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Two-dimensional (2D) metal-organic frameworks (MOFs) and their derivatives with excellent dimension-
related properties, e.g. high surface areas, abundantly accessible metal nodes, and tailorable structures, have
attracted intensive attention as energy storage materials and electrocatalysts. A major challenge on the road
toward the commercialization of 2D MOFs and their derivatives is to achieve the facile and controllable
synthesis of 2D MOFs with high quality and at low cost. Significant developments have been made in the
synthesis and applications of 2D MOFs and their derivatives in recent years. In this review, we first discuss
the state-of-the-art synthetic strategies (including both top-down and bottom-up approaches) for 2D
MOFs. Subsequently, we review the most recent application progress of 2D MOFs and their derivatives in the
fields of electrochemical energy storage (e.g., batteries and supercapacitors) and electrocatalysis (of classical
reactions such as the HER, OER, ORR, and CO,RR). Finally, the challenges and promising strategies for the
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1. Introduction

Advanced electrochemical energy storage and conversion tech-
nologies such as rechargeable batteries, supercapacitors, fuel
cells, and electrolytic cells play crucial roles in the current
energy systems. The exploration of advanced electrode
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synthesis and applications of 2D MOFs and their derivatives are addressed for future development.

materials (i.e. electrochemical energy storage materials and
electrocatalysts) with sufficient ion storage sites, excellent ion
diffusion ability, high conductivity, and abundant active cata-
Iytic sites is vital but challenging.**

Metal-organic frameworks (MOFs), a series of crystalline
materials consisting of metal ions and organic ligands,”® have
been extensively investigated for electrochemical energy
storage® ™" and electrocatalysis™™* due to their abundant active
sites, tunable pore distribution, and controllable morphol-
ogies”'*** Benefiting from the ordered arrangement of the
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metal ions and organic linkers in the MOFs, the MOF deriva-
tives tend to show a homogeneous distribution of the metal
atoms or/and metal nanoparticles,**** which could enhance the
metal utilization efficiency*® and further leads to a great
improvement for their applications in energy storage and elec-
trocatalysis. To date, carbon materials,” metals,”® transition
metal oxides,>**?° transition metal carbides,*" transition metal
dichalcogenides,*** transition metal phosphides,**>° and their
composites®” have been successfully fabricated from MOF
precursors. It is well-known that the morphology of the elec-
trode materials shows a correlation with the ion transport
distance, which is a key factor that determines the ion transport
resistance and then affects the ion diffusion ability.***
However, MOFs with a bulk morphology usually possess a low
metal utilization and accessible surface area as well as poor ion
diffusion ability. To further enhance such properties of MOFs
and MOF derivatives, great efforts have been devoted to fabri-
cating low-dimensional MOFs with a controllable morphology
and size towards a larger specific surface area and better ion
diffusion properties.***>

Since the discovery of graphene in 2004,"** many two-
dimensional (2D) materials, such as the nanosheets of porous
carbon,**® transition metal disulfides,*** black phos-
phorus,*** BN,* and Mxenes,** have been extensively investi-
gated due to their unique structures and electronic properties.
Ascribing to the distinctive dimension-dependent properties,
such as high aspect ratios, abundant accessible active sites, and
short ion transport distances, 2D MOFs,* as a new class of 2D
materials, have fascinated researchers in various fields.>**” In
addition, the inorganic metal compounds/C composites derived
from 2D MOFs with a better conductivity are extensively inves-
tigated as energy storage materials and electrocatalysts.”®*
Similar to other 2D materials, the properties of 2D MOFs and
their derivatives greatly depend on the thickness.®® Exploring
efficient methods to prepare high-quality 2D MOFs with
a desirable thickness is a main concern for the practical appli-
cation of 2D MOFs.** To date, numerous synthetic methods
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have been developed to controllably synthesize 2D MOFs, which
can be classified into two approaches, ie., top-down and
bottom-up.®> Generally, the top-down approach includes the
physical and chemical/electrochemical exfoliation methods and
the bottom-up approach includes the two-phase interfacial or
intermediate layer growth methods, surfactant-assisted
methods, molecule-precoordinated methods, template-assisted
methods, and competitive coordination methods, etc.>*%*% 2D
MOFs with excellent dimension-dependent properties have
been widely employed as energy storage and electrocatalytic
materials. More importantly, 2D MOF derivatives with better
conductivity employed in energy storage and electrocatalysis are
currently at a stage of rapid development.®**® Thus, a critical
review focusing on the synthesis and application of 2D MOFs
and their derivatives for electrochemical energy storage and
electrocatalysis is highly demanded.

In this review, the synthetic strategies of 2D MOFs in recent
years as well as the applications of 2D MOFs and their deriva-
tives in energy storage and electrocatalysis are summarized. We
start with the discussion on the representative synthesis of 2D
MOFs and strategies of regulating the 2D MOFs' surface
compositions and structural properties. Then, to better help the
readers to understand the advantages of the 2D MOFs and their
derivatives in energy storage and electrocatalysis, we thoroughly
summarize suitable 2D MOFs and their derivatives for specific
applications in batteries, supercapacitors (SCs), the oxygen
evolution reaction (OER), hydrogen evolution reaction (HER),
oxygen reduction reaction (ORR), and CO, reduction reaction
(CO,RR). Finally, the opportunities and challenges of the
synthesis and application of the 2D MOFs are discussed.

2. Strategies for the synthesis of 2D
MOFs

To date, 2D MOFs have been synthesized by various synthesis
strategies. In this section, these reported synthesis strategies for
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the 2D MOFs will be reviewed as two categories: top-down and
bottom-up.*

2.1. Top-down approach

The top-down approach refers to a series of methods that
synthesize the 2D materials from the corresponding bulk
materials by breaking the interactions between the adjacent
layers, which are commonly used for the fabrication of most of
the 2D materials, such as graphene, transition metal dichalco-
genides, and black phosphorus.®” Layered bulk MOFs, in which
the adjacent MOF layers are combined by the weak van der
Waals forces and chemical bonds, can also be separated into 2D
MOF nanosheets via the top-down approach including physical
exfoliation and chemical/electrochemical exfoliation.

2.1.1. Physical exfoliation. The interlayer interactions in
most of the layered bulk MOFs are the weak van der Waals
forces and/or hydrogen bonds, which can be easily broken by
external forces.®® For such layered bulk MOFs, physical exfoli-
ation, such as ball-milling, ultrasonication, and shaking, is
considered as an efficient way to obtain their 2D form.

Previously, the layered bulk Zn(TPA)(H,O)DMF and [Cu,-
Br(IN),], MOFs (TPA = terephthalic acid, DMF = N,N-dime-
thylformamide, and IN = isonicotinato) were exfoliated by
ultrasonication. As shown in Fig. 1a, a single layer of
Zn(TPA)(H,O)DMF is constructed by the paddle-wheel Zn,
clusters and terephthalates. In the bulk crystal, the
Zn(TPA)(H,O)DMF layers are held together by the hydrogen
bonds between the H,O and DMF intercalated in the interlayer
(Fig. 1b).**"* The [Cu,Br(IN),], layer is constructed by bridging
a copper dimer with a bromine ligand and isonicotinato linkers
(Fig. 1d).” The four coordination bonds of Cu** are two Cu-O
bonds and two Cu-N bonds. The m-stacking interactions
between the isonicotinato aromatic rings in the adjacent layers

(d) i
o 2% : :
N ‘CC:CJ % V
—3 O s 50
Fig. 1 (a) 2D layer structure of Zn(TPA)(H,O)DMF with atom

numbering. Note the distortion of the Zn,Og units from the local Dy,
point symmetry. (b) Layer structure of Zn(TPA)(H,O)DMF with blue
atoms depicting the DMF disorder. (c) AFM images and height profile of
Zn(TPA)(H,O)DMF nanosheets. Reproduced with permission.®®
Copyright©2011 The Royal Society of Chemistry. (d) Detailed view of
the copper environment and (e) superposition of layers along the a axis
in [Cu,Br(IN),],. (ff AFM images and height profile of [Cu,Br(IN),],.
Reproduced with permission.”® Copyright©2010 The Royal Society of
Chemistry.
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lead to the stacking of the [Cu,Br(IN),], layers along the a axis in
the bulk (Fig. le). After a simple ultrasonic treatment, 2D
Zn(TPA)(H,O0)DMF and [Cu,Br(IN),],, nanosheets with a thick-
ness of about 2 and 0.5 nm, respectively, were successfully ob-
tained (Fig. 1c and f). In addition, the ultrasonication method
combined with suitable solvent interaction and substitution
could be extended to synthesize other 2D MOFs. For example,
the 3D cubic Zn,O(A); (A = 2,5-bis(3-methoxypropoxy)-1,4-ben-
zenedicarboxylate) framework structure could be directly con-
verted to the Zn,O(A); (DMF) nanosheets with a thickness of
0.94 nm by ultrasonication in a DMF solution due to the DMF
being able to break the weak coordination between the Zn** and
side-chain of the A.”

Compared to direct ultrasonication, wet ball-milling
pretreatment combined with ultrasonication is a more effi-
cient physical method for the exfoliation of layered bulk
MOFs. Peng and co-workers employed a ball-milling
pretreatment to ultrasonically exfoliate bulk Zn,(BIM),
(Fig. 2a and b),>* a layered MOF constructed by Zn(BIM),
chains cross-connected by Zn>" in the ab plane and the weak
van der Waals forces between the adjacent layers.”> As shown
in Fig. 2b, the interlayer distance of the adjacent Zn,(BIM),
layers is about 0.988 nm, which is large enough for the
insertion of small molecules for further exfoliation. The wet
ball milling pretreatment provides a shear force to enlarge the

1. Wet Ball Milling
7 2. Ultrasonication

Fig. 2 (a) SEM image of as-synthesized Zn,(BIM), crystals. The inset
image shows the typical flake-like morphology of Zn,(BIM), crystals.
(b) Architecture of the layered MOF precursor. The ab planes are
highlighted in purple to better illustrate the layered structure. (c) TEM
image of Zn,(BIM)4 nanosheets. The inset shows the SAED image of
Zn,(BIM),4. (d) Tapping-mode AFM topographical image of Zn,(BIM),
nanosheets on silicon wafer. The height profile of the nanosheets
along the black lines is marked in the image. Reproduced with
permission.?? Copyright© 2014 American Association for the
Advancement of Science.

This journal is © The Royal Society of Chemistry 2020
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interlayer distance and intercalate more small molecules
between the layers of Zn,(BIM),. The low-magnification TEM
image in Fig. 2c shows the Zn,(BIM), nanosheets obtained
from the layered bulk Zn,(BIM), in a small-molecule solvent
(i.e., a mixture of methanol and propanol) under ultra-
sonication. The selected-area electron diffraction (SAED)
pattern of a few-layer Zn,BIM, nanosheet collected along the ¢
axis (inset in Fig. 2c) matches with the diffraction pattern of
the (110) planes of Zn,BIM,, indicating the well preserved
crystallinity of the Zn,BIM, nanosheets after the exfoliation.
The thickness of the resulting Zn,BIM, nanosheets measured
by AFM is about 1.12 nm (Fig. 2d). The ball-milling pretreat-
ment combined with ultrasonication could significantly
improve the yield and quality of the 2D MOFs, therefore it has
gradually replaced the sole ultrasonic exfoliation. Since the
invention of this method, a number of layered MOFs con-
structed by the weak van der Waals forces between the layers
have been exfoliated to the corresponding MOF nanosheets,
e.g. Zn,BIM; * and [Cu(u-pym,S,)(n-Cl)],-nMeOH (pymS, =
dipyrimidindisulfide).”

2.1.2. Chemical/electrochemical exfoliation. Chemical
exfoliation is also considered as a potential method for
preparing 2D MOFs from layered bulk MOFs, especially for
pillared-layer type MOFs. For instance, Jiang and co-workers
embedded the chemically labile dipyridyl ligand, 4,4-dipyridyl
disulfide (DPDS), into the layered Zn,(PdTCPP) crystals to form
a new intercalated MOF, Zn,(PdTCPP)(DPDS), (Fig. 3a).” Then,
the disulfide bond was reduced and broken by trimethylphos-
phine (TMP), resulting in ultrathin Zn,(PdTCPP)(DPDS),
nanosheets with a high yield of 57%, which was the highest
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Fig. 3 (a) Schematic illustration of the process developed to produce
2D MOF nanosheets via an intercalation and chemical exfoliation
approach. (b) TEM image of the exfoliated MOF nanosheets. Inset:
Tyndall effect (left) before and (right) after exfoliation. (c) TEM image of
an individual exfoliated MOF nanosheet. (d) AFM image of the exfoli-
ated MOF nanosheets with corresponding height profiles. (e) High-
resolution TEM image of an exfoliated multilayer MOF nanosheet. The
corresponding FFT pattern is shown in the inset. (f) Illustration of the
preparation of hxl UiO-67 nanosheets. (g) Schematic illustration of the
chemical transformation of hcp UiO-67 to hxl UIO-67 and UIO-67
nanosheets. (h) TEM and (i) HRTEM images of UIO-67 nanosheets.
Reproduced with permission.”*”> Copyright©2017 American Chem-
istry Society.
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yield reported for MOF nanosheets from the exfoliation of the
bulk MOFs. The TEM and AFM images (Fig. 3b-d) show that the
freestanding Zn,(PdTCPP)(DPDS), nanosheets have lateral sizes
of up to micrometers and a thickness of about 1 nm. The
HRTEM image (Fig. 3e) shows that the lattice fringe of the
Zn,(PATCPP)(DPDS), nanosheet is 1.65 nm, which corresponds
to the (100) plane of the intercalated MOF crystal. Similarly,
some other labile linkers or linkers with a weak coordination
ability were used to exfoliate the bulk MOFs. Inspired by the
unusual behavior of formic acid, a modulator in other RCOO-
containing MOFs,”® Grey and co-workers found that the ratio of
metal centers and organic linkers could be well controlled by
adding formic acid, forming two different Hf-containing MOFs,
i.e. fcc UiO-67 and hep UiO-67 (Fig. 3f).”> More importantly, the
hafnium oxide nodes in hep UIO-67 could form a double cluster
(Hf;,05(0OH)14) and release lots of ligand deficiencies. On
grinding or sonication, hcp UiO-67 was converted to 2D MOF
nanosheets (hxl UiO-67) (Fig. 3g). The TEM image of hxl UiO-67
confirms its nanosheet nature (Fig. 3h) and the TEM image of
the edge of the as-obtained hxl UiO-67 shows that the thickness
of these nanosheets is 11 + 1 nm (Fig. 3i), corresponding to four
times the lattice parameter of the unit cell of hxl UiO-67.
Although chemical exfoliation is the most efficient top-down
method to fabricate 2D MOF nanosheets with a high quality and
reasonable yield, it requires that the precursor MOF bulk must
possess uncoordinated metal sites, which has limited its
universality.

Since most of the pillared-layer type MOFs are stable enough
under various reaction conditions, selective breaking of the
coordination bonds between the layers is still challenging. More
recently, the electrochemical oxidation method was also
employed to exfoliate the pillared-layer type MOFs. By selecting
the pillar ligand with a redox active backbone that can be
selectively oxidized and removed, the pillared-layer type MOFs
can be easily exfoliated to 2D MOF nanosheets. As shown in
Fig. 4a, Zhang reported an electrochemical exfoliation strategy
relying on the covalent modification of the pillar ligands.”” In
detail, H,[CosO(dhbdc),(H,dhbdc),(EtOH),],(EtOH-H,0)
(denoted as MCF-13 or 3D-Co) was synthesized by treating
Co(CH3COO0), and 2,3-dihydroxy-1,4-benzenedicarboxylic acid

pillar

¥ electrochemical
Ichemical
exfoliation

3" 6q. %0

Fig. 4 (a) lllustration of the synthetic process of 2D MOFs by using the
electrochemical/chemical exfoliation method and (b) a possible
oxidative transformation route from Hydhbdc to a species with m/z
168. SEM images of (c) 3D-Co, (d) 2D-Co, and (e) 2D-Co-NS. (f) TEM
image of 2D-Co-NS (inset: Tyndall effect of a colloidal solution). (g)
AFM image and (h) the corresponding height profile of 2D-Co-NS.
Reproduced with permission.”” Copyright©2018 WILEY-VCH Verlag
GmbH & Co. KGaA.
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(H4dhbdc) mixed solution in an autoclave at 140 °C for 72 h. The
electrochemical exfoliation strategy could directly remove the
pillar ligands (H,dhbdc) in the 3D-Co and afford the 2D Cos-
O(dhbdc),(OH),(H,0);, nanosheets (2D-Co-NS) without addi-
tional complex processes. Fig. 4b illustrates the possible
oxidative transformation route from the H,dhbdc pillar ligand
(m/z 198) to a pillar ligand with m/z 168, which could signifi-
cantly lower the coordination ability of -COO™ in the pillar
ligands and facilitate the removal of the pillar ligands by the
solvent. Fig. 4c-e show the morphology evolution from 3D-Co to
2D-Co-NS. The TEM image (Fig. 4f) shows that 2D-Co-NS has
a wrinkled nanosheet morphology and the AFM image (Fig. 4g)
and height profile (Fig. 4h) show that the thickness of the 2D-
Co-NS is only about 2 nm.

The top-down approach, with the advantages of simplicity
and low-cost, has been widely used for the synthesis of 2D MOF
nanosheets from the layered bulk MOFs with relatively large
interlayer distances and/or weak coordination ability. The yield
of the 2D MOFs in the top-down approach greatly depends on
the structural properties of the bulk MOF precursors. The
relatively low yield of the 2D MOF nanosheets derived from the
bulk MOFs by the top-down approach gives rise to inhomoge-
neous products, which requires troublesome separation
processes and therefore has hindered the practical application
of the top-down approach.” Thus, the development of the top-
down approach is much slower than that of the bottom-up
approach, which will be discussed in the next section.

2.2. Bottom-up approach

The bottom-up approach, which fabricates the 2D MOF nano-
sheets by directly assembling the organic linkers and metal ions
via coordination interactions, has been intensively investigated
in the past few years because it can facilely control the growth of
the 2D MOF nanosheets with various functional metal nodes
and thicknesses. A key point of the bottom-up approach for the
fabrication of 2D MOFs is to control the growth rate of the MOF
crystals along certain directions. Compared to the top-down
approach, the bottom-up approach is considered to be more
efficient to fabricate the 2D MOFs with better homogeneity.”
Based on the synthesis mechanism, the bottom-up approach
can be classified into four categories: template-assisted method,
interface or intermediate layer growth method, surfactant-
assisted method, and molecule-precoordinated method.

2.2.1. Template-assisted methods. In the template-assisted
synthesis, the nucleation and growth of the target materials are
on the surface of a template, which has been widely used for the
synthesis of many 2D materials, such as graphene,* porous
carbon nanosheets,** and TMD nanosheets.*> The 2D MOFs
could also be bottom-up synthesized by different template-
assisted methods including the hard-template method and
sacrificial-template method.*

The hard-template method is a conventional method to
controllably deposit the target materials on an unreacted
substrate, in which the morphology of the target materials
could be regulated by the surface properties of the substrate. A
great advantage of the hard-template method for the synthesis
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of 2D MOFs is that by selecting suitable substrates the growth
of the 2D MOFs can be controlled as nanosheet arrays,***
which is significant for their application in gas separation.
Besides, the introduction of the conductive substrates could
also overcome some shortcomings of the 2D MOFs such as low
conductivity and agglomeration. For instance, Li and
coworkers chemically deposited 2D leaf-like ZIF (ZIF-L) arrays
on a halloysite nanotube (HNT) coated PAN membrane.** As
shown in Fig. 5a, in order to controllably grow the ZIF-L
nanosheets, a uniformly oriented poly(sodium-p-styrenesulfo-
nate)-HNT (PSS-HNT) layer was coated on the PAN membrane
with PVA as the binder, then the ZIF-L was selectively deposited
on the PSS-HNT-coated PAN membrane. More importantly, the
authors found that the good arrangement of the HNTs was
a vital factor for obtaining the ZIF-L nanosheet arrays, which
can regulate the growth direction of the ZIF-L nanosheets due
to the abundant surface functional groups and large surface
area of the HNTs. The SEM (Fig. 5b) and EDS mapping (Fig. 5¢)
images show that the ZIF-L nanosheets are vertically grown on
the HNT-coated PAN membrane. However, the thickness of the
ZIF-L nanosheets prepared by this method is about 80 nm due
to that there is no sufficient force to restrict the growth along
the out-of-plane orientation of the nanosheets, which is
a common shortcoming for the hard-template method to
prepare the 2D materials.®

The sacrificial-template method, such as the in situ conver-
sion of 2D metal oxides or hydroxides to 2D MOF nanosheets,

Poly (sodium b
p-Styrene
Sulfonate)

(PSS)

(a) Polyvinyl alcohol
(PVA)

EDX mapping
¥Zin|

i

S N
PR RER N e M
Fig. 5 (a) Schematic illustration for the preparation of the PAN-
HNTs-ZIF-L membrane. (b) SEM image of the top-surface of the
PAN-HNTs-ZIF-L membrane, and (c) EDS mapping and reference
SEM image of the PAN-HNTs-ZIF-L membrane cross-sectional

region. Reproduced with permission.®* Copyright©2019 The Royal
Society of Chemistry.
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has also been intensively investigated in recent years. Wang and
coworkers developed an in situ transformation strategy to
synthesize ultrathin bimetal-MOF nanosheet (BMNS) arrays
from layered double hydroxide nanosheets (LDH NSs) on
conductive substrates (Fig. 6a).*” Specifically, the LDH NSs were
pre-deposited on the carbon clothes (Fig. 6b) and worked as
a self-sacrificial template providing metal ions for the growth of
BMNSs. The as-prepared LDH NSs were placed in 4 mL of DMF/
H,O (6 : 1, v/v) mixed solvent containing a certain amount of
H,BDC as the ligand. The deprotonated H' from H,BDC could
slowly react with the LDH NSs to release the metal ions which
were in situ coordinated with the BDC linkers to form the
ultrathin NiCo-BDC BMNSs (Fig. 6¢). The XRD pattern (Fig. 6d)
and TEM images (Fig. 6e and f) reveal the successful prepara-
tion of the BMNSs. The thickness of the BMNSs measured by
AFM is about 5 nm (Fig. 6g). Moreover, the authors also found
that the water content in the solution in which the conversion
occurred was vital to the thickness of the BMNSs (Fig. 6g-i). This
sacrificial-template method is considered as a general method

Ydrothemmg\ Ligands ‘ M AN

Ultrathin bimetal-MOF
nanosheets arrays

NF 666

Various LDH

arrays

NICo-8DC BMNSs amay

NICO-LDH NSs amay

800
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Fig. 6 (a) Schematic illustration showing the fabrication of ultrathin
BMNS arrays on the 3D conductive matrix. SEM images of (b) NiCo—
LDH NSs and (c) NiCo-BDC BMNS arrays (the insets are the corre-
sponding high-magnification SEM images). (d) XRD patterns of NiCo-
BDC BMNS arrays and pristine NiCo—LDH NS array. (e) TEM, (f) HRTEM,
(9) AFM images and (j) EDS mapping of NiCo-BDC BMNS. (Inset of (e):
the SAED pattern of a single BMNS; inset of (g): the corresponding
height profile measured along the yellow line). SEM images of NiCo-
BDC BMNSs with different thicknesses synthesized at (h) DMF : H,O =
6:1and (i) DMF : H,O = 4 : 1 (the insets are the high-magnification
SEM images). Reproduced with permission.®” Copyright©2019 WILEY-
VCH Verlag GmbH & Co. KGaA.
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for the conversion of metal LDH or metal oxide NSs to the M-
MOF nanosheets (M refers to the metal in the precursors),
which has been used in the fabrication of other MOF nano-
sheets from the corresponding metal LDH and oxide
nanosheets.*

2.2.2. Two-phase interfacial or intermediate layer growth
methods. The two-phase interfacial growth method was
exploited at the initial stage of the development of the bottom-
up approach for the synthesis of 2D MOFs. In the two-phase
interfacial growth method, the metal ions and organic linkers
are assembled at the liquid-liquid, liquid-gas, solid-gas, or
solid-liquid interfaces. A crucial point of this method for the
synthesis of 2D MOFs is to construct a suitable interface with
a sufficient reaction area and adaptable ion- or molecule-
diffusion ability so as to assemble the extended nanosheets
while the metal ions and organic linkers diffuse from different
phases to the interface.* Early in 2003, inspired by the chemical
vapor deposition, Fe(trimellitic acid) nanosheets were assem-
bled by the solid-gas interfacial growth method on the surface
of Cu(100).”® However, some of the critical synthesis conditions,
such as the flat metal surface, high vacuum, and high energy
input, hampered the development of the solid-gas interfacial
growth method in the fabrication of the 2D MOF nanosheets.
Thus, solid-liquid, liquid-gas, and liquid-liquid interfacial
growth methods with milder synthesis conditions have attrac-
ted more attention than the solid-gas interfacial growth
method for the synthesis of the 2D MOF nanosheets in recent
years.

In 2010, Makiura invented a liquid-liquid interfacial growth
method and prepared a preferentially oriented MOF nanofilm
on a solid surface.” As shown in Fig. 7, the synthesis procedure
involved spreading a solution of the molecular building units,
5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato-cobalt(1r)
(COTCPP) and pyridine (py), in chloroform/methanol onto an
aqueous solution of CuCl,-2H,0, leading to the formation of
a 2D copper-mediated CoTCPP array (CoTCPP-py-Cu) at the
liquid-liquid interface.”® Then, the single-layer CoTCPP-py-Cu
was layer-by-layer transferred to the surface of a Si(001)
substrate, resulting in a nanofilm constructed with highly
oriented 2D CoTCPP-py-Cu MOF nanosheets. Later, the Kita-
gawa group developed a variety of interfacial synthetic methods
combining the Langmuir-Blodgett method.”~** The key point of
these methods is to well disperse the oil layer containing

Top view of Co-TCPP-py-Cu
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Fig. 7 Schematic illustration of fabrication method of NAFS-1.

Reproduced with permission.®® Copyright©2010 Nature Publishing
Group.
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organic linkers on the surface of an aqueous solution contain-
ing the metal ions, while the 2D MOFs could form as the metal
ions diffuse to the oil layer and coordinate with the organic
linkers.

Nowadays, the liquid-liquid interfacial growth strategy is the
most useful method among all the reported two-phase interfa-
cial growth methods for the 2D MOFs. Huang and co-workers
demonstrated that a 2D ©-d conjugated MOF, Cu-BHT (BHT =
benzenehexathiol), could be assembled at the interface of the
BHT/dichloromethane and aqueous copper(u) nitrate solutions,
as shown in Fig. 8a and b.** The SEM images (Fig. 8c—e) show
that the Cu-BHT film with a thickness of about 200 nm has been
constructed by the stacking of the Cu-BHT nanosheets. More
attractively, the conductivity of this as-assembled Cu-BHT film
at room temperature could reach up to 1580 S cm ™", which was
the highest value ever reported for the conductive coordination
polymers. These highly conductive 2D Cu-BHT nanosheets
delivered excellent performance in electrochemical energy
storage and electrocatalysis. However, this liquid-liquid
method has an obvious shortcoming, that is, the later-formed
Cu-BHT nanosheets are less ordered, leading to a rougher
surface and lower conductivity (Fig. 8d and e). The authors
mainly attributed this issue to the weaker interface-confining
effect when the film grew thicker (Fig. 8f). To minimize the
possible negative impact of the disordered arrangement of the
Cu-BHT nanosheets, the reaction time should be carefully

Cu(NO,), +NaBr
inH,0

BHT
in CH,Cl,
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Fig. 8 (a) Photograph of the Cu-BHT film forming at the interface
between an aqueous solution and CH,Cl,. (b) Photograph of upside-
up (right) and upside-down (left) films transferred on glass substrates.
The SEM image of (c) upside, (d) downside surface and (e) cross-
section of a 200 nm-thick film. The insets in (c and d) show the details
of the film edge at an enlarged scale. Scare bar, 200 nm in (c), 400 nm
in (d and e) and 100 nm in the insets. (f) Scheme of the formation of
Cu-BHT film. Reproduced with permission.®* Copyright©2015 Nature
Publishing Group.
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controlled to obtain the Cu-BHT film with an ordered surface.
As discussed above, the liquid-liquid interfacial growth is
a handy and concise method for directly assembling the 2D
MOF nanosheets by only using the metal ions and organic
linkers in suitable solvents. Unfortunately, the yield of the 2D
MOF nanosheets by using the liquid-liquid interfacial growth
method is usually quite low due to the small reaction area,
which hinders their further applications.

To overcome the low yield of the 2D MOF nanosheets due to
the small reaction area in the liquid-liquid interfacial growth
method,®*°® Rodenas and co-workers presented an intermediate
layer growth method, in which the reaction solution consisted
of three different liquid layers vertically stacked according to
their densities, to generate 2D MOF nanosheets in the inter-
mediate miscible co-solvent layer (Fig. 9). To emphasize this
approach, the synthesis of the Cu-based 1,4-benzenedicarbox-
ylate (CuBDC) MOF is selected as a showcase.”” In this case, the
upper solution layer containing Cu(NO;), (DMF : CH;CN =
1:2, v/v) and the lower solution layer containing BDC
(DMF : CH;CN = 2: 1, v/v) were separated by an intermediate
solution layer (DMF : CH3;CN = 1 : 1, v/v) (Fig. 9a). Under static
conditions, the Cu®" ions and BDC linker molecules slowly
diffused into the intermediate solution layer, where the CuBDC
MOF crystals formed locally in a highly diluted medium. This
intermediate solution layer provided a sufficient reaction zone
to form 2D CuBDC MOFs and the nascent 2D CuBDC crystals
were naturally removed from the reaction zone by sedimenta-
tion, after which further growth of the CuBDC crystals was
inhibited in the Cu”'-depleted underlying organic phase
(Fig. 9b). The SEM (Fig. 9¢) and AFM (Fig. 9d) results show that
the as-fabricated Cu-BDC nanosheets have lateral dimensions
of 0.5-4 um and thicknesses in the range of 5-25 nm. Besides,
this intermediate layer growth method could also be extended

| (b) (d)
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Fig. 9 (a) Picture showing the spatial arrangement of different liquid
layers during the synthesis of CuBDC MOF nanosheets. Layers labelled
(i), (i) and (iii) correspond to a benzene 1,4-dicarboxylic acid (BDCA)
solution, the solvent spacer layer and the solution of Cu?* ions,
respectively. (b) X-ray diffractograms (Cu K radiation) for the bulk-type
and nanosheet CuBDC MOF. (c and d) Scanning electron micrograph
and atomic-force micrograph (with corresponding height profiles),
respectively, for CUuBDC MOF nanosheets synthesized as illustrated in
(c). The height profiles, color-coded red and blue, are measured along
the corresponding tracks shown in the atomic-force micrograph.
Reproduced with permission.®” Copyright©2010 Nature Publishing
Group.
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to synthesize other ultrathin 2D MOFs, such as nanosheets of
Zn-BDC, Co-BDC, copper 1,4-naphthalenedicarboxylate (Cu(1,4-

NDC)), and copper 2,6-naphthalenedicarboxylate (Cu(2,6-
NDC)).’
2.2.3. Surfactant-assisted methods. Compared to the

template and interfacial growth methods which generally
fabricate relatively thick (>10 nm) 2D MOFs with a relatively low
yield (<10%), the direct synthesis of the 2D MOFs from homo-
geneous solutions with the assistance of certain surfactants is
considered as an intriguing approach to fabricate 2D MOF
nanosheets with a high yield and low thickness (<10 nm). The
key to this synthesis approach is to inhibit the growth of the
MOF crystals along a certain direction. During the growth of the
MOF crystals, the surfactants selectively attach to certain crys-
tallographic planes of the MOF crystals to suppress the crystal
growth along the normal direction of the crystallographic plane,
which leads to the formation of a 2D MOF structure. Zhang and
co-workers synthesized a series of M-TCPP (M = Zn, Cu, Co, Ni,
and Mg) nanosheets by using a polyvinylpyrrolidone (PVP)-
assisted method.*® As illustrated in Fig. 10a, a Zn-TCPP nano-
sheet is constructed by the TCPP ligands linked with Zn,(COO),
metal nodes. During the synthesis, PVP could coordinate with
the Zn>" sites and hinder the interaction between the two
separate 2D Zn-TCPP nanosheets. Further characterizations
show that the Zn-TCPP nanosheets have a lateral size of 1.2 +
0.4 um and a thickness of 7.6 + 2.6 nm (Fig. 10b-e). Other

Traditional synthesis

3x7%ee® _lsotroplc
Nucteation 57" Crystargrowih 3

Surfactant ‘E%\% Anisotropic i oS
Nucleation” 57" Crystal growth

Uttrathin nanosheets
Surfactant-assisted synthesis

Fig. 10 PVP-assisted synthesis of Zn-TCPP nanosheets. (a) Schematic
illustration of the traditional synthesis and surfactant-assisted synthesis
of the Zn-TCPP MOF. (b) STEM image of Zn-TCPP nanosheets ob-
tained by SEM with a transmission electron detector. Inset: Tyndall
effect of colloidal Zn-TCPP nanosheets in ethanol. (c) TEM image of
a single Zn-TCPP nanosheet. (d) HRTEM image of Zn-TCPP nano-
sheets and corresponding FFT pattern (inset). (e) SAED pattern of Zn-
TCPP nanosheets in (c). CTAB-assisted synthesis of Zn-MOF nano-
sheets. Reproduced with permission.¢ Copyright©2015 WILEY-VCH
Verlag GmbH & Co. KGaA. (f) Schematic illustration and (g) AFM images
of the Zn-MOF nanosheets. Reproduced with permission.®® Copy-
right©2013 American Chemical Society. CTAB and SLS assisted
preparation of Mo—polydopamine nanosheets. (h) Schematic illustra-
tion, (i and j) SEM images, and (k) TEM image of Mo—polydopamine
nanopetals. Reproduced with permission.®® Copyright©2018 WILEY-
VCH Verlag GmbH & Co. KGaA.
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surfactants, such as cetyltrimethylammonium bromide (CTAB),
and sodium lauryl sulfate (SLS),****** have also been proved to
be effective for the synthesis of 2D MOF nanosheets (Fig. 10f-k).
Obviously, the uniformity and thickness of the 2D MOF nano-
sheets prepared by using the surfactant-assisted methods in
homogeneous solutions are both significantly improved
compared to that produced by the interfacial reaction. However,
it could be hard to remove the surfactants attached on the
surface of the 2D MOF nanosheet products by just washing. The
attached surfactants would block most of the external active
sites of the 2D MOF nanosheets produced by the surfactant-
assisted methods, which hinders their applications in catalysis
and energy storage.

2.2.4. Molecule-precoordinated methods. In addition to
the surfactant-assisted method, molecule-precoordinated
methods have also been used to directly obtain ultrathin 2D
MOF nanosheets from homogeneous solutions. Previously, Lin
and co-workers employed HCOO™ to protect six of the twelve
connection sites of a Hf, cluster (Fig. 11a)."* The remaining six
uncoordinated connection sites in the same plane were then
coordinated with benzene-1,3,5-tribenzoate (BTB) to form
Hfg(3-0)4(p3-OH),-(HCO,)s(BTB), MOF nanosheets.'® Fig. 11b
and c show that these MOF nanosheets have a thickness of 1.2
nm, corresponding to a single layer of the Hf(p3-O)4(1t3-OH),-
(HCO,)6(BTB), MOFs.

Recently, our group developed a series of small molecule-
precoordinated methods for the synthesis of 2D MOF nano-
sheets.’®'% The key to this method is to pre-coordinate the
metal ions with certain small molecules, consequently slowing
down the reaction rate between the metal ions and organic
linkers. Besides, the small molecules attached on the surface of
the as-prepared MOF nanosheets could decrease the surface
energy and then promote the formation of individual MOF
nanosheets. For example, gluconate, a hydrophilic short-chain

Fig. 11 (a) Schematic illustration, (b) AFM, and (c) height profile of
Hfg(z-O)alpz-OH)4-(HCO,)6(BTB), MOF nanosheets. Reproduced
with permission.’*® Copyright©2016 WILEY-VCH Verlag GmbH & Co.
KGaA. (d) Schematic illustrations of the synthesis of Zn,(bim)s, Zn(bi-
m)(OAc), and UT-Zn(bim)(OAc). (e) SEM, (f) AFM and height profile, (g)
TEM, and (h) HRTEM images of UT-Zn(bim)(OAc). Reproduced with
permission.*®* Copyright©2018 The Royal Society of Chemistry.
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carboxylic acid that could pre-coordinate with Zn>*, was used as
the crystal growth inhibitor to synthesize ultrathin Zn(bi-
m)(OAc) in a water/ethanol mixed solution. As shown in
Fig. 11d, each layer of the 2D Zn(bim)(OAc) MOFs is constructed
by two kinds of chains (i.e., Zn,(bim), chains along the b axis
and Zn,(OAc), chains along the ¢ axis) cross-connected by
Zn>*.1 During the reaction, gluconate partially replaced OAc™,
which could effectively break the interaction between the
adjacent Zn(bim)(OAc) layers. The SEM (Fig. 1le), AFM
(Fig. 11f), and TEM (Fig. 11g and h) images demonstrate the
formation of the individual Zn(bim)(OAc) MOF nanosheets. The
height profile measured from the AFM image implies that the
Zn(bim)(OAc) nanosheets have an average thickness of about
5.12 nm. In addition, the yield of the 2D Zn(bim)(OAc) nano-
sheets is as high as 65% without forming any bulk MOF crystals,
which provides a new approach to producing high-quality 2D
MOFs. In addition to the gluconate, sucrose and pyridine'® are
also effective pre-coordination reagents for the molecule-pre-
coordinated synthesis of 2D MOFs.

2.2.5. Other bottom-up methods. Although the surfactant-
assisted and small molecule-precoordinated methods could
enhance the yield and quality of the synthesized 2D MOFs, the
metal centers of these 2D MOFs are largely blocked by the
surfactants and small molecules, which hampers their appli-
cations in some fields such as catalysis. In this regard, the
synthetic strategies without using the assistant molecules to
achieve anisotropic growth of ultrathin MOF nanosheets, such
as microfluidic fabrication, thermodynamic-controlled growth,
and organic linker-controlled growth, have received gradually
increasing attention.'”® Zhao and co-workers successfully
fabricated 3 nm Zr-BTB nanosheets via a microdroplet flow
reaction (Fig. 12a)."** The dynamic mixing reactions, dominated
by diffusion and forced convection in the microdroplet flow
system, led to the anisotropic growth of 2D ZrBTB (MF-
ZrBTB)."** The TEM images and Tyndall light scattering effect of
the as-fabricated MF-ZrBTB evidence its nanosheet nature and
the AFM image with a height profile shows that the thickness of
the MF-ZrBTB nanosheets is about 3.3 nm (Fig. 12b and c). In
addition, tuning of the organic linkers to achieve the growth of
the 2D MOFs and enhancing the interlayer distance by selecting
large molecule linkers are possible solutions for the preparation
of 2D MOF nanosheets without using the assistant molecules.**”
However, continuous efforts are needed in the preparation of
high-quality 2D MOF nanosheets at a high yield.

2.2.6. Comparison of different synthetic strategies for 2D
MOFs. Numerous efforts have been put into fabricating 2D MOF
nanosheets with desirable properties. Herein, we summarize
the advantages and disadvantages of these synthetic methods in
order to provide clearer guidance for the future synthesis of 2D
MOF nanosheets (Table 1). In general, the top-down approach
requires layered MOFs as the precursors. The 2D MOF nano-
sheets exfoliated from the layered MOFs by using physical and
chemical exfoliation usually have nonuniform thicknesses and
morphologies due to the irregular forces in these methods.
Nevertheless, the 2D MOF nanosheets prepared by using the
top-down approach always possess abundant surface defects
originating from the breakage of the interlayer interactions,
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Fig. 12 (a) Schematic illustrations of the overall process developed to
produce 2D MF-ZrBTB and ST-ZrBTB via microdroplet flow reaction
and conventional solvothermal methods. (b) TEM image of MF-ZrBTB.
The inset shows the Tyndall light scattering effect of MF-ZrBTB
colloidal suspension. (c) AFM image and corresponding height profiles
of MF-ZrBTB nanosheets along the red and blue lines. Reproduced
with permission.*** Copyright©2018 American Chemical Society.

which facilitates their applications in catalysis and sensors. In
contrast, the bottom-up approach could fabricate the 2D MOF
nanosheets with well controllable thicknesses and morphol-
ogies. The thickness and lateral size of the 2D MOFs can be well
regulated by applying various reaction conditions or using
different functional additives. Therefore, the bottom-up
approach has drawn increasing attention to the production of
high-yield and high-quality 2D MOF nanosheets. However,
some of the drawbacks of the 2D MOF nanosheets produced by
the bottom-up approach, e.g., the coverage of the surface by the
additional additives and poor structural stability, have hindered
their direct use in surface-relative applications. Nevertheless,
the 2D MOF nanosheets produced by the bottom-up approach
show great potentials as precursors for MOF-derivatives due to
their high yield and controllable thicknesses. To further guide
the design of the 2D MOF nanosheets toward desirable appli-
cations, we then summarize the specific applications of 2D
MOFs and their derivatives for electrochemical energy storage
and electrocatalysis.

3. 2D MOFs for electrochemical
energy storage and electrocatalysis
3.1. Application of 2D MOFs for energy storage

3.1.1. 2D MOFs for batteries. Batteries, especially lithium-
ion batteries (LIBs), are the most valuable energy storage
devices due to their high energy density and excellent
stability.'*®**'° The electrodes (i.e. the cathode and anode) where

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00719a

Open Access Article. Published on 06 January 2020. Downloaded on 10/29/2025 1:08:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Table 1 Comparison of the synthetic methods for 2D MOF nanosheets
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Top-down approach Bottom-up approach

Chemical/

Physical electrochemical Template- Two-phase Intermediate layer Molecule-
Method exfoliation  exfoliation assisted interfacial growth growth Surfactant-assisted precoordination
Thickness Thin Thin Medium Thin Medium Ultrathin Ultrathin
Uniformity Low Low Good Good Good Excellent Excellent
Lateral size Medium Small Medium Large Large Small Small
Condition Mild Mild Harsh Harsh Harsh/medium Medium Medium
Yield Medium Medium Low Low Medium High High
Defect Abundant  Abundant Low Low Low Medium Medium
Application Gas Catalysis Gas Gas separation  Gas separation, = DNA detection, LIBs, Derivatives

separation adsorption, photocatalysis catalysis, derivatives

catalysis

Reference 22,65,69,71 74, 75 and 77 84 and 87 76, 90, 91 and 94 96 and 97 86, 98 and 99 100 and 101

and 73

the electrochemical reactions occur are the key components in
batteries. The electrochemical performance of the batteries
significantly depends on the properties of the electrode mate-
rials, e.g., the active surface area, conductivity, pore structure,
and the number of redox-active sites."™*

2D MOF nanosheets with a large content of Li" storage sites
have been directly used as the anode materials in LIBs. For
instance, porous [Mn(tfbdc)(4,4’-bpy)(H,0),] (Mn-LCP) nano-
sheets  were fabricated by mixing 2,3,5,6-tetra-
fluoroterephthalatic acid (H,tfbdc), 4,4"-bipyridine (4,4’-bpy),
and manganese(n) acetate tetrahydrate in D.I. water for five
days. Based on the FT-IR, XPS, and magnetic studies, the
lithium storage in the Mn-LCP nanosheets could be attributed
to the substitution of the Mn(u) ions for Li*.**> However, the
structure destruction of the Mn-LCP nanosheets caused by the
Li" substitution led to a quite poor cycling performance (with
a capacity retention of 76.6% after 50 cycles) and low first-cycle
coulombic efficiency (31.5%). Similar to the Mn-LCP, a hierar-
chical tremella-like 2D Al-MOF (aluminum fumarate), fabri-
cated using Al(NOj3);-9H,0 and AlCl;-6H,0, exhibited a specific
capacity of 392 mA h g~ " after 100 cycles at 37.5 mA g~ .1
Obviously, the capacity of these MOF nanosheets as the LIB
anodes arises from the redox reaction of the metal sites, which
causes serious structural destruction and low stability of these
MOF anodes. Thus, employing more nonstructural sites for Li*
storage should enhance the stability and capacity of the MOF
anodes. To date, two simple methods have been employed to
modify 2D MOF-based LIB anodes. One is the intercalation of
the metal ions (e.g., Fe™ ions) with variable valences into the
MOFs, which could greatly enhance the specific capacity of the
MOF-based electrode materials."** Besides these metal centers
as the active sites, some of the uncoordinated ligands could also
undergo redox reactions to store the lithium ions. Li and
coworkers synthesized manganese-based ultrathin MOF nano-
sheets (Mn-UMOFNs) from BDC and MnCl, via an ingenious
ultrasonication route (Fig. 13a)."*® Mn-UMOFNs with thick-
nesses of 1.8-7.0 nm (mostly <3 nm) (Fig. 13b) showed a high
capacity (1187 mA h g~ at 100 mA g * for 100 cycles) and

This journal is © The Royal Society of Chemistry 2020

ultrahigh rate performance (701 mAh g 'at2 A g~ ') (Fig. 13c).
The excellent rate performance of the Mn-UMOFNs could be
attributed to their ultrathin morphology which could greatly
enhance the diffusion of Li*. The high capacity was attributed to
the two-step lithium intercalation on the Mn-UMOFNS, i.e. the
first step involved a reduction process of Mn** to Mn® (at above
0.5 V) and the second step involved a process at a low voltage
(below 0.5 V) in which the coordinated oxygen atoms with high
electronic density as well as the benzene rings with delocalized
7 electrons work as the active sites for lithium intercalation
(Fig. 13d). However, most of the synthesized 2D MOFs have
a relatively low conductivity and therefore cannot meet the
requirements of the high-rate charge-discharge. Coupling the
2D MOFs with conductive substrates could alleviate this
problem. Jin and co-workers reported a hybrid material of 2D
NiCo-MOFs and black phosphorus (BP)."*® The bulk BP was
firstly exfoliated to few-layer BP nanosheets. Then the few-layer
BP nanosheets were directly added into the mixed solution of
Co**, Ni**, and BDC (Fig. 13e). After continuous sonication in an
ice bath for 8 h, BP/NiCo-MOFs were successfully obtained. The
SEM (Fig. 13f) and TEM images (Fig. 13g and h) demonstrate
that this BP/NiCo MOF hybrid has a nanosheet morphology
with a thickness of ~6 nm. The EDS mapping analysis (Fig. 13i)
of the BP/NiCo-MOF hybrid nanosheets evidences that the
NiCo-MOFs uniformly form a cover on the BP nanosheets. The
synthesized BP/NiCo-MOF nanosheets exhibited a high
discharge capacity of about 2483 mA h g~ " at 0.1 mA g™ " in the
first cycle and a high reversible capacity (853 mAh g ") at 0.5 A
g " (Fig. 13j). Moreover, the hybrid 2D MOFs also exhibited
excellent rate performance (with a high reversible capacity of
436 mAh g " at5Ag ") and high capacity retention of 398 mA h
g~ " after 1000 cycles at the charge-discharge current density of
5A g " (Fig. 13k). The superior electrochemical performance of
the BP/NiCo-MOF hybrid nanosheets can be ascribed to the
synergistic effects of the few-layer BP and NiCo-MOF nano-
sheets, i.e., BP and NiCo-MOF both provide sufficient redox-
active sites, while the few-layer structure and high conductivity
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of the BP provide short diffusion paths and fast electron-charge
transfer.

3.1.2. 2D MOFs for supercapacitors (SCs). Compared to
batteries, SCs possess higher power densities and can tolerate
larger charge-discharge current densities.'”” According to the
energy storage mechanism, the SCs could be divided into two
types, ie., the electrical double layer capacitors (EDLCs) and
pseudo-capacitors. A high-performance SC electrode should
own a high active surface area and provide sufficient channels
for the rapid diffusion of ions. Thus, 2D MOF nanosheets with
a high accessible surface area, abundant pore structure, and
redox metal centers have been widely explored as the electrode
materials for SCs. For instance, the Co-BDC nanosheet elec-
trode achieved a high capacitance of 1159 F g™ " at a current
density of 0.5 A g '.1* More importantly, this electrode
exhibited high capacitance retention of 96.7% after 6000 cycles
at the current density of 2 A g~*, indicating the high stability of
the Co-BDC nanosheets as the SC electrode materials. Further
investigations implied that the capacitance of the Co-BDC
nanosheets was mainly due to the redox reactions between
Co(u)/Co(u1)/Co(wv), which can be expressed as follows:

Co(m)-L + OH =Co(m)(OH)-L + e~ )]
Co(m)(OH)-L + OH =Co(1v)-O-L + H,O + e~ @)

where L represents the ligand (BDC).
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In addition, Abazari and coauthors reported a fast and
simple technique to synthesize $*> -modified layered MOF
nanosheets ([Co(4,4'-oxybis(benzoic acid)),(N,N'-bis-(4-
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Reproduced with permission.**® Copyright©2019 The Royal Society of
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pyridylformamide)-1,4-benzenediamine),](DMF),, S-TMU-61)
(Fig. 14a),"*® which could also be employed as the SC electrode
material and exhibited an ultrahigh capacitance of 636.6 F g~ "
at 5 A g ' (Fig. 14b-d). The asymmetric SC (ASC) assembled by
using S-TMU-61 as the electrode material showed a high energy
density (25.73 W h kg™ ") and power density (2549.3 W kg™ ).
The capacitance of these kinds of MOFs was mainly attributed
to the pseudo-capacitance of the redox reaction of the metal
centers. Therefore, the number of active sites for the charge
storage and the conductivity of the 2D MOFs are essential for
their capacitance and rate performance, which are still chal-
lenges in the development of 2D MOF-based SCs.

e AN
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Conductive MOFs, a series of conjugated planar polymers,
are considered as the next-generation energy storage materials
due to the combined advantages of MOFs and conductive
materials. Their active sites and structural properties could be
flexibly adjusted to match the requirements of different types of
energy storage devices. The Bao group designed two kinds of
conductive 2D MOFs (Fig. 15a), i.e., M-HAB (M = Cu, Ni, and Coj;
HAB = hexaaminobenzene) and Cu-HHB (HHB = hexahydrox-
ybenzene)."*>**»'?> Among them, conductive M-HABs with
redox-active sites were investigated as the electrode materials of
SCs. The HRTEM and HAADF-STEM images of the as-prepared
Cu-HAB clearly show pores smaller than 1 nm with a honey-
comb arrangement along the [001] direction with dyo = 1.15
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Fig.15 (a) 2D MOFs in M3(CgXg) (M = Cu, Co, and Ni. X = NH, S, and O) family. (b) HR-TEM image of Cu-HAB along [001] that shows a hexagonal
pore packing with d 100 = 1.15 nm (a = 1.33 nm). Scale bar, 10 nm. Inset: Fourier transform of the image. (c) HR-TEM image of the region within
the red circle in (b). (d) Symmetry-imposed and lattice-averaged image calculated from the HR-TEM image. Embedded is the eclipsed structure
model of Cu-HAB. Scale bar, 2 nm. Experimental (e) and simulated (f) electron-diffraction pattern (eclipsed model) of Cu-HAB viewed along
[—110]. Scale bar 5 nm™. Inset (e): the crystal from which the electron-diffraction pattern was taken. Scale bar, 50 nm. (g) A space-filling model of
the Cu-HAB model. Blue, grey, green and white spheres represent N, C, Ni and H atoms, respectively; a.u.: arbitrary units. (h) Gravimetric and
volumetric rate performance for Ni-HAB pellet electrodes with different areal densities of 9, 35, and 65 mg cm™2. () Areal rate performance for
the Ni-HAB electrodes with different weight loadings. (j) Capacitance retention data collected by galvanostatic charge—discharge at 10 A g~*
Inset: galvanostatic charge—discharge profiles. (k) Comparison of the volumetric and areal capacitances of Ni-HAB additive-free electrodes
(green area) with the performance of other materials. Reproduced with permission.*® Copyright©2018 Nature Publishing Group.
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nm (Fig. 15b-g). Since the HAB linkers prefer to coordinate with
d® and d° metal species with a square-planar coordination
geometry, which could well maintain the highly ordered pore
channels along the (001) direction, M-HABs display excellent
diffusion ability as the SC electrode. Ni-HAB and Cu-HAB
exhibited high gravimetric capacitances of 420 F g~ and 215 F
g ! at the scan rate of 0.2 mV s, respectively (Fig. 15h). The
higher capacitance of Ni-HAB could be attributed to the oxida-
tion of Ni(u) to a higher valence state (Ni(1v)), which possessed
a larger pseudocapacitance compared to Cu-HAB. Another
important advantage of the Ni-HAB electrode was that the
assembled 2D conductive MOF sample had a high volumetric
density of 1.8 g ecm >, which led to a volumetric capacitance as
high as 760 F cm > (Fig. 15h) and an areal capacitance of 22.5 F
em ™2 at 0.2 mV s~ . This volumetric capacitance is abnormally
high for the electrode with a thickness of 50 um and almost
surpasses the best values of the carbon electrodes reported for
SCs (Fig. 15k).>*2*124 Ni-HAB also possessed high stability with
capacitance retention of 90% after 12 000 cycles at the charge-
discharge current density of 10 A g~ (Fig. 15j). Besides these
hexasubstituted benzene based conductive MOFs, 2D Nij(-
HITP), (HITP = 2,3,6,7,10,11-hexaiminotriphenylene) with
a remarkable bulk conductivity (5000 S m~ ") has also exhibited
excellent capacitive performance with a capacitance of 111 Fg ™"
at 0.05 A g~ and 90% capacitance retention after 10 000 cycles
at a current density of 2 A g~ 1.1

3.2. Applications of 2D MOFs in electrocatalysis

The electrochemical catalytic reactions are types of surface
reactions, in which the catalytic performance of the catalysts
greatly depends on their surface properties. 2D MOFs, with the
advantages of high active surface areas and flexible surface
chemical compositions, are regarded as promising catalysts.
Although the poor stability and low conductivity of some easily
prepared 2D MOFs have limited their applications in

View Article Online

Review

electrocatalysis, recent work has demonstrated that the appli-
cations of the 2D MOFs as the electrocatalysts for the OER, ORR,
HER, and CO,RR could be realized by constructing 2D MOFs/
conductive substrate composites or by using conductive 2D
MOFs.

3.2.1. 2D MOFs for the OER. Similar to the transition metal
(Fe, Co, Ni, Mn) oxide/hydroxide/oxyhydroxide based high-
performance OER electrocatalysts,"***** MOFs containing tran-
sition metal ions could also exhibit high catalytic performance
toward the OER (Table 2). The Pang group synthesized ultrathin
2D Co,(OH),(BDC) nanosheets with a thickness of ~2 nm by
a simple surfactant-assisted hydrothermal method, which
exhibited good electrocatalytic activity for the OER with a low
overpotential of 263 mV at 10 mA cm ™2, a Tafel slope of 74 mV
dec™, and good stability (~5% degradation for 4 h at 1.5 V vs.
RHE) in 1.0 M KOH." The authors claimed that the high OER
performance should be ascribed to the large amount of unsat-
urated Co" active centers on the surface of the Co,(OH),(BDC)
nanosheets which could convert to highly active Co"™-OH
intermediate sites.’® In addition, bimetallic 2D MOFs, such as
Ni/Co MOF nanosheets, have displayed much better catalytic
OER performance compared to the corresponding single-
metallic 2D MOFs.**>** For instance, the Tang group reported
ultrathin bimetallic Ni/Co MOF nanosheets (NiCo-UMOFNs)
with a thickness of about 3.1 nm (Fig. 16a-d)."** These NiCo-
UMOFNSs presented a low overpotential of 250 mV at the current
density of 10 mA cm ™2 with a small Tafel slope of 42 mV dec™*
and excellent stability while being used as an OER electro-
catalyst under alkaline conditions (Fig. 16e and f). The superior
performance of the NiCo-UMOFNSs could be attributed to the
orderly distributed metal atoms in the NiCo-UMOFNSs (as shown
in the HAADF-STEM image in Fig. 16c), which could provide
sufficiently exposed active sites for the OER. Moreover, the
authors evidenced that the coupling effect between Co>" and
Ni** in NiCo-UMOFNs (ie., a part of the electrons have

Table 2 Comparison of the OER and HER performances of different 2D MOFs

Loading (mg

Tafel slope

Material/substrate  Application cm™?) Electrolyte 7 (mV) @ 10 mA em > (mV dec™ ') Catalytic stability Ref.
Co,(OH),BDC/GC OER 0.25 1 M KOH 263 74 ~5% degradation for4 h at 1.5V 131
NiCo-UMOFNs/GC ~ OER 0.2 1 M KOH 250 42 Almost unchanged for 3 hat 1.5V 134
Ni-MOF®@Fe-MOF/GC OER 0.2 1 M KOH 265 54 N/A 138
NiFe-UMNs/GC OER 0.4 1 M KOH 260 30 Almost unchanged for 3 h at 1.5V 139
Co-ZIF9/GC OER 0.21 1 M KOH 380 55 ~6% degradation for 10 h at 1.7 V 140
MOF/OM-NFH/GC  OER 0.4 1 M KOH 270 123 ~18% degradation for 11 hat1.5V 132
MIL-53(FeNi)/NF OER N/A 1 M KOH 233 @50 mAem > 313 Almost unchanged for4 hat 1.45V 133
NiFe, ,C003-ZIF/NF  OER N/A 1M KOH 216 @ 100 mA cm ™2 23.25 Almost unchanged for 20 h at 1.52 V141
Co-BTH/GC HER N/A H,SO, (pH = 1.3) 185 88 N/A 142
Ni-THT/GC HER N/A 0.5 M H,SO, 330 80.5 N/A 143
Co-THTA HER N/A 0.5 M H,SO, 283 74 Unchanged for 4 h at 10 mA cm 2 144
UiO-66-NH,-Mo/GC HER N/A 0.5 M H,SO, 125 59 Almost unchanged for 7 h at —0.2V 145
Nig.gFeo»-MOF/NF  OER N/A 0.1 M KOH 240 34 ~3% degradation for 5.5 h at 1.42V 146
HER 134 N/A Almost unchanged for 5.5 h at —0.2 V
NiFeZn-MNS/NF OER N/A 1 M KOH 308 @ 50 mAcm > 49 ~5% degradation for 120 h at 1.62 V147
HER 180 N/A N/A
IrO, OER N/A 0.5 M KOH 411 91 N/A 148
RuO, OER N/A 0.5 M KOH 358 55 N/A 148
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Reproduced with permission.*** Copyright©2016 Nature Publishing Group.

transferred from Ni** to Co** through the oxygen of the ligands)
and the coordinatively unsaturated metal sites on the surface
were constructive for the high electrocatalytic performance of
NiCo-UMOFNs toward the OER. As shown in Fig. 16g and h, the
electron transferred from Ni** to Co®" could strengthen the 7-
donation of the Co®" sites and weaken the e -e~ repulsion of
the Ni** sites, both of which could enhance the electron-with-
drawing ability of NiCo-UMOFNs and consequently lower the
OER overpotential. Similar to the NiCo-UMOFNs, some other
2D bimetallic MOFs, such as Fe/Ni-MOFs,"** Fe/Co-MOFs,**® and
Co-Fe/Ni@HPA-MOF,"” also exhibited excellent catalytic
performance for the OER.

3.2.2. ORR. Commercial fuel cells demand precious metal
catalysts to boost the ORR on the cathodes. The development of
highly efficient ORR electrocatalysts at low costs is urgently
needed. Low-cost electrocatalysts, such as non-precious transi-
tion metal oxides,'* carbon materials,"**** and non-precious
metal-nitrogen-carbon composites,'*> are widely employed as
the electrocatalysts for the ORR. Usually, pure MOFs with low
stability, high-valance metal centers, and poor conductivity are
not suitable for the ORR application. Although various MOFs,
such as [Cu,(OH)(bpy),(btc)s], [Fex(Fe(tcpp))Cl], [Cus(btc)y(H,-
0);], and [Co(mim),], have been employed as the ORR electro-
catalysts,'****” the conductivity of these 2D MOFs still cannot
meet the high requirements for the high-performance ORR
electrocatalysts and the half-wave potential (E;,,) of the ORR on
these 2D MOFs is always lower than 0.80 V vs. RHE (Vgyg)-
Compositing active 2D MOFs with conductive substances could
effectively enhance the overall conductivity of the resulting

This journal is © The Royal Society of Chemistry 2020

hybrid materials. For example, copper-centered MOF nano-
sheets composited with graphene achieved a much better
catalytic performance toward the ORR."® However, the greatest
challenge for conventional 2D MOFs as the electrocatalysts is to
break the electrical blockage on the metal centers driven from
the organic ligands.

Recently, several highly stable conductive 2D MOFs were also
employed to catalyze the ORR. As shown in Fig. 17a-c, 2D
Ni3(HITP), with a highly conjugated framework and a striking
conductivity was used as the electrocatalyst for the ORR and
exhibited an onset potential of 0.82 Vryg.'*® More recently, Feng
and coworkers prepared a series of conjugated MOFs and
employed them as the ORR electrocatalysts. For example,
a phthalocyanine-based layered 2D conjugated MOF was con-
structed using copper phthalocyanine (PcCu) and square-planar
cobalt bis(dihydroxy) complexes (Co-O,) as the linkages (PcCu-
05-Co0)."*° Fig. 17d displays the structure of PcCu-Og-Co, which
was periodically assembled using Co-O, and PcCu-O, coordi-
nation units. In this kind of MOFs, the square-planar Co-O,
could not only efficiently transfer the electrons between the two
conjugated PcCu to construct a large 2D conjugated plane but
also work as highly active sites for the ORR due to its specific
electronic configuration (with single-electron occupied e,
orbitals). Then, the PcCu-Og—Co was composited with CNTs
and exhibited further enhanced catalytic performance for the
ORRwith a E;, of 0.83 Vi and a limiting current density of 5.3
mA cm ™ (Fig. 17e). This work for the first time highlighted 2D
MOFs as ORR electrocatalysts and verified that tuning the

Nanoscale Adv., 2020, 2, 536-562 | 549
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Fig. 17 (a) Perspective view of the 2D layered structure of Niz(HITP),.
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sphere (red) as well as of the blank glassy carbon electrode in a N;
versus O, atmosphere (blue and purple, respectively). (c) Activation-
controlled Tafel plot for the Niz(HITP),-electrocatalyzed ORR.
Reproduced with permission.**® Copyright©2016 Nature Publishing
Group. (d) Structure of PcM-Og-Co. (e) LSV curves for the as-prepared
PcCu-0Og-Co/CNTs. (f) Possible reaction route for the ORR in CoQO4
sites. Reproduced with permission.’*® Copyright©2019 WILEY-VCH
Verlag GmbH & Co. KGaA.

electronic structures of the 2D MOFs was an effective way to
optimize their catalytic activities toward the ORR (Fig. 17f).
3.2.3. 2D MOFs for the HER. Hydrogen energy has been
considered as a promising alternative to fossil fuels in the
future energy strategies because it's environmentally friendly
and renewable.'** 2D transition metal-based (e.g. Fe, Co, and Ni)
MOFs have been used (as alternatives to noble metal-based
electrocatalysts) for catalyzing the HER during water electrolysis
to increase the faradaic efficiency and lower the reaction over-
potential.**> Due to the advantage of well-dispersed metal active
sites, metal (e.g., Fe, Co, and Ni) dithiolene complexes are
widely considered as one of the most efficient HER catalysts
(Table 2). Marinescu et al. constructed 2D Co-based MOFs
(Fig. 18a and b) with benzenehexathiol (BHT) or triphenylene-
2,3,6,7,10,11-hexathiol (THT) as the organic linker to integrate
the cobalt dithiolene catalytic sites.’® Owing to the high Co
loading and good stability, Co-BHT and Co-THT exhibited
remarkable stability and catalytic activities with overpotentials
of about 0.34 and 0.53 V at 10 mA cm™ >, respectively, under
acidic conditions. With a higher average concentration of Co on
the surface of Co-BHT, consequently, Co-BHT (3.7 x 10"° mol,
cm %) displayed better catalytic activity than Co-THT (2.5 x
10~® molg, em~?). The authors also investigated 2D metal-BHT
frameworks with different metal centers as the electrocatalysts
for the HER at pH = 1.3.** The electrocatalytic activity of the
investigated 2D metal-BHT frameworks followed the order of
Co-BHT > Ni-BHT > Fe-BHT. In detail, Co-BHT showed the
lowest HER overpotential of 185 mV at 10 mA cm™ >.'%* Apart
from altering the kind of active metal centers in the 2D MOFs,
improving the electronic structure (e.g. increasing the electronic
density) of the metal sites is also an effective way to enhance the
HER activity of 2D MOFs. Feng et al. immobilized three different
metal sites, including metal dithiolene-diamine (MS,N,, M =
Co and Ni), metal bis(dithiolene) (MS,), and metal bis(diamine)
(MN,), into the 2D MOFs based on the metal dithiolene-
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diamine coordination (THTA-M), as shown in Fig. 18c.*** The
electrocatalytic HER activity of these 2D MOF-based catalysts
followed the order of MS,N, > MN, > MS,. Particularly, for the
THTA-Co integrated with MS,N,, the electrocatalytic H, evolu-
tion occurred at an overpotential of 283 mV at 10 mA cm ™2 in
0.5 M H,S0, (Fig. 18d). The theoretical calculations (Fig. 18e)
demonstrated that, for proton reduction, the M-N units were
more active than the other possible active sites (e.g., N-N, N-S,
-Co, Co-S, and S-S). Additionally, the coordination with S
improved the H, adsorption ability of the atomic Co, leading to
an enhanced HER catalytic activity of CoS,N, compared to CoN,
and CoS,. Furthermore, bimetal-based MOFs also presented
excellent catalytic performance for the HER. Zhao et al. reported
a general dissolution-crystallization approach for the in situ
growth of ultrathin nanosheet arrays of 2D bimetal-based
MOFs."® The synthesized NiFe-MOFs demonstrated superior
electrocatalytic performance toward the HER with good stability
and a low overpotential of 134 mV at 10 mA cm > in 0.1 M KOH.
The authors attributed such an outstanding HER activity to the
optimal structural characteristics of the electrocatalysts,
including highly exposed molecular metal active sites owing to
the ultrathin MOF nanosheets, improved electrical conductivity
through the 2D nanostructuration, and a combination of the
hierarchical porosity.

3.2.4. 2D MOFs for the CO,RR. 2D MOF-based catalysts
without noble metal centers used for the CO,RR have caught
much attention due to their advantages in both molecular and
geometric structures,*****® including the flexible manipulation
of spatial arrangement of the active centers, the functionalized
modification of linkers in frameworks, and the ultrathin
morphology.** Yang et al. constructed the cobalt-porphyrin
MOF, Al,(OH),TCPP-Co, into a thin film on conductive
substrates via atomic layer deposition.'® Compared to other
metal-centered (e.g. Zn and Cu) porphyrins, Al,(OH),TCPP-Co
revealed the best CO selectivity with a faradaic efficiency of 76%
at —0.7 Vgyg and excellent stability over 7 h with a turnover
number (TON) of 1400. The authors attributed such an
outstanding activity to the existence of Co(i) during the catal-
ysis, where the CO, was bonded. For most MOF-based electro-
catalysts for the CO,RR, CO is the main product and multi-
electron reduction products such as methane, ethanol, and
ethylene barely appear. However, Koper et al. reported that Co
protoporphyrin (CoPP) could not only reduce CO, to CO but also
produce methane and a small amount of HCOOH and meth-
anol."”® The authors investigated the mechanism of CO,RR on
CoPP and revealed that the moderately acidic conditions were
beneficial for the further reduction of CO due to the weak
bonding of CO on Co(1). In that case, functionally modifying the
linkers of the 2D MOFs would be an effective way to enhance the
selectivity toward hydrocarbons or alcohols by strengthening
the adsorption of the *C,H,0, intermediates, e.g. *CHO and
*COCOH (the symbol “*” represents the adsorbed site), during
the CO,RR.

3.2.5. Challenges of 2D MOFs for electrocatalysis. 2D MOFs
have been used as electrocatalysts not only due to their struc-
tural flexibility, but also due to their ultrathin morphology to
expose the well dispersed metal centers to the maximum extent.

This journal is © The Royal Society of Chemistry 2020
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Their catalytic activity could be enhanced via adjusting the
electronic structure of the metal centers, such as generating
unsaturated metallic active centers or increasing the electronic

catalytic mechanism and design more stable MOF-based elec-
trocatalysts. The structural stability issue needs to be tackled
before the 2D MOFs could be practically used in electrocatalysis.

density of the active centers to strengthen the adsorption of
intermediates.””® However, the poor structural stability is
a common problem for the 2D MOFs directly working as the
electrocatalysts. For example, if the organic ligands in MOFs are
labile in the electrochemical reactions, the coordinatively
unsaturated metal centers would be generated and result in
poor long-term stability. Usually, thinner 2D MOFs exhibit more
serious crystal structure damages during the electrocatalysis.
Some techniques such as in situ XRD and FT-IR analysis could
be employed to recognize the structural evolution of the MOFs
within the electrocatalysis in order to better understand the

4. 2D MOF derivatives for
electrochemical energy storage and
electrocatalysis

Although a number of 2D MOFs have been employed as elec-
trochemical energy storage materials and electrocatalysts in the
past few years, the unsatisfactory conductivity and stability still
hinder their further applications in these fields. Nevertheless,
the 2D MOF derivatives (which can be easily obtained from the

This journal is © The Royal Society of Chemistry 2020 Nanoscale Adv, 2020, 2, 536-562 | 551
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2D MOF precursors through a simple thermal treatment in
different atmospheres), such as carbon materials, metal, metal
compounds, and their composites, with improved physical and
chemical properties as well as new functions have attracted
increasing attention for electrochemical energy storage and
electrocatalysis. In this section, we highlight some promising
applications of 2D MOF derivatives in batteries, SCs, OER, HER,
ORR, and CO,RR.

4.1. 2D MOF derivatives for electrochemical energy storage

2D MOF derivatives with an ultrahigh specific area and well-
defined pore distribution demonstrate a large number of active
sites for ion storage, exhibiting a great potential for energy
storage devices (Table 3). In this section, we highlight some of
the 2D MOF derivatives, such as carbon nanosheets, inorganic
metal compound nanosheets, and their composites, as the
electrode materials in batteries and SCs.

4.1.1. 2D MOF derivatives for batteries. 2D carbon nano-
sheets derived from 2D MOFs were reported by our group and
applied in LIBs.'* As shown in Fig. 19a and b, through a simple
carbonization, ultrathin 2D Zn(bim)(OAc) nanosheets with an
average thickness of about 5.2 nm were transformed into
ultrathin carbon nanosheets (UT-CNSs) with a thickness of 2.5
=+ 0.8 nm. Fig. 19¢ shows the rate performance of the UT-CNSs
as the LIB anode materials, where the UT-CNSs could reach an
initial capacity of 2493 mA h g ! and maintained a reversible
capacity of 1229 mA h g~ * at the current density of 100 mA g~ *
(Fig. 19d and e). Moreover, even at a high current density of 10 A
g~ ', the UT-CNSs still exhibited a high capacity of 553 mAh g™,
implying excellent rate performance (Fig. 19f and g). The high
capacity and excellent rate performance were mainly due to the
superior conductivity and ultrathin morphology of the UT-
CNSs. Moreover, compared to other templated CNSs, the UT-
CNSs derived from 2D MOFs had controllable pore distribution
with more mesopores, which are the superior qualities for
energy storage.'®

In addition, porous inorganic metal compounds and their
carbon-based composites derived from 2D MOFs have also
attracted intensive attention as the anode materials for LIBs in

View Article Online
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recent years. For instance, 2D mesoporous hetero-ZnFe,0,/ZnO
nanosheets (ZFOZ NSs) derived from Zn;[Fe(CN)s] were
employed as the anode for LIBs and exhibited long-life cycling
behaviors and large reversible capacities at high rates.’”® Other
2D MOF-derived metal oxides and their inorganic composites,
such as Co030,4,"" C03;0,-NiO,®* Fe;0,@NC,* and CoO@C,*
also exhibited excellent lithium-ion storage ability. Especially,
CoO®@C, with the advantages of both metal oxides and carbon
materials, showed excellent LIB performance. As shown in
Fig. 19h-i, the CoO nanoarrays with a thin carbon layer on the
surface (CoO@C) were directly derived from 2D Kagéme MOF
nanoarrays. Benefiting from the well-organized core-shell
structure, CoOO@C exhibited a highly reversible capacity of 1003
mA h g~ for over 200 cycles at the current density of 0.2 A g™,
superior rate capability (620 mA h g " at2 A g~ "), and excellent
cycling stability (Fig. 19j-1).

2D MOF derivatives also show great potential for other
batteries, such as SIBs, Li-S Dbatteries, and Zn-air
batteries.*®!%-18 [t is well known that the diffusion of Na" in the
electrodes is more difficult than that of Li" due to the larger
radius of Na*.*® Thus, the electrode materials for SIBs require
more mesopores and larger interlayer distances for the Na*
intercalation.'*>****” 2D MOF derivatives with an ultrathin
morphology and hierarchical pore structure were widely
employed as the suitable electrode candidates for SIBs.'*® For
example, Fang and co-workers fabricated a leaf-like 2D CoZn-
MOF, which was then directly converted to a Co0304/ZnO
hybrid."” Due to the homogeneous distributions of Co;0, and
ZnO, the Co;0,4/Zn0O hybrid exhibited a high rate property of 242
mA h g at 2 A g~". Moreover, the harmonious multi-step
conversion reaction of Co;0, and ZnO was helpful for volume
buffering, leading to outstanding cycling stability (with capacity
retention of 91% after 1000 cycles at 2 A g~ '). In addition, this
kind of leaf-like 2D Co-MOFs could also be converted to other
inorganic metal compounds, which could further boost the
performance of SIBs."”* The Wu group developed a versatile and
scalable protocol for the synthesis of 2D holey cobalt sulfide (h-
Co,S;) from leaf-like 2D Co-MOFs (Fig. 20a-c).””® Benefiting
from the 2D nanosheet nature with in-plane mesopores (with

Table 3 The performance of different 2D MOF derivatives used for LIBs, SIBs, and SCs

Materials Application Thickness/nm Specific capacity Rate performance Cycles Ref.
NCH LIB 3.7 609mAhg 'at1Ag™’ 510mAhg'at2Ag" 500 171
UHCS-900 LIB 1-2 750 mA h g~ " at 0.5C 700 mAh g™t at 1C 250 172
NCW@Fe;0,/NC LIB N/A 1741mAhg 'at1Ag" 723mAhg 'at10A g’ 600 25
ZnFe,0,/Zn0 NSs LIB 2-10 537 mAhg 'at0.5Ag " 266 mAhg 'at1.5A¢g" 500 173
C030,/Zn0 LIB 109 716mAhg 'at1Ag™’ 404mAhgltat4aAg! 1000 174
Co0@C LIB N/A 991mAhg 'at02Ag " 587mAhglat2Ag’ 300 29
NPCNs SIB 2.7-6 322mAhg 'at0.1Ag "’ 194mAhg 'at10Ag " 1000 175
h-Co;0, NSs SIB 10-30 571mAhg 'at0.1Ag " 257mAhg tat12Ag™" 400 176
NiSe,/NC SIB 6 410mAhgtat1Ag’ 255mAhgtat10Ag™" 1000 58
NiFe,@NCNs SIB 10 289mAhg 'at0.1Ag™" 268mAhg 'at10A g’ 5000 177
Ni(OH),@ZnCoS NSs SC 120 2730 Fg ' at 3 mA cm 2 390 mF cm ™2 at 15 mA cm 2 10 000 33
CoSNC SC 42 360Fg 'at1.5A¢g " 205Fg 'at30Ag " 2000 178
APC SC 3.5 260F g 'at0.5Ag " 165Fg 'at10A g™’ 5000 47
CC@C0;0,4 SC 100-150 322Fg 'at6.25A¢g " 260 Fg 'at100 Ag " 10 000 179
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. (e) charge—discharge profiles at the current density of 100 mA g%, (f) rate performance
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permission.*** Copyright©2018 The Royal Society of Chemistry. (h) Sche
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matic illustration of the synthesis process of CoO@carbon dandelions. (i)
crystal analysis and FESEM image of the as-synthesized CoO@carbon

dandelions. (j) Charge—discharge curves, (k) cycling performance and (l) rate performance of CoO@carbon dandelions. Reproduced with

permission.?® Copyright©2018 WILEY-VCH Verlag GmbH & Co. KGaA.

a diameter of 2-30 nm), ultrathin morphology (<30 nm), and
microscale lateral size providing more active sites and
enhanced sodiation/desodiation kinetics, h-Co,S; exhibited
a high reversible capacity of 571 mAh g~ " at 0.1 Ag™ " (Fig. 20d).
Moreover, the h-Co;S, had the highest rate capacity of 254 mA h
¢ ! at a charge-discharge current density of 12 A g~ among the
reported cobalt sulfide-based SIB anodes (Fig. 20e).

Carbon materials and inorganic metal compound/carbon
composites with better conductivity are regarded as more suit-
able candidates for SIBs. Liu and co-workers reported a simple
method to prepare ultrathin nitrogen-doped porous carbon
nanosheets (NPCNs) from 2D layered MOFs (Zn-hexamine, Zn-
HMT) (Fig. 20f)."”> The SEM characterizations reveal the
successful fabrication of NPCNs (Fig. 20h) from Zn-HMT
nanosheets (Fig. 20g) and the AFM result shows that the
thickness of the as-prepared NPCNs is about 4.5 nm (Fig. 20i).

This journal is © The Royal Society of Chemistry 2020

Due to the high N content in the HMT, an ultrahigh N-doping
level (16.64 at%) was realized in the NPCNs. The N-doping in the
ultrathin carbon nanosheets could significantly enhance the
interlayer distance of the carbon lattice and provide abundant
active sites, which therefore significantly improves the sodium
storage performance of the carbon-based materials. In addition,
the mesopores originating from the removal of the Zn-based
contents could enhance the ion-diffusion property of the
NPCNs as the anode materials for SIBs. As a proof-of-concept
application, the NPCNs exhibited a high reversible capacity of
318 mA h g ' at 0.1 A g ' and maintained a high rate perfor-
mance with a capacity of 194 mA h g~" even at a high current
density of 10 A g~ ! for SIBs (Fig. 20j and k). In addition, the
HMT, as a universal organic linker, could easily coordinate with
the transition metal ions by using different coordination
modes, which were used to synthesize the metal- HMT and its

Nanoscale Adv., 2020, 2, 536-562 | 553
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derived inorganic metal compounds/C composites toward
superior SIB anodes. Later on, the same group reported a series
of Ni-based inorganic metal compounds/C (e.g., NiSe,/NC,*
NiTe,/NC,"”” and Ni/NC*°) by using Ni-HMT nanosheets as the
precursors, which displayed much better performance for SIBs
than the NPCNs.

Besides, 2D MOF derivatives can also be used as the elec-
trode materials in Li-S batteries due to their variable surface
elemental compositions and suitable pore distribution for S
storage. For instance, the Zhang group reported a thermal
method to in situ thermo-exfoliate layered 2D MOFs into ultra-
hydrophilic graphene stacks (UHCS) with a highly polar carbon
surface, hierarchically porous structure, and defined uniform
nanosheet morphology.*” This kind of porous carbon could
well cage-confine the polysulfides and provide a fine electron
and ion accessible environment. Therefore, a reversible manner
of the coupled redox reaction was achieved in UHCS as the
electrode of Li-S batteries.

4.1.2. 2D MOF derivatives for SCs. As discussed in Section
3.1.2, 2D MOFs with a high accessible area and short ion-
diffusion distance are regarded as suitable electrode materials
for SCs. However, the unsatisfactory conductivity of the
conventional MOFs and the as-prepared conjugated 2D MOFs
still hinder their wide application in SCs. Thus, in most cases,
2D MOFs are converted to carbon nanosheets or inorganic
metal compounds/C composites for better application in SCs.

554 | Nanoscale Adv, 2020, 2, 536-562
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The aforementioned UT-CNSs derived from UT-Zn(bi-
m)(OAc) developed by our group could not only be used in LIBs,
but also exhibited excellent performance while employed as
electrode materials in SCs.'** Benefiting from their high elec-
trical conductivity (due to the high degree of graphitization),
low contact resistance of the 2D materials, and large ultrathin
nanosheet morphology with a high-porosity structure, the UT-
CNSs showed a high capacitance of 347 F g~ at the current
density of 0.5 A g~ ". Even at a high current density of 10 A g™,
the UT-CNSs still presented a high gravimetric capacitance of
283 F g '. In addition to the 2D MOF-derived carbon nano-
sheets, the inorganic metal compounds/C materials derived
from the 2D MOFs with pseudocapacitive behaviors were
extensively investigated as the possible electrode materials for
SCs. For instance, Cao and co-workers reported 2D MOF-derived
2D CoS1.g97/nitrogen-doped carbon nanocomposites
(CoSNCs)."”® As shown in Fig. 21a, 2D porphyrin paddlewheel
framework-3 (PPF-3) MOF nanosheets (Fig. 21b) with a thick-
ness of ca. 12-43 nm (Fig. 21c) were synthesized by using
C0,(COO0), and TCPP as the reactants and 4,4’-bipyridine (BPY)
as the intercalation agent. Then, the PPF-3 nanosheets were
directly carbonized to the CoSNCs. As shown in Fig. 21d, the
nanosheet morphology was retained after the carbonization.
The top inset in Fig. 21d shows that the CoS; ¢9; nanodots are
uniformly distributed in the carbon matrix. All CV curves
(Fig. 21e) of the 2D CoSNC nanocomposite electrode exhibit
rectangular shapes with distinct redox peaks, which indicates
that the capacitance characteristics of this nanocomposite are
governed by both the faradaic redox reactions and EDLC
behaviors. The 2D CoSNCs also delivered a much higher specific
capacitance than that of the bulk CoSNC electrode (Fig. 21f).
Besides, the 2D carbon nanosheets and 2D inorganic metal
compounds/C derived from the 2D MOFs could also be
employed as the positive and negative electrodes for the asym-
metric SCs, respectively. As shown in Fig. 21g, the Co-MIM
nanosheets were firstly grown on carbon cloth, which were then
directly converted to the carbon nanosheets (CC@NCN) and
Co;0, nanosheets (CC@Co03;0,4) in different atmospheres.”®
CC@NCN (Fig. 21h) and CC@Co30, (Fig. 21i) exhibited highly
porous nanosheet morphologies. The asymmetric SCs assem-
bled with CC@NCN and CC@Co03;0, exhibited a maximum
energy density of 41.5 W h kg~ ' with a power density of 6.2 kW
kg~ ' (Fig. 21j), and delivered excellent durability with the
capacitance retention of 90.8% and 85.5% (compared to the
initial capacitance) after 10 000 and 20 000 cycles, respectively
(Fig. 21k). CC@NCN could also be employed as a superior
substrate to load different inorganic metal compounds (e.g:,
MnO,, (ref. 27) and ZnCoS*) to enhance the pseudocapacitive
performance.

4.2. 2D MOF derivatives used as electrocatalysts

Facile approaches to synthesize 2D MOFs provide an effective
way to obtain MOF derivatives with structural complexity and
tunable compositions.****> Owing to the ordered arrangement
of the metal ions and organic ligands in the MOF crystals, the
obtained MOF derivatives usually have nanoporous structures

This journal is © The Royal Society of Chemistry 2020
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and uniform distribution of different components (e.g., metal
nanoparticles and carbon).>*'** Moreover, the organic ligands in
MOFs enable the formation of carbon-based nanomaterials
after carbonization, leading to the improvement of the electrical
conductivity and electrochemical activity for the MOF deriva-
tives.** In this section, we highlight some promising applica-
tions of 2D MOF-derived materials for the electrocatalysis of the
OER, HER, and ORR.

4.2.1. 2D MOF derivatives for the OER and HER. 2D MOFs
are promising precursors or templates for electrocatalysts
owing to their ability of tuning the inherent electronic and/or
surface structure of the derivatives and endowing the resultant
products with hollow or porous nanostructures.***** The deriv-
atives of 2D MOF nanosheets, such as 2D metal oxides, metal
phosphates, and porous carbon based materials, have been
investigated as the electrocatalysts for the OER and HER.

This journal is © The Royal Society of Chemistry 2020

The derivatives of the Fe-, Co-, and Ni-based 2D MOF
nanosheets are considered as high-performance electrocatalysts
for the OER due to the high concentration of Fe, Co, and Ni
atoms/ions distributed on the surface of the electrocatalysts,
which can form catalytically active sites during the OER process,
such as the Co(iv)-OH and Ni(iv)-OH intermediates. Fan et al.
template-grew Ni-doped ZIF-67 nanosheets on Mxenes (TizC,Ty)
and then directly converted them to NiCoS/Ti;C,T, composites
through a heat treatment in the presence of sufficient S powder.
NiCoS/Ti;C,T, exhibited a low OER overpotential of 365 mV at
10 mA cm™? and Tafel slope of 58.2 mV dec™'.*** Wang fabri-
cated a series of Co, _,Fe,P nanoparticles embedded in 2D MOF-
derived carbon nanosheets and investigated their electro-
catalytic activities toward the OER."” As shown in Fig. 22a and
b, Co, ,Fe, 3-MOF nanosheets and Co, 5Fe, ;P/C nanosheets are
successfully obtained. The HRTEM image of Co,,Fe,;P/C
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Fig. 22 TEM images of (a) CogsFeq3-MOF nanosheets and (b)
Cog 7Fep3P/C nanosheets. (c) HRTEM image of CogFeq3P/C nano-
sheets. (d) LSV curves and (e) the corresponding Tafel plots of
Coy_xFe,P/C nanosheets and commercial RuO, catalyst in 1 M KOH
solution. (f) Polarization curves of the Cogq;Feq3P/C catalyst before
and after 1000 potential cycles. Reproduced with permission.*®”
Copyright ©2018 The Royal Society of Chemistry. (g) TEM image of Ni-
BDC nanosheets. (h) SEM and (i) HRTEM images of Ni@NC. (j) The OER
polarization curves and (k) the corresponding Tafel plots of various
Ni@NC samples and commercial IrO, catalyst in 1.0 M KOH solution. (1)
Polarization curves of the Ni@NC-800 catalyst before and after 1000
potential cycles. The inset of (1) is the chronoamperometric curve at
152 V (vs. RHE).**® Copyright©2017 WILEY-VCH Verlag GmbH & Co.
KGaA.

indicates that the Co; ,Fe,P nanoparticles are embedded in the
carbon nanosheets (Fig. 22c). The experimental results
demonstrated that moderate iron doping could preserve the
catalytically active sites. Hence, the Co,,Fe,3P/C had the best
activity with an overpotential of about 270 mV to reach an OER
current density of 10 mA cm ™2 (Fig. 22d) and a low Tafel slope of
27 mV dec ™" (Fig. 22e). Furthermore, Co, ,Fe, ;P/C also barely
delivered overpotential increase after 1000 cycles as the elec-
trocatalyst for the OER in 1 M KOH (Fig. 22f). Attributed to the
excellent spatial confinement of 2D materials, the sizes of
metals or metal inorganic compounds derived from the 2D
MOF nanosheets could be flexibly regulated by the thickness of
the 2D MOF precursors. For instance, sub-10 nm uniformly
distributed nickel nanoparticles encapsulated in few-layer
nitrogen-doped graphene (Ni@NC) could be facilely prepared
by using ultrathin Ni-BDC nanosheets as the precursor through
a high-temperature annealing treatment (Fig. 22g and h).**®
Owing to its ultrasmall particle size and complete carbon
coating (Fig. 22i), Ni@NC displayed an anodic current density of
10 mA cm™? at an overpotential of 280 mV (Fig. 22j) with a Tafel
slope as low as 45 mV dec " (Fig. 22k) as well as excellent
stability (Fig. 221).
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2D MOF derivatives with a high accessible surface area and
inhomogeneous plane electron distribution were also used as
catalysts for the HER. For instance, Lee reported a 2D MOF-
derived Co/N-doped carbon electrocatalyst for the HER.*®
Owing to its low H-atom binding energy on metallic cobalt and
high conductivity and stability of the carbon-encapsulated Co
nanoparticles, Co/N-carbon exhibited an outstanding activity
with a small overpotential of 103 mV at 10 mA cm >
synthesized CoP nanoparticles encapsulated in an ultrathin
nitrogen-doped porous carbon shell (COP@NC) using ZIF-9 as
the precursor via a two-step MOF-derivation route.”* Compared
to CoP@C (110 = 130 mV) and CoP (11, = 128 mV), CoP@NC
presented excellent performance with an overpotential of 78 mV
at 10 mA cm > and Tafel slope of 49 mV dec '. The DFT
calculation demonstrated that the dopants, CoP and N, were
beneficial to optimizing the binding energy of the H species on
the active sites and therefore led to better HER activity. More-
over, a number of 2D MOF derivatives can also work as
bifunctional catalysts for both the OER and HER. Du fabricated
phosphide-carbon nanosheet composites from 2D cobalt por-
phyrinic MOF nanosheets, which consisted of cobalt phosphide
nanoparticles embedded in mesoporous N-doped graphitic
carbon materials.*® This catalyst exhibited good electrocatalytic
activities for the HER in 0.5 M H,SO, and the OER in 1 M KOH
with overpotentials of 98 and 370 mV at 10 mA cm 2 and the
Tafel slopes of 74 and 79 mV dec ", respectively.

4.2.2. 2D MOF derivatives for the ORR. 2D MOF derivatives
with excellent dimensional properties (e.g. a high surface area,

Luo

suitable pore distribution, and abundant active sites) have been
considered as high-performance catalysts for the ORR.** For
example, 2D-hexagonal-leaf-like ZIF lamellae (ZIF-L) derived
ceria@2D-hexagonal-leaf-like  hierarchical porous carbon
nanosheets (CeO,~HPCN) reached a positive onset potential of
0.923 V for the ORR, which is quite similar to that of commer-
cial Pt/C.”** In addition, ZIF-67 can also be converted to 2D
carbon-based materials for the ORR due to its transformation
into a special 2D form during the heat treatment.®%'%*2%3-2% For
instance, graphene-like N,Co-CNSs derived from the ZIF-67
polyhedra via the molten salt method exhibited comparable
catalytic performance toward the ORR as the ZIF-L derived
materials. Furthermore, Huang and coworkers reported a facile
method to fabricate a 2D Co-N codoped carbon based electro-
catalyst (Co,N-CNS) by directly carbonizing the NaCl-caged 2D
Co-MIM MOFs.* The optimized Co,N-CNS-800 °C exhibited an
ORR E;, of 0.869 Vpyg, which was 23 mV more positive than
that of Pt/C. 2D MOFs synthesized by using LDHs as the
templates were also used to synthesize 2D MOF derivatives as
the catalysts for the ORR. Li and coworkers directly grew ZIF-67
on a Co-containing LDH, which could be directly converted to
a honeycomb-like Co-doped carbon material (LDH@ZIF-67-
800).2” Owing to its hierarchical structure, the LDH@ZIF-67-
800 delivered excellent catalytic performance with an E;, of
0.83 Vryg as well as a large diffusion-limiting current density of
5.5 mA cm 2. In addition, layered FeCl;-6H,O crystals could
also be employed to prepare organic-metal complexes by using
dopamine hydrochloride (DA-HCI) as the linker. As shown in
Fig. 23a, the DA molecules were assembled in the interlayer of

This journal is © The Royal Society of Chemistry 2020
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Fig. 23 (a) Schematic illustration of the overall synthetic procedure of
2D microporous carbon nanosheets (CNs). Representative (b) TEM, (c)
AFM images, and corresponding thickness distribution based on 50
height section measurements of NFe/CNs-700. (d) RDE polarization
curves of Pt/C, Fe/CNs-700, and NFe/CN catalysts prepared at
different temperatures. The catalyst loading amount is 0.1 mg cm™ for
all samples. Reproduced with permission.2°¢ Copyright ©2017 WILEY -
VCH Verlag GmbH & Co. KGaA.

the FeCl;-6H,0 crystals, which were then directly converted to
the N,Fe-codoped 2D porous carbon nanosheets (NFe/CNs).>*®
The TEM image shows that 2D NFe/CNs 700 has a wrinkle sheet
morphology (Fig. 23b). The AFM image and statistical thickness
distribution based on 50 height section measurements reveal
that the thickness of NFe/CNs 700 is about 10 nm (Fig. 23c).
Finally, the ORR performances of the as-prepared NFe/CNs and
commercial Pt/C were studied in 0.1 M KOH electrolyte. Among
them NFe/CNs 700 achieved a high E;, of 0.863 Vgyyug with
a limiting current density of 5.45 mA cm ™2, which was about 40
mV higher than that on Pt/C (Fig. 23d).

4.2.3. 2D MOF derivatives for other catalysis. Single atom
catalysts (SACs) have attracted intensive attention due to their
excellent catalytic performance. Accordingly, SACs have the
advantage of nearly 100% atom utilization. The bulk MOFs,
especially ZIF-8 and ZIF-67, were considered as suitable precur-
sors for the production of SACs due to that the stable coordi-
nated structures of metal ions and linkers could efficiently
prevent the aggregation of the metal ions during the carbon-
ization process. However, the low yield and low metal site utili-
zation of the bulk-like morphology have limited the practical
application of the bulk MOFs as the precursors for SACs. In
contrast, 2D MOF nanosheets, with a high surface area and low
thickness, were regarded as more suitable precursors for SACs.
For instance, Zuo and coworkers achieved an ultrahigh single Pt
atom loading of 12.2 wt% by carbonizing Pt-TCPP nanosheets.”*®
Besides, although some of the 2D MOF derived SACs have a low
metal loading, they still render ultrahigh catalytic activity. For
example, the Li group reported an ultrathin 2D nitrogen-doped
carbon (Co SAs/2D N-C) with a low Co-loading of 0.15 wt%.
Owing to the high accessible surface area and high metal utili-
zation, Co SAs/2D N-C achieved exceptional catalytic activity and
selectivity for the selective oxidation of silanes.**

This journal is © The Royal Society of Chemistry 2020
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5. Conclusions

In this review, some recent significant research progress on the
synthesis and applications of 2D MOFs and their derivatives is
summarized. First, we thoroughly reviewed the synthetic strat-
egies that have been developed for the 2D MOFs, including the
representative methods in both top-down and bottom-up
approaches. The mechanisms and the applicability of these
synthetic strategies are discussed. Then, the typical applications
of 2D MOFs and their derivatives for electrochemical energy
storage and electrocatalysis are reviewed. The advantages and
drawbacks of the 2D MOFs and their derivatives in these
applications are discussed.

Generally, the synthesis of high-quality 2D MOFs with a high
yield and at a low cost is one of the most critical challenges in
the development and application of 2D MOFs and their deriv-
atives. Although much effort has been made, some significant
challenges toward the practical application of the 2D MOFs and
their derivatives for energy storage and electrocatalysis still
exist.

(1) High-quality and scalable fabrication of the 2D MOFs still
needs continuous efforts. Both modifications/upgrades of the
currently existing synthetic strategies and the development of
novel synthetic methods to achieve better quality, higher yield,
and lower cost of the 2D MOFs are welcome. Regarding the
novel synthetic methods, electrochemical deposition, as a kind
of facile and economical synthesis method, might be a possible
solution since it could directly fabricate target materials on
conducting or semiconducting substrates (i.e., the current
collectors of the electrodes in energy storage and electro-
catalysis) with better conductivity compared to the powdery
material-based electrodes. To the best of our knowledge, facile
electrodeposition of 2D MOFs with a controllable morphology
and composition has not been achieved.

(2) The poor stability of the 2D MOFs hinders their wide
applications. Thus, constructing highly stable 2D MOFs with
strong coordination bonds is highly demanded in the future for
their applications under critical conditions such as for the OER.
The MOF structures with strong coordination bonds or signifi-
cant steric hindrance could possibly prevent the metal-ligand
coordination bonds from hydrolysis. Such strong metal-ligand
bonds could be probably designed based on the hard/soft acid/
base rule (i.e. the hard-acid metal ions coordinate with hard-
base ligands such as CH;COO ™, and the soft-acid metal ions
coordinate with the soft-base ligands such as CN").

(3) The currently reported conductive MOFs are all based on
high-cost organic ligands, which are far from practical appli-
cation. Thus, exploration of low-cost ligands for the construc-
tion of conductive MOF nanosheets is urgently needed. For
example, square-planar Cu(NH), and Ni(NH), nodes with a d-7
conjugation could probably be used to design and fabricate
highly conductive MOF nanosheets.

(4) The high tendency to agglomerate is another issue for 2D
MOFs. Although some strategies have been developed to
prevent 2D MOFs from agglomeration, more efficient and
economical methods are still desired.

Nanoscale Adv, 2020, 2, 536-562 | 557


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00719a

Open Access Article. Published on 06 January 2020. Downloaded on 10/29/2025 1:08:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

(5) The destruction of the pore structure and ordered surface
metal node arrangement during the transformation from the
2D MOFs to their derivatives is still one of the biggest issues for
the application of the 2D MOF derivatives. Thus, the develop-
ment of strategies to convert 2D MOFs to their 2D derivatives
while better maintaining the structural properties is highly
demanded in future research.
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