
no significant loss of activity was observed for AAO/MIL-53-NH,
after three consecutive catalytic cycles [96].

3.4. Sensing

By virtue of the abundantly exposed active sites, MOF
nanosheet composites are promising candidates for sensing ap-
plications. Our group has developed Au NPs/Cu-TCPP(Fe) hybrid
nanosheets, which can be applied in the detection of glucose. In
the colorimetric experiment, with the concentration of glucose in-
creasing, the absorbance peak centered at 652 nm (attributed to
oxTMB) increased linearly. The glucose limit-of-detection (LOD)
of Au NPs/Cu-TCPP(Fe) was as low as 8.5 pmol/L [66]. Another
research developed the Au nanowire (NW) decorated Zn-OAM
nanobelt (Zn-OAM/Au NW) as well as its derived ZIF-8/Au NW in
the applications of electrochemical NO, sensing. With the concen-
tration of NO, increasing, both composites display rapid resistance
declining (response time < 10 s) thanks to the incorporation of Au
nanowires of good conductivity. More impressively, ZIF-8/Au NW
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Fig. 9. Cu-TCPP-on-Cu-HHTP composite film for highly selective sensing of benzene.
Reproduced with permission [91]. Copyright 2019, Wiley-VCH.

is even better in sensitivity (LOD = 190 ppb) than Zn-OAM/Au NW
(LOD = 760 ppb) [112].

A heterostructural Cu-TCPP-on-Cu-HHTP (as illustrated previ-
ously in Section 2.1) composite was developed for the selective
sensing of benzene. Normally, the pure Cu-HHTP exhibits a high
chemiresistive response toward benzene but suffers from low de-
tection selectivity caused by the interference of other molecules
(e.g., ammonia). In the Cu-TCPP-on-Cu-HHTP composite, the Cu-
TCPP sieving layer above Cu-HHTP can preferably capture the am-
monia molecule, as its coordinatively unsaturated Cu site has a
stronger affinity toward ammonia than benzene. As expected, the
sensing selectivity (i.e., the chemiresistive response ratio between
benzene and ammonia) of Cu-TCPP-on-Cu-HHTP composite film
was improved by more than 250% in comparison to pure Cu-HHTP
(Fig. 9) [91].

2D MOF nanosheet composites also show great application
prospects in biosensing [113,114]. For example, an oligonu-
cleotide modified metal cluster-MOF nanosheet composite,
Apt/AuNCs@521-MOF (521-MOF = Zrg(3-0)g(NBB)g67(CF3C00)g,
NBB = 4/,4” 4" -nitrilotris((1,1’-biphenyl)-4-carboxylate), Apt = co-
caine aptamer), was developed for the electrochemical sensing
of cocaine. The high affinity of Zr center of Apt/AuNCs@521-MOF
toward the phosphate group of cocaine allows firm immobilization
of cocaine aptamer for acquiring excellent selectivity. Deservedly,
Apt/AuNCs@521-MOF has exhibited a low LOD of 1.29 pmol/L
and a wide linear detection range of 0.001-1.0 ng/mL [115]. In
another work, G-quadruplex-hemin (G4-hemin) decorated 2D
Cu-TCPP MOF was employed as a type of electrochemical sensor
for hydrogen peroxide. The porous nature and 2D morphology
of Cu-TCPP offered high density of H,0,-interactive sites. Mean-
while, G4-hemin, as a DNAzyme via combination of G-quadruplex
DNA and hemin, possesses peroxidase-like bioactivity. The Cu-
TCPP/G4-hemin-based electrochemical sensor exerted low LOD
(0.03 pmol/L) and high sensitivity (> 2000 pA L cm~2 mmol-1),
as well as excellent anti-interference capability against major in-
terfering substances such as ascorbic acid, acetaminophen, glucose
and uric acid [92].

3.5. Biomedicine

Antibacterial agents with high efficiency and low toxicity are of
great significance in clinic applications [116]. As a strong oxidant,
hydroxy radial (*OH) may function as a type of powerful specie for
disinfection [117]. A key route to generate "OH is the homolysis of
H,0, in the presence of peroxidase (POD) or its analogues. Au NPs
exhibit intrinsic POD mimicking activity, and hence, can be com-
bined with MOF supports for antibacterial usage. For example, a
nano-composite composed of ultrasmall Au NPs and 2D AI-TCPP
MOF (denoted as UsAuNPs/MOFs) was developed for antibacterial
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Fig. 10. In vitro and in vivo antibacterial applications of 2D UsAuNPs/MOFs
nanosheet composite. Reproduced with permission [118]. Copyright 2020, Wiley-
VCH.

therapy. The installation of UsAuNPs on 2D MOF may prevent the
particle aggregation, thereby allowing a higher density of exposed
catalytically active sites compared with unsupported Au NPs. Be-
sides, the diffusion resistance of 2D MOF is quite low thanks to its
ultrathin thickness. In the in vitro antibacterial tests against Staphy-
lococcus aureus and Escherichia coli with a small amount of H,0,,
UsAuNPs/MOFs showed superior performance (bacterial viability
< 20%) in comparison to separate AI-TCPP (bacterial viability >
80%). In addition, the mouse experiment revealed that the com-
posite exhibited good biocompatibility as well as efficient in vivo
wound healing performance (Fig. 10) [118]. Another research re-
ported 2D Cu-TCPP(Fe) MOF nanosheets as the supporter for glu-
cose oxidase immobilization. Since glucose oxidase can catalyze
the oxidation of glucose accompanied with the generation of H,0,,
and meanwhile Cu-TCPP(Fe) is capable of homolysis of H,O, into
*OH radial, the composite is competent in the antibacterial appli-
cations without extra addition of H,0,; hence, the potential risk of
side effects on health can be reduced [40].

As a novel non-invasive therapeutic strategy, photodynamic
therapy (PDT) has displayed a grand prospect in oncotherapy [119-
121]. Generally, the efficiency of PDT is highly related to the in-
trinsic characteristics of photosensitizer (PS). Unfortunately, the ag-
gregation, photobleaching and poor solubility of conventional or-
ganic PS may impair the PDT performance [122]. At this point, 2D
MOF-based PS may circumvent such issues. Besides, the less mass
transfer restriction of 2D MOF nanosheets compared with their 3D
bulk counterparts is conducive to further enhancement of PDT ef-
fect. In a typical research, Sm-TCPP nanosheets decorated with Pt
NPs were developed for PDT. First of all, Sm-TCPP possesses a high
capability for reactive oxygen species (ROS) generation due to the
high installation amount of TCPP linker functioning as PS. Besides,
Pt NPs uniformly dispersed on Sm-TCPP nanosheets can mimic the
performance of catalase, which facilitates the conversion of over-
expressed H,0, into O, in tumor microenvironment. As-generated
0, can be further converted to highly active singlet oxygen (10,)
over Sm-TCPP under visible light irradiation. Therefore, the syner-
gistic effect between Sm-TCPP and Pt NPs endows the Sm-TCPP-Pt
composite with high PDT performance. Furthermore, in order to
improve the target ability toward tumor cells, triphenylphosphine
(TPP), a mitochondrion-targeting molecule, was further integrated
into Sm-TCPP-Pt. In the in vitro experiment, as expected, most of
the Sm-TCPP-Pt/TPP nanosheets were gathered around or inside
mitochondria. Moreover, in vivo tests based on the MCF-7 murine
models with pristine tumor volumes of 200 mm3 confirmed the
validity of the composites. That is, after a 15-day treatment, the tu-
mor volumes in mice treated with pure Sm-TCPP, Sm-TCPP-Pt and
Sm-TCPP-Pt/TPP were 500, 300 and 100 mm?3, respectively [123].

3.6. Other applications

MOF nanosheets and their composites containing Brensted
acid moieties have also been widely used as proton-conductors
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[124,125]. For example, a DNA@ZIF-8/AAO composite membrane
was developed, in which the ZIF-8 layer with single-strand DNA
molecules threading through was coated onto the AAO substrate.
When employed as the proton exchange membrane in methanol
fuel cells, the DNA@ZIF-8/AAO composite membrane exhibited
quite low permeability of methanol (1.25 x 10~8 cm?/s) thanks
to the small pore size of ZIF-8 and the high integrity of the re-
sultant composite membrane. In addition, a high proton conduc-
tivity (3.40 x 104 Sjcm at 25 °C and 0.17 S/cm at 75 °C) was
obtained for the DNA@ZIF-8/AAO composite membrane under hu-
mid conditions, attributed to the hydrogen bonding between water
molecules inside ZIF-8 channels and amidogen/phosphate groups
of DNA molecules [126].

MOF nanosheet composites are also promising in the ap-
plications of luminescence [127,128]. For example, some MOF
materials possess thermochromic characteristics; but it is chal-
lenging to use them to fabricate imaging devices due to their
poor intrinsic mechanical strength. This problem can be solved
by integrating MOF nanosheets with flexible materials. In a
typical work, two types of thermochromic MOF nanosheets,
CuCT and CuMCT (CT 4-carboxythiophenolate; MCT = 4-
methoxycarbonylthiophenolate), were integrated with polyvinyli-
dene difluoride (PVDF) thin films, respectively. The as-resultant
composites inherited the thermochromisms of their constituent
MOF nanosheets. That is, CuCT@PVDF presented a thermochromic
behavior under ultraviolet irradiation, with its color changing from
pale yellow (300 K) to green (200 K) and orange (77 K), and
CuMCT@PVDF exhibited a color variation from pale orange (300 K)
to green (77 K). Furthermore, CuCT@PVDF and CuMCT@PVDF pos-
sessed minimal macroscopic defects and high mechanical strength,
making them potential candidates for 2D imaging films [127].

4. Conclusion and perspectives

2D MOF nanosheets possess many appealing characteristics,
such as large surface area, good machinability, high accessibility
of active sites, small mass transfer resistance, tunable structure
and morphology as well as facile functionalization ability. Further
combination of MOF nanosheets with other materials to assemble
composites can not only combine the chemical and physical prop-
erties (e.g., stability, compactness, flatness, mechanical strength,
light absorbance and electrical conductivity) of the pristine compo-
nent, but also introduce exceptional functionalities stemming from
the synergistic effect, thus widely expanding the application scope
and obviously enhancing the performance of the resultant MOF
nanosheet composites.

In general, two types of methods have been developed to com-
bine MOF nanosheets with other materials: (1) MOF nanosheets
act as supporters for growth of other materials; (2) growth of MOF
nanosheets on other materials. To date, a number of materials,
such as metal nanoparticles, single-metal sites, metal oxides, metal
sulfides, graphene, CNT, polymers, biomacromolecules and even
other type of MOFs, have been integrated with MOF nanosheets.
These composites have exhibited promising prospects in various
usages, such as gas separation and adsorption, energy conversion
and storage, heterogeneous catalysis, sensing and biomedicine.

Despite much progress having been made, further researches
are still required in this hot research field. First of all, MOF
nanosheet composites with high stability are urgently desired,
especially under harsh chemical/electrochemical conditions, e.g.,
highly acidic or alkaline solution. This may broaden the applica-
tion scope of MOF nanosheet composites in practice. Besides, more
efficient strategies to integrate MOF nanosheets with other com-
ponents, for instance, eliminating the crystalline and porosity loss
of MOFs during composite preparation as well as developing com-
posites with more exquisite structure and morphology, need to be
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further explored. Last but not least, the interaction between MOF
nanosheet composites and objective substances (e.g., feeds in gas
separation, substrates/products in chemical reactions and analytes
in sensing) in particular applications needs to be investigated in-
depth. This will be instructive for the rational design of composites
of high performance as a return.
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