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Metal-organic layers: Preparation and applications

Huifeng Wang'?, Chao Zhang', Baoxia Dong?, Dichang Zhong'* and Tongbu Lu!

ABSTRACT  Metal-organic layers (MOLs) have attracted
considerable interest in materials science because of their
unique characteristics. The past decade has witnessed the ra-
pid development of MOLs in synthesis and applications. Here
we present a review of the latest research advances on MOLs.
First, we introduce the two preparation approaches for MOLs,
namely, the top-down and bottom-up approaches. Then, we
discuss the applications of MOLs in gas separation, catalysis,
energy catalysis and conversion, and chemical sensors, which
emphasize the performance-morphologies/structures re-
lationship of MOLs. At the end of this review, we provide an
outlook on the opportunities and challenges of MOLs in the
future.

Keywords: metal-organic layers, MOF nanosheets, 2D materials,
metal-organic frameworks

INTRODUCTION

Metal-organic frameworks (MOFs) made by bridging metal-
containing nodes with organic ligands are a type of ordered
porous material [1-3]. The first case of MOFs reported by Yaghi
et al. [4] in 1995 sparked a frenzy in the research on MOFs. The
past decade has witnessed the rapid development of such types
of materials [5-9]. However, because of the limitation on
material thickness, their applications in separation, catalysis, and
biosensors are inevitably adversely affected [10-14]. The pre-
paration of two-dimensional (2D) ultrathin MOF nanosheets
(also called metal-organic layers (MOLs)) could be an alternative
to further enhance or extend the functionalities of MOFs [15-
19]. In MOLs, active centers are well exposed on the surface,
which facilitates the interaction between vibrant centers and
substrate molecules [20-25], thus, improving their applications
in catalysis, gas separation, and sensing [26-34]. The MOLs are
commonly prepared by the top-down or bottom-up method
[35-40]. The top-down method uses physical or chemical means
to exfoliate bulk MOFs into MOLs [41-53], whereas the bottom-
up method synthesizes 2D MOLs by constraining the growth of
MOLs in the third direction [50-64]. Both methods have been
extensively used to prepare 2D ultrathin MOLs with sub-10 nm
thicknesses in the past decade [65-67].

In 2008, Fjellvag and coworkers [68] reported the first exfo-
liated MOF material prepared via ultrasonication. It marked the
beginning of the use of the top-down approach to prepare 2D
MOLs. In 2010, Kitagawa and coworkers [69] combined layer-

by-layer (LBL) growth with the Langmuir-Blodgett (L-B)
method to prepare (4-methoxyphenyl)porphyrin (TCPP)-based
MOF nanofilm under mild conditions. It was a typical bottom-
up method. In 2014, Yang and coworkers [70] developed a wet
ball milling technique to exfoliate a layer-structured MOF of
Zn,(bim), (bim = benzimidazole). In 2016, Zhu and coworkers
[71] successfully obtained Cu-BHT (BHT = benzenehexathiol)
nanosheets via the interfacial synthesis method. With this
method, the flat interfaces formed by two heterogeneous phases
can block the vertical overgrowth of the nanosheets, thus
ensuring the growth of MOF in a limited 2D interface area,
which promotes the formation of the MOLs. In 2018, Zhang and
coworkers [36] first demonstrated an electrochemical exfoliation
approach to produce MOLs. This approach can circumvent the
utilization of surfactants, thus, boosting the active metal sites on
the FeCo-MNS (MNS = MOF-74 nanosheets) surface interacting
with the reactants. The exfoliated nanosheets exhibit excellent
stability and improved catalytic activity. Recently, our group
developed a ligand replacement strategy to prepare 2D MOLs
from 3D MOFs [72]. The terminal capping ligands with stronger
coordination capacity replace the pillar bridging ligands in 3D
pillared-layer MOFs, adequately and efficiently yielding 2D
MOLs on a large scale. The resulting hydrophobic MOLs exhibit
good oil/water separation performance.

Although the studies on 2D materials have been summarized
by several groups [15,17,22,23,25,73-75], those focused on the
syntheses and applications of 2D MOLs have not been specifi-
cally and systematically reported. In this review, we thoroughly
introduce and discuss the preparation and applications of the
newly emerging 2D material, that is, MOLs. First, we summarize
the two synthesis strategies for preparing 2D MOLs. Then, we
discuss their applications in gas separation, catalysis, energy
conversion, and sensing and emphasize the relationship between
their functions and structures. Finally, we present the challenges
and opportunities for MOL materials in the future.

PREPARATION

Two strategies, namely, top-down and bottom-up, are com-
monly employed to prepare 2D MOLs. The top-down method
can be divided into physical and chemical exfoliation, corre-
sponding to the precursors of 2D layered MOFs and 3D pillared
MOFs, respectively [21]. The bottom-up method includes
interfacial synthesis [71,76], surfactant-assisted synthesis
[55,77], and template-assisted synthesis [78,79]. Both methods
target the same goal, that is, to obtain 2D MOLs with desirable
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characteristics.

Top-down method

The top-down method for MOL preparation can be defined as
disintegrating bulky MOFs into single-layer or multilayer MOF
nanosheets [18], where the exfoliation of bulky MOFs is essential
to obtain 2D MOLs, including physical and chemical approa-
ches.

Physical exfoliation

Physical exfoliation is a conventional approach to obtain 2D
MOLs from MOFs with layered structures [21,80-84]. In 2008,
Fjellvag and coworkers [68] performed MOF exfoliation
experiments to produce MOLs. They determined that the sol-
vent is an important factor affecting the exfoliating effect. Single-
layer or two-layer MOLs of Zn(C,;H;404) were prepared in
acetone and ethanol solvents with high polarity and small
molecular size. Two years later, Zamora and coworkers [80]
produced 2D MOLs from lustrous bulky [Cu,Br(IN),], (IN =
isonicotinato), where ultrasound was employed to disrupt the
interlayer m-m interaction. The atomic force microscopy (AFM)
image showed dense flakes homogeneously distributed on the
highly oriented pyrolitic graphite (HOPG) substrate. The
observed height of 5.00 + 0.15 A is consistent with the thickness
expected for a single layer. In 2011, Xu and coworkers [81]
reported that MOF-2 could be exfoliated into MOLs by ultra-
sonication in acetone. The AFM images showed that the thick-
ness of MOLs is in the range of 1.5-6.0 nm and the lateral
dimension varies from 100 nm to 1 pm. Ultrasonication is a
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simple and effective approach to prepare MOL materials.
However, obtaining surface-clean MOLs with uniform thickness
by sonication is still a challenge.

The exfoliation of bulky MOFs only by ultrasonication may
also destroy the in-plane structure of the resulting MOLs
[85,86]. To address this problem, Yang and coworkers [70]
combined ultrasonic treatment with the wet ball milling tech-
nique to exfoliate a layered MOF of Zn,(bim), (Fig. 1a). As the
adjacent layers in Zn,(bim), are bound by van der Waals forces
(Fig. 1b, c), the wet ball milling process at a low speed of
60 r min~", together with the ultrasonic exfoliation process in the
mixture of propanol and methanol, could efficiently prepare
Zny(bim), MOLs. They also determined that small molecules
like methanol could penetrate the layered Zn,(bim),, and pro-
panol could stabilize the resulting MOLs by attaching them to
the surface of MOLs with hydrophobic aliphatic chains. The
MOLs dispersed in solution exhibit the Tyndall effect (Fig. 1d).
The thickness of the resulting MOLs is 1.12 nm (Fig. 1e, f). The
case reveals the importance of solvents in bulky MOFs exfolia-
tion. Three years later, Yang and coworkers [87] further pre-
pared Zn,(bim); MOLs via the top-down method. The obtained
Zn,(bim); MOLs have a thickness of 1.6 nm, corresponding to a
structure with two layers.

Zhao and coworkers [88,89] developed a mild exfoliation
method for obtaining 2D MOLs with perfect morphology, as the
fragmentation of 2D MOLs will affect the subsequent fabrication
of MOL membranes. A freeze-thaw method was developed for
the mild exfoliation of MOFs to prepare MOLs. Based on MOF
MAMS-1 with a 2D layered structure and excellent hydro-

Figure 1 (a) Scanning electron microscopy (SEM) image of bulky Zn,(bim),. (b) 3D supramolecular structure of the layered Zn,(bim),. (c, d) Transmission
electron microscopy (TEM) images, (e) 2D grid-like layer structure, and (f) AFM image of Zn,(bim), MOLs (supported on a silicon wafer). Reprinted with
permission from Ref. [70], Copyright 2014, The American Association for the Advancement of Science.
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thermal stability, the repeated freeze-thaw cycles could mildly
exfoliate MAMS-1 bulky crystals into 2D MOLs [88]. During the
exfoliation process, the bulky MAMS-1 was suspended in hex-
ane, frozen in a liquid nitrogen bath (—=196°C), and thawed in an
80°C water bath (Fig. 2a). The shear force induced by the change
of the hexane volume during solid-liquid phase transition was
applied to the suspended bulky MAMS-1, which led to the
exfoliation of the bulky MAMS-1 into individual MOLs. The
thickness of the MOLs is approximately 4 nm, corresponding to
bilayered MAMS-1 structure (Fig. 2b). Aside from 2D layered
MOFs, 3D MOFs can also be exfoliated into MOLs by physical
exfoliation.

In 2017, Grey and coworkers [90] reported a 2D hafnium-
based MOL, which was derived from the exfoliation of 3D hcp
UiO-67 (a 3D hafnium-containing MOF) or 2D hxl UiO-67 (a
2D hafnium-containing MOF). The hcp UiO-67 and hxl UiO-67
could reversibly transform. Both 3D hcp UiO-67 and 2D hxl
Ui0-67 could be delaminated by grinding/sonication to obtain
2D MOLs with a thickness of 11 nm. Zhang and coworkers [91]
also demonstrated that a 3D pillared-layer MOF could be
transformed into 2D MOLs after multistep evolution. First, they
found that the 3D pillared-layer MOF of (H;0),[Cd4(dhbdc),-
(H,dhbdc)(DMF),]-H,O (3D-Cd-MOF, Hidhbdc = 2,3-dihy-
droxy-1,4-benzenedicarboxylic acid, DMF = N,N-dimethylfor-
mamide) can rapidly transform into a 2D MOF of [Cd4(dhbdc),-
(H,0)s]-2H,0-H,dhbdc (2D-Cd-MOF) in H,O. When the latter
was further sonicated in H,O, MOLs with the formula of
[Cdy(dhbdc)(H,0),] could be obtained. SEM revealed that the
resulting MOLs have a thin slice morphology, TEM showed
wrinkled or ruptured nanosheets, and AFM vyielded a thickness
of 1.0 nm.

The coordination bonds in the 3D pillared-layer structure
have apparent anisotropy. Through the cooperation of host-
guest interactions and ultrasonication, the structural transfor-
mation of controllable orientation can be realized, and mono-
layer MOLs can be prepared. In this way, Huang and coworkers
[92] prepared ultrathin MOLs from a 3D pillared-layer Zn MOF.
With the help of host-guest interactions and ultrasonication, the
3D Zn MOF was readily exfoliated into 2D single-layer MOL
nanosheets, with a yield of approximately 94% and a thickness of
approximately 0.9 nm.

The aforementioned cases indicate that physical exfoliation is
an effective method to prepare surface-clean and highly crys-
talline 2D MOLs. However, this method also faces many chal-
lenges. For instance, the yield and productivity are usually too
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low, which limits practical applications. Moreover, stabilizing
MOLs against restacking is rather challenging. Therefore, other
methods need to be developed to solve these problems, despite
an investigation that has shown that the solvent effect may
improve yield and MOL stabilization [18].

Chemical exfoliation

As discussed previously, although the physical technique can
effectively produce 2D MOLs, the preparation of MOLs with
controllable thickness in high yield is still a challenge. To
overcome this problem, the development of other approaches by
which 2D uniform MOLs can be efficiently prepared on a large
scale is needed. Aida and coworkers [93] reported a chemical
approach to selectively delaminate layered MOFs into 2D MOLs
[93]. In their work, they focused on a layer-structured Cu(II)
MOF with a kagome topological network. When immersed in
DMEF or tetrahydrofuran (THF), this MOF expands rapidly like
an accordion. Notably, when further immersed in a suitable
solvent, State II and state III crystals were preferentially dela-
minated into bilayer and monolayer MOLs, respectively. More
importantly, the crystal structures of three states (i.e., I-III) were
successfully identified, clearly demonstrating the process of
MOL formation. Lin and coworkers [40] developed photo-
chemical tactics for the in situ exfoliation of 2D MOFs. They
prepared two MOFs of M,TCPE (M = Ni or Co, TCPE = 1,1,2,2-
tetra(4-carboxylphenyl)ethylene). They determined that, in the
photocatalytic process, both MOFs experienced in situ exfolia-
tion to obtain MOLs and assumed the Tyndall effect. This is the
first report of 2D MOLs obtained by photochemical in situ
exfoliation. They recycled the catalytic experiments for five runs
with the same reaction conditions and determined that, with the
increase of the cycling times, the Tyndall effect of the solution
after catalysis was significantly enhanced.

This finding indicates that the size of these MOFs gradually
decreased to nanosheets, which was further confirmed by SEM
and TEM measurements. The AFM image shows that the
average thickness of MOLs is approximately 6.5 nm. Further-
more, Zhang and coworkers [94] demonstrated an electro-
chemical strategy to in situ delaminate 2D MOFs into ultrathin
MOLs. They determined that, during the electrocatalytic pro-
cedure, the highly crystalline 2D MOFs [Ln"™Ni",L,(H,0)s]-
(ClOy);-nH,0 (Ln = Ce/La/Pr, n = 6/7) transformed into an
amorphous phase (Fig. 3a). SEM and TEM measurements
revealed that the 2D MOFs changed into wrinkled thin MOLs,
which are approximately 4 nm thick (Fig. 3b).
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Figure 2 (a) Freeze-thaw exfoliation method to prepare MAMS-1 MOLs. (b) AFM image of MAMS-1 MOLs. Scale bar, 10 pm. Reprinted with permission

from Ref. [88], Copyright 2017, Nature Publishing Group.
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Figure 3 (a) Electrochemical strategy to exfoliate bulky 2D MOF into MOLs. (b) SEM, TEM, and AFM images of bulky MOFs. Reprinted with permission

from Ref. [94], Copyright 2020, American Chemical Society.
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Figure 4 (a) Electrochemical exfoliation approach to prepare 2D MOLs from a 3D pillared-layer Co MOFs. (b) 3D pillared-layer Co MOF. (c) SEM, TEM,
and AFM images of the resulting 2D Co MOLs. Reprinted with permission from Ref. [36], Copyright 2018, Wiley-VCH.

Aside from 2D layered MOFs, chemical exfoliation can also be
used to delaminate 3D MOFs. In 2017, Zhou and coworkers [28]
used a chemical exfoliation strategy to obtain MOLs from a
constitutionally layered MOF. First, a porphyrinic MOF with a
layered structure was intercalated with 4,4'-dipyridyl disulfide
via coordination interactions. Second, the selective fracture of
disulfide bonds resulted in the exfoliation of the embedded
porous crystals and the formation of independent porous MOLs.
This chemical exfoliation approach can achieve approximately
57% overall yield of 2D MOL product at room temperature.

The electrochemical exfoliation approach can also be used to
exfoliate 3D MOFs to prepare 2D MOLs (Fig. 4a) [36]. Zhang
and coworkers [36] designed a 3D pillared-layer Co MOF con-
sisting of wavelike [CosO(dhbdc),]** layer and 2,3-dihydroxy-
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1,4-benzene dicarboxylic acid(H,dhbdc) pillar. The pillar is
redox-active and can be oxidized and removed. As a result, after
electrolysis, the 3D crystalline Co MOF is converted into
amorphous 2D Co nanosheets. SEM and TEM show that the
morphology of the MOLs is ultrathin and wrinkled (Fig. 4b),
with approximately 2 nm thick (Fig. 4c). They further deter-
mined that 3D pillared-layer MOFs could be exfoliated into
ultrathin MOLs in H,O or NH;3-H,O solution [95].

In 2019, we developed a ligand replacement strategy to ade-
quately produce 2D MOLs from 3D pillared-layer MOFs [72].
The fundamental principle of this strategy is based on coordi-
nation equilibrium; that is, the organic ligands with stronger
coordination affinity would substitute those with weaker coor-
dination affinity to bond with metal ions. With this concept, we

March 2023 | Vol.66 No.3
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synthesized two 3D pillared-layer MOFs with 4,4'-bipyridine
(bpy) as the pillar ligand [96]. After being immersed in the
methylated pyridine solution for a certain period, the interlayer
bpy pillars were replaced with methylated pyridine capping
ligands, and the adjacent layers were broken to form 2D MOLs.
The formation process of the MOLs was monitored by SEM.
Notably, the MOF flakes were exfoliated and became thin
enough to curl up easily. Nearly all of the resulting MOLs have
monolayer thickness. Using the same method, we further
obtained Co MOLs from a 3D pillared-layer bulky Co MOF on a
large scale (Fig. 5a) [97]. The mixed solution is orange at the
beginning of exfoliation and gradually converted into a clear and
transparent pink over time. After successful exfoliation, the
Tyndall effect can be observed in the mixed solution. The AFM
image shows that the micromorphology of the resulting Co
MOLs is ultrathin (1.5 nm; Fig. 5b). The obtained Co MOLs
could be used as a type of precursor to prepare a single Co site
catalyst for photochemical CO, reduction to CO.

Bottom-up method

The critical point of the bottom-up method in MOL synthesis is
to prevent the MOFs from growing in the vertical direction or
the secondary growth of the resulting MOLs. This method
usually includes interfacial synthesis, direct solvothermal
synthesis, and template synthesis.

Interfacial synthesis

Interfacial synthesis has been widely used to grow MOLs. This
method, utilizing the extended interfaces between two phases
(such as liquid-liquid, liquid-gas, and liquid-solid), can prevent
the vertical overgrowth of the nanosheets and ensure the growth
of MOF in a limited interface area, which promotes the for-
mation of MOLs. Using this method, Zhu and coworkers [71]
synthesized Cu-BHT MOLs by reacting Cu(II) metal salts and
BHT at the dichloromethane (CH,Cl,)-water interface. In the Ar
environment, BHT was first dissolved in a CH,Cl,-filled bottle
with Ar and then covered with H,O to form a water-oil interface.
The copper salt was dissolved in H,O and slowly added to the
aqueous phase using a syringe. Finally, the film formation could
be observed intuitively at the interface. The formation of thin
films can be visually observed at the methylene chloride-water
interface. As the thickness increases, the formed film gradually
becomes opaque. The SEM images showed that the top surface
of the Cu-BHT MOL was flat and continuous without any folds
or cracks. However, the growth direction of MOL was random,
resulting in a rough bottom surface. AFM analysis also revealed

a "= 4,4’-bpy

/
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3D bulky Co-MOF

T et

2D Co-MOLs

the increased roughness of the bottom surface with the increase
in the thickness of MOL. Meanwhile, the smoothness of the top
surface remained unchanged (Fig. 6a-e). Notably, the initial
MOLs were flat. However, as the thickness of the MOLs
increased, the interface-confining effect was weakened, resulting
in coarse MOLs. Notably, the extent of this effect could be
regulated by the length of the reaction time. Using the same
water-CH,Cl, interface, several other MOLs have also been
fabricated [37,98-100]. Moreover, the interface of water-ethyl-
acetate could be used to prepare Co-BHT and Co-THT (THT =
1,2,5,6,9,10-triphenylenehexathiol) MOLs [101,102].

Aside from the aforementioned immiscible liquid interface,
the preparation of MOLs can also be achieved by adding a dif-
fusion medium to a miscible solution. Typically, this strategy
consists of three liquid layers, that is, gently adding an optimized
transition layer between the bottom and top layers, which
determines the diffusion rates of metal ions and ligands. Gascon
and coworkers [76] favorably synthesized ultrathin Cu-BDC
MOL (H,BDC = 1,4-benzenedicarboxylic acid) through a three-
layer liquid method. In their work, the DMF solution of H,BDC
was placed in a vial as the bottom layer, the mixture of DMF and
CH;CN was added as the transition layer, and the CH;CN
solution with Cu(NO;), was added as the top layer. The bottom
layer contained a high-density solution of DMF that dissolved
the organic ligands, the top layer contained a low-density
CH3;CN solution that dissolved the metal ions, and the transition
layer contained an equal amount of DMF and CH;CN that
served as a buffer area to slow down the diffusion rates of Cu®**
and BDC?". The gradual diffusion of Cu?** cations and BDC*~
anions into the interstitial region yielded MOLs in a highly
diluted medium. SEM and AFM revealed square lamellae with
0.5-4 pm lateral dimensions and 5-25nm thicknesses. TEM
confirmed the highly regular morphology of the as-obtained
MOLs.

As an interfacial synthesis method, the L-B approach was also
employed to synthesize ordered monolayer MOLs. In 2010,
Kitagawa and coworkers [69] combined the LBL growth method
with the L-B approach to prepare TCPP-based MOL films. First,
dispensing a methanol/chloroform solution containing CoTCPP
and pyridine onto an aqueous solution containing CuCl,, a
subphase of 2D CoTCPP-py-Cu sheets was formed at the
interface. Then, the sheets were supported on a quartz substrate,
and stacking was conducted through a continuous LBL growth
process, including the intermediate rinsing and immersion steps,
thereby obtaining the TCPP-based MOLs. The L-B method has
also been used to synthesize other MOLs [37,101,103-106]. The

Figure 5 (a) Preparation process of 2D Co MOLs. (b) AFM image of the resulting Co MOLs. Reprinted with permission from Ref. [97], Copyright 2020,

Elsevier.
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common features of these parent MOFs are m-conjugated
layered structures. The relatively weak interlayer interactions are
conducive to the preferential orientation during MOL assembly.

Compared with liquid-liquid interface synthesis, liquid-gas
interface synthesis can obtain thinner MOLs [107]. Nishihara
and coworkers [99] used the liquid-liquid and liquid-air inter-
face methods to synthesize bis(dipyrrinato)zinc(II) MOLs with
different layers and sizes. Using the liquid-liquid interface
method, they synthesized larger multilayer MOLs. Using the
liquid-air interface method, they obtained monolayer MOLs. In

Cu(NO3)o*+NaBr
] H20

the liquid-air interface synthesis, zinc acetate and ligand (L1)
were first dispersed in H,O and CH,CL, respectively. Then,
CH,Cl, of L1 was slowly dispensed on the surface of the
Zn(OAc), aqueous solution. After CH,Cl, was evaporated, L1
and Zn?* spontaneously complexed at the interface, and a single
layer of MOLs was formed (Fig. 7). The optical and SEM images
reveal a uniform, flat, film-like morphology.

The liquid-solid interface method was developed to synthesize
2D MOLs. Using this method, Kitagawa and coworkers [108]
successfully synthesized Fe(py),[Pt(CN),] (py = pyridine) MOLs.

Figure 6 (a) Formation of Cu-BHT MOLs at the solution interface. (b) MOL films supported on glass substrates. SEM images of the (c) top and (d) bottom
surfaces, as well as (e) the cross-section of Cu-BHT MOL film with a 200-nm thickness. The insets in (c) and (d) show detail of the film edge with enlarged
scale. Scale bars are 200 nm for (d), 400 nm for (c, e), and 100 nm for the insets. Reprinted with permission from Ref. [71], Copyright 2016, Nature Publishing
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Figure 7 (a) Liquid-liquid and (b) liquid-air interfacial synthesis of bis(dipyrrinato)zinc(II) MOLs. Scale bars are 5 mm (middle) and 1 mm (right),
respectively. Reprinted with permission from Ref. [99], Copyright 2015, Springer Nature.
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First, they covered the Au/Cr/Si substrate with 4-mercaptopyr-
idine to form a self-assembled monolayer. Then, the substrate
was immersed alternately in Fe’* and [Pt(CN),]*" ethanol
solutions. After 30 cycles, the MOL film with a 16-nm thickness
was obtained. Remarkably, through this method, the growth of
the MOL film can be well regulated by the number of reaction
cycles [109,110]. Zhuang and coworkers [111] fabricated
microsupercapacitors (MSCs) using the LBL growth of a coor-
dination polymer framework (PiCBA) on a Si-wafer-supported
Au surface. The prepared MSCs exhibited alternating current
line-filtering performance with a short resistance-capacitance
constant of approximately 0.83 ms.

The previous discussions confirm that the interfacial method
is beneficial for the syntheses of 2D ultrathin MOLs with large
areas [104]. However, interfacial growth is not the general
method for preparing 2D MOLs, which is usually suitable for
MOFs with layered structures. Furthermore, the number of
products is limited by the interfacial area; thus, the large-scale
production of MOLs is probably impractical.

Direct solvothermal synthesis

Solvothermal synthesis is commonly used to prepare bulky MOF
materials [13,112]. However, MOL materials obtained by direct
solvothermal synthesis have not yet been reported until 2012,
when Kitagawa and coworkers [113] stated that MOF nanofilms
with perfect orientation and excellent crystallinity could be
directly synthesized by the solvothermal reaction between Cu(II)
and TCPP. By regulating the reaction conditions, the growth
rates of different crystal facets in MOFs could be tuned. As such,
MOF materials with different structures/morphologies could be
obtained. If the MOF growth rate on the edge and in the vertical
direction was different, then the crystal faces with a lower
growth rate would tend to be exposed, which may facilitate the
synthesis of MOLs [12].

Several research groups have successfully obtained MOLs
using direct solvothermal methods [77,114-117]. For example,
Jiang and coworkers [114] demonstrated the preparation of 3D
hierarchical flower-like metal-organic materials (3D HFLM) via
a one-pot solvothermal strategy, which features a unique hier-
archical structure comprising 2D MOLs. The MOL was obtained
via a solvothermal process using Co** and 2-methylimidazole (2-
Melm) as ingredients and methanol as a solution. Further sol-
vothermal treatment and phosphorization led to the formation
of CoM-P-3D HFLMs (M = Cu, Mn, Ni) (Fig. 8a). Lang and
coworkers [77] synthesized a series of binary MOLs (Ni-M-
MOF, M = Al, Mn, Fe, Co, Zn, or Cd) by direct synthesis
(Fig. 8b). In this work, the solvent composition plays a critical
role in modulating the MOL thickness and morphologies. This
direct synthesis method can also be used to prepare 2D MOLs
based on phthalocyanine ligands, as the interlayer m-m interac-
tions in phthalocyanine-based MOFs can be weakened by cer-
tain solvents [116].

Furthermore, our group demonstrated the direct solvothermal
syntheses of 2D Ni-MOLs [55]. Three MOF materials were
obtained with Ni(NOs;),-6H,O and H,BDC as reactants,
including the bulky Ni-MOF, Ni-MOL-100 exposing the (100)
crystal facet, and Ni-MOL-010 exposing the (010) crystal facet
(Fig. 8¢c). The Ni-MOF/MOLs can be used to catalyze the pho-
tochemical CO, reduction, and the activity of Ni-MOL-100 is 4.6
and 2.5 times higher than those of bulky Ni-MOF and Ni-MOL-
010, respectively. The superior photocatalytic performance of
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Ni-MOL-100 can be ascribed to the synergistic catalysis of the
adjacent Ni(II) ions with a close proximity of 3.50 A, which
provides more favorable energetics for CO, reduction with
respect to that of Ni-MOL-010.

Direct solvothermal synthesis is remarkably convenient for the
preparation of 2D MOLs. However, for some MOLs, using this
method only leads to the formation of bulky MOFs. To inhibit
the overgrowth of the MOLs, surfactant-assisted solvothermal
synthesis was proposed by Zhang and coworkers [118,119]. They
determined that the surfactants can adsorb onto the MOF sur-
face selectively, which can control the growth of MOF, resulting
in ultrathin Zn-TCPP nanosheets [120]. By contrast, in the
absence of surfactants, the direct conventional synthesis only
leads to the formation of bulky Zn-TCPP MOF (Fig. 9a). The
obtained Zn-TCPP MOLs are 1.2 + 0.4 pm in lateral size and 7.6
+ 2.6 nm in thickness, corresponding to the stacking of 8 + 3
layers of Zn-TCPP assembled (Fig. 9b, c¢). With the same
method, Zhang and coworkers [121] obtained another MOL
based on porphyrin ligands (Fig. 9d). The square MOLs are
uniform in lateral size (1.5 + 0.3 um) and thickness (42.7 +
8.4 nm) (Fig. 9e, f).

Similar to surfactants, capping molecules are also helpful for
the direct synthesis of MOLs. Lin and coworkers [122] reported
the direct synthesis of Hf-based MOLs in the presence of formic
acid. With the protection of formic acid, only six coplanar sites
of the Hf; cluster with 12 connection sites can be connected to
the benzene-1,3,5-tribenzoate (BTB) ligand. The 6-connected
Hf; clusters and the 3-connected BTB together form a 2D 3,6-
connected MOL. The powder X-ray diffraction (PXRD) pattern
of the resulting MOL is consistent with that of the simulated
bulky MOF. The wrinkled ultrathin MOLs are 4 mm X 4 mm in
average lateral size and 2.2-3.2 nm in edge thickness, indicative
of bilayer and trilayer structures. By partially substituting the
BTB ligands with the 4'-(4-benzoate)-(2,2',2"-terpyridine)-5,5"-
dicarboxylate (TPY) ligands, a new MOL with the formula
[Hfﬁ(l,l3-O)4(”3-OH)4(HC02)6(TPY)2] was obtained [123], which
has numerous uncoordinated N atoms at the MOL surface that
enable further surface functionalization.

Sonochemical synthesis

In terms of sonochemical synthesis, on account of the rapid
conventional solvothermal method, the reaction time needed for
sonochemistry is short [124,125]. The resulting MOLs are
approximately 3.1 nm in thickness, with numerous unsaturated
active sites and large surface areas, thus, showing enhanced
electrocatalytic oxygen evolution reaction (OER) performance.
Moreover, other groups have used this approach to synthesize
2D MOLs from BDC ligands and a range of transition metal ions
[51,126-130].

Template synthesis

Template synthesis has also been developed as a bottom-up
approach to obtain 2D MOLs [50,66,131-134]. In 2019, Yao and
coworkers [134] reported an MOF nanoarray (Fey;-Ni-MOF/
nickel foam (NF)), which was highly oriented and prepared by
the in situ reaction. In this structure, both the nanoarray tem-
plate and precursor are NiFe-layered dihydroxide nanoarray
(NiFe-LDH/NF) on NF (Fig. 10a). During the reaction, the
solutions of Fe’* and Ni** ions were uniformly spread over both
sides of the NiFe-LDH layer, which can serve as embedding sites
for subsequent MOF self-assembly. The remaining NiFeO layer
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eventually transformed into uniform Fey;-Ni-MOF [135].
Similarly, Ajayan and coworkers [132] utilized the sublimation-
vapor phase pseudomorphic transformation (SVPT) approach
for the template-assisted growth of MOLs (Fig. 10b). First, NiFe-
LDH arrays were grown on NF. By increasing the reaction
temperature, NiFe-LDH gradually transformed into nickel/iron
oxides. With the temperature increased to 350°C, the formed
nickel/iron oxides further reacted with the BDC ligand, in situ
converting into 2D NiFe-MOLs supported on NF.

In addition to LDHs, metal oxides could also act as suitable
precursors for the synthesis of 2D MOLs. Zhu and coworkers
[136] used the amorphous M-ONS (M = Cu, Co, and Ni; ONS =
oxide nanosheets) as the sacrifice template to react with the
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H,dobdc ligand under hydrothermal conditions to form M-
MNS by confined ligand coordination (Fig. 10c) [79]. In this
way, the 2D single-metal MOF-74 and bimetal CoCu, NiFe, and
FeCo-MOLs were synthesized. FeCo-MNS is 2.6 nm in thick-
ness. This approach prevents the utilization of surfactants and
enhances the interaction between active metal sites and sub-
stance molecules in catalysis, which makes it possible to syn-
thesize a variety of 2D MOLs and their derivatives using diverse
precursors and substrates.

Modulator-assisted synthesis

Modulator-assisted synthesis refers to control coordination
equilibrium through a modulator that inhibits the deprotonation

March 2023 | Vol.66 No.3
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of the linker or competes with the ligand to coordinate with
metal. The competitive effect reduces the rate of crystal growth
and nucleation, which leads the MOFs to grow in a particular
direction [137]. Small organic molecules, such as pyridine and
acetic acid, are usually used as modulators to obtain 2D MOLs
because of their unique role in limiting and regulating crystal
growth by coordinating with metal ions [138-142]. In 2009,
Kitagawa and coworkers [143] reported the modulator-assisted
strategy to obtain nanorods, nanocubes, and MOLs (Fig. 11).
Then, Do and coworkers [141] performed a pyridine modulator
to synthesize 2D MOLs. Aside from small organic molecules,
small inorganic molecules can also be used as modulators to
obtain 2D MOLs. For instance, Nian and coworkers [144] used
ammonia (NH,OH) as a modulator to successfully synthesize 2D
Co,(bim), MOLs.

Notably, both top-down and bottom-up methods are exten-
sively employed by researchers to obtain MOL-based materials.
Both methods have their advantages and disadvantages. The top-
down method is simple but requires the advanced synthesis of
2D supramolecular precursors with weak interlayer supramole-
cular interactions. However, the morphology of the resulting
MOLs, particularly the thickness, is difficult to control. By
contrast, the bottom-up method is superior in controlling
morphology, which can usually be achieved by tuning the
reaction time. However, the yields are often unsatisfactory.
Moreover, we cannot state that the bottom-up method is better
than the top-down method. The selection of which method to
use should be based on the specific MOFs and MOLs.

APPLICATIONS

With large surface areas, convenient means of mass transfer
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pathways, and highly dispersible metal active sites, 2D MOLs
have demonstrated wide applications in gas separation, catalysis,
energy conversion, and sensors.

Gas separation

Efficient gas separation of the ultrathin leachy membrane has
attracted considerable attention because of its low energy con-
sumption and excellent recyclability [16]. 2D materials, includ-
ing carbonitrides, graphene, boron nitride, transition metal
dihalides, and graphitized black phosphorus, have been devel-
oped as leachy membranes for gas separation [112,145]. In most
instances, 2D materials are characterized as molecular sieves;
thus, the gas macromolecules in the gas mixture do not pass
through the membrane, and most small gas molecules can
penetrate the channels, achieving highly selective gas separation
[146]. In 2015, Cu-BDC nanosheets were combined with poly-
amide (PI) by Gascon and coworkers [76] to prepare composite
membranes with a thickness of 30-50 nm. The obtained mem-
brane showed excellent selectivity for CO,/CH, separation. The
higher occupation of the Cu-BDC MOLs than the bulk crystals
leads to better separation of CO, and CHy. At the same time,
Yang and coworkers [70] have prepared 2D ultrathin MOLs of
Zn,(bim), via the physical exfoliation method.

The obtained MOLs can serve as molecular sieves to efficiently
separate H, and CO,. By hot dropping Zn,(bim), MOLs glued to
a porous leachy (a-AL,O3) disk, a composite membrane could be
readily obtained. Control experiments demonstrated that the
composite membrane obtained at 120°C showed excellent
selectivity for the surface temperature. Three years later, the
same group prepared another composite membrane from
Zn,(bim);(OH) MOLs, which also exhibited superb capability to
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separate H,/CO, [87]. Apart from the dependence on pore used to prepare MOL-based gas separation materials
separation, functional nodes and groups in MOLs can also be  [42,56,84,147-150].
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Catalysis

With numerous exposed active sites, 2D MOLs have also shown
promising applications in catalysis as heterogeneous catalysts.
Lin and coworkers [122] demonstrated that TPY-based Hf
MOLs, after metalation with Fe* and activation by NaBHEt;
(Fe-TPY MOLs), could catalyze styrene hydrosilylation
(Fig. 12a).

When the loading amount of Fe-TPY MOLSs was 0.02%, 100%
conversion and selectivity of anti-Markovnikov products could
be obtained within 48 h. By comparison, bulk MOF with
interlocking structure did not transform, whereas bulk MOF
with stacked structure produced only 30% of products. They
further conducted surface modification on the TPY-based MOLs
[123]. The modified MOLs showed good catalytic activity for the
photocatalytic oxidation of THF into butyrolactone (BTL). The
selectivity of GA-modified MOLs for BTL was 100%, whereas
that of the unmodified MOLs for BTL was only 57.4%. For
nearly all investigated organic reactions, 2D MOLs exhibited
higher catalytic activity than those of their bulky counterparts
[28,151-154]. Similar to their bulky counterparts, 2D MOLs
could also be used as supports to immobilize metal nanoparticles
(NPs) to form composite catalysts. Zhang and coworkers [119]
obtained Au-NPs/Cu-TCPP(M) hybrid MOLs (M = Co/Fe)
through the growth of Au-NPs on 2D metallic porphyrin MOLs.
The obtained Au-NPs/Cu-TCPP(M) MOLs exhibited perox-
idase-like and glucose oxidase (GOx)-like catalytic activities,
catalyzing the oxidation of glucose to gluconic acid in the O,
atmosphere (Fig. 12b). The afforded H,O, could further oxidize
TMB to oxTMB (TMB = 3,3',5,5'-tetramethylbenzidine). A
series of controlled experiments confirmed that Au-NPs/Cu-
TCPP(M) MOLs catalyzed the oxidation of glucose to gluconic
acid in the O, atmosphere (Fig. 12b). The obtained H,0O, could
further oxidize TMB to oxTMB. A series of controlled experi-

1. Hf*

2.FeBr,
3.NaBHEt3

BTB

b
Gluconic
acid

Figure 12

0, H,0

ments confirmed that Au-NPs/Cu-TCPP (M) MOLs could cat-
alyze the cascade reaction.

Energy conversion

Photochemical, electrochemical, and photoelectrochemical
hydrogen evolution reaction (HER), OER, oxygen reduction
reaction (ORR), and CO, reduction reaction (CO,RR) are typical
energy conversion reactions currently investigated [155-161]. In
this field, 2D MOL materials also show superiority over bulky
MOLs because of the numerous active metal centers exposed on
their interfaces [162-164].

For HER, in 2015, Feng and coworkers [104] prepared a 2D
MOL made of nickel bis(dithiolene) coordination compound
using the L-B method. The fabricated 2D NiTHT MOL, with a
thickness of 0.7-0.9 nm, exhibited exceptional catalytic cap-
ability for HER. When the current density reaches 10 mA cm™,
the Tafel slope and overpotential are only 80.5 mV dec™ and
333 mV, respectively. Li et al. [165] built a hybrid nanostructure
comprising CoP MOLs doped with metallic (Mn-CoP)
(Fig. 13a). The MOLs can be used as high-performance catalysts
for HER.

At 10 mA cm™2, the onset overpotential of CoP MOLs is
75 mV, the Tafel slope is 61 mV dec™, and the overpotential is
148 mV in H,SO4 (0.5 mol L7!). In alkaline KOH (1.0 mol L™}),
the onset overpotential is 110 mV, the Tafel slope is
85 mV dec™!, and the overpotential is 195 mV (Fig. 13b-g).

For OER, 2D MOLs also showed satisfactory catalytic per-
formance. Lang and coworkers [166] synthesized many rod-
shaped Fe/Ni bimetallic MOF nanorods (Fe/Co/Ni(Mn)-MIL-
53), which can be used as high-performance catalysts for OER.
For Fe/Ni-MIL-53, Ni is treated as the active center. The addi-
tion of iron can move the Ni**/Ni** peak to a higher potential
and improve the OER efficiency. In the catalysis process of

TMB

oxTMB

(a) Preparation of Fe-TPY MOLs and their catalytic performance. Reprinted with permission from Ref. [122], Copyright 2016, Wiley-VCH.

(b) TMB oxidation by ultrathin Au-NPs/Cu-TCPP(M) hybrid MOLs. Reprinted with permission from Ref. [119], Copyright 2017, Wiley-VCH.
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(a) Synthesis process of Mn-CoP MOLs. Linear sweep voltammetry (LSV) curves of hollow CoP, Mn-CoP MOLs, and Pt/C in (b) H,SO,

(0.5 mol L") and (e) KOH (1.0 mol L™). Tafel curves of hollow CoP, Mn-CoP MOLs, and Pt/C in (c) H,SO4 (0.5 mol L™") and (f) KOH (1.0 mol L™). Stability

tests for Mn-CoP MOLs in (d) H,SO, (0.5 mol L™") and (g) KOH (1.0 mol L~
density curves for the Mn-CoP nanosheet catalyst. Reprinted with permission

Fe/Ni, 4/Cog4-MIL-53, the overpotentials are 219 and 236 mV
for 10 and 20 mA cm™, respectively. The Tafel slope is
53.5 mV dec™’, which shows that these multimetal MOLs have
good kinetic properties (Fig. 14a—e). Two years later, they used a
bottom-up method to prepare binary Ni-M-MOLs (M = Al, Mn,
Fe, Co, Zn, and Cd), which only have a thickness of a few atomic
layers [77]. With the advantages of ultrathin thickness, exposed
active sites, and fast electron transfer, the activity and durability
of Ni-Fe-MOLs were significantly enhanced and better than
most reported similar electrocatalysts [167,168]. At 10 mA cm™,
the overpotential and Tafel slope are 221 mV and 56 mV dec™},
respectively. Moreover, Ni-Fe-MOLs exhibit remarkable stability
in electrocatalytic OER (Fig. 14f-i). The density functional
theory (DFT) result supports that the excellent catalytic per-
formance can be mainly attributed to more active Fe replacing
Ni in Ni-Fe-MOLs.

Zhu and coworkers [79] synthesized FeCo-MNS, which shows
a 298-mV overpotential and a 21.6 mV dec™" Tafel slope at
10 mA cm™ for electrocatalytic OER, superior to FeCo-ONS
and Co-MNS (Fig. 15a—c). Such performance was inferred from
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"). The insets in (d) and (g) show the corresponding time-dependent current
from Ref. [165], Copyright 2018, The Royal Society of Chemistry.

the abundant metal sites on the FeCo-MNS surface and the
synergistic catalysis between Fe and Co. In 2016, Tang and
coworkers [126] demonstrated that ultrathin NiCo-MOLs, syn-
thesized from Ni*, Co?*, and BDC, have high OER electro-
catalytic activity.

Under alkaline conditions, the overpotential of NiCo-MOLs
on Cu foam was 250 mV to drive a current density of
10 mA cm™. It also exhibited high stability. During electro-
catalysis for 200 h, the Faradaic efficiency reached 99.3%. Such
high efficiency can be attributed to the synergy effect between Ni
and Co.

Pang and coworkers [169] reported a series of 3D multilevel
MOF hybrid materials. Under strongly alkaline conditions, the
obtained hybrid materials exhibited superior catalytic activity for
OER, with an overpotential of 195 mV at 10 mA cm™ Hou and
coworkers [170] obtained Co/N-carbon nanosheet networks
(CNSNs) using the hydrolysis and pyrolysis processes
(Fig. 16a, b). Co/N-CNSNs exhibited not only OER catalytic
activity but also ORR activity. At 10 mA cm™, a potential of
1.57 V was needed for Co/N-CNSNs in OER, which was lower
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than that for the catalysis of commercial IrO, (Fig. 16c—e). Jiang
and coworkers [114] used the direct solvothermal synthesis
method to obtain cobalt-based bimetallic phosphide nanosheets
(CoM-P-3DHFLMs), which is a cost-effective OER electro-
catalyst, having an overpotential of 292 mV at 10 mA cm™ and
durable stability for a catalytic period of approximately 10 h
(Fig. 16f-h). At the same time, similar 2D MOLs with good
electrocatalytic OER performance have also been reported by
Lou’s group [171].
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For ORR, 2D MOLs can also serve as good electrocatalysts.
Feng and coworkers [116] mixed PcCu-Oz-Co and carbon
nanotubes to obtain a stable and active ORR electrocatalyst
(PcCu-03-Co/CNTs). The half-wave potential (E;j;) is 0.83 V vs.
RHE, which is comparable to 0.85V vs. RHE of commercial
Pt/C.

For CO,RR, many efforts have been devoted to the design and
synthesis of catalysts with good catalytic performance [172-174].
Aside from homogeneous molecular catalysts, heterogeneous
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(a) Fabrication process of Co(Ni)/N-CNSNs. (b) Morphology of Co/N-CNSNs. (c) OER LSV curves and (d) Tafel plots of Co/N-CNSNs and

related catalysts in 0.1 mol L™ KOH solution saturated with O,. (e) i-t responses in 0.1 mol L™ KOH solution saturated with O,. Reprinted with permission
from Ref. [170], Copyright 2018, American Chemical Society. (f) OER LSV curves and (g) Tafel plots of CoM-P-3DHFLMs. (h) Stability test of CoNi-P-
3DHFLM. Reprinted with permission from Ref. [114], Copyright 2019, Elsevier.

catalysts, including MOLs, have attracted considerable attention.
For example, Sun and coworkers [173] used liquid phase epitaxy
to deposit a monolithic, electrochemically efficient MOF thin
film on a conductive FTO electrode. When used as an electro-
catalyst for CO, reduction, this epitaxial surface grafted MOF
(SURMOF) has a high Faradaic efficiency of 93% + 5% for CO.
Moreover, the current density is more than 2 mA cm™. Later,
2D ultrathin Ni(Im), (Im = imidazole) MOLs were developed by
Gu and coworkers [174] as electrocatalysts for CO,RR. The
Ni(Im), MOLs were prepared by the ultrasonication of pristine
Ni(Im), crystals. Through different centrifugal forces, MOLs
with different thicknesses can be obtained. The thickness of the
thinnest MOLs is 5 nm, which has a Faradaic efficiency of 78.8%
for CO.

The 2D planar feature of MOLs provides a good approach to
analyze the influence of crystal facets on their catalytic perfor-
mance. By controlling the reaction conditions of Ni(NO3),-6H,0O
and H,BDC, we synthesized a bulky Ni-MOF and two Ni-MOLs,
including Ni-MOL-100 exposing the (100) crystal facet and Ni-
MOL-010 exposing the (010) crystal facet [55]. Further investi-
gation showed that these materials can photocatalytically cata-
lyze CO, reduction to CO. Ni-MOL-100 has higher activity than
Ni-MOL-010 and bulky Ni-MOF (Fig. 17a-d). The DFT calcu-
lation revealed that the adjacent Ni sites within the (100) crystal
facet can generate a synergistic catalysis effect, which endows
Ni-MOL-100 with superior activity for CO,-to-CO conversion.
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Furthermore, we determined that MOLs can be used as pre-
cursors to prepare g-C;Ny-based cost-efficient photocatalysts.
Specifically, 2D ultrathin Co MOLs and urea were homo-
geneously mixed and then copyrolyzed, resulting in a series of
single Co(II) site catalysts (g-CsN4-MOLs) [97]. The results of
photocatalytic experiments show that g-CsN4-MOLs-30 has
outstanding activity for the photocatalytic reduction of CO,,
with the CO vyield rate as high as 464.1 umol g~ h™" (Fig. 17e, f).
In 2018, Lin and coworkers [51] constructed Ni-MOLs for the
photoreduction of diluted CO,. At 10% CO,, Ni-MOLs show an
apparent quantum yield of 1.96% and a CO selectivity of 96.8%,
which is superior to reported systems in diluted CO, and
exceeds most catalysts in pure CO, [175]. Zheng and coworkers
[176] used Co MOLs as a precursor to prepare Co;O, hier-
archical nanosheets (Co;O0, HNSs) by calcination. The obtained
Co30, inherits the 2D morphology of the parent MOLs. Thus,
Co;0,4 nanosheets have numerous mesoporous structures, good
separation capacity, and large specific surface areas, with which
the CO formation rate is 39.70 umol h™ in photochemical CO,
reduction, higher than that of other Co;O4 nanoparticles.

Sensors

MOLs with functional groups are a promising platform for
developing unique sensors [82,177]. Multitudinous MOLs
applied to sensors have been reported. Qian and coworkers [178]
reported a 2D MOL (NTU-9-NS) based on Ti,(HDOBDC),

March 2023 | Vol.66 No.3
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(H,DOBDC) (NTU-9), which shows high sensitivity to Fe**. The
active sites located on the MOL surface can be in close contact
with Fe** ions. Zhang and coworkers [120] developed Cu-TCPP
MOLs to test ssDNA and dsDNA in 2015. They determined that
Cu-TCPP MOLs showed a low detection limit for the HsN; gene,
which is far lower than that of MOF particles. Furthermore, by
designing the reaction system and adding ligands or other small
guest molecules, the obtained MOLs can be applied to the
fluorescence emitters of various analytes. Li and coworkers [179]
fabricated a luminescent MOL with a thickness of 4 nm, which
can act as a fluorescent sensor for H,O, via a quenching
mechanism with a detection limit of 0.87 pmol L™!. Zhang and
coworkers [118] prepared a series of ultrathin M-TCPP(Fe)
MOLs with a thickness of 10 nm. Through the Langmuir-
Schifer deposition method, these MOLs can be supported on
electrodes for H,0, sensing. The results showed that MOLs have
better water dispersion and more accessible active sites, which is
better than bulk MOF in bionic catalysis. Subsequently, other
luminescent MOLs with good performance in sensors were
obtained [38,180-185].

Others

The applications of 2D MOLs have also been explored in arti-
ficial enzymes [119], enzyme inhibitors [39], and other fields. In
2017, Zhou and coworkers [39] developed 2D Cu-MOLs, which
can be used as valid enzyme inhibitors and provide a novel
means to understand the relationship between MOF and
enzyme. The regulation of enzyme activity by 2D MOLs opens
up new opportunities.
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SUMMARY AND OUTLOOKS
In summary, we specifically reviewed the recent advances in the
preparation and applications of 2D MOLs. In the preparation
section, two methods, namely, bottom-up and top-down, have
been introduced and discussed in detail. Within both methods,
several strategies have been conceived and developed by
researchers, aiming at the controlled preparation of MOLs with
the desired sizes and thicknesses. Subsequently, many 2D MOLs
have been successfully obtained. In the application section, the
potential applications of MOLs in separation, catalysis, energy
conversion, and sensors have been summarized and discussed.
The rapid development of 2D MOLs has demonstrated that
MOLs are a new type of promising MOF-derived materials.
Because of their numerous active sites, large specific surface
areas, and facility for mass transfer, the applications of 2D MOLs
can be further expanded from their parent bulky MOFs, parti-
cularly in separation, catalysis, and energy conversion. However,
as a type of emerging multifunctional material, the investigation
of 2D MOLs still faces some significant challenges. Thus, the
widespread applications of 2D MOLs are still in their infancy.
(1) Although a diverse range of strategies have been developed,
the one capable of producing homogeneous MOLs on a large
scale has not yet been reported. As the performance of MOLs is
closely related to their thickness, a more practical and effective
preparation method to improve the yield of 2D MOLs with a
certain thickness is much desired. In this regard, we developed a
ligand replacement route to produce monolayer MOLs from 3D
MOF precursors [72]. This approach is based on the coordina-
tion chemistry theory. By replacing weaker coordinating pillar
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ligands with stronger coordinating capping ligands, MOLs with
certain thicknesses could be easily obtained by tuning the
reaction time. With this method, we obtained MOLs with uni-
form morphology and single-layer thickness on a large scale.
Moreover, the combination of two stripping methods was
determined to be more effective in accelerating the exfoliation of
bulky MOFs. For instance, the stripping rate of MOFs through
the combination of chemical stripping and intercalation can be
considerably improved [94]. Moreover, surfactants can be added
in direct solvothermal synthesis to obtain high-quality 2D MOLs
[120]. (2) Current characterization methods, including PXRD,
SEM, and TEM, can provide morphological and rough structural
information on MOLs. However, these analysis means cannot
provide definite surface compositions and structures of MOLs.
The structures of nearly all reported MOLs are unclear. Thus,
the development of reliable characterization methods for directly
observing the structures of MOLs, which will be beneficial for
obtaining real structure-performance relationships, is necessary.
At this point, the well-known electron diffraction technique and
X-ray absorption spectroscopy may provide opportunities to
reveal the MOL structures. (3) Current studies of the applica-
tions of MOLs are usually conducted from a macroscopic per-
spective. As a type of nanomaterial with one growth direction
constrained, the nanosize effect exists in MOLs in contrast to
their bulky counterparts. This effect would endow MOLs with
particular functionalities compared with their bulky parents.
From this point, the applications of MOLs could be significantly
extended. Overall, as a type of emerging material, some sig-
nificant challenges will be encountered. With the development
of advanced characterization techniques and in-depth investi-
gations on MOLs, we believe that these problems could be solved
and the applications of MOLs could be further explored and
extended in the future.
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