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ABSTRACT

Energy shortage hinders the rapid development of today’s society, and the emergence of electronic travel equipment alleviates
this phenomenon to a certain extent. The batteries are the energy storage part of electric equipment. Metal-organic frameworks
(MOFs) are a fresh sort of porous crystal materials with controllable structure, large specific surface area, and adjustable pore
size. MOFs are good electrode materials, which are used to make a variety of friendly environment, long cycling life and superior
energy density of new batteries. Furthermore, MOFs are also used in separators and electrolytes, which have a lot of application
space in batteries. In this review, the up-to-date research advance of MOF materials in various kinds of batteries (lithium-ion
batteries, lithium oxygen batteries, lithium sulfur batteries, zinc-ion batteries, potassium-ion batteries, etc.) is reviewed. Moreover,
concisely introduced several conventional synthesis approaches of MOFs. Finally, Perspectives and directions on the future
improvement of MOF in energy storage devices are proposed for meeting the requirement of practical applications.
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1 Instruction

Fossil energy sources accelerate the progress of industry, facilitates
people’s daily life, and is the basis for promoting the rapid
development of human society [1]. In the process of rapid
development, people accelerate the use of coal, oil and so on. This
behavior accelerates environmental pollution, energy depletion,
and limits the development of social industry. However, with the
swift advance of today’s society and the speedy increase of
population, this phenomenon forces people to look for renewable
energy and energy conversion technology [2,3]. In recent years,
wind energy source, hydropower, solar energy source, and other
renewable resource have been continuously developed, but they
are unpredictable, because they are greatly affected by the weather
environment [4]. In order to meet the needs of life and
production, it is essential to employ high-class energy storage
equipment to put these renewable sources into full play [5].

In the current sustainable development of electrochemical
energy storage devices, the rechargeable batteries using advanced
energy storage technology are the most competitive, and are
widely used in a variety of electronic devices [6-8]. At present,
lithium-ion batteries (LIBs) have many advantages, such as cycling
performance stability and light weight [9, 10]. It has a very wide
range of commercial applications in portable electronic devices,
electric vehicles, and other emerging applications [11]. Due to the
generation of concentration gradient and batteries polarization,
the precipitation is uneven, which leads to the formation of
lithium dendrite, resulting in poor battery performance and even
safety accidents [12-14]. With the purpose of change this

situation, researchers have made great efforts in metal oxides and
alloys. However, the effect is not ideal, the theoretical capacity is
low and the performance is unstable. Thus, it is imperative to
expand a novel sort of anode materials for LIBs to satisty today’s
energy demand [15, 16]. In recent years, many different kinds of
metal-organic frameworks (MOFs) have been utilized as electrode
materials for inversible LIBs. After continuous exploration by
scientists, it has been found that this is due to their structural
diversity and large specific surface area. The peculiar fabric of
MOF enhances the conversion rate during the reaction process by
offering numerous lithium storage locations and increasing the
contact area between electrodes and electrolytes, further
improving battery performance [17-19].

MOFs also gone by the name of porous coordination polymer
or porous coordination network, are a type of organic-inorganic
hybrid materials formed by organic ligands and metal ions [20,
21]. Its unique crystal porous structure, highly dispersed metal
composition, and adjustable pore size can not only obtain
outstanding electrochemical stability from its solid structure, but
also ensure high capacity through rich electroactive centers
materials [22,23]. In addition, they are widely used in various
fields of society, including catalysis, fluorescence, adsorption, drug
delivery and catalytic energy storage, and bring various
conveniences to people’s life [24-26]. In recent years, as a new
type of electrode material, unique functionality MOFs have been
paid more and more attention by researchers, and have come to
be a pop theme in the territory of chemistry and materials science,
and have progressed swiftly in the domain of electric energy
storage in today’s world development trend [27-30].
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In recent years, although there have been many reports on the
simple synthesis methods of MOFs and their application studies in
different fields. However, there is no intuitively clear summary of
the performance effects of the direct application of pristine MOFs
in the field of batteries. Therefore, in order to have a visual and
detailed understanding of the latest research on MOF materials in
the field of batteries in Scheme 1, to compare their performance
characteristics, and to promote new developments in the field of
batteries, we have conducted a brief review of the latest research
on MOFs materials in the field of batteries. This review
summarises the simple synthesis methods, morphological features
and electrochemical performance data of MOFs in various types
of batteries, comprising LIBs, lithium sulfur batteries (LSBs),
lithium oxygen batteries (LOBs), potassium-ion batteries (KIBs),
zinc-ion batteries (ZIBs), etc. Finally, some challenges and
development directions of MOFs in batteries are put forward.

2 Synthesis of MOFs

The coordination of organic ligands with metal ions has long been
the cornerstone of synthetic chemistry, which is used to build
materials on a wide range of length scales [31-35]. MOFs are
come into being by the alignment of metal ions or organic
junctions around metal ion agglomerates, so it is also called
porous coordination network or porous coordination polymer
[36,37]. These porous structures have been highly concerned by
professional scientific researchers in the direction of sensor
design,supercapacitor, ~absorption, molecular sieves, gas
storage,and electrocatalysts [38,39]. In conventional synthesis of
MOFs, a certain amount of solvent is first added to the autoclave
(typically more than two-thirds of the autoclave capacity is added
to ensure high pressure in the reactor). Next, the reactants
providing metal ions and ligands are added to the autoclave and
stirred for a certain time to be well dispersed in the solvent.
Finally, it is heated above the boiling point of the solvent at a
certain temperature and kept for a period of time to form the
desired structure of MOFs [40—42].

After systematic research, specialized researchers found that the
type of metal, organic linker and targeting agent determine the
synthesis method of MOFs to some extent. There are many factors
that affect the functionality and morphology of the final
synthesized MOF materials. Even if the synthesis is performed
starting from the same reaction starting materials, the synthesis
method and conditions can affect the morphology, crystal
structure and porosity, resulting in MOFs with different structures
and properties. In addition to the commonly used hydrothermal
synthesis, there are many other well-established methods, such as

3473

ultrasonics, microwave heating, electrochemical methods, and
mechanochemical synthesis [43,44]. Various synthesis methods
have their own advantages and have prepared MOFs materials
with novel structures and excellent properties, which have
broadened the development and applications of MOFs to a certain
extent.

Compared with traditional methods, the electrosynthesis
possesses has the advantages of low synthesis time, low
temperature requirement, diverse structural changes of MOFs,
and easy collection of synthesized MOFs [45, 46].

2.1 Solvothermal synthesis

Most MOFs are organometallic compounds synthesized by
mixing metal ion nodes or clusters with ligands containing
different functional groups under solvothermal conditions [47,
48]. High boiling point solvents such as acetonitrile, acetone,
ethanol, methanol, dimethylformamide (DMF), and diethyl
formamide were generally used in the experiment [49]. The
reaction is generally carried out in an autoclave (closed container)
under the control of temperature and pressure. In conventional
solvothermal synthesis, small-scale electric heating, and high-flux
solvothermal synthesis in small bottles or sealed nuclear magnetic
resonance tubes are powerful tools that can not only accelerating
the exploration of new MOFs architectures and optimize the
synthesis protocol [50]. In-situ synthesis of hericium erinaceus-like
copper-based MOF (HECMs) with graded characteristics of
monkey mushroom analogues was carried out by solvothermal
method in Fig. 1(a) [51]. However, this method is limited by such
factors as long reaction time, high reaction temperature, and high
price of reaction solvent. Therefore, the experiments generally use
more environmentally friendly and cheaper hydrothermal
methods to cover up the solvent cost [52].

2.2 Microwave-assisted synthesis

Microwave heating starts from the inside of the system and heats
it from the inside out. The high-frequency magnetic field heats the
molecular structure rapidly, and the temperature of the reaction
system reaches the required temperature quickly, speeding up the
chemical reaction process [53]. Microwave-assisted synthesis is a
rapid method for the synthesis of MOFs, which has been widely
used in the rapid synthesis of nano-porous materials under
hydrothermal conditions. The rapid synthesis of Zr-based MOF
(Zr-fum-fcu-MOF) was carried out by dissolving ZrOCl,-8H,0
and fum in DMF assisted by microwave with irradiation power of
800 W in Fig. 1(b) [54]. Microwave-assisted synthesis is predicated
on electromagnetic radiation and dipole moment mutual effect of
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Scheme 1 Illustration of direct application of MOFs in batteries field. Reproduced with permission from Ref. [31], © American Chemical Society 2020. Reproduced
with permission from Ref. [32], © Ye, Z. Q. et al. 2021. Reproduced with permission from Ref. [33], © American Chemical Society 2020. Reproduced with permission

from Ref. [34], © Elsevier B.V. 2022.
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Figure1 (a) Flow chart for the preparation of MOF-5 by solvothermal synthesis. (b) The schematic diagram of preparation of Zr-fum-fcu-MOF via microwave-
assisted heating method. (c) Schematic diagram of HKUST-1 membrane prepared rapidly by electrochemical synthesis method. (a) Reproduced with permission from
Ref. [51], © American Chemical Society 2021. (b) Reproduced with permission from Ref. [54], © Elsevier B.V. 2021. (c) Reproduced with permission from Ref. [58], ©

Jiang, L. L. et al. 2017.

molecules, such as polar solvent molecules or ions in solution [55].
Chromium containing MOFs (Cr-MIL-100) was the first MOFs to
adopt this approach. This synthesis technology has many
advantages. In addition to rapid crystallization, the potential
advantages of microwave-assisted synthesis include uniform
heating of the reaction temperature regime, narrow particle size
distribution and easy morphology control, and the preparation of
MOFs materials with high phase purity [56,57]. However, this
technique is affected by irradiation time, temperature, and solvent
concentration.

2.3 Electrochemical synthesis

HKUST-1 (Cuy(BTC),; BTC*: 1,3,5-benzenetricarboxylate) is the
first Cu-MOF homogeneous film synthesized on Cu substrate by
anodic synthesis method in Fig. 1(c) [58]. Anodic synthesis is a
commonly used method in electrochemical synthesis to prepare
MOFs. Under the conditions of electrolysis, the anode metal loses
electrons to be converted into metal ions, which later combine
with ligands on the electrode surface to form MOF [59]. The
anodic synthesis method enables the rapid synthesis of MOFs in a
short period of time, reduces the demand for solvents and saves
resources. Moreover, the synthesized MOFs have high porosity
and the morphology of continuously synthesized particles can be
controlled, but the method has low yield and is prone to by-
products [60,61]. Compared with the traditional synthesis
method, the electrochemical synthesis of MOFs has the
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advantages of lower temperature, disassociation of negatively
charged ion such as NO*, Cl" and the compound solution does
not need solvent cycle to achieve high Faraday efficiency [62, 63].
However, solvents, electrolytes, electric voltage, current flow
density, and temperature have certain effects on the productive
rate and structural characteristic of the synthesis method [64].

24 Other synthetic

In addition to the above synthetic methods, sonochemical
synthesis and mechanochemical synthesis are also mature
synthetic methods that have been wused in experiments.
Sonochemical synthesis is a synthetic method that uses ultrasonic
radiation to create and rupture gas bubbles in the solvent to create
a high-temperature and high-pressure environment, resulting in
more homogeneous nucleation, shorter crystallization time and
smaller microcrystalline size [65, 66]. Mechanochemical synthesis
is a synthetic method to form MOFs by breaking the bonding
structure of the material by mechanical force and van der Waals
force reaggregation. This method not only saves resources and
reduces the pollution to the environment, but also is a high-quality
choice for the synthesis of large quantities of MOFs [67, 68]. In
addition, MOFs can be synthesized by electrostatic spinning, spray
drying and liquid phase diffusion. Different synthesis methods
have their own advantages and disadvantages, and the selection of
appropriate synthesis methods is conducive to the experiments
and also promotes the further development of MOFs materials.
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3 Application of MOFs in batteries

3.1 MOFs for LIBs

To alleviate energy scarcity and find energy alternatives, society
has turned its attention to renewable energy storage systems [69].
The high energy density LIBs were born as a traditional energy
storage technology and is widely used in portable electronic
devices, which greatly facilitates people’s daily life and links
resource problems [70,71]. LIBs consist of the following
components: a cathode electrode made of lithium transition metal
oxide (typically lithium manganate or lithium cobaltate) [72], a
specially molded polymer film (the film has a microporous
structure that allows lithium ions to pass freely but not electrons)
[73], an organic electrolyte, an anode electrode made of activated
carbon, and a metal casing. Graphite can be used as an anode
material for LIBs. It is regarded as the most popular anode
material due to its low cost, abundant and easily available raw
materials, enhanced electrical conductivity, high temperature
resistance with good thermal conductivity, good mechanical
processability, and stable performance [74]. However, graphite-
based LIBs undergo a slow decline in capacity. This is the result of
poor charging/discharging stability of graphite electrodes and is
also related to the multiple use of the battery with temperature
[75-77]. Metal oxides can provide more charge storage space and
have high energy density, good chemical stability and corrosion
resistance. They provide good electrode materials for the
development of LIBs and are of great interest to researchers.
Nevertheless, its poor electrical conductivity, high production cost,
and serious volume changes during long cycles [31, 78]. Therefore,
the development of more cost-effective electrode materials for
LIBs has been the goal that researchers need to overcome [79].

MOFs are a class of porous crystalline materials with a
multidimensional network structure formed by combining a
central metal core and an organic ligand [80, 81]. Their structure
is controllable and diverse, tailorable, simple to synthesize and easy
to manipulate. Due to their outstanding properties in various
aspects, MOFs are the most promising and irreplaceable materials
in the field of energy storage, especially in the field of batteries
[82—84]. Chen et al. synthesized MOFs-177, which was the first
application as anode material for LIBs and showed good
electrochemical performance [85,86]. A good foundation for the
application of MOFs in LIBs was laid. As a new type of electrode
material, MOF shows the following outstanding advantages: (i)
abundant raw materials, low cost and green environment; (ii)
unique porous structure is conducive to the penetration of
electrolyte; (iii) highly symmetrical polymer characteristics can
effectively alleviate the problem of organic small molecules easily
soluble in electrolyte [87,88]; and (iv) the rich variety of
electroactive sites enables micro-regulation of voltage, capacity and
energy density through the design of molecular structures,
providing unlimited possibilities for the optimization of battery
systems [89, 90]. However, it has been found by scientific research
that the MOF-based anode materials have low active site
utilization, which limits the battery capacity to some extent. This is
caused by the single electro redox active site. In addition, a sharp
decrease in electrochemical performance may occur during long
electrochemical cycling. This is caused by the continuous decay of
the ligand interaction and the collapse phenomenon of the MOF
structure. Therefore, the design with multiple oxidation reaction
active centers to overcome the low reversible capacity and poor
long-cycle stability is an important research direction in the field
of battery electrode materials [91].

The channels offered by the column layer framework structure
can improve the performance of Li to some extent. It proffers
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more reactive active sites for the embedding/de-embedding of Li*
and alleviates the volume expansion at the long cycle [92]. Lei and
co-workers prepared a binuclear MOFs of Co(BDC)TED,; (BDC:
1,4-benzenedicarboxylate and TED: triethylenediamine) with a
columnar structure for the anode materials of LIBs in Fig. 2(a)
[93-95]. Performance comparison by varying different reaction
times in the same environment. The effect of reaction time on
performance was summarized, so that the MOF with the best
performance could be selected as the anode material in Fig. 2(b).
The sheet-like porous framework consisting of loosely stacked thin
nanosheets can facilitate rapid ijon transport during
electrochemical processes, thereby enhancing the electrochemical
properties of LIBs in Fig.2(c) [96]. After comparison
COBDC)TED ;@24 h exhibits the best electrochemical
performance among all materials in Fig. 2(d). This is due to the
rapid transfer channels for Li* and electrons provided by the
interconnected nanosheet stacks.

Co(BDC)TED, ;@24 h with convoluted nanosheet stacks
exhibited good electrochemical performance as LIBs anode
material. The specific capacity of the battery reached 808.2 mAh-g
even after one thousand performance cycles at 1.0 A-g™ in Fig. 2(e)
[97,98].

Compared with the single-metal organic framework, the
bimetallic organic framework can maximize the structural
advantages and realize the synergistic impact of multi-ingredients
[93]. It has been found by scientific research that the performance
of bimetallic organic frameworks in batteries is much better
compared to monometallic organic frameworks. Therefore, Li’s
group members prepared bimetallic organic frameworks by
doping 1,2,4,5-benzenetetracarboxylic acid esters of manganese
and cobalt to display higher capacity and better multiplicative
properties [99]. The flower-like Ni-Co-BTC MOFs synthesized by
conventional solvothermal method exhibit high capacity and
excellent multiplicative performance in LIBs. The capacity reached
2981 mAh-g" during the first discharge at a current density of
200 mA-g™ in Fig. 2(f) [100]. During the long cycle, the battery
reached 1258 mAh-g" by the time the current density reached
200 mA-g" again in Fig. 2(g) [101]. Furthermore, during constant
current charge/discharge measurements, Li* inserts into (or
detaches from) the carboxylic acid group and the benzene ring
without directly binding to the metal ion, which is the mechanism
of Li storage in Fig. 2(h) [102].

During energy storage and release from LIBs, MOFs with
porous structures are prone to slumping, which limits the
electrochemical performance. To solve this problem, a special
MOFs glass anode was discussed by Li et al. [94]. Cobalt-ZIF-62
(ZIF = zeolitic imidazolate framework) is melt-quenched to form
a glass, followed by the addition of carbon black to increase the
electrical conductivity, resulting in the desired MOFs glass anode.
Cobalt-ZIF-62 is melt-quenched to form a glass, followed by the
addition of carbon black to increase the electrical conductivity,
resulting in the desired MOFs glass anode in Fig.2(i) [103].
Because its open network structure has the characteristics of high
disorder and high energy state, this new cathode shows
extraordinary lithium storage capabilities, such as greater cycling
reliability in Fig. 2(j). The lithium-ion storage volume of the
MOFs glass anode continues to increase as the charge/discharge
cycle progresses, finally reaching twice the previous capacity after
1000 cycles in Fig. 2(k) [104].

Sheet-like bimetallic organic frameworks Ni-Mn-MOFs were
synthesized in an autoclave by a modified conventional
hydrothermal method. Then, the MOF nanosheets were
assembled into three-dimensional (3D) microspheres in Fig. 3(a)
[105]. The 3D microspheres of Ni-Mn-MOFs have a unique
laminar porous structure that exhibits high specific surface area
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and potential electrochemical properties. This special structure
provides an efficient transport pathway for Li ion transport, thus
improving the electrochemical performance of LIBs in Fig. 3(b)
[106,107]. However, during the synthesis process, the hole
structure of MOFs was clogged due to the absorption of a large
quantity of ethylene glycol. This leads to the electrochemical
properties of the assembled LIBs to become poor in Fig. 3(c)
[108]. Ni-Mn-BPTC-e-MOFs (BPTC: 3,3°4, 4’-benzophenone-
tetracarboxylate) as cathode materials exhibited a high specific
capacity of 1380 mAh-g™ at a current density of 100 mA-g™ in Fig.
3(d). After two hundred performance cycles, the battery capacity
was slightly lower compared to the previous one when 100 mA-g™
was reached again, and the capacity retention was maintained at
about 92% in Figs. 3(e) and 3(f). This finding again shows that
overdose of ethylene glycol can have a negative impact on battery
performance [109].

LIBs often suffer from HF erosion due to in-built water, which
causes the problem of short battery life. However, it has been
found in the research community that MOFs can be used not only
as electrode materials but also as separator to achieve water
removal [106]. Compared with other water removal additives, Cu-
BTC MOFs exhibit a different color under various humidity
conditions. Reversible water molecules can be reduced by this
unique feature (Fig.3(g)). The quantitative analysis of the
thermogravimetric analysis (TGA) curves revealed that the pre-
dried MOFs contained 8.1 wt.% water, further confirming the
strongly dehydrating capability of Cu-BTC MOFs (Fig. 3(h))
[110]. Using Cu-BTC MOFs with water removal effect as a
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diaphragm provides stable voltage distribution for LIBs, thus
improving the battery life.

Also, its initial voltage polarization is much lower than other
LIBs (Fig. 3(i)). LIBs using MOFs with built-in dehydrating agents
as diaphragms exhibit good cycling stability even under severe
environmental conditions. After up to four hundred performance
cycles, the capacity retention rate is still over 72% in Figs. 3(j) and
2(k) [111]. In addition, the MOFs-based built-in water remover
exhibits good stability. During long performance cycling, the
overall morphological structure did not change significantly even
under an electrolyte with strong corrosive properties in Figs. 3(I)
and 3(m) [112].

3.2 MOFs for lithium metal batteries (LMBs)

As of now, LMBs are deemed to be the most prospective to
replace LIBs with graphite as the cathode material as the new
generation of energy storage systems for electric vehicles. This is
due to its large capacity of 3860 mAh-g* and the small electrode
potential of the lithium metal cathode [113—115]. Nevertheless,
lithium precipitation occurs with the chemical reactions and
physical processes within the battery. The occurrence of lithium
dendritic problems seriously affects the lifetime and
electrochemical performance of the battery, further limiting its
development in the market [116,117]. The controllable and
diverse morphologies of MOFs have attracted much attention
from the research community in the field of electrochemical
energy storage. In addition, MOFs can be used as electrolyte and
diaphragm in batteries and can be effective in suppressing Li
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dendrites by enhancing the solid electrolyte interface (SEI) layer
and equalizing the Li coating/exfoliation process [118—120].

A MOF based butaneditrile electrolyte was fabricated by Han et
al. which can accelerate the transfer of lithium ion and alleviate the
problem of lithium dendrites [121]. The porous structure of
MOFs is first tuned to a suitable size. Then, the characteristic of
the target electrolyte that permits the passage of only small-sized Li
ions is used to direct the homogeneous Li ion transfer and
alleviate the Li dendrite phenomenon. The successful preparation
of the MOFs-SN-FEC (SN: succinonitrile, FEC: fluoroethylene
carbonate) electrolyte after crushing and stamping the precursor
ZIF-68 and heating is shown in Fig. 4(a). The LMBs with MOFs-
SN-FEC as electrolyte exhibited excellent electrochemical
performance due to the achievement of dendrite free Li deposition
[123,124]. The capacity retention was maintained at 98.9% at 0.1
C after 100 performance cycles in Fig. 4(b) [125, 126]. In addition,
LMBs also exhibit good multiplicative performance, achieving a
discharge capability of 140 mAh-g™ at 1 C in Fig. 4(c) [127].

It is a widely accepted view in the scientific community that
nature is full of intelligent ideas. Therefore, getting close to nature
may lead to some unexpected inspiration in material design. A
quasi-solid electrolyte inspired by the common tree in nature with
a “trunk” form has been engineered for use in LMBs to increase
service life [122, 128]. MOFs with a cellulose internal framework
are designed as flexible electrolytes with excellent thermal stability
and outstanding mechanical strength (Fig. 4(d)) [124]. The LMBs
had long-term performance stability at 1 C under a cathode
quality loading of 14.8 mg-cm™ (Fig. 4(e)). The capacity retention

was 80% after 300 long cycles, demonstrating good cycling
performance (Fig. 4(f)) [129].

Modulation of ion transport (Li* and anions) in the vicinity of
the lithium metal is another approach to solving the lithium
dendrite problem. Mitigation of lithium dendrites by promoting
lithium-ion mobilization and limiting anion transfer [123]. In
addition, uniform lithium deposition likewise avoids the
appearance of a large number of lithium dendrites. Using this
method, researchers have successfully developed a functionalized
diaphragm that can modulate ion transport by coating
polypropylene (PP) diaphragms with MOFs in Fig.4(g) [130].
LMBs with MOFs@PP diaphragms provide a greater discharge
capacity of 139.24 mAh-g™ at 0.1 C (Fig. 4(h)). Also, the capacity
retention ratio is 98.08% after 50 cycles at 2 C, demonstrating
excellent cycling stability (Fig. 4(i)) [131].

Although the dendritic growth of Li can be effectively
suppressed by reinforcing SEI layer and homogenizing Li
plating/stripping process, these strategies still cannot solve the
problems of volume expansion of bulk lithium anode and large
interface impedance of unmodified SEI [124]. Methods such as
enhanced SEI layer and uniformized Li plating/peeling can inhibit
the growth of Li dendrites to a certain extent. Nevertheless, these
methods cannot fundamentally address the issues of volume
expanding of lithium positive electrodes and high surface
resistance of SEI interface in Fig. 4(j) [132]. The adopted open-
architecture MOFs (OA-MOFs)/Cu@Li anode for LMBs achieves
low voltage hysteresis and high-capacity retention at a high
current density of 15 mA-cm™ in Fig. 4(k) [133]. Persistent voltage
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curves of symmetric lithium batteries having minor overpotential
in repetitive lithium plating/stripping procedures in Fig. 4(1).

3.2.1 MOFs for LSBs

With the growing demand for a better life, the need for high-
capacity energy storage devices is also improving. For this reason,
it is urgent to find suitable novel energy storage devices. Elemental
sulfur has a variety of excellent properties, such as plentiful
reserves, easy availability, low cost, environmental friendliness, and
high theoretical capacity of 1675 mAh-g™'. Consequently, LSBs are
regarded as the most prospective rechargeable battery [134]. In
fact, the application of LSBs is limited by the shuttle effect
produced by the sulfur cathode and the lithium dendrites grown
by the lithium metal anode, which hinders their widespread
development. To solve this problem, researchers have successfully
discovered that when porous materials are used as sulfur bodies,
coatings or spacers, polysulfide migration can be inhibited to
mitigate the shuttle effect; when porous materials are used as ionic
sieves, Li* flux distribution can be adjusted to achieve uniform Li
deposition and mitigate the effect of lithium dendrites [135].
MOFs with adjustable pore structure, structural versatility and
functional multiplicity display enormous advantages in facilitating
the rapid development of LSBs [136].

Amorphous MOFs were successfully synthesized by a simple
ligand competition approach, exhibiting catalytic activity and high
adsorption capacity for sulfur compounds owing to their
undercoordination interaction [137]. Preparation of the desired
cMIL-88B (c: crystalline) by a ligand competition process in which
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the amino group in the original cMIL-88B is replaced with 2-
methylimidazole (2-MelIM, Fig. 5(a)). aMIL-88B (a: amorphous)
have a bipyramidal hexagonal morphology, showing a round edge
(Fig.5(b)) [138-140]. The LSBs modified by aMIL-88B
diaphragm achieve high efficiency and reversible sulfur
electrochemistry and show excellent speed ability. aMIL-88B
modification enables a great magnification performance up to 5 C
(Fig. 5(c)) [138].

The construction of interlayered batteries structure between the
cathode and separator can solve the challenge of polysulfide
shuttle by providing good binding interactions with the
polysulfides without bringing too much extra weight to the
batteries. Carbon nano tubes and ferrocene-based two-
dimensional (2D) MOF (Zr-Fc MOF) nanoflakes were prepared
by facile vacuum filtration to prepare multi-functional interlayers
(Zr-Fc MOFs/carbon nanotube (CNT)) [138]. Zr-Fc MOFs have
excellent electrocatalytic effects on the redox kinetics of
polysulfides. They also inhibit the shuttle effect for polysulfides by
chemical anchoring capacity and electrostatic gravity (Fig. 5(d))
[141]. LSBs coupled with Zr-Fc MOFs CNT intercalation show
enhanced rate performance and excellent cycling performance.
The low-capacity decay rate reached 0.027% after 1500 cycles at
1 C with a sulfur loading of 4.11 mg-cm™ (Fig. 5(e)) [142].

Based on the interlayer structure of the cathode/spacer/anode
within the batteries, compared with the ordinary diaphragm, the
functionalized separator can not only restrain the shuttle effect but
also stabilize the lithium metal negative electrode [139]. The large
number of Co-O, groups at the 2D MOFs-Co nanosheets can

@ Springer | www.editorialmanager.com/nare/default.asp
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anchor polysulfides through Lewis acid-base interactions, allowing
Li* to pass through uniformly and effectively inhibiting lithium
dendrite growth and polysulfide diffusion in Fig.5(f) [143]. An
electron microscope scanning image through a near-surface cross-
section of a B/2D MOFs-Co spacer trenchantly showing its
layered microstructure in Fig. 5(g) LSBs based on bifunctional
B/2D MOFs-Co spacers, which achieve long-term cycling
performance. After up to 600 cycles, it still has 0.027% ultralow
capacity decay in Fig. 5(h) [144]. Maintains an area capacity with
5.0 mAh-cm™ over 200 cycles, despite a large sulfur loading up to
7.8 mg-cm in Fig. 5(i) [145].

3D ordered macroporous MOFs (3DOM-MOFs) have great
potential for application in energy storage and conversion, and
have received extensive attention from researchers. This is a result
of their distinctive structure that can accelerate ion dispersion and
favorable structural stability [146—150]. Cui et al. successfully
synthesized a new type of 3D organized large-pore MOF (3DOM
ZIF-8) consisting of a large number of nanosized ZIF-8 subunits
using a self-templated ligand duplication approach in Figs. 6(a)
and 5(b) [151]. Under the condition of high load and limited
electrolyte, a high area capacity of more than 6 mAh-cm™ and
decent cyclability are obtained, as shown in Figs. 6(c) and 6(d)
[152].

n-d conjugated MOFs are a novel class of materials with
potential for a wide range of applications, in which there is a
conjugation of m-bonds and d-bonds between metal ions and
ligands [147]. They possess good electrical conductivity, multiple
redox centers, as well as low bulk change during cycling and

stability associated with the delocalization of electrons. The n-d
hybridization of Ni-MOFs-1D (1D: one-dimensional) provides a
high density of off-domain electrons, and this conjugation
enhances the electronic conductivity and catalytic activity of the
material in Fig. 6(e). The capacity decay rate for S@Ni-MOFs-1D
electrode is 0.018%, and the Coulombic efficiency is stable and
more than 99.6% at 3 C for 1000 cycles in Fig. 6(f). Excellent
multiplier performance of 575 mAh-g* was also obtained at 8 C in
Fig. 6(g) [33]. A high-surface-area capacity at 6.63 mAh-cm™ was
obtained when the sulphur loading was 6.7 mg-cm™ in Fig. 6(h)
[153].

Stronger adsorption of lithium polysulphide by bimetallic
organic framework compared to monometallic organic
framework [148]. Homogeneous dispersion of Li,S, with sulfur-
containing copper ions possessing high combining energy within
Al-MOFs by hydrothermal method, and Al/Cu-MOFs bimetallic
materials were prepared as advanced cathode materials in Fig. 6(i).
Compared with the capacity provided by monometallic AI-MOFs,
the bimetallic cathode material Al/Cu-MOFs-S obtained a higher
preliminary capacity at 9742 mAh-g' in Fig. 6(j) [154]. In
addition, Al/Cu-MOFs-5-S exhibited a higher specific capacity
than the Al-MOFs-S in Fig. 6(k) [155].

Conductive MOFs show significant potential for energy storage
due to their excellent electronic conductivity and facilitated
polysulfide transformation compared to conventional MOFs
[149]. Ni-HHTP (HHTP: 2,3,6,7,10,11-hexahydroxytriphenylene)
has good electronic conductivity, and can restore adsorbed
polysulphides back into solid Li,S, which improves active
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Academy of Sciences. Published by ELSEVIER B.V. and Science Press 2021.

substance availability for LSBs in Fig. 6(1). Compared to the Ni-
BTC@CP (CP: carbon paper) batteries, the Ni-HHTP@CP-based
LSBs provide an even better multiplicative performance at 2 C,
reaching a capacity of 892 mAh.g' in Fig 6(m) [156].
Furthermore, Ni-HHTP@CP has good cycling performance with
an initial discharge capacity of up to 1366 mAh-g* in Fig. 6(n)
[157].

3.2.2 MOFs for LOBs

Rechargeable LOBs featuring high energy density, high voltage
and long-term cycle life have a broad range of potential
applications in the domain of energy storage [158]. However,
LOBs currently face a number of challenges, the main ones being
the growth of lithium metal dendrites, degradation of the
electrolyte and cathode materials and the reaction kinetics of the
oxygen reduction reaction (ORR). These issues limit the lifetime of
the batteries and require further research and improvement for
commercial applications [159]. The electrochemical properties of
LOBs are mainly determined by the structure of the cathode
material [160]. MOFs have been tried as promising materials for
LOBs catalysts and cathodes because of their porous structure,
open active center, and adjustable pore size [161].

It is a brilliant concept to improve the long cycle performance
of LOBs by designing efficient cathode materials. Compared with
the single transition metal oxide electrode, the hybrid electrode
can make use of the synergistic effect between the components to
obtain better electrochemical performance [162]. A series of sword-
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shaped Co-MOFs layers were grown in-situ on carbon cloth (CC),
which were subsequently macerated by addition of nickel nitrate
solution, and finally thermolyzed at air to obtain freestanding
Co;0,@NiCo,0, sheet array cathode materials in Fig. 7(a)
[163-165]. The Co;0,@NiCo0,0,/CC cathode material exhibits
outstanding electrochemical performance, obtaining the specific
capacity as high as 10,645 mAh-g" and demonstrating a high
capacity even after achieving more than 200 cycles in Figs. 7(b)
and 7(c) [115, 166].

The design and synthesis of bifunctional catalysts with large
specific surface area by MOFs on the nanometer scale can
improve the performance of LOBs [163]. Dy-BTC (Dy:
dysprosium) nanospheres are white powder with spherical rough
surface under scanning electron microscope (SEM) in Fig. 7(d).
Figure 7(e) illustrates the discharge/charging operation of a typical
LOBs. Compared to the test batteries without Dy-BTC, the highest
discharge capacity of LOBs with Dy-BTC nanospheres as cathode
material was 3.5 times higher reaching 7618 mAh-g™* in Fig. 7(f)
[167,168]. In addition, the cathode of Dy-BTC nanospheres
obtained a discharge capacity at 1000 mAh-g™ after 76 cycles at a
current density of 200 mA-g*. This is clearly superior to the
performance of massive crystal Dy-BTC, which has a lifetime of
only 26 cycles in Fig. 7(g) [169].

The reversible deposition/decomposition of Li,0, can be
realized by high efficiency oxygen catalyst. It not only has high
electrical conductivity of charge transfer, but also has high gas
permeability of oxygen diffusion and high efficiency of catalysis to

@ Springer | www.editorialmanager.com/nare/default.asp
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reduce charge/discharge overpotentials [164]. Wei and colleagues
managed to synthesis mesoporous copper nano-cubes possessing
a high relative surface area, which were then compactly bound to
ruthenium nano-particles to prepare oxygen cathode catalysts in
Fig. 7(h) [170]. The SEM images show that Ru@MCN (MCN:
mucinous cystic adenocarcinoma) has a cubic structure, which
fully continues the morphological characteristics of the precursor
in Fig. 7(i). The Ru@MCN-based LOBs obtained a gross specific
discharge capacity of 17,632 mAh-g”’ at 100 mA-g”, which
demonstrated better performance than the MCN and Super P
batteries in Fig. 7(j). In addition, excellent cycling properties were
demonstrated after more than 500 cycles at a current density of
1000 mA-g " in Fig, 7(k) [171, 172].

Liu et al. proposed a multifunctional semi-solid electrolyte to
regulate jon migration for uniform lithium electrodeposition with
MOFs and ionic liquids (ILs) [165]. The LiIL-MOFs electrolyte
was prepared by a series of operations including grinding, stirring
and vacuum heating in Fig. 7(1). The LOBs still work after 100
cycles, showing better cycling performance than the LES batteries
in Fig. 7(m) [173]. The LiIL-MOFs electrolyte retained its complex
properties after 100 cycles, indicating its structural stability in Fig.
7(n). The LOBs based on LiIL-MOFs show higher capacity than
the LOBs based on LE at 60 and 80 °C in Fig. 7(o) [174].

3.3 MOFs for KIBs

KIBs have the advantages of simple battery design, low standard
potentials, inexpensive materials and fabrication procedures, and

fast ion transfer capability. KIBs are not only one of the main
alternatives to LIBs, but also a research hotspot in energy storage
technology [175-177]. KIBs possess significantly greater energy
densities potentially due to a lower steady-state redox electric
potential in K/K* [178]. The lower Lewis acidity and narrower
ionic radius for K* give it ion mobility and high permittivity [179].
KIBs still face problems such as severe electrolyte decomposition
during charging and discharging, dendrite growth, structural
instability of the electrodes and poor heat dissipation, which have
delayed their widespread application [180,181]. MOF having
unique characteristics can solve these problems to a large extent
and facilitate the widespread promotion of KIBs in terms of
market applications [182-184].

Deng et al. proposed a new type of low-cost microporous iron-
based MOFs (MOFs-235) as the anode host of KIBs. A
conventional solvothermal method was used to synthesise MOFs-
235, which consists of a linear organic phthalate and hexahedral
iron-based terpolymer with a periodic reticulated pore structure
and a large pore capacity (Fig. 8(a)) [185]. The massive MOFs-235
exhibit a biconical bipyramid geometry with a particle size range
of 200 nm up to 2 um (Fig 8(b)) [186]. After 200 long
performance cycles, the reversible capacity of MOFs-235/MCNTs
(MCNTs: multi-walled carbon nanotubes) reaches 132 mAh-g*
with coulomb efficiency close to 100% (Fig.8(c)) [187]. The
stability of the crystal structure was demonstrated.

Under the condition of high temperature, the cycle stability of
KIBs is poor. For this reason, Lu and co-workers designed a high
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temperature KIBs with high stability using MOFs-5 as the anode
materials [188]. As shown in Fig. 8(d), 3MOFs-5 consists of many
small particles and has a large pore size, which facilitates ion
transport to obtain excellent electrochemical performance. The
primary discharge specific capacity of 3MOFs-5-based KIBs was
1183 mAh-g™ at a current density of 200 mA-g™ [189]. After up to
150 performance cycles, the KIBs still keep the specific capacity at
160 mAh-g’, demonstrating good cycling performance. In
addition, it still obtains a highly reversible specific capacity with
56 mAh-g™ at 500 mA-g”, representing a capacity retention rate of
nearly 100%. Even after 3000 cycles, the decay per cycle is 0.018%,
which demonstrates its stability in Figs. 8(e) and 8(f) [190].

34 MOFs for ZIBs

Rechargeable ZIBs are promising candidates in large-scale energy
storage systems due to their high specific capacity, inherent safety,
low cost and environmental friendliness [191]. Nevertheless,
irreversible chemical reactions at the cathode and growth of zinc
dendrites at the anode inevitably occur during long battery
cycling, leading to deterioration of electrochemical performance
[192,193]. MOFs with tunable porous structural features provide
convenient transport pathways and more reaction sites for rapid
ion transport, resulting in increased battery capacity [194]. In
addition, the special pore size of MOFs is more favorable for the
dispersion of Zn* to ensure the sedimentation of Zn below the
protective layer of MOFs. The controllable and diverse
morphological features of MOFs are conducive to the formation
of stable 2D films on the electrode surface [195].

Workers such as Yang inhibited zinc dendrite formation by
adding a saturated electrolyte [196]. According to the fact that the
saturated electrolyte system (“solvent in salt”) is beneficial to the
stability of the electrode, a new idea of developing a supersaturated
electrolyte front surface through MOFs coating to obtain
homogeneous zinc deposition is proposed. Mechanism of action
of MOFs coatings to inhibit H,O and build supersaturated front
surfaces in Fig. 9(a). The capacity retention of naked zinc anode is
67.3% and the capacity retention of zinc anodes coated with
MOFs is as high as 94.4% in Fig. 9(b) [197, 198]. The capacity of
bare zinc anode attenuates rapidly and its cycle life is limited. As
shown in Fig. 9(c), the structure of the zinc coating is smoother,
the changes of surface pores and shape are negligible, and the
electrodeposition of zinc shows a dense, dendritic-free pattern. As
shown in Fig.9(d), ZIBs obtained a specific capacity of
160.3 mAh-g" after 600 cycles, with a capacity retention rate of
88.9% [199].

Wang and co-workers solved the dendritic problem of zinc
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anodes by using a U-shaped deposition structure composed of 2D
MOFs flake nanoarrays grown on zinc anodes [200]. This
combination of pre-crystallization and bottom-up deposition
removes the “tip effect” and suppresses Zn dendrites in Fig. 9(e).
Porphyrin-based 2D  MOFs  nano-arrays,  Zn-tetra-(4-
carboxyphenyl)  porphyrin  (Zn-TCPP) were successfully
synthesized by the self-templating approach in surfactant-free
conditions in Fig. 9(f). Compared to the Zn//ZVO (ZVO:
Zn,V,0sH,0) battery, the Zn-TCPP/Zn//ZVO battery
Coulombic efficiency reaches 99.9%, showing better cycling
stability in Fig. 9(g) [201, 202]. At current density of 5 mA-cm?,
Zn-TCPP/Zn anodes obtained stability up to nearly 2000 h and
low overpotential 50 mV in Fig. 9(h) [203-205].

Yin and co-workers propose coordination unsaturation
approach to develop novel anode materials having rapid
intercalation/deintercalation dynamics and favourable endurance
[206]. A novel coordinated unsaturated Mn-MOF as a high-level
cathode in ZIBs in Fig. 9(i). The appropriate unsaturated
coordination degree ensures the efficient transport and electron
exchange of zinc ions, thus ensuring the rapid electro-chemical
reaction dynamics and the high-eigen activity in the process of
repeated charge and discharge in Fig. 9(j) [207-209]. Mn-H,BTC-
MOFs-4-based ZIBs exhibited excellent batteries performance at a
current density of 100 mV-g' with a discharge capacity for
138 mAh-g" in Fig. 9(k). At a current density of 3000 mA-g”, the
capacity reached 93.5% from the original capacity upon cycling for
1000 cycles, demonstrating excellent long-cycle stability in Fig. 9(1)
[210].

Manganese (BTC) cathodes and ZIF-8 coated zinc anodes
achieve high-performance ZIB, solving the problems of fast
capacity decay of cathode materials and instability of zinc anode
retting/galvanising in Fig. 9(m) [211]. Mn(BTC) polymetallic
oxide film has strong zinc storage capacity in Fig. 9(n), and the
unique porous architecture within the ZIF-8 layer results in a
homogeneous dezincification/electroplating of the zinc anode
surface in Fig. 9(0) [212,213]. In addition, the capacity retention
rate is still above 90% after 900 performance cycles at a current
density of 1000 mA-g*, indicating a good long cycle stability of the
battery in Fig. 9(p) [214, 215].

3.5 MOFs for zinc-air batteries (ZABs)

ZABs are half-savings, half-fuel batteries with high theoretical
energy density, low manufacturing cost, environmental
friendliness, and high safety [216, 217]. The air cathode of ZABs is
prone to severe polarisation resulting in a short lifetime. This
limits the potential of ZABs and seriously affects their application
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development and market promotion [218,219]. In addition, zinc
electrodes have a series of fatal drawbacks such as hydrogen
precipitation corrosion, high self-discharge rate, inability to be
recharged, and zinc dendrites leading to short circuits. This leads
to the fact that ZABs cannot completely replace LIBs [220, 221].
MOFs-based bifunctional oxygen electrocatalysts can solve the
problem of slow kinetics of ORR and oxygen evolution reaction
(OER) at the air cathode of ZABs to a certain extent and accelerate
the reaction efficiency. Their diverse structures, adjustable
properties, and simple and easy-to-manufacture characteristics
have led to great progress in the catalytic reverse side [222—224].

The organic molecular H;BTC is highly engineered with a
conjugated system, which has outstanding coordination with
metal cations, and is therefore dedicated to promising features for
bifunctional oxygen reactions catalysts [225]. Ni/Fe-BTC-MOFs
was successfully prepared by cathodic electro-syntheses method
using quantitative nickel chloride and ferric chloride as raw
materials in Fig. 10(a). As shown in Fig. 10(b), the rod-like
morphology of Ni/Fe-BTC-MOFs can be clearly seen in the field-
emission SEM (FE-SEM) image. Ni/Fe-BTC-MOFs demonstrated
outstanding cycling stability for over 594 h along with 5262 cycles
in Fig.10(c) without any important attenuation of the
discharge-charge voltage [226, 227].

Li et al. designed and synthesized a family of Co and Fe

hybridized MOFs (HCE-MOFs) which can be directly used as
electrocatalysts [228]. HCF-MOFs-3 showed two different
morphologies: 2D sheets integrated in the microspheres and
nanoparticles scattered at the microsphere surface in Fig. 10(d). Its
distinctive segregated construction offers a number of channels
that not only accelerate ion transport but also ensure a high degree
of exposed metal sites. This leads to increased electrocatalytic
activity [229]. The activated HCF-MOFs in ZABs had a low over-
potential with 295 mV and displayed good electrocatalytic OER
potentials in Fig. 10(e). In addition, the ultimate current density in
ORR was 499 mA-.cm” showing good electrochemical
performance in Fig. 10(f). A final ultra-high-power density for
113.5 mW-cm™ was obtained at 0.86 V and 100 mA-cm™ in Fig.
10(g) [230].

3.6 MOFs for other batteries

In addition to the batteries introduced above, the application of
MOFs in various types of batteries include zinc iodide (Zn-1,)
batteries, lithium selenium batteries, aluminum-sulphur batteries,
nickel-zinc batteries and so on. The following is a brief
introduction to zinc iodide batteries and lithium selenium
batteries. Selenium has a high theoretical capacity, high
conductivity and bulk capacity, and is regarded as a potential
electrode material in lithium-selenium batteries [231, 232].
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However, polyselenide shuttling, polyselenide reaction with
lithium electrode, and inhomogeneous Li* deposition can lead to
poor stability of lithium-selenium batteries [233]. Selective
primary care network (PCN) diaphragms can improve the
performance of lithium-selenium batteries by inhibiting
polyselenide shuttling and enhancing lithium-ion transport [234,
235]. Zinc-iodide batteries are a highly promising metal anode
material for rechargeable aqueous batteries due to the large
reserves of raw materials in the earth’s crust, medium potential
and high theoretical capacity [236]. However, the shuttle effect of
triiodide and corrosion of zinc anodes due to side reactions, zinc-
iodide batteries are unable to meet the market demand due to the
limitation of service life [237-239]. Multifunctional MOF films
can address these issues simultaneously within a certain range.
Shuttling of multi-selenium compounds leads to fast self-
discharge, poor cycling stability, and poor Coulombic stability of
lithium-selenium batteries, which impedes the adoption of lithium-
selenium batteries. Cation-selective PCN-250 (Fe) separator
applied to porous polypropylene membrane (PPM) not only
inhibits the shuttle of polyselenium compounds but also improves
Li* transmission in lithium-selenium batteries in Fig. 11(a) [231].
The SEM image of the cross-sectional area of the MOFs separator
in Fig. 11(b) [234]. The lithium selenium batteries based on PCN
diaphragm has excellent cycling stability, obtaining a reversible
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capacity for 423 mAh-g™ even after 100 cycles at 0.2 C. In addition,
the Coulombic efficiency remained above 98% even after 500
performance cycles in Fig. 11(c) [235].

Zinc-iodine batteries are of interest because of their rich natural
resources (0.0075% mass fraction Zn of earth crust) [236].
Nevertheless, the lifetime of Zn-I, batteries is very short, which
seriously hinders its further development [237]. Zn-BTC
multifunctional membrane designed by Yang et al. can effectively
inhibit I* shuttling and parasitic secondary reactions at zinc
electrodes in Fig. 11(d) [232]. The surface of the zinc anode was
maintained smooth and compact with no obvious collapse of the
structure, proving its cyclic stability in Fig. 11(e) [238]. The water-
based Zn-1, batteries with Zn-BTC membrane achieve long life. A
specific capacity of 85.1 mAh-g" and a coulomb efficiency of up to
99.65% were obtained even after up to 6000 cycles in Fig. 11(f)
[232].

4 Conclusion and perspective

This review summary on the synthesis for MOFs and their latest
applications as electrode materials in various batteries. The
synthesis method, morphological features and electrochemical
properties of MOFs are highlighted. The structures show that
MOFs materials have adjustable and diverse structural features,
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excellent mechanical properties, and good electrochemical
properties, which make them a rare material for batteries.
Compared with traditional batteries, the batteries (LIBs, LSBs,
LOBs, KIBs, ZIBs, etc.) using MOFs as electrode materials have a
great improvement in life and capacity. In recent years MOF has
achieved great results in the direction of the battery field and has
been widely promoted in the market. Although the application of
MOFs in these batteries is a hot topic in energy storage, the safety
risks caused by the digestion of electrolytes and cathodes, and the
continuous growth of dendrites seriously affect the stability of
batteries, which limits the application market of batteries in a wide
range of fields. In order to meet the market demand and achieve
greater research success, there are still some problems to be solved
in this research field.

(1) The poor conductivity of MOFs needs to be further
improved, which has a significant impact on the electron transport
rate and reaction dynamics, which affects the application and
development of MOFs in batteries to some extent. The electrical
conductivity may be enhanced through composite of MOFs with
some conductive materials. In addition, the method of
coordinating atoms/groups of special nature or introducing
structural stabilisers can further improve the conductivity or
stability of MOFs.

(2) MOF materials improve the performance of the batteries to
some extent, but the morphology will change in the process of
charge and discharge. During the process, the reason for the
change of MOF structure and the reaction mechanism to improve
the electrochemical properties of the batteries are not clear.
Adjusting and improving the components and architectural
features of MOFs to prepare novel electrode materials with
reversible reaction provides a certain assurance for exploiting the
electrochemical reaction mechanism and identifying the activity
center. At the same time, advanced in-situ testing and various
characterisation techniques can provide some help in exploring
the components of MOF, structural changes, and the chemical
reaction mechanism of battery charging and discharging processes
during scientific research.

(3) The electrochemical stability of MOFs is poor, irreversible
decomposition or transformation into amorphous phase will
occur during the charge-discharge cycle, and the frame will be
destroyed. In addition, MOFs will disintegrate and collapse in
water, acid and alkali environment. The stability of MOFs can be
enhanced by adjusting the metal ions and ligands, improving the
properties of MOFs materials, and creating structurally stable and
reaction-reversible electrode materials. Introducing multiple metal
centers or exposing more active sites during the design of MOFs
to increase ORR and OER activity and thus improve stability.

(4) The problem of low productivity and high production cost
of MOF materials is also one of the issues that constrain their
widespread development. The productivity of MOFs can be
improved by reducing the particle size to the nanometer level or
constructing new layered nanostructures. This could be solved
through the synthesis of MOFs from inexpensive feedstocks that
are rich in natural resources or easy to extract.

(5) The high pore structure and large specific surface area of
MOF sometimes bring bad structure, which is one of the reasons
for low Coulombic efficiency and low energy density. In order to
MOF materials have made more progress in electrochemistry, the
overall electrochemical performance of the battery can be
improved to a certain extent by adjusting the synergistic effect
between MOF and battery components.

(6) Most of the MOF materials are synthesized in the
laboratory, and the synthesis methods are not only complicated
but also time-consuming. Therefore, there is still a need to design
simple and effective synthesis methods for the large-scale
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production of MOFs, which can be improved to a large extent by
selecting suitable ligands and metal ions purposely.

In summary, MOFs materials have an unimaginable potential
for energy storage devices and significant progress has been made
in a new generation of batteries. Novel methods for the synthesis
of MOFs materials and various applications in batteries have been
widely developed. In addition, the resulting MOF composites will
further enhance the electrochemical performance of batteries by
introducing functional materials. However, the synthesis process
and electrochemical properties of MOFs still have many issues
that need to be improved. However, we believe that based on this
review helps to understand the controllability and regularity of
MOFs, which can be rationally designed and optimised to produce
high-performance batteries to meet the market demand and
promote the rapid development of the battery field.
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