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Metal organic frameworks (MOFs) are promising electrocatalysts due to their high porosity, large specific
surface area and adjustable structure. Especially, two-dimensional (2D) MOFs with ultra-thin structure
provide more active sites and shorter diffusion distance for heterogeneous catalytic reactions.
However, the poor conductivity and poor stability of 2D MOFs impede their practical electrocatalytic
applications greatly. Therefore, 2D MOF-derived transition metal carbides, sulfides, phosphides, oxides,
and single-atom catalysts have been fabricated by carbonization, vulcanization, phosphorization or oxi-
dation strategies, which improve the conductivity and stability significantly. Here, the synthesis strate-
gies of 2D MOFs and their derivatives are summarized, and the factors affecting the geometries and
electronic structures of active sites are commented in detail. The electrocatalytic applications of 2D
MOFs and their derivatives in oxygen evolution reaction (OER), hydrogen evolution reaction (HER), oxy-
gen reduction reaction (ORR), carbon dioxide reduction reaction (CO2RR) and nitrogen reduction reaction
(NRR) are reviewed. The effect of the geometric construction and electronic configuration of active sites
(including metals, nonmetals, and defects) of 2D MOFs and their derivatives on the electrocatalytic per-
formance is detailedly discussed by combining experimental achievements and theoretical analysis.
Finally, the development prospects and challenges of 2D MOFs and their derivatives are proposed.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Metal-organic frameworks (MOFs) are a kind of porous materi-
als that combine organic and inorganic components by coordina-
tion bonds, presenting an infinite network structure of one, two,
and three dimensions in space [1]. In recent years, MOFs have
received extensive attention in gas storage and separation [2–4],
catalysis [5–9], lithium metal batteries [10], and magnetic and
molecular recognition [11–13]. MOFs are promising electrocata-
lysts [7], and their advantages are mainly manifested in the follow-
ing aspects. First, the highly ordered periodic arrangement of
massive cells favors the creation of pores [14], and thus MOFs have
the advantages of high porosity and large specific surface area. Sec-
ondly, the unique structure of MOFs and the densely distributed
metal nodes are helpful to improve electrocatalytic activity.
Finally, the active sites of MOFs are generally metal units, which
can be periodically arranged to make the active sites dispersed uni-
formly [15]. The pore size of most bulk MOFs is very small, which
makes the mass transfer slow and affects the charge transfer
process.
Inspired by 2D materials such as graphene and graphdiyne [16],
2D MOFs have been fabricated, which not only give full play to the
advantages of MOFs in the field of electrocatalysis, but also help to
overcome the shortcomings of massive MOFs to some extent. After
exfoliation, 2D MOFs have higher electrocatalytic activity than
massive MOFs because they have larger specific surface area and
more active sites, which are conducive to improving the electrocat-
alytic performance [17,18]. Additionally, the ultra-thin structure of
2D MOFs favors exposing rich redox-active centers and shortening
the diffusion distance, which is conducive to improving the ion and
electron transfer rate in the electrocatalytic process. Moreover, the
conductivity of traditional bulk MOFs is poor. In contrast, 2D MOFs
have ultra-thin porous structure, which can increase the carrier
concentration and improve the conductivity. Furthermore, the tor-
tuous channels of bulk MOFs hinder the exposure of active sites,
and reduce the contact between active centers and reactants, while
rapid mass transfer of reactants and products can be achieved in
2D MOFs. In addition, the structure can be adjusted by modulating
metal nodes and organic ligands [19–21]. Metal ions with ideal
oxidation state are realized in 2D MOFs by regulating organic
ligands. Cui et al. prepared 2D NiFe-DOBDC (H4DOBDC = 2,5-dihy
droxyterephthalic acid) (NiFe-MOF-74) ultrathin nanosheets array
on NF [22]. This 2D fold sheet structure helps to expose more
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active sites, and provides rich defects. In 1 M KOH, the overpoten-
tial at a current density of 20 mA cm�2 (ƞ20) on NiFe-DOBDC-74
was 240 mV, which was smaller than that of Ni-DOBDC-74
(278 mV), Fe-DOBDC-74 (260 mV) and RuO2 (315 mV). In addition,
the charge transfer resistance (Rct) of NiFe-DOBDC-74 was 42.32X,
which was smaller than that of Ni-DOBDC-74 (211.7 X) and Fe-
DOBDC-74 (160.5 X), indicating that NiFe-DOBDC-74 had higher
conductivity and faster proton discharge kinetics.

Although 2DMOFs have great advantages over many other elec-
trocatalysts, they also have some disadvantages, such as poor con-
ductivity and poor stability, which will affect their electrocatalytic
applications [17]. To overcome the shortcomings, researchers gen-
erally convert 2D MOFs materials into their derived transition
metal sulfides, phosphating compounds, selenides, transition
metal carbides, transition metal oxides and single metal atoms
supported on carbon-based nanosheets [18]. The derived carbon-
based nanosheets can enhance the conductivity, while the formed
transition metal sulfides, phosphides and selenides can increase
electrocatalytic activity and stability. Transition metal oxides have
excellent electrocatalytic stability and high electrocatalytic toler-
ance. The single-atom electrocatalysts supported by carbon-
based materials can reduce electron transfer resistance and
enhance the electrocatalytic efficiency.

Compared with traditional bulk MOFs, 2D MOFs derived metal/-
carbon composites, metal oxides, metal sulfides and metal phos-
phates can not only retain the unique 2D structure, high specific
surface area and high porosity of the precursors, but also increase
the conductivity and the charge transfer. Since the channels of
MOFs would collapse during high-temperature annealing process,
the metal species will congregate [23]. Compared with 3D MOF-
derived materials, the aggregation of metal species in 2D MOF-
derived materials can be better inhibited due to spatial isolation
effect [24,25]. Thus, 2D MOFs derivatives have higher specific sur-
face area, more active sites, faster mass transfer rate and better
conductivity. Li et al. chose 1D Co-BTC (BTC = 1,3,5-benzenetricar
boxylic acid), 2D Co-BDC (BDC = 1,4-benzenedicarboxylic acid)
and 3D Co-DHTP (DHTP = 2,5-dihydroxyterephthalate) to obtain
1D Co3O4/CBTC, 2D Co3O4/CBDC and 3D Co3O4/CDHTP by pyrolysis
method [26]. They found that 2D Co3O4/CBDC had smaller Co3O4

nanoparticles than 3D Co3O4/CDHTP, which may be due to the 2D
interlayer limiting the aggregation of nanoparticles, thus exposing
more active sites. In addition, 2D Co3O4/CBDC inherited the 2D
structure of the precursor, and its specific surface area was
181.9 m2/g, which was higher than 1D Co3O4/CBTC (75.6 m2�g�1)
and 3D Co3O4/CDHTP (98.7 m2�g�1). In 1.0 M KOH, 2D Co3O4/CBDC

exhibited an OER overpotential of 208 mV (ƞ10), lower than 1D
Co3O4/CBTC (295 mV) and 3D Co3O4/CDHTP (260 mV). 2D array struc-
ture can help the formation of *OH intermediate, thus promoting
the first step of OER.

2D MOFs and their derived 2D materials have been rapidly
developed and applied in the electrocatalytic hydrogen evolution
reaction (HER) [27–29], oxygen evolution reaction (OER) [30–32],
oxygen reduction reaction (ORR) [33,34], CO2 reduction reaction
(CO2RR) [35–37] and nitrogen reduction reaction (NRR) [38,39].
Water electrolysis can be used for large-scale production of hydro-
gen [40]. Renewable energy such as solar energy and wind energy
can be converted to clean hydrogen energy, which is a sustainable
production model. Water electrolysis mainly includes two semi-
reactions, namely OER and HER. For the HER, as early as 2011,
Nohra et al. reported that polyoxometalate-based MOFs (POMOFs)
showed HER activity, and later researchers made many explo-
rations on MOF-based HER electrocatalysts [41]. The introduction
of other metal elements into single-metal MOFs can adjust the
original electronic structure and optimize the catalytic activity. In
2018, Lu et al. prepared a NiFe-H2BDC-NH2 (H2BDC-NH2 = 2-amino
terephthalic acid) [42], which showed excellent HER catalytic
2

activity with an overpotential (g10) of only 79 mV at 10 mA�cm�2.
They also synthesized a bimetallic FeNi(BDC)(DMF, F)/NF
(DMF = N, N-dimethylformamide, NF = nickel foam) with outstand-
ing OER and HER activity [43].

2D MOFs have been used as templates to prepare 2D carbon-
based materials to improve the electrocatalytic activity of HER.
Wang et al. synthesized Co2(2-Melm) (2-Melm = 2-methylimida
zole) nanosheets and then sulfurized them to form N-CoS2@NC/
Ti. After sulfurization, the N content in CoS2@NC increased, and
there were many types of Co-Nx species, which could regulate
the electronic structure of Co sites, thus showing high HER activity
[44]. Zhang et al. prepared CoFeP TPAs/Ni (TPAs = triangular plate
arrays) with excellent stability [45]. Xu et al. used 2D Ni2-(bdc)2ted
(bdc = 1,4-benzenedicarboxylic acid; ted = triethylenediamine) as
the precursor to prepare nitrogen-doped graphene-shell Ni
nanoparticles (Ni@NC) by high-temperature annealing in a nitro-
gen atmosphere. By adjusting the annealing temperature, the
obtained Ni@NC-800 had high stability and tolerance to HER in
an alkaline solution [46]. 2D MOFs and their derivatives are widely
used in the field of water electrolysis, and through the regulation of
their structures, the active surface area can be increased by the
construction of hollow/porous structures and self-supporting
structure. In addition, single-atom structure can be fabricated to
enhance the density of active sites, thereby enhancing HER cat-
alytic activity [47]. Zhou et al. studied the catalytic activity of sev-
eral metal atoms immobilized on C9N4 for the HER by calculating
the Gibbs free energy (DGH*) of hydrogen adsorbed on different
metal sites [48]. The calculated DGH* is shown in Fig. 1a. The
DGH* (N) values of Co–, Ni- and Pt-based catalysts are close to zero,
indicating that the N atoms in these systems can adjust the elec-
tronic structure of metal sites for promoting HER. For OER, it
belongs to a four-electron transfer process, and the required over-
potential is large and the kinetics is slow, which is the key step in
electrocatalytic water splitting. Whether in acidic or alkaline
media, OER involves OH*, O* and OOH* intermediates, and the
OER activity depends largely on the surface binding energy of these
intermediates. At present, the commercial OER catalysts are mainly
IrO2 and RuO2. IrO2 has a strong binding force with oxygen inter-
mediates [49,50], while RuO2 has a weak binding force with oxy-
gen intermediates [51,52]. Since Ir and Ru are precious metals,
they cannot be used on a large scale due to their high cost and scar-
city. From Fig. 1b, the OER activity of Co3O4 is comparable to that of
noble metal oxides, which provides a possibility to substitute noble
metals [53,54]. Adjusting the metal center and ligand components
of 2D MOFs can optimize the electronic configuration of the cata-
lyst, promote the adsorption of the intermediate in the rate-
limiting step, and achieve fast electron transfer, thus improving
the intrinsic activity, whichmainly includes the regulation of metal
centers and ligands. Pang et al. synthesized ultrathin single-metal
2D Co2(OH)2BDC nanosheets, showing a low overpotential (g10) of
263 mV [55]. Zhu et al. prepared bimetal 2D Ni (Fe)-BDC
nanosheets [56]. The strong coupling effect of Fe and Ni made them
exhibit high OER activity. Organic ligands can effectively regulate
the electronic structure of metal centers, and improve the conduc-
tivity of MOFs. Li et al. obtained 2D CoBDC-Fc by replacing BDC
ligand with carboxyl ferrocene (Fc) by ligand-deficient method,
which produced unsaturated Co sites and tuned the coordination
environment of metal centers [57]. Du et al. prepared a new 2D
[Ni3(C32H16N16)]n (NiPc-MOF) based on nickel phthalocyanine
[58], and found that the ligand in NiPc-MOF can improve the con-
ductivity, which is helpful for electron transfer in the OER process.
By controlling the composition of precursors and heat treatment,
the composition and structure of MOF derivatives can be con-
trolled, thus effectively improving the catalytic performance. Zhao
et al. prepared N-, O-, and S- doped Co9S8 nanoparticles with
enhanced conductivity and improved charge transfer ability [59].



Fig. 1. (a) HER volcano curve. Reproduced with permission from ref. [48]. Copyright 2019, Royal Society of Chemistry. (b) Volcano plot of OER overpotential. Reproduced with
permission from ref. [54]. Copyright 2019, Wiley-VCH. (c) Trends in oxygen reduction activity. Reproduced with permission from ref. [62]. Copyright 2020, Elsevier ltd. (d)
The adsorption energies of N2 molecule. Reproduced with permission from ref. [74]. Copyright 2019, Elsevier ltd.
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More exploratory studies found that transition metal oxides exhi-
bit high electrocatalytic activity for the OER. Hu et al. used Ni-
C8H6O4 (C8H6O4 = terephthalic acid) as the precursor and calcined
it at 250 �C to obtain ultra-small NiO nanoparticles (NPs). The oxy-
gen vacancy in ultra-small NiO NPs can optimize the adsorption
energy of OER intermediates [23]. Wu et al. prepared Co-Fe-P-Se
nanoparticles on nitrogen-doped carbon (NC) [60]. The three-
dimensional structure assembled by nanosheets is beneficial to
the infiltration of electrolytes and provides a rich channel for the
diffusion of reaction products. Since MOF crystals have the charac-
teristics of highly ordered and uniform distribution of metal cen-
ters, they are considered ideal precursors for the preparation of
single-atom catalysts (SACs) with high-density M�Nx�Cy active
sites. Zang et al. prepared single-atom Co wrapped in nitrogen-
doped carbon, which had high atomic utilization and thus showed
low OER overpotential [61].

Oxygen reduction reaction (ORR) occurs mainly on the cathode
of electrochemical devices such as fuel cells and metal-air batter-
ies, and the ORR performance determines the energy conversion
efficiency of such devices to a large extent. Density functional the-
ory (DFT) calculations showed that Pt electrocatalysts have the
highest catalytic activity for ORR (Fig. 1c) [62]. To reduce the
over-reliance of noble metal-based ORR electrocatalysts, many
researchers have turned to seeking cheap and readily available
electrocatalysts with excellent performance, and 2D MOFs and
their derivatives are one of the most concerned electrocatalysts
[63,64]. 2D MOF nanosheets containing transition metals such as
Fe, Co, Ni, and Cu showed unique advantages for catalytic ORR
[65,66]. In 2016, Miner et al. designed conductive Ni3(HITP)2
(HITP = 2, 3, 6, 7, 10, 11-hexaiminotriphenylene) as the ORR cata-
lyst, which had an initial potential of 0.82 V and high stability [64].
Peng et al. synthesized a series of bimetallic M3HITP2 (M = Ni, Co)
3

with HITP as the ligand by changing the ratio of Ni/Co and found
that Co3HITP2 exhibited the best ORR activity [67]. However, MOFs
usually have low conductivity, which is not conducive to electro-
catalytic applications. The incorporation of conductive materials
can overcome the poor conductivity of MOF nanosheets. Wang
et al. prepared N-doped nanoporous carbon/graphene nanosheets
with sandwich structure, which had a high onset potential of
0.92 V (vs RHE) for the ORR [68].

Electrocatalytic reduction of CO2 is experimentally carried out
in H-type electrolytic cells containing aqueous electrolytes. CO2

can be converted into valuable chemicals (including C1, C2, and
C3 products) by proton-coupled multi-electron transfer mecha-
nisms [69]. The chemical structure of CO2 molecule is very stable,
and the reduction of CO2 needs to overcome large kinetic and ther-
modynamic energy barriers. At the same time, the reduction of CO2

involves multi-electron and multi-proton transfer, and there are
many complex intermediates in the electrocatalytic process, which
will affect the reaction pathway and the selectivity of products.
Therefore, it is necessary to prepare ideal electrocatalysts to solve
these issues. MOFs are crystal materials with distinct boundaries.
The arrangement of organic ligands and metal nodes is highly peri-
odic. In addition, their physical and chemical properties can be reg-
ulated by modulating the compositions, metal nodes, and organic
ligands at the molecular level. At the same time, the high specific
surface area and rich pore structure provide many active sites for
CO2 adsorption, which is conducive to the activation of CO2 mole-
cules. These advantages make them attractive in the field of elec-
trocatalytic reduction of CO2. Majidi et al. reported a 2D
conductive MOF-tetrahydroxyquinoline copper (Cu-THQ) [70].
The average Faraday efficiency (FE) of CO production was 91 %,
and the current density was up to 173 mA cm�2. CO2 electroreduc-
tion usually requires high negative potential, but the stability of
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MOFs cannot be guaranteed under this condition. Hence, using
MOFs as the precursor to prepare MOF-derived 2D materials is a
perfect selection to improve stability. The decomposition of MOFs
under controlled conditions usually leads to the aggregation of
metal components into small nanoparticles. Cheng et al. prepared
a series of CuNP-NC catalysts by annealing Cu-BTC at different
temperatures and found that the presence of N-doped carbon sup-
ports formed at low temperatures significantly improved the selec-
tivity of ethylene and ethanol in electrocatalytic CO2RR [71].

As an environmentally friendly energy carrier, NH3 is widely
used in industrial and agricultural production, such as ammonia,
dyes, plastics, explosives, agricultural fertilizers, etc. More than
200 million tons of ammonia are annually produced worldwide,
80 % of which is used for synthetic fertilizers, making an important
contribution to speedy economic development and rapid popula-
tion growth�NH3 is also considered an attractive hydrogen carrier
(17.6 wt%) because of its high energy density (4.3 kWh�kg�1),
non-carbon characteristics, and easy transportation (–33 �C, liq-
uid)�NH3 can be directly produced by using N2 and water in nature
through photocatalytic and electrocatalytic reduction methods
[72,73]. Compared with the photocatalytic reduction method, elec-
trochemical nitrogen reduction reaction (NRR) is more effective
because it does not involve multiple wavelength changes and rapid
carrier recombination. Compared with the traditional Haber Bosch
process, the electrocatalytic reduction process can effectively
reduce energy consumption and CO2 emission, and simplify the
complexity of the reactor. Therefore, it is urgent to design efficient
NRR electrocatalysts to accelerate the reaction. Zhao et al. calcu-
lated the adsorption energy of N2 on MC4S4 nanosheets [74]. As
shown in Fig. 1d, the adsorption strength of N2 molecules depends
largely on the central metal atoms, and Fe, Os, Ir, and Ru can inter-
act strongly with N2 [74]. Noble metals are widely used in electro-
catalytic nitrogen reduction due to their high coordination surface
atomic density, excellent electrical conductivity, and appropriate
reactant adsorption capacity. However, the cost of noble metal
electrocatalysts is high and the selectivity is poor. Compared with
noble metal materials, non-noble metal materials have higher
crustal content and have a greater application prospect for the
NRR. At present, researchers have developed a variety of NRR elec-
trocatalysts made of Mo, Fe, V, and other metals for artificial elec-
trochemical synthesis of NH3 under environmental conditions.
From an environmental and economic point of view, the use of
non-metallic catalysts can reduce costs and avoid residual metal
ions.

In this review, we systematically introduce the design and syn-
thesis strategies of 2D MOFs, including top-down and bottom-up
methods, and summarize the advantages and disadvantages. Then
the factors affecting the electronic structure of active sites and the
electrocatalytic performance are discussed. The applications of 2D
MOFs and their derivatives in the field of electrocatalysis are clas-
sified and summarized. Finally, personal opinions on the electronic
structure regulation strategies to improve electrocatalytic perfor-
mances are proposed, and the future challenges and development
prospects in the field of electrocatalysis prospect.
2. Synthesis methods of 2D MOFs and their derivatives

2.1. Synthesis methods of 2D MOFs

2D MOFs have a wide range of potential applications in the field
of electrocatalysis, which have attracted more and more research-
ers’ attention. However, there are many issues in the fabrication of
2D MOFs, such as high cost and low yield. How to obtain high-
quality MOF nanosheets with low cost and high yield by simple
methods is still a great challenge. The preparation methods of 2D
4

MOFs can be roughly divided into two categories, namely top-
down method and bottom-up method [75]. The top-down method
is to destroy the weak interaction force between MOF’s layers by
applying an external force, and 2D MOF nanosheets can be
obtained by stripping [18]. The bottom-up method means the
direct synthesis of 2DMOFs through the chemical reaction of metal
ions and organic ligands. The thickness of 2D MOF nanosheets can
be controlled by tuning the reactant concentration and reaction
time [18]. The growth of MOFs in the vertical direction should be
limited without affecting their growth in the other two directions.
The synthesized MOF nanosheets can be identified by scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), and atomic force microscopy (AFM), by which the morphol-
ogy, structure, and thickness of 2D MOF nanosheets can be
obtained.

2.1.1. Top-down synthesis
Top-down synthesis refers to the stripping of bulk MOFs into 2D

nanosheets by physical and chemical means. This kind of synthesis
method is suitable for stripping MOFs with a layered structure, and
the interlayer forces are weak forces such as hydrogen bonding,
van der Waals force, and p-p stacking. When specific chemical
treatment or external energy is applied, it is possible to overcome
the interlayer forces of MOFs. According to different extraction
methods, top-down synthesis can be divided into physical strip-
ping and chemical stripping. Thereinto, the physical stripping
method is simple to operate and is a classical method for the
preparation of 2D MOFs, including soft physical stripping method
and ultrasonic stripping method [76,77]. Chemical exfoliation
refers to the destruction of ligand structures by chemical reactions,
such as electrochemical exfoliation and intercalation chemical
exfoliation [76].

2.1.1.1. Physical stripping. For the physical stripping method, ultra-
sonic, grinding and other mechanical forces are used to break the
weak interlayer interaction (van der Waals force and hydrogen
bond), but do not destroy the covalent bond in each layer, so that
the structure of each layer can be maintained, which can also be
called mechanical stripping method. Ultrasonic stripping is one
of the simplest and the most feasible methods to prepare 2D mate-
rials, by which the interlayer force can be destroyed because the
hole effect will be formed in the process of ultrasonic stripping.
Zhao et al. obtained Cu-TCPP nanoplates by simple ultrasonic strip-
ping via the Tindall effect (Fig. 2a) [78]. The Cu-TCPP nanosheets
with TCPP ligands are connected to a ‘chessboard’ structure by four
Cu2(COO)4 ‘paddle wheel’ metal nodes. The thickness of the
nanocomposites was only 3.4 nm and the nanolayer contained four
layers (Fig. 2b-d). Ma et al. synthesized a novel MOF nanosheet
based on porphyrin, namely [BMI]2[Ca3(H2TCPP)2(l2-
OH2)2(H2O)2] (H6TCPP = meso-tetra(carboxyphenyl) porphyrin,
BMI = 1-butyl-3-methylimidazolium) [79]. They firstly synthesized
the MOF by ionic liquid-assisted synthesis and then obtained
nanosheets with a width of 50–100 nm and a length of 100–
900 nm by ultrasonic stripping. Single crystal X-ray analysis shows
that the MOF crystallizes in triclinic space group P�ı. Huang et al.
synthesized 2D bimetallic Ni/Fe-BDC by two-step ultrasonic exfoli-
ation, in which Ni-BDC was well retained in bimetallic nanosheets
and Fe-BDC was uniformly dispersed [80]. The nanosheets had a
specific surface area of 75.3 m2�g�1, a pore volume of 0.19 cm3�g�1,
and narrower mesoporous distribution. The exfoliation of lamellar
crystals is one of the most direct ways to prepare the ultrathin
nanosheets. Tan et al. exfoliated 3D layered porous MOF into
monolayer and bilayer nanosheets by ultrasonic exfoliation [81].
The exfoliated 2D MOF crystallizes in the triclinic space group P1,
which has similar crystal structure to the unexfoliated 3D MOF.
Similarly, Liu et al. prepared single crystal ultrathin 2D MOF



Fig. 2. (a) Synthesis process of Cu-TCPP nanosheets. (b) TEM image and Tyndall effect. (c) AFM image. (d) Time-dependent UV–vis absorption spectra. Reproduced with
permission from ref. [78]. Copyright 2019, Royal Society of Chemistry.

L. Xiao, Z. Wang and J. Guan Coordination Chemistry Reviews 472 (2022) 214777
nanosheets by ultrasonic exfoliation of layered metals, with a
thickness of 6.0 nm (2 layers) and a transverse size of 1.5 � 3.0 l
m2 [82]. The advantage of ultrasonic stripping method is a simple
operation, but there are many shortcomings. For example, the sol-
vent used directly affects the structure, morphology and thickness
of the obtained nanosheets, which is easy to refill between
nanosheets. In addition, the yield of this method is low, and cannot
be used on a large scale.

In the process of ultrasonic stripping, it is necessary to select
appropriate solvents, such as water, methanol, acetone, and
tetrahydrofuran, which can give priority to stripping and improve
the stability of nanosheets. However, these solvents are easy to
volatilize. Researchers have found a molten salt, an ionic liquid,
which has little volatility and fine solubility. The ionic liquid can
theoretically be used as a solvent to assist the stripping. Liu et al.
dispersed Zn2(BIM)4 (BIM = benzimidazole) precursor in mixed
ionic liquids (pure water, pure [Omim]Cl, methanol, and n-
propanol) [83]. Zn2(BIM)4 nanosheets were obtained by centrifuga-
tion, and the suspension showed a Tender effect. The monolayer
Zn2(BIM)4 had a twisted tetrahedral geometry with a layer thick-
ness of approximately 5 Å. The advantages of ionic liquid-
assisted exfoliation are easy operation and amplification, but there
are disadvantages of low yield and easy refilling.

The shear stripping is carried out by shear force, which is pro-
duced by a commercial mixer, and thus the yield is high and it
can be used for industrial production. Ying et al. synthesized large
blocks of ELM-12 (Cu(bpy)2�(OTF)2, bpy = 4,4-bipyridine, OTF = tri
fluorosulfonic acid) and Zn2(BIM)4 (Fig. 3a). ELM-12 (Fig. 3b, c) and
Zn2(BIM)4 (Fig. 3d, e) nanosheets with a thickness of 3–5 nm were
obtained by centrifugation in a commercial agitator with four
blades [84]. High shear ring microreactor has a high shear rate,
which affects the particle size and yield of nanoparticles. Lapkin
et al. synthesized original monodispersed CuBDC nanosheets using
a high-shear annular microreactor [85]. Later, they studied the
influence of different solvents on the structure of CuBDC
nanosheets [86]. Due to solvent exchange, 2D CuBDC exhibited
branch structure and disordered thin films. The use of high shear
ring microreactor makes 2D MOFs easier to synthesize in the lab-
5

oratory, which is an economical and effective method in
industrial-scale manufacturing.

Traditional physical exfoliation such as ultrasonic exfoliation
and shear exfoliation can obviously destroy the interaction
between layers and even destroy the structure of MOF nanosheets.
The soft physical stripping method combining wet ball milling
with ultrasonic stripping can reduce the damage to the structure
and improve the stripping yield. Additionally, appropriate solvents
should be selected, because they can not only promote the exfoli-
ation of MOFs but also stabilize the exfoliated nanosheets. Hence,
mixed solvents are generally used. Sun et al. developed a method
of soft physical stripping [87]. Ni3(HITP)2 nanoparticles were pre-
pared by wet ball milling Ni3(HITP)2 powder at a certain speed,
then mixed with volatile solvent and peeled off with the aid of
an ultrasonic wave. The obtained nanosheets had high crystallinity
and leaf shape. Yang et al. synthesized Zn2(BIM)3 nanosheets using
an improved soft-physical stripping technique [88]. In an isovolu-
mic mixture of methanol and n-propanol, small methanol mole-
cules are inserted into the layers of Zn2(BIM)3 precursor,
destroying the interactions between the layers, while n-propanol
prevented the nanoparticles from reassembling. Sun et al. synthe-
sized [Cd(4,40-bpy)2(H2O)2] (ClO4)2�(2,40-bpy)2�H2O nanoplates
with the thickness of 15–25 nm by a modified soft physical strip-
ping method [89], which have great potential in the field of selec-
tive adsorption.

In addition to the above physical exfoliation methods, some
other physical exfoliation methods are also suitable for the prepa-
ration of 2D MOFs. Coronado et al. used sellotape to peel off lay-
ered MOFs [90]. Maeda et al. exfoliated La(BTP) (BTP = 1,3,5-
benzenetriphosphonic acid) by vibration. Zhao et al. reported
freezing-thawing extirpation of Ni8(5-BBDC)6�(l-OH)4 (BBDC = 5-
tert-butyl-1, 3-benzenedicarboxylic acid) [91]. Wang et al. reported
the stripping of [Hphen]2[(UO2)2(Ox)3] massive crystals (Phen = 1,
10-phenanthroline, Ox = oxalate) by ultraviolet radiation [92].

Layered MOFs have strong coordination bonds in the layer,
while van der Waals force or hydrogen bond between layers is
weak. Ultrasonic exfoliation, shear exfoliation and soft physical
exfoliation can overcome the weak interaction between layers, so



Fig. 3. (a) Schematic diagram of shear stripping process of MOF nanosheets. (b) TEM image and (c) AFM image of ELM-12 nm. (d) TEM image and (e) AFM image of Zn2(BIM)4
nanosheets. Reproduced with permission from ref. [84]. Copyright 2020, American Chemical Society.
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that layered MOFs are exfoliated. The development of these meth-
ods is largely affected by other 2D material synthesis technologies.
The top-down method is a simple and practical method to prepare
2D MOFs nanosheets, but there are limitations. For instance, the
delamination process will destroy the lamellar crystalline struc-
ture of the nanosheets. More importantly, the thickness distribu-
tion of the stripped product is uneven and the yield is low,
which is difficult to synthesize in large quantities. The top-down
synthesis of 2D MOFs still has great room for development, and
the related synthesis mechanism and preparation technology still
needs further exploration.

2.1.1.2. Chemical stripping. The chemical stripping method is suit-
able for stripping MOFs containing reactive ligands by destroying
the ligand structure through a chemical reaction. Most massive
laminated materials have strong intra-planar bonds, but weak
interlaminar bonds, which mainly include van der Waals forces
and electrostatic interactions [76]. Electrochemical stripping
weakens this force, turning lumpy layered materials into single-
layer 2D materials. Electrochemical exfoliation includes anode
exfoliation and cathode exfoliation, both of which are carried out
under mild conditions. The anode exfoliation is carried out in an
aqueous solution, while the cathode exfoliation is usually carried
out in an organic solution containing alkaline metal ions or quater-
nary ammonium cations [93].

Under different reaction conditions, pillared and layered MOFs
can be peeled off to form 2D coordination layers by destroying
interlayer coordination bonds, and some more stable columnar
ligands can be selected. Zhang et al. synthesized (H3O)2[Co6O
(DHBDC)2(H2DHBDC)2(EtOH)4]�2EtOH (H4dhbdc = 2,3-dihydroxy-
1,4-benzenedicarboxylic acid) (MCF-13 or 3D-Co) with a unique
three-dimensional (3D) columnar structure. They used the electro-
chemical stripping method to convert 3D Co into 2D Co nanosheets
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(NS). During the experiment, 3D Co could only be converted into
2D Co NS in the electrolyte saturated with oxygen, but this conver-
sion would be very slow without electrolysis [94]. The thickness of
the transformed 2D-Co-Ns was about 2 nm, which were in C2
space group. Li et al. synthesized 2D Co-BDC/EG nanosheets with
the thickness of 3.2–3.5 nm by electrochemical stripping [95]. Peng
et al. synthesized the first semiconductor porphyrin phosphonic
acid 2D [Co(Ni-H7TPPP)2]�8H2O (TPPP = 5,10,15,20-tetrakis[p-
phenylphosphonic acid]porphyrin) by electrochemical stripping
method. Single crystal structure analysis showed that this com-
pound crystallized in triclinic space group P�ı. After stripping, the
conductivity reached 0.12 S�cm�1 [96]. The electrochemical strip-
ping is generally carried out under relatively mild conditions,
which is more convenient to control, and is a promising method
for stripping bulk MOFs to 2D MOFs.

Although the electrochemical stripping method can be used to
break interlayer interaction and strip 3D layered structure to 2D
components, it is only suitable for stripping layered MOFs and
the yield is low. Through the combination of intercalation and
stripping, a more reliable stripping method is cultivated. Zhou
et al designed new intercalation and chemical stripping method
[97]. They found that the intercalation distance between the layers
increased when 4,40-dipyridine disulfide (DPDS) was inserted into
the layered polymetallic organic compound crystals (Fig. 4a). A
new intercalated metal–organic compound was formed, and then
20 times excessive TMP (trimethylphosphine) was added to the
crystal solution to cut off DPDS so that the interaction force
between 2D MOF layers was weakened, and 2D MOF nanosheets
were peeled out. The Tindell effect generated by laser irradiation
on the nanosheets promoted the occurrence of the exfoliation pro-
cess (Fig. 4b). The folded or fractured sheet could be observed after
stripping, and its height was measured to be about 1.0 nm (Fig. 4c,
d). Fig. 4e showed that the crystal plane spacing of the nanosheets



Fig. 4. (a) Composite diagram. (b) TEM image of the entire MOF nanosheet and (c) the single MOF nanosheet. (d) AFM image. (e) HRTEM images and FFT image. Reproduced
with permission from ref. [97]. Copyright 2017, American Chemical Society.
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was 1.65 nm, and the fast Fourier transform (FFT) image shows
fourfold symmetry.

2.1.2. Bottom-up synthesis
The bottom-up method is used to prepare 2D MOFs by restrict-

ing the growth of coordination polymers in one direction or
inhibiting the interaction between crystal layers in the synthesis
process. The formation process is mainly due to the anisotropic
growth of crystals. In this process, the growth rate of the transverse
high energy surface of the material is higher than that of the lon-
gitudinal low energy surface, resulting in the preferential growth
orientation of the 2D material in the horizontal direction [14].
The top-down approach relies primarily on diffusion media and
7

template synthesis, and small capping agents or modulators can
be used to control crystal growth. Researchers usually control the
thickness of nanosheets by tuning precursor concentration, reac-
tion time, etc. Compared with the top-down method, the
bottom-up method no longer needs MOFs crystals with a layered
structure. More importantly, it no longer needs weak interaction
in the crystals [77]. The bottom-up method has wider applicability,
which includes interface synthesis, surfactant-assisted synthesis,
and modulation synthesis.

The two-phase interface conforms to the basic characteristics of
2D nanomaterial structures. Hence, the interface synthesis method
well combines the interface characteristics and material character-
istics, and MOFs can be grown at the interface. There are three
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interfaces for the synthesis of 2DMOFs: liquid–liquid interface, liq-
uid–gas interface, and liquid–solid interface. Fonseca et al. synthe-
sized several amorphous MOFs by liquid–liquid interface
synthesis, including [Zn(FetpyCOOH)(PF6)2]n (NEU-5), [Zn(Ru
(terpy*)2)(PF6)2]n (NEU-6), [Fe(Ru(terpy*)2)(PF6)2]n (NEU-7), and
[Ti(Ru)(terpy*2)(PF6)2]n (NEU-8), where pyridine plays two roles,
one is to stimulate the electrophilic behavior of the metal source,
and the other is to act as a sealant to prevent the growth of MOF
in one direction [98]. 2-METHF (2-methyl-tetrahydrofuran) also
plays two roles in the synthesis, one is to promote the deprotona-
tion of (FeTpyCOOH)(PF6)2 and (Ru(Terpy*)2)(PF6)2, and the other is
to buffer medium alkalinity, creating a favorable interface for the
synthesis. Since pyridine and 2-METHF are poorly miscible, metal
ions and ligands diffuse into the transition segments at pH values
of 7.49, 7.41, 6.63, and 7.16, rapidly forming nuclei and thus form-
ing small domains.

The surface molecules in the liquid/gas interface may be
affected by the uneven force from the liquid and gas phases, result-
ing in different physical and chemical properties of the gas–liquid
interface. For example, at the water/air interface, a small amount of
organic solvent is added to the water surface, and the water/air
interface is formed after the evaporation of the organic solvent.
The organic ligand forms a monodisperse layer on the water sur-
face, which is beneficial to the synthesis of single-layer MOF
nanosheets. Zeolite imidazole frameworks (ZIFs) are a subclass of
MOFs with a large surface area and abundant pore structure
[99,100]. Li et al. synthesized ZIF-8 thin film using the liquid/gas
interface synthesis method [101]. The film had excellent porosity
and an average thickness of 700 nm, and the film is homogeneous
over a large area. The air side of the ZIF-8 film was smooth, while
the liquid side was rough, suggesting that the two sides of the film
may have different hydrophilicity. When the MeIM/Zn ratio was
smaller, the film became thicker. This synthesis method can be
applied to the self-crystallization of the porous membrane. In
2020, Li et al. reported a new air–water interface self-
crystallization (AWISC) method to synthesize MOF using a polymer
hollow fiber matrix [102]. They introduced solid polymer hollow
fibers to support the MOF layer for obtaining the MOF membrane.
This method can also be combined with the microfluidic process to
prepare a long MOF-controlled fiber membrane. Makiura et al.
grew 2D thin crystalline MOF nanosheets at the air/liquid interface
[103]. The nanosheets are composed of porphyrin units and metal
ion joints, which are completely oriented on the liquid surface of
the Langmuir groove. The gas/liquid interface growth method has
sufficient versatility and excellent crystallinity.

The layer-by-layer growth at the liquid/solid interface is to uni-
formly grow 2D layer along the c direction and control the thick-
ness of the nanosheets by the number of cycles. Kitagawa et al.
reported the layer-by-layer growth of nanosheets on the liquid/-
solid interface to synthesize Fe(py)2[Pt(CN)4] (py = pyridine)
nanosheets, where there was p-p interaction between adjacent
pyridine molecules [104]. First, they prepared pyridine-capped
self-assembled monolayers, and then the substrate was alternately
immersed in an ethanol solution containing Fe2+ and [Pt(CN)4]2 at
room temperature. After 30 cycles, nanosheets were formed. Using
the liquid/solid interface synthesis method, the thickness of the
film and the crystal orientation can be controlled.

Interface synthesis is a simple and effective synthesis method,
but it has certain limitations, mainly because the interface size
affects the large-scale production of MOF nanosheets. The three-
layer solvent synthesis method consists of three kinds of solvents
with different densities. The intermediate layer is a buffer solution.
Metal ions and organic ligands diffuse from the upper and lower
liquid layers to the middle, respectively. The concentration of the
intermediate buffer layer is very low, which is beneficial to
produce ultrathin MOF nanosheets. Wang et al. synthesized 2D
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Ni3(HITP)2 films using liquid/liquid/gel interface synthesis [105].
The film was about 5 nm thick and had directional polycrystalline
characteristics. Rodenas et al. synthesized CuBDC nanosheets by
the three-layer solvent method [106]. The upper solution layer
was 1 V(DMF): 2 V(CH3CN), including Cu(NO3)2; the lower solution
was 2 V(DMF): 1 V(CH3CN), including BDC; and the intermediate
solution was 1 V(DMF): 1 V(CH3CN). Cu2+ in the upper layer and
BDC in the lower solution were diffused to the middle layer to form
CuBDC nanosheets. The transverse size of the nanosheets was 0.5–
4 lm and the thickness was 5–25 nm.

Surfactant assisted method makes use of the feature that the
surfactant can be selectively adsorbed on a specific surface of crys-
tals so that MOFs can be grown in a directional plane. Li et al.
reported the synthesis of two polycrystalline cobalt-molybdenum
compounds (CTGU-5 and CTGU-6) by surfactant assisted synthesis.
CTGU-5 synthesized with an anionic surfactant had a layered
structure [107], while CTGU-6 synthesized with a neutral surfac-
tant has a three-dimensional frame structure. Seoane et al. synthe-
sized NH2-MIL-53 (Al) nanosheets via surfactant-assisted synthesis
[108]. The separated nanolayers were identified by TEM and the
dynamic behavior of the crystal structure changes with the flexibil-
ity. Sun et al. reported a method to synthesize large single crystals
of Cu-BTC polycrystalline thin films with the assistance of surfac-
tants [109]. They dissolved non-ionic surfactants and Cu(NO3)2 in
deionized water to produce a Cu-surfactant solution and then
added the surfactant solution into the H3BTC (1,3,5-
benzenetricarboxylic acid) ethanol solution. After 1–2 h, small
pieces of crystalline precipitation could be seen, and after a week,
large pieces of crystalline precipitation were formed. From SEM
images, the crystal had an octahedral structure. With the assis-
tance of surfactants, massive dense porous membranes could be
synthesized.

Modulation synthesis has fine and effective control over the
synthesis of MOFs, by which physicochemical properties such as
crystallinity, particle size, and morphology can be controlled. For-
gan et al. reported the effect of changing modulators on MOF syn-
thesis [110]. They used dimethylformamide as the modulator and
found that the nucleation rate was fast. Then, they added 37 %
hydrochloric acid to the reaction solution and found that the addi-
tion of hydrochloric acid accelerated the crystallization process.
Additionally, monocarboxylic acid modifiers such as benzoic acid
and acetic acid could slow down the crystallization process and
lead to the formation of larger particles. Cui et al. synthesized five
kinds of Zr-((S)-H4L) by using different acids as regulators [111].
They selected (S)-H4L as the ligand and ZrOCl2 as the metal source
under solvothermal conditions using appropriate acids to obtain
five kinds of Zr-((S)-H4L). This experiment showed that the crys-
tallinity and topological structure of MOFs can be modulated by
the modulator. Moreover, the aperture and geometry of MOF crys-
tals could be adjusted by modulation synthesis.

Using one synthesis method alone has some defects, for exam-
ple, the yield is low or the structure of MOFs is difficult to tune. The
combination of different synthesis methods will make the thick-
ness of MOFs nanosheets adjustable and obtain high yield. Jia
et al. synthesized ultrathin crystalline nanosheets using
ultrasound-assisted and solvent-heating treatment (Fig. 5a)
[112]. The (U + S)-CoFe-BDC ((U + S)-CoFe-MOF) had more pores
than that synthesized without solvent heating. The thickness of
(U + S)-CoFe-MOF was larger than that of MOF synthesized only
by the solvothermal method (Fig. 5b-g). This method was simple
and easy to operate and could be used to synthesize MOFs with
large thicknesses. Yao et al. synthesized ultrathin MOF-74
nanosheets (M�MNS) using a sacrificial template method. A series
of MOF-74 nanosheets, including Co-MNS, Fe-MNS, NiFe-MNS, and
CoCu-MNS were synthesized by using ultra-thin metal oxide
nanosheets (M�ONS) as the sacrificial template. FeCo-MNS with



Fig. 5. (a) Preparation and structure diagram of (U + S)-CoFe-BDC. (b) SEM image and (c) TEM image of 2D CoFe-BDC. (d) AFM image and one typical height and size profile of
the CoFe-BDC. TEM images of CoFe-BDC obtained by (e) only ultrasonic synthesis and (f) two-step synthesis. (g) HRTEM image of (U + S)-CoFe-BDC. Reproduced with
permission from ref. [112]. Copyright 2019, American Chemical Society.
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a thickness of 2.6 nm was synthesized with 2,5-
dihydroxyterephthalic acid (H4dobdc) as an organic ligand [113].

The top-down method is simple to operate but a low yield is
usually obtained, while the bottom-up method is more complex
in the synthesis process, but the morphology of MOFs can be con-
trollable. Appropriate exfoliation methods combining both top-
down and bottom-up characteristics can be used to fabricate 2D
MOFs. For instance, Zhu et al. synthesized [Zn(hsb-2)(2,6-ndc)]Et
OH�4H2O (hsb-2 = 1,2-bis(40-pyridylmethylamino)-ethane, 2,6-nd
c = 2,6-naphthalenedicarboxylate) (HSB-W6) nanosheets using
in-situ spalling method, which showed a double interspersing
structure and could be applied as fluorescence sensors [114].
2.2. Synthesis methods of 2D MOF derivatives

2D MOFs have the characteristics of high specific surface area,
high porosity and ultra-thin structure. However, 2D MOFs usually
have poor conductivity and poor stability, which will affect electro-
catalytic performance. To optimize the catalytic performance of 2D
MOFs, researchers have explored many methods to prepare 2D
nanosheets derived from MOFs. 2D MOFs are usually used as pre-
cursors to prepare derived materials by pyrolysis or other post-
processing procedure. For example, 2D transition metal oxides,
transition metal carbides, transition metal sulfides and transition
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metal phosphides can be prepared by oxidation, carbonization,
vulcanization and phosphating of 2D MOFs, respectively. Transi-
tion metal oxides have high stability, transition metal sulfides,
transition metal phosphides have high electrocatalytic activity,
and transition metal carbides contain carbon substrates with good
conductivity. The extended materials prepared by post-treatment
of 2D MOFs exhibit better stability, conductivity and electrocat-
alytic activity. However, there are many issues in the process of
converting 2D MOFs into their derivatives, such as destroying the
original pores, aggregation of 2D layer structure and reducing the
intrinsic activity of active sites. Hence, it is a great challenge for
researchers to prepare stable and ultra-thin 2DMOF-derived mate-
rials. Here, we summarize several methods for preparing 2D MOF-
derived materials, including pyrolysis, oxidation and other syn-
thetic methods.
2.2.1. Pyrolysis method
Carbon nanosheets have rich pores and high conductivity,

which can be doped to improve electrocatalytic properties. Specific
sacrificial templates are needed to limit the size and morphology of
carbon nanosheets when preparing carbon nanosheets, and 2D
MOFs are ideal sacrificial templates. Different carbon nanosheets
with high catalytic performance can be prepared according to the
types of MOFs and carbonization conditions, and different atoms
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can be doped into carbon nanosheets. Carbon nanosheets with
controllable size and thickness can be obtained by pyrolyzing suit-
able 2D MOFs under an inert atmosphere. The non-conductive
organic part of the MOFs will be transformed into a highly conduc-
tive carbon matrix after pyrolysis, in which the metals are vapor-
ized or reduced by carbon to generate more active sites and
pores. Zhao et al. prepared B-N double-doped porous carbon
(BNPC) by pyrolyzing [Zn2(im)(bdc)][B(im)4]�p-murea (im = imida-
zolate), abbreviations: MC-BIF-1S, in an H2/Ar mixed atmosphere
(Fig. 6a) [115]. In the pyrolysis process, the zinc was reduced by
carbothermic heat and then evaporated. The porous carbon was a
bifunctional metal-free electrocatalyst, which showed good elec-
trocatalytic activity and high stability in ORR and OER.

If the metal is not evaporated after pyrolysis, carbon nanosheets
loaded with metal sites will be formed. Wang et al. used Ni2(2,6-
ndc)2(dabco) (DUT-8(Ni)) as the precursor to conducting pyrolysis
in an atmosphere of argon and found that low annealing tempera-
ture led to incomplete pyrolysis of DUT-8(Ni) with low catalytic
activity. When the pyrolysis temperature was 700 �C, the obtained
carbon matrix composite showed the highest HER activity [116].
Ni@C-700 showed petal-like nanosheets after carbonization, but
agglomerated after carbonization at high temperature, which led
to the decrease of the distance between the nanosheets. Dong
et al. converted NaCl@ZIF-67 into CoANACANS by pyrolysis in
the N2 atmosphere (Fig. 6b). According to TEM image, Co, NAC
NS was composed of uniform ultrathin carbon nanosheets without
obvious aggregation of metal nanoparticles. HRTEM image showed
that Co nanoparticles with the size of about 1–3 nm were uni-
formly dispersed on the carbon nanolayer. There were a large num-
ber of graphite carbon nanopores in the CoANACANS and the
electrocatalytic activity of ORR was significantly increased [117].
Liu et al. prepared Ni-Py MOFs by simple heat treatment of NiSO4

and 4,40-bipyridine, and then transformed them into porous N-
doped Ni-Ni3S2@C composites, which exhibited an g10 of 285 mV
(Fig. 6c) [118]. After annealing, smooth nanosheets become rough
slices embedded with small particles, but the rectangular shape of
the nanosheets can be retained. TEM image showed that the car-
bon matrix was uniformly embedded in nanoparticles with a size
of about 10 nm, which can be used as active sites to improve the
catalytic activity of OER.

2.2.2. Oxidation method
Unlike pyrolysis in an inert atmosphere, the oxidation method

is performed in air. MOFs can be converted into the corresponding
oxides, while organic components undergo carbonization and oxi-
dation. Zhang et al. synthesized Co-NDC (1,4-H2NDC = 1,4-naphtha
lenedicarboxylic acid) nanosheets by using 1,4-H2NDC as an
organic linker and then calcined them in the air to synthesize a spi-
nel Co3O4 hierarchical nanosheets (HNSs) (Fig. 7a) [119]. During
the calcination, the heating rate was controlled at 2 �C min�1 to
avoid the collapse or agglomeration of the nanosheets. When the
temperature reached 400 �C, Co-NDC can be completely decom-
posed. The prepared Co3O4 layered nanosheets have rich meso-
porous structures and large surface areas.

Direct high-temperature calcination of MOFs to prepare deriva-
tives usually leads to channel/pore collapse [120], which covers a
large number of active sites and affects the electrocatalytic perfor-
mance. To solve the problem, He et al. changed the complete
decomposition of MOFs to the partial decomposition of MOFs
(Fig. 7b) [23]. They partially decomposed the MOF precursor by
controlled calcination, so that the porous structure of MOF could
be preserved. They synthesized an ultra-thin 2D Ni-C8H6O4 precur-
sor and then calcined it in the air at 250 �C to produce ultrafine NiO
NPs. They found that the mesoporous structure of NiO NPs calcined
at 400 �C almost disappeared, indicating that the mesoporous
structure of Ni-C8H6O4 collapsed, while NiO NPs maintained a
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uniform mesoporous distribution at 250 �C. Thus, controlled calci-
nation has great flexibility to control the decomposition content of
MOFs.

2.2.3. Other synthesis methods
Transition metal sulfides and phosphates have been demon-

strated to have high electrocatalytic activity and stability
[121,122]. Sulfurization and phosphating of 2D MOFs can improve
the application in the field of electrocatalysis. Dou et al. [123] syn-
thesized 2D Ni-BDC by in-situ growth, and then partially sulfurized
it to obtain Ni-BDC@NiS, showing higher OER activity. The porous
structure of Ni-BDC was preserved by partial vulcanization. The
close binding and interaction between NiS and Ni-BDC are benefi-
cial to the OER dynamics. Jayaramulu et al. prepared 2D [Ni(C4O4)
(H2O)2]n under hydrothermal conditions [124]. The Ni7S6/GNS
(GNS = graphene nanosheet) composite was obtained by sulfuriza-
tion of the nanosheets with thiourea as a sulfur source, which
showed better electrocatalytic performance than nickel sulfide/
graphene-based composite. Polyvinylpyridinone (PVP) is used as
the structural guide to preventing the aggregation of nanosheets.
After curing, Ni7S6 also effectively prevents the re-accumulation
of GNS. The material after curing has higher electrocatalytic activ-
ity and stability. The phosphating process enhances the electrical
conductivity and enriches electrochemical active centers. Si et al.
synthesized Zn-doped Ni-PTA (PTA = 1,4-benzenedicarboxylic
acid) material on nickel foam, and then annealed it with NaH2PO2

at 350 �C to obtain ZnNiP [125].
3. Electrocatalytic properties of 2D MOFs

2D MOFs show great potential in the field of electrocatalysis
due to their high specific surface area, porosity and ultrathin struc-
ture, which can replace precious metal materials as electrocata-
lysts. Although the electrocatalytic performance of some 2D
MOFs can be comparable to that of precious metals, most 2D MOFs
have poor electrical conductivity, poor stability and other factors
that affect the electrocatalytic performance [21]. Many researchers
have adjusted the structure and function of 2D MOFs by modulat-
ing the metal centers and ligands and prepared their derived mate-
rials by carbonization, oxidation, vulcanization or doping other
elements, which have more advantages than 2D MOFs. In this sec-
tion, the factors affecting the electrocatalytic performance of 2D
MOFs and the regulation strategies for improving the electrocat-
alytic performance are classified and summarized. The factors
affecting the electrocatalytic performance of 2D MOFs mainly
include the following points: (1) pore size and structure, (2) con-
ductivity, (3) the intrinsic activity of the active site and (4) the
number/density/distance of active sites.

3.1. Pore size and structure

There are many pores in 2D MOFs, which can provide mass
transfer pathways for reactions. However, the pore size of most
2D MOFs is very small, which will seriously affect the electrocat-
alytic performance. Many studies have shown that the introduc-
tion of mesopores and macropores into MOFs helps to improve
the mass transfer performance, thereby strengthening the catalytic
performance. The pore structure and pore size affect the electrocat-
alytic activity, since they not only provide the electrocatalyst with
more active sites but also increase the electron transfer rate. Meso-
porous carbon materials have been a concerned by researchers due
to their adjustable mesoporous size and large specific surface area,
which can be used in catalysis, sensor and energy storage. Wang
et al. synthesized 2D Zr-tetrakis(4-carboxyphenyl)porphyrin por-
ous membrane nanosheets (MOF-NS) with an ordered mesoporous



Fig. 6. (a) The synthetic scheme of BNPCs. Reproduced with permission [115]. Copyright 2017, Elsevier ltd. (b) The synthesis of Co, NAC NS. Reproduced with permission
[117]. Copyright 2017, Royal Society of Chemistry. (c) The preparation strategy of Ni-Ni3S2@carbon nanoplates. Reproduced with permission [118]. Copyright 2019, Wiley-
VCH.
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Fig. 7. (a) The synthesis process of Co3O4 HNSs and Co3O4 NPs. Reproduced with permission [119]. Copyright 2020, Royal Society of Chemistry. (b) The synthesis process of
NiO NPs. Reproduced with permission [23]. Copyright 2020, Royal Society of Chemistry.
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structure. They anchored Cu, Co and Fe to prepare MOF-NS-M, and
found that MOF-NS-Co showed better CO2RR activity than HER
activity, suggesting that the catalytic center of CO2RR was Co.
The unique structure and visible light effect of the MOF-NS-M
made them have better conductivity and more active sites [126].
Guo et al. synthesized porphyrin based 2D-CuTCPP/flake ordered
mesoporous carbon (pOMC) composites [127]. The introduction
of pOMC not only increased the adjustable mesoporous structure
but also enhanced the conductivity of the composites and weak-
ened the interlayer stacking, thus exposing more active centers.

Although mesoporous carbon has been widely studied in the
field of electrocatalysis, it is a great challenge to prepare meso-
porous carbon with a highly exposed surface area. Researchers
are trying to solve this problem, such as reducing mesoporous car-
bon to the nanoscale, but the operation is very complex. Research-
ers fabricated a hollow structure, which not only has hole space,
but also has an ultra-thin thin shell structure, showing high elec-
trocatalytic performance. Yamauchi et al. prepared hollow-
structured mesoporous carbon (HOMC) nanoplates by a simple
and general method [128]. In the preparation process, resorcinol
formaldehyde F127 micelles were segregated on the surface of
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the nanosheets, so that the products had ordered mesoporous
and hollow structures. After carbonization, HOMC nanosheets with
good mesoporous and hollow structures were obtained, which can
improve the electrocatalytic ORR performance and have excellent
cycling stability. Xia et al. proposed a mechanism to enhance the
electrocatalytic OER performance of AuNRs/NiCo-BDC-NO2

(H2BDC-NO2 = nitroterephthalic acid) (AuNRs/NiCo-MOF) compos-
ites [129]. Firstly, they synthesized 2D ultrathin NiCo-BDC-NO2

materials (Fig. 8a-c). Subsequently, they injected Au nanorods
(AuNRs) into 2D NiCo-BDC-NO2 under 808 nm light irradiation to
obtain AuNRs/NiCo- MOF, and the structure is shown in Fig. 8d,
e. AuNRs/NiCo-MOF showed an initial potential of 1.43 V and a
low overpotential of 283 mV at 10 mA cm�2 in 1.0 M KOH, which
were better than those of NiCo-BDC-NO2 and AuNRs (Fig. 8f). The
J-T curve showed that the photocurrent response of AuNRs/NiCo-
MOF had high reversibility (Fig. 8g). The Tafel slope of AuNRs/
NiCo-MOF decreased under light irradiation (Fig. 8h), but the irra-
diation had no effect on NiCo-BDC-NO2, which further indicates
that AuNRs doping could improve the OER kinetics. Under the irra-
diation of 808 nm, an electron-hole pair was formed between
AuNR and NiCo-BDC-NO2. Under appropriate bias voltage, the hot



Fig. 8. (a) SEM image, (b) TEM image, and (c) AFM image of NiCo-BDC-NO2. (d) TEM image of AuNRs/NiCo-MOF. (e) Schematic diagram. (f) LSV curves. (g) J–t curves. (h) Tafel
plots. (i) The transfer processes of hot charge carriers between AuNRs and NiCo-BDC-NO2. (j) Schematic electron transfer paths. Reproduced with permission from ref. [129].
Copyright 2019, Royal Society of Chemistry.
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electrons were transferred to the external circuit, and the hot holes
were injected into NiCo-BDC-NO2, which decreased the energy
level of NiCo-BDC-NO2 (Fig. 8l). This charge transfer channel con-
tributed to the formation of high-valence active center Ni* in
NiCo-BDC-NO2. The decrease of energy level and the increase of
active center were helpful to improve the electrocatalytic activity
of OER (Fig. 8m).

3.2. Conductivity of 2D MOFs and their derivatives

Electrocatalysis involves electron transfer and electrode surface
reaction, which requires the electrocatalyst must have two func-
tions at the same time: (1) It can conduct electricity and transfer
electrons freely; and (2) it can effectively catalyze the targeted
reaction. For high electrical conductivity, the electrocatalyst should
provide electron channels for electron exchange, and the channel
does not cause a serious voltage drop [130]. Different numbers of
d electrons in transition metal ions affect the conductivity. Gener-
ally speaking, for a definite MOF, the higher the electrical conduc-
tivity is, the higher the electrocatalytic performance will be.
Conductivity is an important factor in evaluating MOFs, which
mainly depends on the density and mobility of charge [131].
Charge migration in MOFs is mainly divided into jump transport
and band transport, in which band transport is conducive to a
higher charge migration rate [132]. Therefore, the combination of
metal ions containing high-energy electrons or holes with organic
ligands with stable free radicals can promote charge transfer and
enhance conductivity. In addition, highly conductive materials
can be introduced into MOFs [133]. 2D MOFs materials have effi-
cient interlayer charge transfer characteristics, and the ultra-thin
structure accelerates the charge transfer rate. Wen’s team selected
different metal ions to modulate the metal centers of Co-BDC, Ni-
BDC, and CoNi-BDC [134]. The Co-BDC had the smallest oxidation
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peak potential and the lowest voltage difference. Since the thick-
ness of Co-BDC was only 2.6 nm, a stable electrochemical reaction
could take place on the surface. Liu et al. synthesized Fe-doped Ni-
NH2-BDC nanosheets on nickel foam (NF) (Fe-Ni-MOF-NSs/NF)
using a template growth strategy for the OER [130]. The Fe-Ni-
MOF-NSs/NF required a low overpotential (ƞ50) of 258 mV. The
solid contact between Fe-Ni-MOF-NSs and NF led to the good con-
ductivity of the nanosheets, and thus improved the electrocatalytic
performance. Thermal annealing is effective to improve the con-
ductivity of MOFs. Lai et al. annealed 2D-MOF in H2 and Ar to syn-
thesize Co-BDC/H2 and Co-BDC/Ar [135]. Co-BDC/H2 showed an
g10 of only 312 mV, lower than Co-BDC/Ar due to the improved
conductivity after H2 treatment.

Single atom catalysts (SACs) are the minimum limit of metal
particle catalysts, which can maximize the utilization of metal
atoms on the atomic scale. The utilization rate of metal atoms is
very high. In addition, the metal centers are in unsaturated coordi-
nation, which helps to improve the conductivity, stability and high
activity. Jiang et al constructed monoatomic iron embedded nitro-
gen doped carbon using porphyrin MOF (PCN-222) [136]. The
aggregated Fe atoms in PCN-222 (Fe) can be removed by HF
(20 wt%) etching, and Fe1ANAC SAC was prepared. The single atom
Fe increases the atomic utilization and conductivity. Combined
with the layered porous structure, Fe1ANAC showed efficient
ammonia synthesis and reduced the potential barrier of the rate-
determining step (RDS).

In recent years, metal/carbon functional materials have
attracted extensive attention, but they are also subject to many
limitations, such as over sintering, poor conductivity and poor cor-
rosion resistance during annealing in air. Heumann et al. combined
a 2D cobalt-based MOF with graphite sheets to prepare metal/car-
bon electrocatalyst. The nanostructure can be controlled by adjust-
ing macromolecular precursors, and the graphite matrix can
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significantly improve the conductivity [137]. Wen et al. synthe-
sized Co3O4@N/C nanocomposites with a core–shell nanostructure
composed of Co3O4 nanoparticles and N-doped carbon matrix,
which showed good conductivity, ORR activity, and stability
[138]. Li and colleagues found that 2D Co-BDC/EG as electrode
material for non-enzymatic glucose sensors had high activity in
glucose sensing [95]. The catalytic performance can be enhanced
by improving the conductivity, which can be combined with car-
bon nanotubes, graphite and other materials with well electric
conductivity.

3.3. Regulating electronic structure

The intrinsic activity of electrocatalysts depends on the adsorp-
tion strength between active sites and reaction intermediates and
the energy of transition states, and the electronic structure of
active sites directly determines their properties. In addition, the
electronic structure plays a decisive role in the charge transport
of MOFs, influencing the electrical conductivity and catalytic per-
formance [21]. There are three common methods to regulate the
electronic structure, including the regulation of metal centers,
ligands and defects.

2D multi-metal MOFs show excellent electrocatalytic perfor-
mance. The introduction of a second metal element into single-
metal MOFs can regulate the original electronic structure of the
materials, improve the electron transfer rate, and optimize the
intrinsic catalytic activity. On the one hand, the introduction of a
second metal may promote the transfer of electrons. On the other
hand, there is interaction between the two metals, which may lead
to the oxidation of a certain metal to a higher valence state and the
enhanced intrinsic activity. Hou et al. doped Ce into Ni-BDC to gen-
erate Ce-NiBDC/OG (Fig. 9a, b) [139]. The structure remained good
after Ce doping, and Ni and Ce metals were uniformly dispersed in
Fig. 9. (a) Composite graph of Ce-NiBDC/OG. (b) FESEM image and TEM image. (c) High re
OG and Ce-NiBDC/OG. (f) Calculated free-energy diagrams and theoretical overpotentia
Chemistry.
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the skeleton. Ce-NiBDC/OG has superhydrophilic and super-
hydrophobic surfaces, which is conducive to the release of O2.
From high-resolution XPS, compared with NiBDC/OG without Ce
doping, Ni 2p1/2 and 2p3/2 in Ce-NiBDC/OG were negatively shifted
by 0.2 eV (Fig. 9c), indicating that Ce doping promoted the electron
transfer from Ce to Ni. Ce-NiBDC/OG showed an ƞ10 of 265 mV in
1.0 M KOH, lower than Ni-BDC/OG (301 mV) and Ce-BDC/OG
(466 mV) (Fig. 9d). To further understand the influence of Ce dop-
ing on the electronic structure of Ni atoms, the Bader charge num-
ber was calculated. The results showed that after Ce doping, the
charge number of adjacent Ni atoms decreased from 1.154 e to
1.130 e (Fig. 9e), which was consistent with the results of XPS anal-
ysis. NiOOHwas electrochemically formed, and after Ce was doped,
it was transformed into Ce-NiOOH, which was the real active site.
DFT calculations showed that the DG value of *O intermediate
formed on Ce-NiOOH was significantly lower than that on NiOOH
(Fig. 9f), indicating that Ce doping played a key role in promoting
the OER kinetics. Yan et al. prepared 2D CoxFe-NH2-BDC (CoxFe-
MOF) nanosheets with thickness of about 10 nm by controlling
the proportion of metal salts in the precursor solution [140]. In
1.0 M KOH, Co3Fe-MOF exhibited ƞ10 of 280 mV and Tafel slope
of 38 mV�dec-1. According to XPS analysis, Co2+ and Co3+ existed
in Co3Fe-NH2-BDC. The doping of Fe atoms caused the transforma-
tion of partial Co2+ to Co3+. In addition, the combination of Fe and
Co optimized the filling of eg orbit, and changed the electron accep-
tance ability of Co2+ in the OER.

The organic ligands in 2D MOFs can effectively regulate the
electronic structure of metal centers and optimize the intrinsic
activity of MOF materials. Li et al. prepared missing interface
MOF by introducing missing joints into layered column MOF
Co2(OH)2(C8H4O4)(CoBDC) [57]. According to DFT calculations,
terephthalic acid in CoBDC can be replaced by the missing carboxyl
ferrocene joint (Fc), and a new stable MOF (CoBDC-Fc) can be
solution XPS. (d) Overpotential comparison. (e) The Bader charge numbers of NiBDC/
ls. Reproduced with permission from ref. [139]. Copyright 2021, Royal Society of
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formed. PDOS showed that after the introduction of Fc, the new
electronic states generated by CoBDC-Fc near the Fermi level are
mainly due to the changes in the electronic structures of Co and
O. DFT calculations showed that the introduction of Fc led to the
formation of defect in site Co2 in CoBDC-Fc. When OH* was oxi-
dized to O*, it had a low energy barrier of 1.85 eV, which meant
that the electronic structure of the defect site favors the OER.
XPS results showed that the introduction of Fc led to the change
of the coordination environment of the active center, and the max-
imum energy of the valence band blue shift to the vacuum level of
CoBDC-Fc is significantly lower than that of CoBDC, which also
indicated that the electronic structure of MOF has changed. In
1.0 M KOH, the ƞ10 on CoBDC-Fc in OER was 291 mV, which was
lower than that of CoBDC (378 mV). Chen et al. anchored iron
phthalocyanine (FePc) onto 2D MOF nanosheets (Ni-1,4-mono-
benzodiarboxylic acid pyelazide, Ni-MOF) for HER [141]. The FePc
was evenly anchored on the surface of Ni-MOF ultra-thin
nanosheets (Fig. 10a-e). The onset HER potential on the FePc@Ni-
MOF was 140mV and theg10 was 334 mV (Fig. 10f-g). Even at high
current densities, FePc@Ni-MOF exhibited good electrocatalytic
properties, which can be attributed to the interaction in the elec-
trons that regulated the electronic environment of the central Fe
and Ni sites. According to XPS results, in FePc@Ni-MOF, the Fe 2p
binding energy shifted negatively, and the strong electron effect
can adjust the electronic environment of the active site.

The existence of defects has a significant effect on the electronic
structure of MOFs. The point defects in MOFs can cause periodic
crystal defects in the local range, thus changing the electronic
structure and electronic filling mode [142]. The materials synthe-
sized by in-situ electrochemical method show abundant oxygen
defects after redox process, which can regulate the electronic
structure of active centers. Shen et al. adopted nickel foam to
assemble CoM-ZIF-L nanosheet microarray, and obtained aCo
(OH)2-ZIF-L/NF-40 after optimization (Fig. 11a-c) [143], which
showed an ƞ100 of 290 mV for the OER (Fig. 11d-f). The oxygen
defects can not only adjust the surface chemical and electronic
structure, but also act as adsorption sites and active centers. More-
over, the concentration and electronic structure of oxygen defects
can also be optimized by CV spark cycles. DFT calculations showed
that the DG of the potential limiting step on oxygen defects was
0.49 eV (Fig. 11g), which was lower than that of the perfect surface,
indicating that the defect surface was more active than the perfect
surface.
Fig. 10. (a). Synthesis diagram for FePc@Ni-MOF. (b). SEM image. (c). TEM image. (d). H
Tafel slopes. Reproduced with permission from ref. [141]. Copyright 2021, American Ch
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3.4. The number/density/distance of active sites

In chemical reactions, the spatial distribution of catalytic active
sites has an important effect on the overall activity of catalysts. The
morphology, particle size, and specific surface area influence the
catalytic activity. Zhang et al. synthesized Co-BDC nanosheets
based on bulk MOF-71 [144]. Compared with bulk MOF-71, the
double-layer capacitance of Co-BDC nanosheets increased by 12
times, indicating that Co-BDC nanosheets had a large point tiger
hole surface area, which was conducive to exposing more active
sites, thereby improving the electrocatalytic activity. These influ-
encing factors are crucial, but they are also complex and challeng-
ing for the structural design of catalysts. Here, we summarized
these factors as the number/density/distance of active sites. The
electrocatalytic performance of MOF materials can be increased
by increasing more exposed active sites or reducing the distance
between active sites. There are two main methods: one is to inhibit
molecular aggregation/accumulation, and the other is defect
regulation.

To increase the density of active centers, we can prevent the
movement of the metal centers by using the space confinement
effect, and in this way, the formation of inorganic metal particles
can be avoided. Wang et al. converted 2D Ni2(2,6-ndc)2(dabco)
(DUT-8(Ni)) into nickel carbon matrix composites by adjusting
the annealing temperature Ni@C-X (X represents annealing tem-
perature) [116]. The higher the annealing temperature is, the more
serious the aggregation of nickel nanoparticles will be. At low tem-
perature, DUT-8(Ni) was not completely decomposed and its cat-
alytic performance was poor. With the increase of temperature,
the catalytic performance improved slowly. When the annealing
temperature was raised to 800 �C, the electrochemical specific sur-
face area decreased and the catalytic activity decreased slightly.
Since nickel nanoparticles are the main active component of HER,
when they are coated with graphite carbon layer, the aggregation
of nickel nanoparticles is inhibited and the electrocatalytic activity
is enhanced. Jayaramulu et al. prepared 2D [Ni(C4O4)(H2O)2]n (H2-
C4O4 = squaric acid) (Ni-MOF) with polyvinylpyrrolidone (PVP),
which can be used as a structure directing agent to effectively pre-
vent the agglomeration of Ni-MOF (Fig. 12a, b) [124].

2D MXenes (carbides, nitrides, and carbonitrides) have the
advantages of adjustable structure, hydrophilicity and many redox
active sites, but the defect is easy to aggregate, which reduces the
stability of the catalysts [145,146]. The hole limiting effect of MOFs
AADF-STEM image. (e). Corresponding element mapping. (f) Polarization curves. (g)
emical Society.



Fig. 11. SEM image of (a) NF, (b) ZIF-L/NF-60 and (c) aCo(OH)2-ZIF-L/NF-40. (d) LSV curve. (e) Overpotential at different current densities. (f) Tafel slope. (g) The optimized
free energy diagram. Reproduced with permission from ref. [143]. Copyright 2021, Elsevier ltd.
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and the adjustable bit space can provide an excellent environment
for MXenes and prevent their agglomeration. Liu et al. synthesized
CoP-NC@Ti3C2Tx as an efficient Li+ electrode by phosphating ZIF-
67@MXenes, which inhibited the accumulation of Ti3C2 MXenes
[147]. The agglomeration can be inhibited using different synthetic
methods and solvents. Han et al. assembled CNF@Ni-CAT
(CNF = carbon nanofibers, CAT = catecholate) flexible self-
supporting membrane [148]. The combination of electrospinning
technology and hydrothermal method can not only improve the
performance of the carbon nanofiber matrix, but also solve the
problem of agglomeration. Guo et al. prepared 2D MOFs/polymer
core–shell composites by a double solvent method [149]. The com-
posites obtained by using two different polar solvents effectively
avoided the phenomenon of agglomeration and uneven modifica-
tion. Kaskel et al. studied the bottom-up synthesis method and
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found that the ideal solvent can not only tear the layer, but also
effectively prevent agglomeration in the suspension [150].

Defect regulation of MOFs mainly involves the regulation of
point defects formed by metal nodes or organic ligand vacancies.
The formation of such defects favors to expose more coordination
unsaturated sites, thus improving the electrocatalytic activity to a
certain extent [151–153]. Amino-functionalized MOF could effec-
tively improve the catalytic activity, because amino is a hydrophi-
lic group, which can increase electron transfer. Cao et al. prepared a
layered AM-FeCo(OH)x hybrid structure with rich defects [154].
After etching in NH3�H2O, a large number of cobalt/iron hydroxide
nanosheets coated on the surface form a core–shell structure. The
structure has abundant active sites/defects, which not only
increases the specific surface area, but also promotes
proton-coupled electron transfer, reduces the reaction barrier



Fig. 12. (a) The formation of 2D [Ni(C4O4)(H2O)2]n layers. (b) The preparation of heterobilayer hybrids of 2D graphene. Reproduced with permission [124]. Copyright 2019,
Wiley-VCH.
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and accelerates the reaction kinetics. Zhou et al. developed a
method combining doping, annealing and vulcanization to synthe-
size a cobalt-based Ni-Co-S nanoarray (HPNA) [155]. Ni-Co-SHPNA
is a defect-rich nanosheet with high specific surface area and por-
ous structure. The diffusion path of ions is short and the active sites
are abundant. For OER in 1 M KOH, Ni-Co-S-HPNA showed a low
ƞ10 of 270 mV. Furthermore, Ni-Co-S-HPNA exhibited a low ƞ10 of
110 mV for HER. This preparation strategy plays an important role
in the subsequent catalysis of overall water decomposition.

Through unremitting efforts, researchers have found many
ways to improve the electrocatalytic performance of 2D MOFs.
Despite the current research on improving electrocatalytic perfor-
mance of 2D MOFs has made great progress, there are still much
untapped potential. Most 2D MOFs still failed to perform practical
applications, and hence, it is still an important content of electro-
catalysis to find the right control strategy to improve the catalytic
performance.
4. Electrocatalytic applications of 2D MOFs and their derivatives

4.1. Oxygen evolution reaction

The OER occurs at the anode of water electrolysis, involving the
coupling of four electron protons, which is relatively complex. At
present, researchers have not found a clear evolution path of OER
reaction intermediates, but proposed some possible mechanisms,
as shown in the Fig. 13 [156]. OER is a heterogeneous reaction
involving multiple mixing steps. The formation of intermediates
such as OH*, O*, OOH* and the formation of M�O will affect the
electrocatalytic performance. OER involves the transfer of four
electrons, which requires high overpotential in the charging pro-
cess of metal-air batteries and the anodic reaction of electrocat-
alytic water splitting, and is the highest energy consumption
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process. At 25 �C, the thermodynamic voltage of OER is 1.23 V
(vs RHE). It is necessary to find high performance electrocatalysts
to improve the kinetics of OER. Ruthenium dioxide and iridium
dioxide have been found to be highly active for OER [157]. How-
ever, both ruthenium and iridium are precious metals, which are
costly and scarce elements. As more and more MOFs were found
to be active for the OER [158], researchers began to turn their
attention to 2D MOF materials.
4.1.1. 2D MOFs for OER
Transitional metals such as Fe, Co, Ni, Cu and Mn are the active

centers of OER. 2D MOFs based on these transition metals can be
fabricated using electron-rich ligands to stabilize the oxidation
state of metal ions and enhance the charge transfer ability. MOFs
with Co and Ni as metal centers exhibit excellent catalytic perfor-
mance due to their excellent surface structure and physicochemi-
cal properties [159]. However, the original Ni-based and Co-
based MOFs are easy to agglomerate in the OER process, and the
catalytic ability is relatively weak. Introducing heterogeneous
metal atoms or compounds into MOFs can adjust their electronic
structure and enhance the intrinsic catalytic activity. Metal het-
eroatoms can be introduced into Ni- or Co-based MOFs, and the
coupling effect between various metals is of great help to improve
the catalytic activity. In addition, combining MOFs with heteroge-
neous elements (e.g. ferrocene carboxylate or Ti3C2Tx nanosheets)
can not only effectively prevent the aggregation of nanosheets,
but also optimize the electronic structure. In addition to Ni- and
Co-based MOFs, Cu-based MOFs also have great catalytic potential,
which is conducive to commercialization.
4.1.1.1. Ni-based MOFs. In recent years, 2D Ni-based MOFs have
been proven to have high OER electrocatalytic activity [160]. Bir-
adha et al. synthesized six different 2D MOF compounds using



Fig. 13. Schematic illustration of the OER.
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Ni, Cu and Co as well as different ligands [161]. [(Ni(L1)(TA)
(H2O)2)�2H2O]n (TA = 1,4-benzendicarboxylate (1,4-bdc)) (Ni-
MOF) crystallizes in the P�ı network group and has an open 2D rect-
angular network. The Ni-MOF with 2D rectangular grid network
exhibited the lowest ƞ10 of 370 mV, and the highest ECSA value
of 5.67 cm2. During the electron transfer process, Ni(II) was oxi-
dized to Ni(III), followed by oxidation to Ni(IV), and then the
high-valence Ni was reduced to Ni(II) by releasing O2. Usually, p-
conjugated 2D MOFs have high intrinsic conductivity. Du et al
reported high conductivity p-conjugated [Ni3(C32H16N16)]n (NiPc
MOF) [162], in which NiPc can not only serve as the connection
unit, but also can serve as the active site of electrocatalysis. The
electrocatalytic activity of NiPc-MOF increased with the increase
of pH. In 1.0 M KOH, NiPc-MOF showed a low initial potential
(1.48 V).

Nickel foam (NF) is a conductive substrate, which can enhance
the electron transfer ability and reduce the electron transfer resis-
tance. Liu et al. synthesized Ni-Fe-HPLC (HPLC = 2-amino tereph-
thalic acid) on NF [130], which exhibited an ƞ50 of 258 mV for
the OER. According to AFM, the thickness of nanosheets is about
10 nm. These vertical nanostructures and NF skeletons can expose
more active sites and increase the transmission of electrons and
mass. Viswanathan et al. synthesized NiCo-BDC/NF, which showed
a low ƞ50 of 270 mV for the OER [163]. Co ion insertion changed the
triclinic structure of Ni-BDC to face-centered cubic structure. The
synergistic effect of the two metals enriched the active centers
and NF made MOFs with faster electron transport and enhanced
electrical conductivity. At the same time, the array of 2D
nanosheets also helps to expose the active sites and has excellent
mass transfer performance. The conductivity can be improved by
metal doping, but the mechanism is unclear. 2D MOFs and ultra-
thin nanosheets can accurately determine the surface atomic
structure and bonding arrangement, and obtain accurate struc-
ture–property relationship. Zhang et al. synthesized 2D Ni-Ln
heterometallic MOF using electrochemical stripping design
(Fig. 14a) [15]. 2D-Ni4Ce is a light purple block crystal, which crys-
tallizes in the P�ı space group of triclinic system. When 2D-Ni4Ce
was immersed in 0.5 M KHCO3, a powder sample (2D-Ni4Ce-TD)
was obtained after centrifugation (Fig. 14b-d). It took only 900 s
to increase the current density from 7.3 to 27.5 mA�cm�2

(Fig. 14e, f). During the catalytic process on 2D-Ni4Ce, the lamina-
tion of nanosheets was gradually stripped off to form sub-
nanosheets, which increased the mass transfer rate. Through DFT
calculations, the order of the free energy barrier of RDS was as fol-
lows: 2D Ni4Pr > 2D Ni4La >2D Ni4Ce (Fig. 14g-i). PDO calculations
showed that the oxidation state and local electronic structure of Ni
(II) would lead to different catalytic activities of metal�organic
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nanosheets (MONs), and the d-band center of 2D-Ni4Ce was higher,
which indicated that the binding between the adsorbent and the
catalyst was earlier, and thereby the OER activity was higher.

In short, 2D Ni-based MOFs have high OER activity and have
attracted extensive attention. However, 2D Ni-based MOFs are
prone to agglomerate in the OER process. Therefore, the original
2D Ni-based MOFs have weak OER catalytic ability and poor stabil-
ity. The introduction of heterogeneous metal atoms or compounds
into Ni-based MOFs can adjust the electronic structure and
enhance intrinsic activity.

4.1.1.2. Co-based MOFs. 2D Co-based MOFs showed high OER activ-
ity. Singh et al. prepared a 2D [Co6(btc)2(DMF)6(HCOO)6] (Co-MOF),
which had a unique six-core core.[164] Co-MOF crystallizes in the
triangular crystal system of P3̅ space group. The ƞ10 on Co-MOF
was as low as 175 mV, which was attributed to the existence of
Co(OH)2 and CoOOH as real active sites. The unique 2D hexanu-
clear cluster structure in Co-MOF may provide more active sites.

Compared with pure 2D Co-based MOFs, 2D hybrid Co-based
MOFs with metal heteroatoms (Fe, Ni) have controllable morphol-
ogy, controllable electronic structure and higher OER activity. Hou
et al. synthesized CoFe-L, Co-L and CoNi-L (H2L = 5-((pyridin-4-
ylthio)methyl)isophthalic acid ligands) by replacing cobalt ions
with iron or nickel ions [165]. CoFe-L, Co-L and CoNi-L are
isostructural, and Co-L crystallizes in monoclinic space group
C2/c. The ƞ10 on CoFe-L, Co-L and CoNi-L was 355, 397, and
501 mV, respectively. The morphology and structure remained
unchanged after continuous operation for 15 h. Fe doping
increased the electron density of Co center and promoted the for-
mation of OOH, the key intermediate of OER. Yan et al. synthe-
sized 2D bimetallic CoxFe-NH2-BDC nanosheets, which
crystallizes in C2/m space group [166]. After optimization, Cox-
Fe-NH2-BDC showed a low ƞ10 of 280 mV. Part of the charge
was transferred from Fe center to Co center, resulting in high
electron density of Co center. The combination of Co and Fe can
optimize the filling of eg orbital, and the addition of Fe can also
change the valence of Co2+ and the ability to accept electrons in
the OER. Yao et al. synthesized 2D Co-based bimetallic Co-Ni/
Fe@HPA-MOF (HPA = hypoxanthine) nanosheets by in situ
hydrothermal methods [167]. The ƞ10 on Co-Ni@HPA-MOF was
320 mV, mainly because the coupling effect between Co and Ni
provided massive active sites. Most importantly, cobalt-based
bimetallic MOFs can be directly used to catalyze OER without
annealing treatment.

4.1.1.3. Cu-based MOFs. In addition to Ni and Co-based MOFs,
Cu-based MOFs also have the potential as OER electrocatalysts.



Fig. 14. (a) Diagram of the synthesis of ultra-thin MOFs. (b) TEM image of 2D-Ni4Ce-NS. (c) AFM image of 2D-Ni4Ce-TD. (d) Optical pictures of bulk 2D-Ni4Ce. (e) LSV curve
and Tafel slopes. (f) Chronoamperometry of 2D-Ni4Ce-BU and 2D-Ni4Ce-TD. (g) Four elementary OER steps. (h) Highest occupied molecular orbital (HOMO). (i) Standard free
energy diagrams. Reproduced with permission from ref. [15]. Copyright 2020, American Chemical Society.
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Yang et al. prepared Cu3HITP2/CF by growing 2D MOF on copper
foam (CF) [168]. The structure of Cu3HITP2/CF is 2D needle-like
and can run stably in alkaline solution. Cu3HITP2/CF can be used
as OER and ORR bifunctional electrocatalysts. For OER, the ƞ10
was 0.3 V, and the current density did not decrease significantly
after 24 h. Using the synergistic effect between metals and 2D
structure, Peng et al. introduced Cu into 2D Co-BDC to prepare
CuCo-BDC, which had a unique book structure [169]. In the Cu-
based bimetallic MOF catalyst, a variety of metals shared coordina-
tion, thus introducing more active structural defects. Moreover, the
doping of Cu can increase the conductivity and water adsorption
energy of the electrode, showing low interfacial resistance and fast
charge transfer rate. The ƞ10 on 2D CuCo-BDC was 340 mV, which
was attributed to the synergistic effect between the two kinds of
metals. Kim et al. synthesized Cu-Fe-NH2 based MOF films without
binder, which had 2D sheet structure [170]. Cu-Fe-NH2 MOF
showed a low ƞ500 of 330 mV, and its chronopotentiometry decay
loss was only 1.26 % at ƞ500 for 24 h. Due to the synergistic effect
of metal ions, multi-metal materials have received extensive atten-
tion. MOFs with high crystalline structures can be prepared by
direct synthesis. Polymetallic electrocatalysts can also be prepared
by introducing a second or third metal into MOFs. 2D MOF
nanosheets have nanoscale thickness, which can accelerate ion
exchange. In addition, they have soft crystal characteristics, and
are flexible dynamic porous frameworks with convertibility. Fu
et al. used Cu(BDC) as sacrificial template to introduce Co/Ni ions
to synthesize CuCoNi trimetallic hybrids by impregnation method
[171]. Ordered crystal structure of Cu(BDC) nanosheets trans-
formed into amorphous structure and transformed from regular
nanosheets to layered structure. The introduction of Co and Ni
reduced the energy of Cu and made Cu atoms obtain more elec-
trons, which will lead to the increase of local electric dipoles and
reduce the dynamic barrier. The ƞ10 on CoNi-Cu(BDC) was
327 mV (Table 1), which could be attributed to the synergistic
effect of different metal ions and 2D layered structure.
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4.1.2. 2D MOF-derived electrocatalysts for OER
Specific structural transformation can inhibit the aggregation of

2DMOFs, increase the active surface area, expose more active sites,
and improve the accessibility of each active site, thereby enhancing
the activity and stability. Non-noble metal nanocomposites usually
refer to transition metal oxides, hydroxides, sulfides, phosphates
and carbides. There are many kinds of 2D MOF derivatives for dif-
ferent electrocatalytic reactions.

4.1.2.1. Metal/alloys. 2D MOFs can be converted into metal/alloy
nanoparticles on carbon support by high temperature treatment
under inert gas atmosphere. The carbonaceous component in the
ligand provides high conductivity and supports high density of
active sites for OER. Rodenas et al. chose 2D Co-based MOF as
the precursor to introduce highly dispersed metal species, and
combined it with exfoliated graphene with excellent electron
transport properties to form CoTFBDC/EG (CoTFBDC = cobalt
tetrafluoro-benzenedicarboxylate, EG = exfoliated graphene) com-
posites [137]. After annealing at 250 �C, the EG-supported Co-
based MOFs were decomposed into a hybrid with 1–5 nm thin
sheets composed of metallic nanocrystals. According to XPS analy-
sis, the fluorine introduced in 2D Co-based MOF can overflow dur-
ing annealing, which is helpful for the release of O2 on the surface
of the electrocatalyst. In 1 M KOH, the Tafel slope of CoTFBDC/EG
was as low as 39.8 mV dec-1. Li et al. prepared nanoflower-like
MOF derivatives (FeNi@CNF and CoNi@CNF) (Fig. 15a) [172]. They
used 2D bimetallic MOF-FeNi andMOF-CoNi with nanoflower mor-
phology as precursors (Fig. 15b, e). After high temperature pyroly-
sis, the original morphology was retained (Fig. 15c, f), and the
surface of carbon nanostructures became uneven, exposing more
active sites. The diameter of the hollow carbon nanotubes was
about 20 nm (Fig. 15d and g). According to XPS analysis, some Fe
atoms were inserted into Ni crystal to form FeNi alloy. FeNi metal
nanoparticles coated at the end of carbon nanotubes can form the
host–guest effect and improve the catalytic performance of the car-



Table 1
OER performance comparison of 2D MOF electrocatalysts.

Electrocatalyst Substrate Mass loading
(mg cm�2)

Electrolyte ƞ10
(mV)

Stability
(h)

Ref.

Ni-MOF GCEa / 0.1 M KOH 370 5.5 [161]
NiPc-MOF FTOb 0.0076 1.0 M KOH 270 50 [162]
NiFe-MOF-74 NFc / 1.0 M KOH 208 15 [22]
NiCo-MOF/NF NF / 1.0 M KOH 270 8.3 [163]
5 % Ni/Co-MOF CFPd 0.2 1.0 M KOH 310 12 [30]
[Co6(btc)2(DMF)6(HCOO)6] GCE / 1.0 M KOH 175 10 [164]
Co-MOF GCE 0.1 1.0 M KOH 350 2.2 [144]
Co-MOF GCE 0.225 0.1 M KOH 397 15 [165]
CoFe-MOF GCE 0.225 0.1 M KOH 355 15 [165]
Co3Fe-MOF GCE 0.4 0.1 M KOH 280 10 [166]
Co-Fe@HPA-MOF GCE / 1.0 M KOH 370 / [167]
MOF-Fe/Co (1:2) GCE / 1.0 M KOH 238 13.8 [178]
Co-Ni@HPA-MOF GCE / 1.0 M KOH 320 / [167]
FeCoNi-MOFs GCE 0.25 1.0 M KOH 254 100 [179]
CoNi-MOF GCE 0.225 0.1 M KOH 501 15 [165]
CuCo-MOF NF 0.43 1.0 M KOH 340 24 [170]
CuNi-Cu(BDC) GCE 0.38 1.0 M KOH 327 8 [171]

a GCE: glassy carbon electrode, b FTO fluorine-doped tin oxide: c NF: nickel foam, d CFP: Carbon fiber paper.
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bon layer. BET measurement showed that there were micropores/
mesopores, and the specific surface area was about 290.1 m2/g,
which was beneficial to the exposure of active sites. In 1 M KOH,
the ƞ10 on FeNi@CNF was 356 mV, which was lower than that of
CoNi@CNF (388 mV) (Fig. 15h). After 24 h of continuous operation,
the voltage increased slightly (Fig. 15i).
4.1.2.2. Metal oxides. In general, metal oxides can be derived from
2D MOFs when the annealing temperature is 200–600 �C. Cobalt-
based oxides have the advantages of high theoretical capacity,
low cost, abundant natural resources and simple preparation,
which can be used in energy storage and conversion fields. Zhang
et al. annealed 2D Co2(3,5-di(pyridin-4-yl)-4H-1,2,4-triazol-4-ami
ne) (Co-MOF) in air to prepare layered NL-Co3O4 with thickness
of about 70 nm (Fig. 16a) [158]. When the annealing temperature
was 400 �C, the obtained NL-Co3O4 retained the layered structure
of Co-MOF, and possessed a loose and porous structure (Fig. 16b-
e). This unique structure can effectively alleviate volume expan-
sion and expose more active sites. According to the nitrogen
adsorption and desorption tests, NL-Co3O4 is a typical mesoporous
material with a pore size of about 2.6 nm. In 1 M KOH, the ƞ10 on
NL-Co3O4 was 420 mV, and its Tafel slope was 69.2 mV dec�1,
which was better than that of RuO2 (428 mV, 86.6 mV dec�1)
(Fig. 16f, g). After 15 h of continuous operation, the current density
did not change significantly, and the layered structure was also
maintained. Combining 2D MOFs with carbon to prepare metal
oxide/C nanosheets can not only increase the conductivity, but also
increase the number of active sites, which is of great help to
improve the catalytic activity. Li et al. prepared Co3O4/CBDC, NiO/
CBDC and Cu2O/S-CTDC (TDC = 2,5-thiophenedicarboxylate) by com-
bining 2D structure with porous carbon [26]. To compare the
effects of metal oxides/carbon (MOX/C, M = Co, Ni, Cu) prepared
in different dimensions on OER activity, they also chose 1D/3D
MOF as the precursor. Taking 2D Co3O4/CBDC as an example, the
g10 of 1D Co3O4/CBTC, 3D Co3O4/CDHTP and 2D Co3O4/CBDC was
295, 260 and 208 mV, respectively. The combination of 2D array
structure and C helps to form *OH intermediates and promote
the first step reflection of OER. Compared with single metal oxides,
bimetal or trimetal oxides derived from 2D MOFs have more
unique heterostructures. Hu et al. doped Fe into Co2(C4H6N2)
(C4H6N2 = 2-methylimidazole) with abundant oxygen vacancies
(VO), and then carbonized it to obtain ‘‘cheese-like” Fe/Co-carbon
nanosheets [173]. After carbonization, the triangular structure
did not change, but the original smooth surface became rough,
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forming more hollow and porous structures. The doping of Fe
can fill the oxygen vacancy and a unique heterostructure can be
achieved. After optimization, the ƞ10 on Fe1Co3/VO-800 was
260 mV. Metal oxides derived from 2D MOFs are easy to maintain
stable crystal structure and can be produced on a large scale.

4.1.2.3. Metal chalcogenides. Transition metal sulfides derived from
2D MOFs have tunable metal-sulfur coordination environment.
Dou et al. synthesized 2D MOF ([Ni3(OH)2(1,4-BDC)2-
(H2O)4]2H2O, or Ni-BDC) by in-situ growth method, and then mod-
ified it with NiS to obtain Ni-BDC@NiS composite (Fig. 17a-c) [123].
The morphology and structure of MOF were retained by partial vul-
canization, and the produced NiS improved the electronic conduc-
tivity. However, the array structure was unstable at high
temperature vulcanization. Ni-BDC@NiS with the highest degree
of vulcanization could be obtained at 90 �C, which showed a low
ƞ20 of 330 mV (Fig. 17d). NiS generated by layered MOF is con-
ducive to the rapid transfer of charge and the high adsorption of
water. This composite structure will form the interaction of inter-
faces and provide strong structural integrity. Ma et al. synthesized
nitrogen-doped Ni-Ni3S2@carbon nanoplates by pyrolysis of 2D
MOFs [118]. They used anti-anion SO4

2� for self-sulfidation without
additional sulfur source and pyridine as a 2D inhibitor. After pyrol-
ysis treatment, the nanosheets composed of carbon matrix were
retained, and the Ni-Ni3S2 nanoparticles were embedded. The syn-
ergistic effect of the alloy core and the 2D morphology promoted
the charge transfer, and changed the electronic properties. Hetero-
geneous interfaces can be formed not only in polymetallic com-
pounds, but also in monometallic compounds. Pan et al.
synthesized silver-ear MOFs (TLMs), and obtained heterogeneous
CoS2/CoS nanosheets by vulcanization [174]. Due to the mismatch
between CoS2 and CoS, a clear interface leads to rich defects and
disordered structures. The ƞ10 on CoS2/CoS nanosheets was
269 mV, which was lower than that of CoS2 (296 mV) and CoS
(399 mV). CoS2/CoS nanosheets inherited the unique structure of
the precursor, which changed the electron interaction during the
vulcanization process, thus promoting the electron transfer.

4.1.2.4. Metal hydroxides. The large surface area, abundant surface
atoms and convenient charge transport of transition metal
(oxygen-containing) hydroxide nanosheets make them efficient
electrocatalysts for the OER. Layered double hydroxides (LDHs)
have high specific surface area and unique layered structure, which
were widely used as OER electrocatalysts [175]. However, the



Fig. 15. (a) Schematic illustration. SEM image of (b) MOF-FeNi and (c) FeNi@CNF. (d) TEM of FeNi@CNF. SEM of (e)MOF-CoNi and (f) CoNi@CNF. (g) TEM of CoNi@CNF. (h) LSV.
(i) V–t curve. Reproduced with permission [172]. Copyright 2019, Wiley-VCH.
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synthesis of LDH is difficult and its structure is easy to collapse.
Using MOFs with 2D structure as precursors, ultra-thin LDH elec-
trocatalysts can be prepared by using controllable interlayer con-
version strategy. Li et al. used Hofmann-MOF with unique
structure to synthesize ultra-thin FeNi-LDH under the condition
of hydrogen bubble assistance (Fig. 18a-c) [176]. The FeNi-py
LDH synthesized by adding pyridine (py) ligand has a sheet shape,
and its thickness is about 6 nm. The atomic ratio in the MOF pre-
cursor and LDH did not change. Due to the synergistic effect of
bimetals and the unique layered structure, the ƞ10 on FeNi-py
LDH was 238 mV (Table 2). The electrocatalytic performance can
be improved by forming a polymetallic structure. Co and Ni in
CoNi-based hydroxide have synergistic effect. When the third
metal Fe is added, more active sites will be generated. Yu et al.
21
synthesized 2D layered trihydroxide (LTH) nanosheets and
CoNiFe-LTH nanosheets by MOF mediated method (Fig. 18d)
[177]. CoNiFe-LTH presents petaloid morphology assembled from
ultrathin nanosheets. After optimization, the ƞ10 on CoNiFe-LTH
was as low as 262 mV (Fig. 18e, f). In addition to Fe, transition met-
als such as Cd, Ce, Cu and Mn can also be added.

Most of 2D MOF derivatives can retain 2D structure of the pre-
cursors by appropriate treatment, while the surface morphology
might change. For instance, FeNi@CNF and CoNi@CNF obtained
after high temperature annealing and acid leaching still retained
the nanoflower morphology, but the surface became uneven
[172]. For NL-Co3O4 [158], Co3O4/CBDC [26] and Fe1Co3/VO-800
[173], the 2D morphology of the precursors was retained after high
temperature carbonization, while the smooth surface became



Fig. 17. (a) The fabrication of the Ni-BDC@NiS. SEM images of (b) Ni-BDC and (c) Ni-BDC@NiS. (d) LSV curves. Reproduced with permission [123]. Copyright 2019, American
Chemical Society.

Fig. 16. (a) Illustration of the synthesis of NL-Co3O4. SEM of (b) Co-MOF and (c) NL-Co3O4. (d) The food of Napoleons. (e) TEM of NL-Co3O4. (f) LSV plots. (g) Tafel plots.
Reproduced with permission [158]. Copyright 2020, Wiley-VCH.

L. Xiao, Z. Wang and J. Guan Coordination Chemistry Reviews 472 (2022) 214777
rough and more porous structures were formed. For metallic sulfur
compounds, the well-aligned Ni-BDC was transformed into Ni-
BDC@NiS with hierarchical structure after vulcanization, while
the original array structure was still retained [123]. For metal
hydroxides, MOF-derived FeNi-py LDH [176] exhibited 2D layered
structure, and CoNiFe-LTH [177] exhibited petal-like morphology
assembled by nanosheet.

4.2. Hydrogen evolution reaction

Hydrogen production from water electrolysis has developed
rapidly in recent years, and the technology has been relatively
mature. The raw material is water, the reaction process is environ-
mentally clean, and there is no CO2 in the product. The whole reac-
tion is very consistent with the concept of sustainable
22
development. Therefore, it is a feasible mainstream method to
develop water electrolysis to prepare hydrogen. HER is a two-
electron transfer process at the cathode of water splitting
(Fig. 19). The reaction mechanisms in both acidic and alkaline solu-
tions are basically the same, and only the source of protons is dif-
ferent, namely protons in acidic solution from H3O+, while protons
in alkaline solution from H2O. Electron transfer and hydrogen des-
orption are two essential and decisive steps. The dynamics of HER
is experimentally determined by the Tafel slope. Theoretically, the
electrochemical HER kinetics can be reflected by the hydrogen
adsorption free energy (DGH*). The greater the absolute value of
DGH* is, the worse the hydrogen evolution performance of the cat-
alyst is. Only when the absolute value of DGH* is close to zero, the
adsorption force and desorption force reach the balance suitable
for the reaction, and the hydrogen evolution performance of the



Fig. 18. (a) Schematic illustration of FeNi-LDH. The crystal structure (b) and morphology (c) of FeNi-py-MOF. Reproduced with permission [176]. Copyright 2021, Royal
Society of Chemistry. (d) Schematic illustration of CoNiFe-LTH. (e, f) LSV. Reproduced with permission [177]. Copyright 2021, Elsevier Ltd.

Table 2
OER performance comparison of 2D MOF derived electrocatalysts.

Electrocatalyst Substrate Mass loading
(mg cm�2)

Electrolyte g10

(mV)
Stability
(h)

Ref.

Ni@NC-800 GCE 0.31 1.0 M KOH 280 10 [46]
Ni-BDC/Ni(OH)2 GCE / 1.0 M KOH 320 20 [180]
NiO/CBDC GCE / 1.0 M KOH 285 36 [26]
Ni-Ni3S2@C GCE 0.2 1.0 M KOH 284.7 8 [118]
FeNi@CNF NF / 1.0 M KOH 356 12 [172]
(Fe2O3)0.36@Ni-MOF CFP 1.0 1.0 M KOH 230 20 [181]
NiFe(20Ni)-MOF/NFF NF 0.2 1.0 M KOH 226 20 [182]
Ru-NiFeP/NF NF 1.0 1.0 M KOH 179 20 [183]
Ni-MOF@Fe-MOF GCE 0.2 1.0 M KOH 265 / [5]
FeNi3-Fe3O4NPs/MOT-CNT GCE 0.28 1.0 M KOH 234 20 [184]
FeNi@OCNC NF / 1.0 M KOH 300.4 12 [172]
CoNi40-MOFNs GCE 0.2 1.0 M KOH 346 20 [185]
AuNRs/NiCo-MOFs GCE 0.05 1.0 M KOH 345 / [186]
CoNi20-MOF Ns@MX GCE 0.2 1.0 M KOH 379 20 [185]
ɑ-Co(OH)2 nanosheets GCE 0.25 0.1 M KOH 340 12 [187]
Co-BPDC/Co-BDC-3 GCE 0.28 1.0 M KOH 335 80 [188]
NL-Co3O4 GCE / 1.0 M KOH 430 15 [158]
Co3O4/CBDC GCE / 1.0 M KOH 208 36 [26]
Co9S8@TDC-900 GCE / 1.0 M KOH 330 7 [59]
CoS2/CoS GCE / 1.0 M KOH 269 22 [174]
Co-CuTCPP/rGO GCE 0.12 1.0 M KOH 396 10 [189]
Cu2O/S-CTDC GCE / 1.0 M KOH 313 24 [26]
Fe1Co3/VO-800 CCe / 1.0 M KOH 260 15 [173]
FeNi-py-LDH GCE / 1.0 M KOH 238 15 [176]
CoNiFe-LTH GCE / 1.0 M KOH 262 50 [177]

e CC: carbon cloth.
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catalyst is excellent. At present, the DGH* of precious metals such
as Pt, Pd, Ru, Ir and Rh is close to 0, and the hydrogen evolution
ability is excellent, but their cost is high and they cannot be used
in large scale [190]. 2D MOF nanosheets and their derivatives have
become new catalytic materials for HER due to their unique phys-
ical and chemical properties.

4.2.1. 2D MOFs for HER
4.2.1.1. Single-metal MOFs. 2D nanosheets have larger surface area,
more active sites and shorter migration length than bulks. Ruiz-
Molina et al. synthesized a complex [Cu(2,5pydc) (H2O)]n�2H2O
(pydc = 2,5-pyridine dicarboxylic acid), and then obtained thin
nanosheets (NSs) by ultrasonic stripping method (Fig. 20a) [192].
The [Cu(2,5pydc)(H2O)]n�2H2O crystallizes in triclinic space group
23
P�ı. They modified the traditional synthesis method to produce lar-
ger layered blue crystals (Fig. 20b). Fig. 20c showed that the
nanosheets have a wider thickness distribution in the range of
50–200 nm. Compared with the samples before stripping, NSs
had a lower ƞ10 of 340 mV for the HER (Fig. 20e, f). Cu (II) ions were
coordinated with carboxyl and pyridyl groups in two modes, form-
ing a linear high-density accumulation of metal center along the
2D layer, while water molecules stabilized the structure through
hydrogen-bond interaction.

The introduction of non-metal elements into MOFs can enhance
the affinity between reactants and intermediates. The electron
absorption effect of halogen atoms and the lone pair electrons will
show the resonance effect. Li et al. synthesized three 2D [Co(X4-
pta)(bpy)(H2O)2]n (X = F, Cl and Br), which crystallize in



Fig. 19. HER mechanism in acidic media. Reproduced with permission [191]. Copyright 2014, Royal Society of Chemistry.

Fig. 20. (a) Schematic diagram. (b) Crystal optical images. (c) High magnification SEM image. (d) SEM images of NSs in aqueous colloidal suspension. (e) HER polarization
plots. (f) Tafel plot. Reproduced with permission from ref. [192]. Copyright 2021, Elsevier Ltd.
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orthorhombic Pccn space group [193]. In 0.5 M H2SO4, the catalytic
activity of pure Co-Cl4-MOF was better than that of pure Co-Br4-
MOF. XPS measurement showed that after HER test, the binding
24
energies of Co 2p3/2 and Co 2p1/2 showed a positive shift of
0.4 eV, while Cl 2p3/2 and Cl 2p1/2 showed a negative shift of
0.05 eV, indicating that halogen atoms were helpful to desorb H
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from the Co site. Adding acetylene black (AB) to [Co(X4-pta)(bpy)
(H2O)2]n can enhance the conductivity. AB&Co-Cl4-MOF (3:4)
showed an ƞ10 of 283 mV.
4.2.1.2. Bimetallic/polymetallic MOFs. Adding Ru to MOFs can not
only retain the original morphology and structure, but also
increase electrochemical active sites. Selecting a suitable substrate
is conducive to increasing conductivity. Wang et al prepared Ru-
doped Ni2(BDC)2TED (TED = triethylenediamine) MOF, and then
synthesized NiRu-MOF/NF (Fig. 21a) [194]. NiRu-MOF/NF was ver-
tically grown on nickel foam with a thickness of only 10 nm
(Fig. 21b). Compared with Ni2(BDC)2TED, the peaks of Ni2+ 2p3/2

and Ni2+ 2p1/2 in the NiRu-MOF moved to a slightly lower binding
energy, indicating that Ru doping changed the electronic structure
of Ni cations. In 1.0 M KOH, NiRu-MOF/NF had a low ƞ100 of
156 mV. Moreover, the conversion frequency (TOF) of NiRu-MOF
was 1.06 s�1 (Fig. 21c-f). In the subsequent research, more atten-
tion should be paid to the control/optimization of crystal size, mor-
phology and composition, the improvement of stability, and the
enhancement of the conductivity within MOF crystals and between
MOF crystals and substances. Lin et al. synthesized NiFe(dobpdc)
MOF with yarn spherical structure, which showed a 2D tightly cou-
pled spherical structure [195]. The dobpdc4� (4,40-dioxidobiphe
nyl-3,30-dicarboxylate) can contribute more p electrons to metals,
and the bimetals interact to jointly promote the overall water split-
ting. In HER, NiFe(dobpdc) achieved low ƞ10 of 113 mV and ƞ100 of
170 mV. Cui et al. prepared bimetallic NiFe-DOBDC (H4DOBDC =
2,5-dihydroxyterephthalic acid) (NiFe-MOF-74) nanosheets on
nickel foam, which had interconnected honeycomb networks
Fig. 21. (a) Schematic diagram of synthesis of NiRu MOF nanosheets on nickel foam. (
difference (Dj) against scan rate. (e) LSV curve before and after 5000 cycles. (f) v-t cur
Copyright 2020, American Chemical Society. (g) Synthesis procedure of NiFe-MOF. (g) A
[196]. Copyright 2021, Elsevier ltd.
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[22]. In HER, the ƞ10 on NiFe-DOBDC-74 was 208 mV and the ƞ100
was 240 mV. According to the XPS results, the binding energy of
Ni 2p3/2 in NiFe-DOBDC-74 was negatively shifted by 0.2 eV, while
that of Fe 2p3/2 was positively shifted by 0.8 eV, indicating that
electrons were transferred from Fe to Ni, which led to a decrease
in the number of d-electron orbits near Fe. The synergistic effect
between Ni and Fe modulated the morphology and electronic
structure of NiFe-MOF-74, leading to enhanced electrocatalytic
activity. Chen et al. synthesized a conductive lamellar MOF with
double active sites (Ni and Fe) and a thickness of about 1.35 nm
(Fig. 21g, h) [196]. The conductivity of NiFe(2,5-thiophene dicar-
boxylic acid) (NiFe-MOF) array was about 35 ± 8 S m�1. In HER,
the ƞ10 on NiFe-MOF was only 68 mV, and the ƞ500 was 356 mV.
DFT calculations revealed that H* desorption was the step deter-
mining the potential, and Ni sites promoted the desorption of H*,
and the coexistence of Ni and Fe can bring synergistic effect and
promote the HER (Fig. 21i).
4.2.2. 2D MOFs derived electrocatalysts for HER
The d-orbitals of transition metal oxides (TMOs) can be

adjusted, and multi-interface heterostructures can be constructed
by deriving from 2D MOFs. Song et al. prepared Ru-doped
cobalt–nickel oxide heterostructure nanosheets (Ru-Co3O4-
NiO-NF) derived from MOF (Fig. 22a) [197]. The obtained
Ru-Co3O4-NiO-NF effectively inherited the favorable morphology
of Co-2-MeIm precursor, while maintaining the mechanical
strength of NF skeleton. Ru doping existed in the form of low
content hetero-doping, which reduced the crystallinity of Co3O4.
The ƞ10 on the Ru-Co3O4-NiO-NF was 44 mV (Fig. 22b), and the
b) SEM images of the NiRu-MOF/NF. (c) Nyquist plots. (d) Plots of current density
ve at �30 mA�cm�2 current density. Reproduced with permission from ref. [194].
FM and height profile. (i) HER free energy diagrams. Reproduced with permission



Fig. 22. (a) Schematic illustration. (b) The comparison of overpotential. (c) Water adsorption energy diagram. (d) Water dissociation energy diagram. (e) Hydrogen adsorption
free energy diagram. (f) PDOS. Reproduced with permission [197]. Copyright 2021, Elsevier ltd.
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ƞ100 was as low as 115 mV. According to XPS, both the heteroge-
neous interfaces of Ru and Co3O4-NiO could introduce strong elec-
tron interaction and enhance the dynamics of charge transfer. The
doping of Ru reducedDGH* to �0.02 eV, and the DGH* of Co3O4-NiO
was also reduced to 0.17 eV (Fig. 22c-f), which was beneficial to
enhance the catalytic activity of HER. MOF-derived porous carbon
composites (MOFC) exhibit high catalytic activity due to the uni-
form doping of active heteroatoms. However, most MOFC are
formed by high temperature carbonization, and the aggregation
of metal particles is prone to occur during pyrolysis. Wang et al.
induced 2D MOF nanosheets with CoO nanowalls as template to
prepare Ni@CoO@Co-MOF (Co-MOF: [Co(bimpy)(p-bdc)(H2O)]n),
and then pyrolyzed it to form Ni@CoO@Co-MOFC [198]. The
Ni@CoO@Co-MOFC retained the 2D morphology of the precursor,
but the surface became curved. Metal particles are prone to aggre-
gate in bulk MOFs during pyrolysis, but the aggregation of
nanoparticles can be avoided or reduced in 2D MOF nanosheets
during pyrolysis due to well-arranged nanoarray structure. The
ƞ10 on Ni@CoO@Co-MOFC was 138mV. The presence of Co can pro-
mote the adsorption of H atoms, while CoO can promote the
adsorption of hydrolyzed –OH. The synergistic effect can enhance
the catalytic activity of HER.

In terms of practical application, alkaline HER is more practical
than acidic HER, because acid fog is easily generated in acidic envi-
ronment and hydrogen is polluted. However, the reaction rate of
HER in alkaline environment is lower. Theoretically, molybdenum
disulphide exhibits the closest hydrogen adsorption free energy to
Pt and high corrosion resistance, and thereby it could replace noble
metal electrocatalysts to catalyze HER [199]. There are four poly-
crystalline types of molybdenum disulfide, among which, the tri-
angular phase of molybdenum disulfide can provide more active
sites for HER. Qiao et al. synthesized 2D-Co-BDC/MoS2 hybrid
nanosheets (BDC: 4-phthalate, C8H4O4) [200]. They first converted
bulk MoS2 into MoS2 nanosheets, and then deposited Co-BDC on
MoS2. The obtained Co-BDC/MoS2 still retained the characteristics
of 2D nanosheets. However, under the influence of Co-BDC, molyb-
denum disulfide was transformed from hexagonal phase (2H) to
triangular phase because Co-BDC provided electrons to promote
the phase transformation. Co-BDC promoted the dissociation of
water, while MoS2 promoted the generation of hydrogen. In addi-
tion to the high catalytic activity of MoS2, Ni3S2 is also widely con-
cerned because of its high conductivity and inherent metal
properties. The S sites at the edge of Ni3S2 are easy to form SAH
bond, which is conducive to the adsorption of hydrogen intermedi-
ates. Cheng et al. prepared Ni3S2@Co–(2-mlm)/CP by electrodepo-
sition of honeycomb Ni3S2 nanosheets on the surface of 2D Co–
(2-mlm) (2-mlm = 2-Methylimidazole) as a template [29]. The
2D Co–(2-mlm) nanosheets showed smooth nanosheets on the
CP (carbon paper) surface with a thickness of about 150 nm. After
Ni3S2 was loaded by in-situ electrodeposition, the leaf shape
remained, but the smooth surface became rough and a honeycomb
structure was grown. MOF array as the template can avoid the
aggregation of Ni3S2 particles, thus providing more HER active
sites. The ƞ10 on Ni3S2@Co-MOF/CP was 140 mV (Table 3), and
the ƞ130 was only 395 mV, indicating that it has great potential
for industrial application.

Transition metal phosphides have a catalytic mechanism simi-
larly to hydrogenase for HER. When transition metal phosphides
are combined with nano-substrates, the nano-substrates can
improve the overall electrical conductivity. Cobalt phosphate
(CoP) has attracted much attention in HER electrocatalysis due to
its high activity and durability [201]. Zheng et al. embedded CoP
on the surface of carbon nanoparticles to form CoP@C [202]. They
prepared four kinds of CoP@C-Y with different proportions of Co2+

and 2-dimethylimidazole (2-MeIM). When Co2+:2-MeIM was 2:1
(CoP@C-1) or 1:1 (CoP@C-2), the product was light yellow. When
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Co2+:2-MeIM was 1:2 (CoP@C-3) or 1:4 (CoP@C-4), the product
was dark purple, as shown in Fig. 23a, b. Fig. 23c shows that
CoP@C-2 has a rough surface due to the coverage of CoP nanopar-
ticles. In Fig. 23d, the lattice spacings of 0.279 and 0.186 nm corre-
spond to the (001) and (211) crystal planes of CoP, respectively.
The ƞ10 on CoP@C nanosheets was 236 mV (Fig. 23e, f). According
to DFT calculations, the P-top sites on (011) and (211) planes of
CoP were the main active sites (Fig. 23g, h), and the water dissoci-
ation on CoP (211) plane was more favorable than that on (011)
plane. In other words, CoP (211) was more active for HER
(Fig. 23i). Under acidic conditions, the DGH* values on (011) and
(211) surfaces were � 0.17 eV and � 0.05 eV, respectively
(Fig. 23j).

4.3. Oxygen reduction reaction

Fuel cell is considered as one of the most effective green energy
conversion technologies due to its advantages of low pollution and
high efficiency. Oxygen reduction reaction (ORR) occurs at the
cathode of fuel cells, and its reaction mechanism is complex, which
can be divided into four-electron pathway and two-electron path-
way [219]. Compared with the two-electron pathway, the four-
electron pathway has higher output voltage and energy conversion
efficiency, but the energy barrier of the reaction is also relatively
high. Pt noble metal catalysts have the optimal ORR performance,
which is mainly manifested in the four-electron reaction pathway
[220]. ORR catalysts need to meet the conditions of good conduc-
tivity, electrochemical stability and high catalytic activity. 2D
MOFs can meet these requirements after appropriate modification.
Hence, researchers have studied various MOFs, and found that Al,
Mg, Mn, Fe, Co, Ni, and Cu-based MOFs show good ORR catalytic
activity.

4.3.1. 2D MOFs for ORR
ORR has slow kinetics and it is a huge challenge to prepare high-

performance catalytic materials for this reaction. Platinum-based
catalysts are the most active and widely used materials for the
ORR, but the scarcity of the precious metal Pt and the high cost
limit their widespread use, and thereby it is important to develop
new ORR electrocatalysts to replace the precious metal Pt. Zhao
et al. prepared 2D conjugated MOF Co3(HADQ)2 using
2,3,6,7,10,11-hexaamine disyoquinoxaline (HADQ) as the building
block (Fig. 24a-c), which was a black powder with 2D stacking
structure [221]. Co3(HADQ)2 had a high conductivity of 8385.744
S/m. In addition, the Co-N4 structure is present in Co3(HADQ)2,
which can be used as the active site of ORR. In 0.5 M H2SO4, the
onset potential on the Co3(HADQ)2 was 0.85 V (vs RHE), the half-
wave potential was 0.835 V (vs RHE), and the current density
dropped by only 5.4 % after 20,000 cycles (Fig. 24d). According to
DFT studies, Co3(HADQ)2 has a planar and porous structure, which
favors the dispersion of ions and protons. Each Co-N4 sequence in
Co3(HADQ)2 is covalently bound to two pyrazine rings, and the
high electron delocalization between the benzene units gives Co3(-
HADQ)2 high conductivity. The gORR on the Co– site was smaller
than that on the pyridine N-site, indicating that ORR occurred pref-
erentially at the Co-site (Fig. 24e, f).

The coupling effect of the interaction between multi-metal sites
increases the catalytic activity of ORR. Zhang et al. assembled
spherical microstructures by preparing 2D MOF nanosheets con-
sisting of ultra-thin Ni/Co-2-methylimidazole (Ni/Co-MOF)
nanosheets, which have a maximized surface area and the coupling
effect of bimetallic ions, giving them high ORR catalytic activity
[222]. Ni/Co-MOF nanosheets exhibit unique hollow nanocages
assembled from overlapping nanosheets. In 0.1 M KOH, the onset
potential on Ni/Co-MOFs nanosheets was 0.76 V (vs RHE). Accord-
ing to the K-L equation, in the potential range of 0.05–0.3 V, the



Table 3
Comparison of HER performance.

Electrocatalyst Substrate Mass loading
(mg cm�2)

Electrolyte g10

(mV)
Stability
(h)

Ref.

NiFe-MOF NF / 1.0 M KOH 68 20 [196]
NiFe(dobpdc) NF / 1.0 M KOH 113 30 [203]
NiFe-MOF-74 NF / 1.0 M KOH 195 15 [22]
NiRu-MOF/NF NF 2.1 1.0 M KOH 51 24 [194]
Ni3S2@2D Co-MOF/CP CPf / 1.0 M KOH 140 12 [29]
Ni-MOF@Pt GCE 0.2 1.0 M KOH 102 / [204]
NiCoP/NF NF / 1.0 M KOH 78 24 [205]
NiCoSe nanosheet NF 3 1.0 M KOH 175 40 [206]
Ni-Co-S HPNA CC / 1.0 M KOH 110 12 [155]
Ni@CoO@Co-MOFC NF / 1.0 M KOH 138 / [198]
Ru-Co3O4-NiO-NF NF / 1.0 M KOH 44 60 [197]
CoP/Co-MOF CP / 1.0 M KOH 26 20 [201]
FeS2-MoS2@CoS2-MOF NF / 1.0 M KOH 92 30 [207]
CoS2 NS/CC CC 3.5 1.0 M KOH 90 / [208]
Co-BDC/MoS2 GCE 0.16 1.0 M KOH 248 15 [209]
Mn-CoP GCE 0.5 1.0 M KOH 195 20 [210]
CoP/Co-MOF CP / 1.0 M PBS 106 20 [201]
CoP/Co-MOF CP / 0.5 M H2SO4 52 20 [201]
Co-MOF-800 GCE 0.7 0.5 M H2SO4 193 20 [211]
Co-Cl4-MOF GCE 0.28 0.5 M H2SO4 424 / [193]
AB&Co-Cl4-MOF(3:4) GCE 0.28 0.5 M H2SO4 283 24 [193]
Co-Br4-MOF GCE 0.28 0.5 M H2SO4 699 / [193]
AB&Co–Br4-MOF(2:4) GCE 0.28 0.5 M H2SO4 344 / [193]
MoS2/Co-MOF GCE / 0.5 M H2SO4 262 6.9 [212]
(GO 8 wt%)Cu MOF GCE 0.226 0.5 M H2SO4 159 / [65]
THTA-Co 2D MOF GCE / 0.5 M H2SO4 283 4 [213]
MoSX/Co-MOF-74 GCE 0.09 0.5 M H2SO4 68 12 [214]
Mn-CoP GCE 0.5 0.5 M H2SO4 148 20 [210]
Co-PTC CFg 2 0.5 M H2SO4 227 40 [215]
MoS-CoS-Zn GCE / 0.5 M H2SO4 72.6 60 [216]
CoP-NS/C GCE 0.14 0.5 M H2SO4 140 24 [217]
POM-based MOF GCE 0.13 0.5 M H2SO4 237 / [218]
Ni-MOF@Pt GCE 0.2 0.5 M H2SO4 43 / [204]

f CP: carbon paper, g CF: Carbon film.

Fig. 23. (a) Composite diagram of CoP@C-Y. (b) Digital images in various scales. (c) TEM image and (d) HRTEM image of CoP@C-2. (e) LSV curve. (f) Tafel slope. (g) (011)
aspects. (h) (211) aspects. (i) (011) and (211) HER free energy graphs under alkaline conditions. (j) HER free energy diagrams of (011) and (211) under acidic conditions.
Reproduced with permission from ref. [202]. Copyright 2021, Royal Society of Chemistry.
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number of transferred electrons in the O2 reduction process was
about 3.7, indicating that the main route of ORR on Ni/Co-MOFs
nanosheets was the four-electron process. Choi et al. prepared
bimetallic conductive 2D hexagonal MOF layer CoxNiy-HHTP
28
(HHTP = 2,3,6,7,10,11-hexahydroxytriphenylene) (CoxNiy-CATs)
[223], and after optimization, bimetallic Co0.27Ni0.73-CAT not only
exhibited a high diffusion-limited current density comparable to
Co-CAT (j = �5.68 mA/cm2), but also had a high onset potential.



Fig. 24. (a) Synthesis route. (b) TEM. (c) SEM. (d) LSV before and after 20,000 CV cycles. The Free energy diagrams on (e) Co-site and (f) pyridinic N-sites. Reproduced with
permission [221]. Copyright 2022, Elsevier Ltd.
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Most 2D MOFs cannot be directly used for the ORR, because their
conductivity is relatively poor, while they can catalyze the ORR
by converting them into the corresponding derivatives.

4.3.2. 2D MOFs derived electrocatalysts for ORR
4.3.2.1. 2D MOFs-derived nanocomposites for ORR. Conditions such
as annealing temperature need to be precisely controlled during
pyrolysis to optimize morphology, structure and composition. Lei
et al. prepared annealing (A-NCM) and regenerated (R-NCM)
NiCo-based MOFs with 2D NiCo(2,6-naphthalenedicarboxylate
tetrahydrate) (NCMs) as the precursors [224]. A-NCM showed
thicker nanosheet stacks, while R-NCM exhibited denser
nanosheets. R-NCM exhibited better ORR catalytic activity than
NCM and A-NCM. Huang et al. synthesized binary NiFe-PTA
(PTA = p-phthalic acid) nanosheets (MOF-NSs) by hydrothermal
method, and then obtained their derivatives by pyrolysis strategy
[225]. After NiFe-PTA NSs was annealed at 250 �C for 1 h, NiO
nanoparticles were uniformly dispersed on the surface of the
MOF, and the basic MOF morphology was retained. When the
pyrolysis temperature reached 300 �C, massive highly crystallized
nanoparticles appeared, and the MOF structure was partially
decomposed. In 0.1 M KOH, NiFe-PTA NSs-300 had an onset poten-
tial of 0.75 V (vs RHE), and after 10,000 cycles, the selectivity of
H2O2 was only 2 % lost. The generation of NiO nanoparticles and
the partial decomposition of MOF structure generated more active
sites and increased the selectivity of H2O2. Studies have shown that
single/paired non-noble metal atoms doped into carbon are one of
the most promising ORR catalysts. Lu et al. prepared Zn/Fe-
MOF@gC3N4 by doping massive single/paired Fe atoms and N with
2D bimetallic Zn/Fe-(1,4,5,8-naphthalenetetracarboxylic anhy-
dride) as precursor, and then obtained Fe/N-PCNs by pyrolysis
[226]. The derived Fe/N-PCNs maintained 2D morphology well,
but the outer surface of the catalyst became more rough. During
the pyrolysis process, gC3N4 decomposed to form Por-N4, and the
single Fe atoms were stabilized by Por-N4 to form Fe-N4 configura-
tion, which can be used as active sites to catalyze ORR activity.
According to the characterization, the doped Fe atoms were highly
dispersed in the catalyst in the form of single atom or 2–4 clusters.
The half-wave potential on the Fe/N-PCNs was 0.86 V (vs RHE) in
0.1 M KOH and 0.79 V (vs RHE) in 0.1 M KClO4. The high
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single/paired Fe atoms loading and high N content in the catalyst
increased the density of active sites.

In transition metal- and N-codoped carbon materials, N, C and
transition metals can interact, resulting in surface charge delocal-
ization and charge redistribution. Wan et al. prepared Co/NCNTs/
NSs by pyrolysis of the mixture of 2D Co/Zn-(2-methylimidazole)
and N-doped carbon nanotubes (CNT) [227]. After heat treatment
in H2/Ar atmosphere, Co/NCNTs/NSs retained the 2D structural
characteristics. According to the characterization, C@N bond can
change the electronic structure of metal/C, providing more active
sites for the ORR, and the charge redistribution caused by N doping
is conducive to the adsorption of oxygen. In 0.1 M KOH, the onset
potential on Co/NCNTs/NSs was 0.96 V (vs RHE), and its half-wave
potential was 0.87 V (vs RHE). The encapsulation of 2D MOFs
nanoparticles in carbon nanotubes can effectively prevent the oxi-
dation and aggregation of transition metal nanoparticles. ZIF has
large specific surface area and abundant pores, which can be trans-
formed into amorphous or graphite carbon skeleton after pyrolysis
[228]. Wang et al. encapsulated 2D Co/Zn-ZIF on nitrogen-doped
carbon nanotubes by pyrolysis (Fig. 25a, b) [229]. CoANAC is com-
pletely exposed on the surface of CNT (Fig. 25c, d), which can be
used as active sites to improve the electrocatalytic performance.
According to XPS spectra, nitrogen existed in the form of Co-Nx

(399.0 eV) and graphitic N (401.3 eV) (Fig. 25e). In 0.1 M KOH,
the onset potential on Co-N-CNTs was 0.97 V (vs RHE), and the
E1/2 was 0.90 V, higher than Pt/C.

4.3.2.2. 2D MOFs derived single-atom materials for ORR. At present,
single atom catalysts (SACs) have attracted much attention due
to their maximum atomic utilization and unique properties. The
order of intrinsic ORR activity of different active metals is
Fe > Co > Cu > Mn > Ni. Cobalt-based SAC has excellent ORR activ-
ity. As an important branch of SACs, MANAC electrocatalysts as a
substitute for noble metal electrocatalysts have attracted wide
attention, because M�Nx as active centers can effectively improve
the electrocatalytic activity. Increasing the content of M�Nx can
improve the electrochemical activity. Zhan et al. selected g-C3N4

as nitrogen source to prepare Co3O4@N/C composites with core–
shell structure [138]. According to XPS, Co3O4@N/C had 3.43 % N
content. The electronegativity of high N can change the electronic



Fig. 25. (a) Illustration for the synthesis of Co/Zn-ZIF. (b) SEM image of Co/Zn-ZIF. (c) TEM and (d) HR-TEM of Co-N-CNTs. (e) N 1 s XPS spectra. Reproduced with permission
[229]. Copyright 2018, Wiley-VCH.
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state of C and promote the adsorption of O. In addition, it can coor-
dinate with metal to form active sites. The Co/N co-doping effect,
the uniform dispersion of Co3O4 nanoparticles and the synergistic
chemical coupling effect between N-doped carbon coatings with
high graphitization and high N content are helpful to improve
the catalytic activity of ORR. In 0.1 M KOH, the initial potential of
Co3O4@N/C was 0.90 V, and the half-wave potential was 0.80 V,
which showed 13 % activity loss after 30000 s. In addition, the
methanol poisoning test showed that Co3O4@N/C was tolerant to
methanol. Dong et al. synthesized high-quality ZIF-67 nanosheets
with the help of salt template, which had uniform morphology
and ultra-thin structure [117]. The directly carbonized porous car-
bon nanosheets had many accessible active centers and small dif-
fusion barriers. Lu et al. prepared Cu-SAs/NSs (Cu SAs) by pyrolysis
of 2D Cu/Zn-(BDC-NH2)(C3H6N6), which have many accessible Cu-
N4 active sites [230]. Under high temperature pyrolysis, the
bimetallic Cu/Zn-(BDC-NH2)(C3H6N6) was transformed into N-
doped porous carbon nanosheets, maintaining the original 2Dmor-
phology. The Zn species in the bimetallic Cu/Zn-(BDC-NH2)
(C3H6N6) would evaporate during pyrolysis, and the Cu atoms
would be fixed by the Cu–N bond. In 0.1 M KOH, its onset potential
was 1.05 V (vs RHE) and the half-wave potential was 0.9 V (vs RHE)
(Table 4). According to the K-L equation, the main pathway for ORR
on Cu SAs was the four-electron process. In 0.1 M HClO4, Cu SAs
had an onset potential of 0.86 V (vs RHE) and a half-wave potential
of 0.74 V (vs RHE), indicating excellent ORR performance under
acidic conditions.
4.4. CO2 reduction reaction

With the rapid development of industry and economy, the
emission of carbon dioxide (CO2) in the atmosphere gradually
increases. The average concentration of carbon dioxide in the
atmosphere in 2021 was ca. 415 ppm, far higher than the safe
upper limit of 350 ppm. Hence, reducing the atmospheric CO2 con-
centration is an urgent problem to be solved in scientific research
[248]. In the process of reducing CO2 concentration, on the one
hand, low-carbon or non-carbon energy is used to replace fossil
fuels to reduce CO2 emissions. On the other hand, the main
measures to capture, store and convert CO2 in the air include
thermochemistry, photochemistry [249], biochemistry and
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electrochemical catalytic conversion. The total electrocatalytic
CO2 reduction reaction can be divided into two semi-reactions,
namely anodic OER and cathodic CO2 reduction reaction (Fig. 26).
Among them, CO2 undergoes multi-electron and proton transfer
at the cathode to generate different reaction intermediates or
adsorbed products. At present, 16 products have been found, and
it is difficult to obtain a single product. CO can be formed on Au-,
Ag-, Pd- and Zn-based catalysts, while formic acid and other prod-
ucts can be generated on Sn, Bi and In-based catalysts. Cu is the
only metal material reported at present that can effectively reduce
CO2 to multi-carbon products. Traditional electrocatalysts still
have shortcomings such as slow reaction rate, poor selectivity
and use in low-concentration CO2 environment. The pores in
MOF materials will produce spatial and electronic limits, which
can improve the selectivity of products. In addition, MOFs have
high affinity for CO2, which are expected to achieve effective con-
version at low CO2 concentration. 2D MOFs have large surface area,
which are beneficial to the adsorption and catalytic performance of
CO2RR.
4.4.1. CO as the reduction product
For CO2 electroreduction to CO, the C in CO2 is first combined

with the active site of the catalyst, and *COOH intermediate is
formed by proton and electron transfer. Then, *COOH intermediate
is further transferred to form *CO intermediate. Finally, the
obtained *CO intermediate is desorbed and CO is released from
the active site of the catalyst. The *CO2 intermediate generated in
the CO2RR process can be stably combined on the metal surfaces
such as Au, Ag, Zn and Ni [37], and then coupled with *CO2 through
a proton to form a *COOH intermediate with strong binding ability
to the metal surface. In addition, the *COOH intermediate is further
transferred through single electron and single proton to form a *CO
intermediate with weak binding to the catalyst surface, which
makes CO easy to escape. Feng et al. synthesized bimetallic cen-
tered PcCu-O8-Zn ((2D c-MOF)-O8-Zn) with copper phthalocyanine
as ligand and zinc bis (dihydroxy) complex [251]. PcCu-O8-Zn MOF
is composed of 2, 3, 9, 10, 16, 17, 23, 24-
octahydroxyphthalocyanine copper monomer connected by square
plane ZnO4. The CO Faraday efficiency (FECO) of the electrocatalyst
was as high as 88 %. The zinc bis (dihydroxy) complex in the cata-
lyst was conducive to the conversion of CO2 to CO, while CuN4



Table 4
Comparison of ORR performance.

Electrocatalyst Substrate Mass loading
(mg cm�2)

Electrolyte Eonset (V vs RHE) E1/2 (V vs RHE) Stability
(h)

Ref.

Fe/N-PCNs GCE 0.5 0.1 M KOH 0.96 0.85 5.5 [226]
Fe/Fe3C@C GCE 1.6 0.1 M KOH 0.93 0.83 / [231]
Fe-ISAs/CN GCE / 0.1 M KOH 1.00 0.90 / [232]
Fe3C@N-CNT GCE / 0.1 M KOH 0.95 0.85 4.1 [233]
COP-TPP(Fe)@MOF-900 GCE 0.2 0.1 M KOH 0.99 0.846 / [234]
FeNC-20–1000 GCE 0.76 0.1 M KOH 1.04 0.88 5.5 [235]
C3N4@NH2-MIL-101 GCE 0.336 0.1 M KOH 0.99 0.84 4.4 [236]
Co/NCNTs/NSs GCE 0.6 0.1 M KOH 0.96 0.87 / [227]
Co3O4@N/C GCE 1.28 0.1 M KOH 0.90 0.80 8.3 [138]
Co,NAC NP-800 GCE / 0.1 M KOH 0.915 / / [237]
Co,NAC NS-800 GCE / 0.1 M KOH 0.938 0.869 10 [237]
CoANAC NS GCE 0.646 0.1 M KOH 0.93 0.85 2.7 [238]
Co/NPC GCE 0.49 0.1 M KOH 0.91 0.74 9.4 [239]
NiCo-NC GCE / 0.1 M KOH / 0.81 8 [240]
BCN/ZrO2 GCE 0.141 0.1 M KOH 0.98 0.85 24 [241]
Co-NCS@CNT GCE 0.17 0.1 M KOH 0.93 0.86 30 [242]
Co@N-C700 GCE 1 0.1 M KOH / 0.78 28 [243]
Co@FLG GCE / 0.1 M KOH / 0.841 24 [244]
Co0.6–N/C-800 GCE 0.254 0.1 M KOH 0.916 0.825 / [245]
Ni@N-HCGHF GCE / 0.1 M KOH / 0.875 20 [246]
Cu3HITP2/CF GCE / 0.1 M KOH / 0.75 24 [168]
PcCu-O8-Co/CNTs GCE / 0.1 M KOH / 0.83 / [247]
Cu-SAs/NSs GCE 0.25 0.1 M KOH 1.05 0.9 16.7 [230]
20 wt% Pt/C GCE 0.125 0.1 M KOH 0.926 0.811 [245]

Fig. 26. Illustration of CO2RR and the possible products. Reproduced with permis-
sion [250]. Copyright 2018, Wiley-VCH.
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complex could promote the protonation process, and the bimetallic
synergistic effect promoted CO2RR. Metalloporphyrins have stable
and adjustable structures and play a role in electron transfer and
O2 activation. In addition, they have catalytic activities in HER,
OER, ORR and CO2RR [219,252,253]. When metal porphyrins are
combined with MOFs, metal porphyrins can be used as active sites
[254,255], which not only inherits the advantages of MOFs, but
also increases the number of active sites. Gu et al. anchored metal-
loporphyrin on 2D MOF nanosheets to prepare TCPP(Co)/Zr-BTB
[256]. After adding TCPP (Co), the morphology of TCPP/Zr-BTB
nanosheets is consistent with that of Zr-BTB. The TCPP/Zr-BTB
nanosheets have smooth surface and ultra-thin thickness, resulting
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in the curling of the edge of the nanosheets and the thickness of
about one molecular layer (1.9 nm), which is conducive to reducing
the mass transfer resistance and increasing the electron mobility.
The FECO was 77.2 %. They also used the modified reagent to opti-
mize it, and found that TCPP (Co)/Zr-BTB-PSABA (PSABA = p-
sulfamido benzoicacid) had the best performance with FECO of
85.1 %. Metallocene and metalloporphyrin can generate electron
transfer channels and enhance electron transfer ability. Because
the path of CO generation is relatively simple, the FECO can reach
100 % at this stage, but the stability of catalysts is relatively poor.

4.4.2. CH4 as the reduction product
The formation of CH4 in the reaction also goes through two

paths:

CO2 + Hþ + e� ! *HCOO ð1Þ

*HCOO + Hþ + e� ! *CO + H2O ð2Þ

(1). *CO + Hþ + e� ! *CHO ð3Þ

*CHO + Hþ + e� ! *CH2O ð4Þ

*CH2O + Hþ + e� ! *CH3O ð5Þ

*CH3O + Hþ + e� ! CH4 + *O ð6Þ

(2). *CO + Hþ + e� ! *COH ð7Þ

*COH + Hþ + e� ! *C + H2O ð8Þ

*C + Hþ + e� ! *CH ð9Þ

*CH + Hþ + e� ! *CH2 ð10Þ

*CH2 + Hþ + e� ! *CH3 ð11Þ

*CH3 + Hþ + e� ! CH4 ð12Þ
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CO2 is easily transformed into CH4 in theory, because CH4 has
high theoretical reduction potential in thermodynamics. However,
in fact, the selectivity of CH4 is relatively low, which is mainly
because the formation of CH4 is a slow eight-electron transfer pro-
cess. To improve the selectivity to CH4, Cao et al. used a single type
of copper-based MOF electrocatalyst, followed by the introduction
of hydrogen bonds to stabilize specific intermediates to avoid the
production of other products such as CO [257]. Cu-HHTP had a por-
ous structure with micropore size of 1.23 nm and BET surface area
of 184 cm3�g�1. The Cu2O@Cu-HHTP electrocatalyst showed FE
(CH4) of 73 %, and the current density of CH4 as high as
10.8 mA�cm�2 at �1.4 V. From FTIR spectra, the blue shift of *CO
signal was related to the formation of hydrogen bonds. The key
intermediates of CO2 reduction to CH4 such as *CHO, *CH2O and
*OCH3 showed strong signal. According to DFT calculations, Cu2O
was the active center for the formation of CH4. More importantly,
the formation of hydrogen bonds made the adsorption of *CHO clo-
ser at the active site and reduced the energy barrier, and thereby
hydrogen bonds could regulate the stability of the intermediates.
Recent studies have identified a new class of 2D M3(HITP)2 MOF
as electrocatalysts for CO2RR (Fig. 27a, b). Chen et al. drew the
energy distribution map of volcanic CO2RR [258]. Taking Co3(-
HITP)2 and Ni3(HITP)2 as examples, they combined transition met-
als with nitrogen atoms to form ligands and hybrid organic and
inorganic compounds have excellent electrocatalytic properties
for CO2RR. DFT calculations showed that the final product selectiv-
ity of CO2RR was determined by the coupling strength of O bond or
C bond. Cr3(HITP)2 had lower overpotential (0.62 V) for CH4 forma-
tion (Fig. 27c-f). In addition, Cr or Mn had high CO2 reduction activ-
ity to CO and CH3OH. When the metal was Cr, Mn, Fe and Os, the
transformation of CO2 to HCHO was more active.
Fig. 27. (a) Composition diagram. (b) Illustration of 2D M3(HITP)2 geometry. (c) Gibbs fre
Fe3(HITP)2 and (f) Co3(HITP)2. Reproduced with permission from ref. [258]. Copyright 20
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The preparation of monoatomic catalysts by dispersing monoa-
tomic metal ions onto appropriate carriers can not only improve
the utilization of metal atoms, but also improve the selectivity.
MS4-based catalysts have high surface area and tunable pore struc-
ture. Yan et al. used DFT to study the M3C12S12 (M = Fe, Co, Ni, Ru,
Rh and Pd) monolayer [259]. M3C12S12 possesses a planar structure,
where M atom combines with four S atoms to form MS4 unit
(Fig. 28a). The limiting potential of CO2 reduction to CH4 was
�0.74 V. The DG of COOH*/HCOO* formation on Ru3C12S12 and
Rh3C12S12 was lower than 0.74 V. From Fig. 28b, the formation of
COOH* was more stable than the formation of HCOO*. Through
CO desorption and hydrogenation, the CO* hydrogenation energy
(DG = 0.43 eV) on Rh3C12S12 was lower than that of CO desorption
(DG = 0.99 eV) (Fig. 28c, d). The CO2 reduction pathway on
Rh3C12S12 was CO2 (g) ? COOH* ? CO* ? CHO* ? CHOH* ? CH2

OH* ? CH2* ? CH3* ? CH4 (g).

4.4.3. Methanol as the reduction product
From the perspective of the ORR process, the protonation of the

key intermediate CH3O+ leads to the final formation of methanol.
Recently, Ni3(HITP)2 was synthesized, which has high methanol
resistance and redox properties. Yan et al. systematically explored
a series of M3(HITP)2 (M = Fe, Co, Ni, Ru, Rh and Pd) for the CO2RR
[260]. Ru3(HITP)2 catalyzed the reduction of CO2 to CH4 and CH3-
OH, while Fe3(HITP)2, Co3(HITP)2 and Rh3(HITP)2 catalyzed the
reduction of CO2 to CH3OH (Fig. 29a), and their free energies were
�0.50, �0.70 and �0.40 eV, respectively. The overpotentials on
Co3(HITP)2 and Rh3(HITP)2 were 0.67 V and 0.46 V, respectively,
which are more favorable for CO2RR. The pathway of CH3OH
formation was CO2 ? COOH* ? CO* ? CHO* ? OCH2* ?
CH2OH* ? CH3OH. However, the kinetic results showed that
e energy diagram for the reduction of CO2 to CH4 on Cr3(HITP)2, (d) Mn3(HITP)2, (e)
21, Elsevier Ltd.



Fig. 28. (a) The configuration of M3C12S12. (b) The free energies of COOH* and HCOO* formation. (c) Potential energy distribution of CO2 reduction to CH4 on Rh3C12S12. (d)
Free energy profiles for the CO2RR on Rh3C12S12. Reproduced with permission from ref. [259]. Copyright 2019, Royal Society of Chemistry.

Fig. 29. (a) CO2RR on M3(HITP)2. Free energy distribution of (b) Fe3(HITP)2, (c) Ru3(HITP)2, (d) Co3(HITP)2 and (e) Rh3(HITP)2 at zero potential. Reproduced with permission
[260]. Copyright 2019, Elsevier ltd. (f) Synthesis of M3(HHTQ)2. (g) Atomistic structure. (h) Free energy profiles on Cu3(HHTQ)2. Reproduced with permission [261]. Copyright
2021, Wiley-VCH.
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CO2 ? COOH* ? CO* ? CHO* ? CHOH* ? CH2OH* ? CH3OH was
the more favorable for the formation of CH3OH on Co3(HITP)2
(Fig. 29b-e). Chen et al. integrated nitrogen-rich and electron-
deficient tricyclic quinazoline (TQ) into 2D MOFs to prepare M3-
(HHTQ)2 (M = Cu or Ni) (HHTQ = 2,3,7,8,12,13-Hexahydroxytricy
cloquinazoline) (Fig. 29f, g) [261]. The content of metal ions was
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up to 20 % in M3(HHTQ)2, and they were uniformly anchored in
hexagonal lattice. Over Cu3(HHTQ)2, CH3OH was the only product
with FE of 53.6 %. DFT calculations showed that the DG(CO2) on
Cu3(HHTQ)2 was �0.24 V, and the adsorption capacity for CO2

was stronger than Ni3(HHTQ)2 (DG = -0.19 V). The calculation
showed that the favorable reaction pathway of CO2RR on
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Cu3(HHTQ)2 was CO2(g) ? *OCHO ? *HCOOH ? *CHO ? *CH2

O ? *CH2OH ? *CH3OH ? CH3OH (Fig. 29h).
4.4.4. Formic acid as the reduction product
Among various reduction products of CO2RR, formic acid is par-

ticularly attractive as an important raw material for chemical man-
ufacturing and fuel cell applications. There are many reports on the
use of various metal-based electrocatalysts such as Hg, Pd, Sn, Bi,
Cu and Tl for the CO2RR. However, Pb, Cd, Hg, and Tl have high tox-
icity, which hinders their large-scale application. Bi and Sn materi-
als are often used to produce formate in CO2RR. Sun et al. prepared
2D Bi-BTC (CAU-17) composed of ternary joints (H3BTC) (Fig. 30a)
[262]. Bi-BTC had a specific surface area of 316.8 m2/g, single
point total pore volume of 0.144 cm3�g�1 and CO2 adsorption
capacity of 33.0 mg�gcat-1 . Bi-BTC was composed of randomly stacked
nanosheets (Fig. 30b, c) with good crystallinity. In 0.1 M KHCO3,
the conversion of CO2 to HCOOH on the Bi-BTC electrode began
at � 0.6 V. When the potential reached � 0.9 V, the FE of HCOOH
reached a maximum value of about 92.2 % (Fig. 30d). The Tafel
slope of Bi-BTC was 175.5 mV�dec-1, which was lower than that
of Bi2O3 (250.4 mV�dec-1) and Bi sheet (186.3 mV�dec-1)
(Fig. 30e), indicating that the kinetics of CO2RR on Bi-BTC was fas-
ter. After continuous working at �0.9 V for 10 h, the yield of
HCOOH increased monotonically with the reaction time. According
to DFT calculation, the formation energy of *HCOO was 1.88 eV,
and the formation energy of *H was 2.27 eV (Fig. 30f, g). Therefore,
HER was inhibited on the Bi-BTC. The main reasons for the high
CO2RR catalytic activity of Bi-BTC are as follows: (1) 2D structure
with layered porosity and high exposed active sites favored the
mass transfer rate; (2) The diameter of hexagonal, rectangular
and triangular channels in Bi-BTC crystal structure is larger than
that of CO2 molecule; (3) Uniformly distributed Bi3+ can act as
the active site of CO2RR.
Fig. 30. (a) Schematic depiction of Bi-MOF. (b) TEM image. (c) Transformed TEM imag
pathway. Reproduced with permission [262]. Copyright 2020, Elsevier Ltd.
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4.4.5. C2+ as the reduction product
The reaction path of C2+ production in CO2RR is complex, and

many intermediates cross each other. CO2 is transferred through
proton and electron transfer to form *CO intermediate, and the
generated *CO is added H on O to form *COH. The obtained *COH
is coupled with *CO to form *COCOH, and further hydrogenated
to form *COHCH2. *COHCH2 is an important intermediate, which
will generate a variety of C2 products. (1) C2H4 is generated from
the cleavage of the carbon–oxygen bond [263]. (2) C2H5OH is gen-
erated after further proton and electron transfer [264]. (3) C2H6 is
generated after further proton and electron transfer and dehydro-
genation [265,266]. (4) If the product obtained by further coupling
with *CO through proton and electron transfer, C3H7OH can be
generated [267]. There is one path to generate C2H6, namely the
intermediate of *CH3 will generate C2H6 (*CH3 + *CH3 ? C2H6)
through CAC coupling.

Copper is the only known metal that selectively converts CO2

into hydrocarbons and alcohols. The local field around copper plays
an important role in CO2RR. Alcohols can be formed on binuclear
Cu-Cu. Wei et al. synthesized a series of MOF-derived Cu NPS NC
catalysts at different temperatures and studied the effect of N dop-
ing on CO2RR.[71] The experimental results showed that Cu-NC400
was beneficial to the formation of C2+, on which FE(ethanol) was
18.4 % and FE(formate) was 7.2 %. The products on the undoped
Cu-C samples were mainly CO, CH4 and C2H4, and the total FE value
was only 15 %. Sargent et al. adjusted the surface structure of cop-
per clusters by changing the position of copper in MOF [268]. They
changed the impeller structure of copper dimer in Cu3(btc)2�xH2O
(C18H6Cu3O12, HKUST-1) MOF, separated the carboxylic acid part
and calcined them. Before calcination, the FE(C2H4) in the CO2RR
on HKUST-1 MOF was 10 %, and the liquid product contains etha-
nol. However, after calcination at 250 �C for 3 h, the FE(C2H4)
increased to 45 % (Table 5) and the FE(CH4) was suppressed below
e. (d) HCOOH FEs. (e) Tafel plots. (f) Free energy diagram. (g) Suggested reaction



Table 5
Comparison of CO2RR performance.

Electrocatalyst Substrate Mass loading
(mg cm�2)

Electrolyte Current density
(mA�cm2)

Product FE
(%)

Stability
(h)

Ref.

NiNPIC CP 0.09 0.5 M KHCO3 10.2 CO 95.1 24 [269]
Ni(Im)2–5 nm CFP 1 0.5 M KHCO3 7.0 CO 78.8 14 [36]
NiPc-NiO4 CP / 0.5 M KHCO3 34.5 CO 98.4 10 [270]
MOF-525 film FTO / 1 M TBAPF6 2.3 CO 100 5 [271]
PPy@MOF-545-Co CP 1 0.1 M KHCO3 13 CO 98 10 [272]
CoCp2@MOF-545-Co CPE 1 0.5 M KHCO3 56.2 CO 97 / [273]
PCN-222(Fe)/C CP 3 0.5 M KHCO3 1.2 CO 91 10 [274]
PCN-223-AA CP 0.5 0.5 M KHCO3 8.8 CO 90.7 20 [275]
PCN-223-FA CP 0.5 0.5 M KHCO3 3.8 CO 81 / [275]
PCN-223-FA CP 0.5 0.5 M KHCO3 3.8 CO 76.8 / [275]
PcCu-O8-Zn CP / 0.1 M KHCO3 / CO 88 / [251]
Al2(OH)2TCPP-Co CDEh / 0.5 M KHCO3 5.9 CO / 7 [276]
Re-SURMOF thin film FTO / 0.1 M TBAH 2.5 CO 93 ± 5 / [277]
Zn-MOF/CP CP / BmimOTf 2.1 ± 0.3 CO 4.6 ± 1.2 / [278]
In2O3@In-Co PBA CP 1.7 0.1 M KHCO3 31.5 HCOO– 85 5 [279]
Zn-MOF/CP CP / BmimOTf 2.1 ± 0.3 CH4 85.4 ± 3.2 / [278]
HKUST-1 MOF GDLi 0.56 1.0 M KOH / C2H4 45 10 [268]
Cu/Cu2O@NG CP 1.1 0.2 M KI 19.0 C2-C3 56 1.25 [69]

h CDE: carbon disk electrodes, i GDL: gas diffusion layer.
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1 %, mainly because the undermatching in copper clusters
increased the formation of C2H4.
4.5. Nitrogen reduction reaction

As an environmentally friendly energy carrier, NH3 is widely
used in industrial and agricultural production, such as ammonia,
dyes, plastics, explosives, agricultural and fertilizers. More than
200 million tons of ammonia are produced annually worldwide,
80 % of which is used for synthetic fertilizers, making an important
contribution to rapid economic development and rapid population
growth. There are three ways to synthesize ammonia: biological
nitrogen fixation, Haber Bosch process and (photo)electrocatalysis.
Compared with photocatalytic reduction method, electrochemical
nitrogen reduction reaction (NRR) is more effective. In the electro-
catalytic reduction process, renewable solar and wind energy are
used to drive the fixed potential to produce the required products.
NRR is a typical heterogeneous catalysis, which mainly includes
three basic steps: N2 adsorption and activation, protonation hydro-
genation and NH3 molecule separation. N2 is an inert diatomic
molecule with high strength N„N, and only large energy input
can make the triple bond break. In addition, the reaction enthalpy
of N2 molecule with one hydrogen proton to generate N2H is as
high as 37.6 kJ�mol�1. During the NRR, HER is the main side reac-
tion, and most electrons and protons tend to generate H2 rather
than NH3. Hence, it is necessary to improve the catalytic activity
and selectivity of NRR, and the key is to develop new and efficient
electrocatalytic materials. Compared with bulk MOFs, 2D MOFs
have higher specific surface area, more vacancy defects and more
bare edge positions, which are beneficial for the adsorption and
activation of N2 molecules.
4.5.1. 2D MOFs for NRR
Compared with noble metal materials, non-noble metal materi-

als have higher crustal content, and thereby they have greater
application prospects as attractive NRR catalysts. Biological nitro-
genases containing Mo, Fe and V are involved in natural N2 fixation
and a variety of NRR electrocatalysts made from these metals have
been developed for the artificial electrochemical synthesis of NH3

under environmental conditions Li et al. synthesized Co3Fe-NH2-
BDC nanosheets, which can meet the requirements of both OER
and NRR [166]. Co3Fe-NH2-BDC showed a uniform nanosheet mor-
phology of about 10 nm, where Co, Fe, C, N and O elements are
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highly evenly distributed. According to XPS analysis, partial charge
was transferred from Fe to Co, indicating that the bimetallic syner-
gistic effect of Co and Fe optimized the filling of eg orbit. For the
OER, the g10 on the Co3Fe-NH2-BDC was 280 mV, which was lower
than that on commercial ruthenium dioxide. For NRR, the Faraday
efficiencywas 25.64 % and the NH3 yield was 8.79 lg�h�1�mgcat-1 . The
high OER and NRR activity of Co3Fe-NH2-BDC could be attributed
to the coupling between Co and Fe.

Sun et al. calculated the NRR activity of TM3(HAB)2 (TM: transi-
tion metal) prepared by reacting transition metal and hex-
aaminobenzene (HAB) [280]. The active site of TM3(HAB)2 was
TM-N4, and each TM atom combined with the surrounding four
N atoms to form a square planar structure. After screening different
transition metals, the total spin moment of Mo-based MOF was
2.19 MB, which was the highest ranked transition metal atom.
Dai et al. found highly stable and reusable metal-based catalysts
[281]. They reacted benzene hexathiol (BHT) with transition metal
to form nitrogen-free MOF, which was called TM-BHT. TM-BHT
showed planar network structure and high density TMS4 as the
active center of NRR (Fig. 31a-c). There was a bidirectional charge
transfer between TM atoms and N2 atoms (Fig. 31d). In monoa-
tomic catalysts, metal atoms are prone to aggregation and the
active center is unstable. As a new monoatomic catalyst, TM-BHT
not only has high density of active center, but also has encouraging
stability. After screening different transition metals, only Sc-BHT
and Mo-BHT could be used as effective NRR catalysts (Fig. 31e-g),
and their NH3 desorption energies were 0.62 and 0.96 eV, respec-
tively (Fig. 31h, i). At the same time, high temperature and high
pressure could accelerate the desorption of NH3 (Fig. 31j).
4.5.2. 2D MOFs derived electrocatalysts for NRR
In addition to the overwhelming competition of HER, high tem-

perature and high pressure are required for nitrogen reduction
reactions. The combination of NRR electrocatalysts and MOFs can
improve the catalytic selectivity of NRR. Li et al. deposited MOFs
thin films (ZIF) on Ag-Au nanoparticles [282]. ZIF was superhy-
drophobic, which can inhibit water molecules from entering the
surface of Ag-Au catalyst, thereby inhibiting HER. The encapsula-
tion of ZIF increased the FE of NH3 by 10 %. This is an effective solu-
tion to inhibit HER in the NRR.

p-conjugated metal bis(dithiene) complexes (MC4S4) do not
contain any N coordination, and thereby the ammonia produced
only comes from the molecular dinitrogen. Liu et al. systematically



Fig. 31. (a) Structure of TMS4. (b) The perfect Kagome lattice. (c) The active TM. (d) Bidirectional charge transfer. The Mo-BHT of (e) band structure, (f) spin-resolved density,
(g) charge density difference. (h) Schematic depiction of four pathways for N2 reduction to NH3. (i) Minimum energy path. (j) TOF at various temperature and pressures.
Reproduced with permission from ref. [281]. Copyright 2020, Royal Society of Chemistry.
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studied the reduction of nitrogen on a series of MOF-derived MC4S4
(M stands for Fe, Co, Ni, Cu, Ru, Rh, PD, Pt, Os, and Ag) nanosheets
under acidic conditions [74]. Iron, osmium, iridium and ruthenium
36
could strongly interact with N2 molecules. Metals anchored on the
nanosheets had weak interaction with nitrogen molecules, and
thus they could not be used as electrocatalysts for NRR, because
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theDEN2 was less than 0.50 eV. Then,DGN2-N2H was calculated, and
it was found that only OsC4S4 nanosheets could be used as electro-
catalysts for the NRR. Nitrogen could be fully activated on the
OsC4S4 nanosheets. It provided a prediction method for the devel-
opment of new NRR electrocatalysts.

Transition metal carbides have similar electronic structure to
noble metals, and d orbital provides an opportunity for adsorbate
to enhance its adsorption capacity. Thus, transition metal carbides
can replace noble metal electrocatalysts. Yang et al. prepared a
periodic carbon vacancy NRR electrocatalyst with a vanadium car-
bide mesoporous structure that facilitates the conversion of N2 to
NH3 [283]. They used vanadium pentoxide nanosheets to induce
MOF growth and then formed vanadium carbide through carboth-
ermal reaction. The electrocatalyst had a high FE(NH3) of up to
18.3 % at an overpotential of 0.1 V. NRR electrocatalysts with peri-
odic carbon vacancies had higher electrocatalytic activity. Transi-
tion metal oxide (TMO) has high NRR catalytic activity in acidic
and neutral media, but low activity in alkaline media due to diffi-
cult adsorption of protons. However, HER can be inhibited in alka-
line medium. Luo et al. prepared hollow C@NiO@Ni
electrocatalysts using nickel-based MOF (Ni-BTC) [284]. C@NiO@Ni
showed NH3 yield of 43.15 lg�h�1�mgcat. The NiO/Ni interface facil-
itated proton adsorption, which makes it easier to capture protons
in alkaline media.
5. Strategies for optimizing the electrocatalytic performance of
2D MOFs and their derivatives

With high specific surface area, high porosity, ultra-thin struc-
ture and abundant active centers, 2D MOFs are expected to replace
precious metals as electrocatalysts. However, 2D MOFs also have
the disadvantage of low charge transfer rate, which requires fine-
tuning the size of the pores, improving the defects and regulating
the electronic structure. According to the scale of various regula-
tion strategies, they can be divided into nanoscale pore structure
regulation, sub-nanometer defect regulation and electronic scale
electronic regulation.

5.1. Regulating pore structure

Most of the intrinsic pores in the crystal structure of 2D MOFs
are micropores, and the reactants can be transmitted through the
micropores. However, the mass transfer rate of the reactants will
be restricted due to the small pore size. The addition of mesopores
and macropores to 2D MOFs can increase the mass transfer rate.
The construction of mesopores, macropores and even multi-level
channels in 2D MOFs has become the most common strategy in
pore structure regulation. Foamed MOFs can be rapidly synthe-
sized under a certain condition to construct a loose and porous
structure. In the case of unstable MOFs with low crystallinity, they
are further treated to dissolve the unstable parts to form
mesopores.

5.2. Defect engineering

The defect regulation of 2D MOFs mainly involves the regula-
tion of point defects formed by metal nodes or organic ligand
vacancies, and the formation of such defects favors the exposure
of more coordination unsaturated sites, so that the electrocatalytic
apparent activity can be improved to a certain extent. The defect
regulation is closely related to the regulation of pore and electron
structures. In the process of regulating defects, many new channels
will be generated, so that the reaction mass transfer rate is faster.
The change of pore structure caused by defect regulation can
achieve the same effect as the regulation of pore structure. For
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example, the ligand vacancy defect formed by the regulator can
lead to the formation of multi-level pore structure in 2D MOFs,
thus improving the reaction activity. In addition, the defects have
a significant influence on the electronic structure of 2D MOFs.
The point defects will cause periodic crystal defects in the local
range, thus changing the electronic structure and electronic filling
mode of the material. For example, the introduction of other sub-
stances will cause ligand vacancies and ligand deletion, which is
helpful to form a new electronic state and improve the charge
transfer performance.
5.3. Regulating electronic structure

The intrinsic activity of the electrocatalyst depends on the
adsorption strength of reaction intermediates on the active site
and the energy of the transition state, and the electronic structure
of the active site directly determines such properties. Hence, the
direct purpose of electronic regulation of 2D MOFs is to improve
their intrinsic activity. In addition, in the process of charge transfer,
the electronic structure plays an influential role. Through element
doping and constructing heterogeneous interfaces, the energy of
the adsorption and transition states can be effectively adjusted,
and the intrinsic activity of the active site can be improved. In addi-
tion, the electronic structure can also be regulated by constructing
planar conjugate structures, forming conductive composite materi-
als and doping guest molecules to enhance the conductivity of 2D
MOFs, of which the application of the plane conjugate structure is
particularly extensive.
6. Summary and prospect

In this review, the preparation methods, strategies for tuning
electrocatalytic performance and electrocatalytic applications of
2D MOFs and their derivatives are systematically reviewed. The
preparation methods of 2D MOFs included the top-down and
bottom-up synthesis, whose advantages and disadvantages were
analyzed in depth. In terms of the preparation methods of 2D
MOF derivatives, we focused on some typical synthesis methods,
such as pyrolysis method and calcination method, and discussed
the principles and effects. In addition, multi-scale pore regulation
strategies, defect regulation and electronic regulation were dis-
cussed. Finally, the applications of 2D MOFs and their derivatives
in electrochemical HER, OER, ORR, CO2RR, and NRR were discussed.

At present, 2D MOFs and their derivatives are widely studied for
the OER. For 2D MOFs, researchers purposefully adjusted the elec-
tronic structure of metal nodes by selecting appropriate organic
ligands to obtain highly oxidized metal cations that can promote
the oxidation reaction. In addition, 2D MOF nanosheets were
grown on conductive substrates (nickel foam, carbon cloth, carbon
fiber paper, etc.) to achieve rapid charge transfer. For 2D MOF
derivatives, (1) Fe, Co and Ni are common active centers in alkaline
OER catalysts. Nickel-based OER catalysts (including hydroxides,
oxides, sulfides and phosphates) showed excellent OER catalytic
activity in alkaline media. (2) Bimetallic or heterojunction catalysts
have a modulated electronic structure or built-in electric field gen-
erated by the charge or atomic interface, which is more effective
than single metal catalysts. Hence, the incorporation of iron into
nickel-based compounds will further improve the electrocatalytic
performance. (3) S has high electronegativity and can be used to
modulate the electronic structure of metal sites. Therefore, 2D
MOFs derived transition metal sulfides can promote the catalytic
activity of OER [285]. Compared with OER, there are less reports
on 2D MOFs for HER. Among them, 2D transition metal-based
(Fe, Co and Ni) MOFs can be used as substitutes for noble metal cat-
alysts for the HER. Co-based materials are widely used in HER due
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to their high fixation and excellent electronic configuration [193].
For 2D MOFs, the catalytic activity of HER can be improved by
changing the types of active metal centers, adjusting the electronic
structure of metal sites and increasing the electron density. Fur-
thermore, bimetallic and polymetallic MOF derivatives exhibit
excellent HER catalytic performance due to the coupling effect.
Among 2D MOF derivatives, metal disulfides are widely considered
as the most effective HER catalysts [29,286]. For the ORR, porous
graphene has abundant nanopores, generating abundant edge
defects as the active sites. Therefore, the formation of nanonets
using 2DMOFs as precursors can improve the ORR activity. In addi-
tion, the atoms in the single/paired non-noble metal MANAC
doped into carbon are highly dispersed, and the atomic utilization
rate can be as high as 100 %, which are the most promising ORR
materials to replace Pt-based catalysts [287]. The dominant M�N
coordination is beneficial to ORR. 2D MOFs have porous structure
and adjustable chemical compositions, which are ideal precursors
for preparing single-atom MANAC catalysts. CO2RR is carried out
through proton-coupled multi-electron transfer, which can be
divided into multiple steps. Therefore, the products produced by
different intermediates are also diverse, and the high selectivity
of specific products is a key evaluation factor. Co porphyrins have
high selectivity for CO production, Cu-based MOF nanosheets can
directly convert CO2 into hydrocarbons or alcohols, and CuANAC
materials have high selectivity to C2H4. 2D M3(HHTQ)2 derived
single-atom catalysts show high activity for CO2RR, and when
Cu3(HHTQ)2 catalyzes CO2RR, CH3OH is the only product [261].
Up to now, there are few studies on NRR-based 2D MOFs, but 2D
MOFs with transition metals Cu, Co, Ni and Mo are promising to
replace noble metal catalysts. In these materials, transition metals
coordinate with four N atoms to form TMN4 configuration, and the
catalytic performance is similarly to that of noble metals [54]. In
addition, SACs containing the VII metal (Cr, Mo and W) derived
from 2D MOFs has high NRR catalytic activity [288–290].

MOFs usually exist in the form of 3D network structure, and the
metal ion centers have large coordination numbers. Therefore,
organic ligands with poor conductivity lead to low conductivity
of most MOFs (10-10 S�m�1) [280]. The tortuous channels in 3D
MOFs hinder the exposure of active sites and reduce the contact
probability between active centers and reactants, resulting in low
catalytic activity. In addition, the 3D bulk structure makes massive
active sites buried inside, and the mass transfer capacity of the cat-
alyst is insufficient. The formation of ultra-thin 2D structure with
high specific surface area and porosity is an attractive strategy.
Compared with 3D MOFs, 2D MOFs nanosheets have larger trans-
verse size, larger specific surface area and abundant surface unsat-
urated metal active sites, which are beneficial to the adsorption of
reactants, the exposure of active sites and the acceleration of mass
transfer in the reaction process. In addition, the formation of car-
bon layers in 2D MOF derivatives not only improves the conductiv-
ity, but also effectively slows down the corrosion of metal
nanoparticles in the electrolyte and improves the stability. 2D
MOF-derived materials can retain the 2D structure of 2D MOFs,
but the surface and bulk compositions change. Compared with
3D bulk MOF derivatives, 2D MOF derivatives show more advan-
tages, such as large specific surface area and porous structure,
ultra-thin nanosheet structure accelerating electron transfer and
more exposed active sites, which play an important role in improv-
ing the catalytic activity.

Although 2DMOFs have made great progress in the field of elec-
trocatalysis, there are still many difficulties to be overcome:

(1) Each synthesis method has its drawbacks and limitations.
The top-downmethod is relatively simple to operate and the appli-
cability is widespread, but the repeatability is poor, and it often
causes certain losses to 2D MOFs in the process of stripping. More-
over, it is difficult to control the thickness and size of 2D MOFs.
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Although the bottom-up method achieves controllability through
experimental optimization, it is complex, expensive and inefficient
due to the complexity of the operation. Therefore, the development
of a simple operation method to synthesize 2D MOFs with high
yield and low cost is highly desirable.

(2) Although there are many MOFs, the commonly used 2D
MOFs are still some ZIF, PBA and MIL series, which limit the
improvement of the structure and catalytic properties of such
materials. In the future, the compositions of 2D MOFs and derived
materials are still needed to be enriched.

(3) Compared with bulk MOFs, the small thickness of 2D MOFs
can shorten the electron/ion transmission distance, but the con-
ductivity of 2D MOFs is still worse than graphene, and in the future
electrochemical field, how to improve the conductivity of 2D MOFs
and their derivatives is an important research topic. Optimizing the
carbon defect structure and increasing the degree of graphitization
in 2D MOF-derived carbon-based materials can improve the con-
ductivity. In addition, supporting 2D MOFs on substrates with good
electrical conductivity can improve the conductivity and catalytic
activity.

(4) So far, 2D MOFs and their derived materials have poor stabil-
ity and are prone to deactivate in electrocatalytic processes. From a
practical point of view, it is more attractive to design durable cat-
alysts that can be adapted to a variety of environments. It may be
considered to wrap a protective film on the surface of 2D MOFs and
their derivatives to improve their stability.

(5) In current studies, researchers rely too much on the adsorp-
tion results on the surface of the ’model’ defined by DFT calcula-
tions, but DFT itself has some uncertainties related to functional
selection. To avoid such problems, the surface should be strictly
characterized to ensure that the electrode surface will not be
reconstructed and remains in a hypothetical state during
electrolysis.

In conclusion, 2D MOFs and their derivatives have the advan-
tages of large surface area, high porosity and controllable structure,
which show excellent performance in the field of electrocatalysis.
However, the above progress is still limited to the laboratory
research stage. Researchers need to carry out further research to
find 2D MOFs and their derivatives with low cost, high preparation
efficiency and good durability to promote practical applications.
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