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1 | INTRODUCTION

The term “secondary battery” refers to a rechargeable
battery that can be used for converting electrical energy
into the form of chemical energy, storing it, and then
converting it back into the form of electrical energy when
necessary. A lithium (Li) secondary battery is one type of
rechargeable battery and is a device that stores and gen-
erates electricity through charging and discharging using
Li". Currently, lithium-ion batteries (LIBs) are used as a
universal power source for various portable electronic
devices, leading the era of smart devices. Some say that
the battery of things era has arrived, saying that energy
can now be used anytime, anywhere without being con-
strained by time and space through innovation in second-
ary battery technology. The largest demand for LIBs is
coming from the need to power digital devices such as
mobile phones, laptop computers, and the demand is
expanding from portable information and communica-
tion devices to large-scale applications such as space and
aviation, electric vehicles, hybrid vehicles, and advanced
energy storage systems for supporting electrical grids."”
Figure 1 is a schematic diagram showing the history
and development direction of secondary batteries starting
with lead-acid batteries. In recent years, the market has
been growing, largely based on the development of elec-
tric vehicles. Research on secondary batteries has contin-
ued, starting with lead-acid batteries in the 1900s, nickel-
metal hydride (MH) batteries in the 1950s, and LIBs in
the 1990s. After Sony first developed LIBs in 1991, it
spurred research on secondary battery development. Tak-
ing advantage of these opportunities, LIBs are currently
being applied as essential power sources for mobile elec-
tronic devices, leading to the era of smart devices. LIBs
are free from the environmental hazards of lead-acid bat-
teries and the memory effect that is a fatal weakness of
nickel-metal hydride (nickel-MH) batteries, and they

characteristics of MOFs for application in different types of Li batteries. A
review of these emerging studies in which MOFs have been applied in lithium
storage devices can provide an informative blueprint for future MOF research

on next-generation advanced energy storage devices.

lithium-air battery, lithium-ion battery, lithium-metal battery, lithium-sulfur battery, metal-
organic frameworks, porous structure

have superior gravimetric and volumetric energy densi-
ties compared to conventional secondary batteries.'**°

The energy density limitations of LIBs, however, have
raised the need for more advanced types of new battery.
In order to meet the rapidly diversifying needs for sec-
ondary batteries, a technological innovation that encom-
passes issues of high energy, safety, and functionality is
required. Current research on the next-generation batte-
ries can be divided into LIB-related research, which cor-
responds to the mature stage, and future battery-related
fields, corresponding to the introduction/growth stage, in
consideration of the technological cycle. Lithium-sulfur
battery (LSB),'”"*° lithium-metal battery (LMB),***> and
lithium-air battery (LAB)***® have been studied to over-
come the limitations of LIB energy density, and all-solid-
state batteries have been developed to overcome safety
issues of battery. In addition, other next-generation bat-
tery technologies are emerging such as flexible
batteries** %% that can bend, and sodium-ion®*7* and
zinc-air batteries*””>®® for price and supply stability.
Accordingly, the development direction of the next-
generation battery will be the mainstream all-solid-state
battery®’~*® along with the improvement and evolution of
the performance of each component constituting the bat-
tery. In addition, commercialization of LMBs and LSBs
will be attempted, and ultimately, the development of
LABSs, called dream batteries, will proceed.

Li-ion secondary batteries are composed of four core
components: an anode material, a cathode material, a
separator, and an electrolyte. The movement of electrons
through the external circuit, the electrochemical reac-
tions that occur in the electrodes, and the movement of
Li" ions in the electrolyte occur simultaneously, and
through this process, the battery is charged/discharged.
During charging, electrons and ions are released from the
cathode material, the electrons flow through the external
circuit, and the Li* ions move to the anode material
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FIGURE 1

densities of the different types

through the electrolyte. This electrochemical charge
transfer creates a potential difference between the cath-
ode and the anode, and means that electrical energy is
converted into chemical energy and stored. Discharge is
achieved through a spontaneous electrochemical reaction
of the electrode material without the addition of external
energy, and chemical energy is converted into electrical
energy through a process opposite to that of charging.
Each battery system, such as the LIB, LMB, LSB,
and LAB systems, has its own problems. Therefore, it is
important to develop suitable electrode materials with
appropriate physical and electrochemical properties (e.g.,
electronic and ionic conductivity, redox potentials, capac-
ity, catalytic activity, etc.) and to implement novel struc-
tures and chemical compositions. To realize this, new and
creative solutions are needed for the development of mate-
rials. Polymeric and conductive carbon (C) materials,
which are relatively low-cost and whose properties can be
controlled to some extent through synthesis, suffer from a
lack of chemical and physical stability for practical device
implementation. Solid inorganic materials (e.g., silicon
and metal oxides) with a redox active sites and robust
structure can also be used as electrode materials for Li bat-
tery. Their slow ionic diffusion limits the charge-discharge

Schematic diagram showing the history and development direction of secondary batteries, with the inset showing the energy

rate, however, and induces large volume changes during
cycling, leading mechanical fragility. These shortcomings
are inspiring the development and discovery of new types
of advanced energy storage materials.

Metal-organic frameworks (MOFs) are considered as
tempting candidates to satisfy the demands of advanced
energy storage technologies.”**""'% MOFs, which have
great advantages such as large surface area, large pore
volume, and can be design with desired properties by
selecting and processing appropriate building blocks dur-
ing synthesis, are porous material composed of a metal
nodes and organic linker."'°*'7 Because the material
properties required for each type of Li battery are differ-
ent, this synthetic versatility of being able to synthesize
variously through the combination of metal nodes and
organic linkers constituting the MOF provides a way to
overcome material limitations and optimize them for
devices. In addition, porosity, one of the greatest charac-
teristics of MOFs, also plays a significant role in energy
storage and charge transport. The easily tunable capabili-
ties of MOFs make them suitable for use as templates
and precursors, allowing the synthesis of functional
materials having desired properties, chemical composi-
tion, and unique morphology.
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FIGURE 2 Synthesis process and structure of MOF-5

In this review, the origin, nomenclature, and struc-
ture of MOFs are first described, various methods of
synthesizing MOFs are explained, and recent synthesis
studies are summarized. In addition, we discuss the
characteristics of MOFs, which are significant for their
application in Li-based energy storage devices, and
review studies on the applications of MOF materials in
advanced batteries, including LIBs, LMBs, LSBs, and
LABs. We focus on the properties of MOFs that can
serve as variable factors as Li storage materials and
describe research trends applying them to energy stor-
age devices. We conclude with a review of novel Li stor-
age technologies resulting from these properties of
MOFs and hope that they will provide an informative
roadmap as promising materials for upcoming advanced
energy storage devices.

2 | OVERVIEW OF METAL-
ORGANIC FRAMEWORKS

MOFs are classified porous crystalline materials consisted
with covalently bonding metal ‘hubs’ and polytope
organic ‘struts’. With special chemical and physical
properties based on abundant inorganic and organic
components that can be changed according to their
composition, size, shape, geometry, and manner of branch-
ing, MOFs enable a variety of applications, including
gaS Separation’118—122 Storage’97,117,123—128 Sensing’129—135
Catalysis’110,136—142 and drugs.143_155

2.1 | Origin of MOFs and nomenclature
Research results on the structure of MOFs, which are
coordination compounds, were published in the late
1950s and early 1960s."°°'°® After the announcement of
an infinitely linked polymer skeleton in a three-
dimensional (3-D) structure by R. Robson et al. of the
University of Melbourne in 1989, Omar H. Yaghi's
group at Arizona University rediscovered MOFs in
1995.'%° Later, the Yaghi group reported one of the most
well-known MOFs, MOF-5, in 1999, which paved the
foundation for the advancement of MOF research.''* At
the time of the rediscovery of MOFs by the Yaghi group,
they used 1,3,5-benzenetricarboxylate (BTC) as a building
block, which has three equally spaced carboxylate groups
linked to aromatic rings to give it a hard disk-like morphol-
ogy. They subsequently reported in 2003 MOF-5 with a com-
position of Zn,O(BDC); (BDC = 1,4-benzenedicarboxylate)
favorable for hydrogen storage.'®" It was confirmed that
the generated colorless cubic compound had the for-
mula Zn,O(BDC);-(DMF)g(CcHsCl). This structure is
shown in Figure 2. Simply reacting metal ions (Zn*")
with various acetates creates ZnO(CH;COO); clusters,
and combining these clusters with organic ligands
(H,BDC) creates the MOF-5 structure. The use of multi-
dentate ligands such as H,BDC contributed significantly
to the anomalous thermal stability of this material and
showed the possibilities for the application of molecular
chemistry in the design of frameworks with selected
properties.
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TABLE 1
ZIF, UiO, and CAU series.

Summary of the names, metal ions, ligands, and formulas of most well-known MOFs, such as those form the HKUST, MIL,

Name Metal center Organic ligand Formula References
MOF-5 Zn BDC = 1,4-benzodicarboxylate (CgHgO,) Zn,O(BDC);-(DMF)g(CeH5Cl), 161
HKUST-1 Cu TMA = benzene-1,3,5-tricarboxylate Cus(TMA),(H,0); 174
(MOF-199) (CoHOp)
HKUST-1 Ru btc = 1,3,5-benzenetricarboxylate (CoHgOs) Rus(btc), 188
HKUST-1 Fe btc = 1,3,5-benzenetricarboxylate (CoHgOg) Fe 2(BTC)g(S)12]Cle:xFeTMPyPCls 178
TUDMOF-1 Mo btc = 1,3,5-benzenetricarboxylate (CoHgOg) Mo3(BTC), 212
Zn-HKUST-1 7n btc = 1,3,5-benzenetricarboxylate (CoHgOg) Zns(btc), 213
MIL-53 (Al) Al BDC = 1,4-benzodicarboxylate (CgHgO,) Al(OH)[0,C-C¢H,4-CO,] 173
MIL-47 A4 Dimethylformamide (DMF) (C;H,NO) VI(OH){0,C-C¢H,-CO,}x(HO,C-CeH,- 214
CO,H) (x ~ 0.75)
MIL-53 (Cr) Cr BDC = 1,4-benzodicarboxylate (CgHgO,) Cr'(OH)-{0,C — C¢H4 — CO,}- 171
{HOZC - C6H4 - COZH}O.75
MIL-53 (Fe) Fe BDC = 1,4-benzodicarboxylate (CgHgO,) C15.25Hg 25FeN( §5s05 181
MIL-53 (In) In BDC = 1,4-benzodicarboxylate (CgHgO,) In(OH)BDC-0.75BDCH, 215
MOF-71 Co BDC = 1,4-benzodicarboxylate (CgHgO,) Co(1,4-BDC)(DMF) 194
MIL-53 (Ga) Ga BDC = 1,4-benzodicarboxylate (CgHgO,) Ga(OH)(CgH,0%)-0.74CgH0, 216
MIL-53 (Mn) Mn BDC = 1,4-benzodicarboxylate (CgHgO,) Mn(BDC)L" L = pyridine N-oxide (PNO) 190
MOF-177 Zn btc = 1,3,5-benzenetricarboxylate (CoHgOg) Zn40O(1,3,5-benzenetribenzoate), 217
MIL-68 Fe BDC = 1,4-benzodicarboxylate (CgHgO,) Fe(OH)(BDC) 218
MIL-88 Fe BDC = 1,4-benzodicarboxylate (CgHgO,) Fe;O(H,0),CI(BDC);-nH,0 219
MIL-125 (Ti) Ti BDC = 1,4-benzodicarboxylate (CgHgO,) C4sH34Ng O34Tig 220
ZIF-8 Zn 2-methylimidazolate (C4HgN,) CgH,N4Zn 205
ZIF-6 Co 2-methylimidazolate (C4;HeN,) C,4H¢CoN, 205
MOF-74 Mg dobdc™™ = 1,4-dioxido- Mg,(dobdc) 221
2,5-benzenedicarboxylate
((HO),CsH,-1,4-(CO,H),)
Al-Td-MOF-1 Al 4-hydroxybenzonitrile (C;HsNO Li[Al(CsH40,),] 222
Ui0-66 Zr BDC = 1,4-benzodicarboxylate (CgHgO,) Zrs04(0OH), 223
MOF-525(Cu) Cu Tetracarboxyphenylporphyrin (H,-TCPP- Z1rs04(OH)4(TCPP-H,); 224
HZ) (C48H30)
MIL-101 (Cr) Cr N-amino-2-pyridones and pyrano (CsHgN,O C,,H;,0,6Cr3 225
and CgHgO,)
CAU-1 Al BDC = 1,4-benzodicarboxylate (CgHgO,) Alg(OH)s(OCH3);,(BDC-NH,) 202
CAU-4 Al BTB = 1,3,5-benzenetrisbenzoate [AI(BTB)] 203

(CH3(CO,H)s)

The basic structure of a MOF is composed of a sec-
ondary building unit (SBU) composed of metals or
metal clusters and a linker, an organic compound that
connects them. By having coordinatively unsaturated
sites, the inorganic connector itself contains a func-
tional group or exhibits semiconductor properties.
Since almost all kinds of organic components can be
used as linkers, the applicability of MOFs has been
further developed.'®* 1%

Based on this foundation, the number of MOFs that
can be synthesized is practically infinite, so it is necessary
to explain how they are named. Omar M. Yaghi, a pio-
neer in MOF development, named his MOFs by assigning
serial numbers to them, and MOF-5 is a representative
example. It is also denoted as Isoreticular MOF (IRMOF-
n), in the sense that it has a network of isotropic symme-
try.!®® UiO, MIL, HKUST, and CAU are types of
MOFs named after the institution in which they were
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discovered. The Institute Lavoisier de Versailles in
France developed a series of MOFs, and serialized them
with an abbreviation for the name Materials of Institute
Lavoisier (MIL) followed by a serial number after their
institution, MIL-53 being the most well-known exam-
ple.}”"7 Hong Kong University of Science and Technol-
ogy (HKUST) also developed MOFs and named them
HKUST-n (n = 1, 2, ...). In addition to HKUST-1 discov-
ered in 1999,'7#17¢ where the metal center is Cu, various
MOFs using iron (Fe),"””"®" chromium (Cr),'®*'*® nickel
(Ni),’®” ruthenium (Ru),"®®'®® manganese (Mn),"**"'**
cobalt (Co0),"****7 and so forth, as metal centers have
been reported. The Zr-based MOF developed by the Uni-
versity of Oslo was named Ui0-66,9%1%? and later, UiO-
67,°%° Ui0-68,°" and so forth, were also reported. MOFs
developed by Christian-Albrechts University (CAU) in
Germany are named after it, and CAU-1** and CAU-4*"*
are representative examples. CAU MOFs were developed
until quite recently, starting with CAU-1, and the latest
example was named CAU-50.>"* Zeolitic-like MOFs are
called zeolitic imidazolate frameworks (ZIFs). These
MOFs have a structure in which transition metal ions
such as tetrahedrally coordinated Fe, Co, and Zn are
linked with imidazole linkers, and more than 100 types
of ZIFs have been reported so far.>> In one of the other
types of nomenclature a serial number after PCN, which
means porous coordination network.

Another way is to write first the metal ion to which the
ligand is bound to clarify the structure of MOFs. For exam-
ple, MIL-100 using Cr as this metal ion is sometimes referred
to as Cr-MIL-100,°**” and Ni-HKUST-1,"*® Ni-MOF-14,>*
and so forth. belong to this category. In the case of functiona-
lization with a specific chemical group, the chemical group is
indicated after the name of the MOF, for example, Al-MIL-
53-NH,*'® or Fe-MIL-53-NH,.?!! Table 1 summarizes the
names, metal ions, ligands, and formulas of most well-

known MOFs, such as the HKUST, MIL, ZIF, UiO, and
CAU series 161,171,173,174,178,181,188,190,194,202,203,205,212-225

2.2 | Structure of MOFs

MOFs composed of metal clusters and organic ligands
are classified as porous inorganic-organic hybrid compo-
nents. MOF design begins with the selection of appropri-
ate metal ions and organic ligands to elicit the properties
required for the target application. Combinations of vari-
ous metal centers and ligands can produce an uncounta-
ble number of MOF molecular building blocks, providing
a suitable strategy for modifying chemical and physical
properties of MOFs.**°>** MOFs can be used as a plat-
form for catalysts, and also be tuned to have high selec-
tivity for specific chemical reactions.**° >**

MOF-5, one of the most well-known MOFs, as men-
tioned briefly above, will be used as an example to
explain the structure of MOFs. As shown in Figure 2,
ZnO(CH;COO)¢ clusters are generated by reacting metal
ions (Zn*") with various acetates, and these clusters are
combined with organic ligands to create a 3D framework
structure. The organic ligand part of the benzene struc-
ture is the spacer, and the Zn,O(CH5COO), cluster part
is the node. The structure forming the MOF-5 is origi-
nated from a cubic six-connection network."'* The nodes
in the net are substituted by SBUs clusters, and then the
links in the net are substituted by finite rods consisting of
BDC molecules. Then, the cores of the clusters form regu-
lar zinc oxide (ZnO) tetrahedra consisting of a single O
atom bonded to four Zn atoms.

Based on this basic structure, in some cases, during the
removal of guest molecules, often solvents, the pores are
stable and can be refilled with other compounds. There-
fore, the storage of gases such as hydrogen and carbon
dioxide has composed the largest share of applications for
MOFs. In addition, applications involving gas purification/
separation, catalysts, conductive solids, and supercapaci-
tors are the subjects of intensive research.'®*~'°® MOFs are
very popular and promising materials for various applica-
tions because they can be synthesized with countless dif-
ferent structures and properties through the combination
of metal clusters and ligands. Also, since almost all kinds
of organic components can be used as linkers, MOFs have
continued to be developed for further applicability.'®*
Table 2 summarizes the molecular structures, names, and
molecular formulas of various organic ligands used as
linkers in synthesizing MOFs.'®

2.3 | Synthesis of MOFs

Numerous MOFs of various sizes and structures are
required depending on the application, and this can be
achieved through various synthesis methods. For exam-
ple, it is possible to synthesize large MOF crystals by
changing the pH/solvent at room temperature to acceler-
ate precipitation.”®> For certain applications, however,
the development and understanding of novel gentle and
rapid synthesis methods that could enable continuous
production are still essential in order to process large vol-
umes of homogeneous samples for rapid and reproduc-
ible synthesis.

2.3.1 | Synthesis methodology

A simple, consistent, and easily adaptable synthesis
method is recognized as the ideal method for creating
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(Continued)

TABLE 2

Organic structure Name (Formula)

(J

Organic structure Name (Formula)

Name (Formula)

Organic structure

4-tetracarboxyphenylporphyrine

(H6TCPP, C,gH3oN4Og)

2,4,6-tri-(phenylene-

4-phosphonic acid)-s-triazine
(H6PPT. CpH,uN3O0P5)

OH

HO

Q

OH

()

HO

materials. The principles of MOF synthesis have basic
properties and depend on the appropriate selection of
metal centers and ligands. The vast diversity of choice of
metal centers and ligands constituting MOFs can ensure
an infinite hybrid organic-inorganic combination. Previ-
ous studies have shown that some regular structural motifs
exist in MOF synthesis and that they help predict the
architecture.”**>*> MOFs with the desired properties can
be synthesized by incorporating functions into linkers to
apply specific reactive groups, or chiral or redox centers.
The size of the metal center, its hardness, electronic com-
position, coordination modes, and so forth. affect the
topology of the final synthesized MOF.**'"2*® Another con-
cept that is undoubtedly highly relevant to the final struc-
ture and properties of MOFs relates to the choice of basic
building blocks. Also, various synthesis parameters such
as solvent, temperature, pressure, pH, reaction time, and
so forth, must be considered. There are various synthesis
approaches, such as conventional solution, >
hydrothermal,>®**>®> microwave-assisted,”*>*" electro-
chemical,>*2** mechanochemical,®®>2%” and sonochem-
ical methods.”®®*”* Figure 3 is a schematic diagram that
briefly illustrates various MOF synthesis methods.

Conventional solution method

The solution method is the most common, simple
method for obtaining large single crystal MOFs at room
temperature and under atmospheric pressure. Yaghi et al.
synthesized MOFs in low yields using a diffusion synthe-
sis method."'? This was a very early method for MOF
synthesis. Since then, numerous types of MOFs such as
MIL-53, MIL-88, MIL-110, CAU-1, ZIF-8, ZIF-67, and
Ui0O-66 were synthesized using water, methanol (MeOH),
and DMF as solvents.”>*”* Li et al. have reported the
effects of solvents on the synthesis of MIL-96(Cr) and
MIL-100(Cr).*"*

Dinca et al. investigated the factors governing the crit-
ical steps of cation exchange in MOFs by studying the
effects of various solvents by inserting Ni** into MOF-5
and Co®" into MFU-4 L, where MFU stands for Metal-
Organic Framework Ulm-University.””> In conclusion, it
was found that although solvents affect the cation
exchange mechanism, only a select group of relevant
parameters was correlated with exchange rates. This
approach establishes a method for understanding impor-
tant aspects of cation exchange in different MOFs and
other materials.

Hydrothermal method

The hydrothermal method, also called solvothermal syn-
thesis, is the most widely used method for the synthesis
of MOFs.?”*?*! The reaction proceeds by using a soluble
metal salt, a free linker, and an organic high-boiling-
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point solvent in a sealed container and heating the sol-
vent above its boiling point. Then, the product is recov-
ered and washed, and the solvent is removed from the
pores of the MOFs. This method has the advantages
of being able to produce homogeneous MOFs particles
with high crystallinity, a small crystallite size distribu-
tion, and high phase purity due to the fast reaction
kinetics.?*>***?%> The Yaghi group, a pioneer in MOF
development, synthesized crystalline MOF-5 with a yield
of 90% by heating (85 ~ 105°C) an N,N’-diethylforma-
mide (DEF) solution of Zn(NO;),-4H,O and the acid
form of BDC in a sealed container.”®*® Zheng et al. synthe-
sized six types of MOF by the hydrothermal method
using Zn, Co, and Ni as metal ions and H;BTC, H,NDC,
L1, L2, and L3 as ligands (NDC = 1,2-benzenebicarboxy-
late, L1 = 1,4-bis(imidazol-1-ylmethyl)benzene,
L2 = 1,1'-(1,4-butanediyl)bis(imidazole), L3 = 1,1’
(1,4-hexanediyl)bis(imidazole)).?* The six MOFs synthe-
sized in this way are as follows; (1) {Cos(L1);(BTC),(p-
H,0)3-2H,0},, (2) {Zny(L2)(HBTC),-2H,0},, (3) {Co(L3)
(HBTC)y, (4) {Co(LLYNDC)},, (5) {Ni(L2)(NDC}y,
(6) {Co(L3)(NDC)},. It was confirmed that structure
(1) has a rare 4-connected self-penetrating network,
(2) has a two-dimensional (2D) (3,4)-connected network,

==

Acoustic Cavitation (bubble)
generation and collapse
(~ 5000 K, ~ 1000 bar)

(3) has a 2D (3,5)-connected network, (4) and (5) have a
4-connected MOF structure with CdSO, type topology,
and (6) has a 2D 4-connected net structure. Although sol-
vothermal synthesis has significant advantages, it has
several disadvantages, such as the use of solvents with
hazardous effects on the environment, the use of expen-
sive stainless-steel autoclaves and Teflon reactors, limited
mass production possibilities, and difficulties in product
cleaning.””

In the hydrothermal process, a chemical reaction
occurs between organic and inorganic components, and
the backbone of the material is formed by solvent mole-
cules that act as “pore templates”, which are then washed
at high temperatures to remove the trapped solvent from
the pores.”®” Depending on the reaction conditions, how-
ever, reactive media such as reaction solvents, residual
reactants, and by-products are incompletely removed
from the MOF product, resulting in clogging of the pores
in the process. Recently, Pré et al. proposed to improve
the washing process by introducing optimized centrifuga-
tion conditions at two different stages: after the reaction
and after washing the product.®® Nickel (Ni)-based
MOF-74 (Ni-MOF-74) was selected as a target material
for this study. The process is summarized in Figure 4.
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During the step of the first batch synthesis, the washing
process was repeated as indicated by the green box in
Figure 4, which improved the separation of the product
from the reactive medium. The second batch synthesis
introduced centrifugation at two points where the solvent
was drained, as indicated by the red arrows in Figure 4.
Optimization studies of the centrifugation time and rota-
tional speed between the reaction and product washing
(1) and between product washing and product washing
(2) were also performed to obtain the best separation
quality. The first centrifugation introduced into the syn-
thesis route removes the reactive medium from the prod-
uct and the second -centrifugation separates the
contaminated MeOH from the product after washing. It
can be confirmed that the separation in the washing pro-
cess is improved through the process proposed in this
study, and it leads to the complete activation of the MOF
pores, which provides a way to expand the possibilities
for future applications.

Microwave method

For various applications of MOFs, a small-sized MOF is
sometimes required. The microwave assisted method is a
useful method for generating small metal and oxide parti-
cles. Compared to the hydrothermal synthesis method,
this method has the advantages of reducing the time
required for synthesis by more than 10 times, making the
size and composition of the synthesized MOFs
uniform, and producing MOFs with more diverse
compositions.”®>** Recently, Wright et al. synthesized
zirconium (Zr) based MOFs (UiO-66) in the form of thin
films using a simple and rapid microwave assisted syn-
thesis.**> In this study, a rapid synthesis method using
microwaves was proposed to bake oriented UiO-66 thin
films on gold (Au) and silicon (Si) substrates. The reac-
tion time on Au and Si substrates was greatly shortened,
and it was confirmed that the MOF in the form of a thin
film could be synthesized with an easy method.

A method for synthesizing MOFs by combining the
microwave method with other methods was proposed by
Han et al.*** MOF crystals suggested in this study were
successfully produced on polyacrylonitrile (PAN)/MOF
fiber mats using a method that combines electrospinning
with microwave irradiation. The electrospinning method
is a facile, scalable, and versatile technique for
manufacturing continuous fibers with diameters of sev-
eral nanometers to several micrometers using various
types of solution or molten polymers, and can be applied
to various ceramics, polymers, and carbon type mate-
rials.**>% By combining the microwave and electrospin-
ning techniques, MOF-based nanofiber structures were
created. To establish the optimal conditions for the

development of PAN/MOF fiber composites, the MOFs
UTSA-16 (University of Texas at San Antonio [UTSA])
such as UTSA-16(Co) and UTSA-16(Zn) were used. The
preparation way for UTSA-16 (Co) and UTSA-16
(Zn) was microwave method. The precursor containing
metal ions (cobalt[II] acetate and zinc acetate) was dis-
solved in a mixed solvent, heated in a microwave oven,
washed and then dried. The manufacturing method for
the PAN/UTSA-16(M) (M = Co or Zn) fiber precursor
was sonicated by mixing the synthesized UTSA-16
(M) powder with DMF, and after complete dispersion,
PAN is added and sonicated. After spinning the fibers
from this electrospinning solution on an aluminum foil
metal plate, the electrospun PAN/MOF fiber mat was
obtained. A PAN/UTSA-16 fiber mat was prepared by
varying the weight ratio of PAN to UTSA-16(X), which is
expressed as PAN/UTSA-16(M)-X%, where M stands for
Co or Zn, and X stands for wt% of UTSA-16. UTSA-16
powders with different ratios were dispersed in the PAN
fiber network and the seed growth of UTSA-16 was pro-
moted under microwave irradiation to create a UTSA-16
crystal layer. The product was denoted as PAN/UTSA-16
(X)-1st, and the sample repeating the above process for
secondary growth was denoted as PAN/UTSA-16(X)-2nd.
Figure 5 shows sequentially the fabrication process for
the PAN-UTSA-16 fiber mat consisting of UTSA-16 syn-
thesis, fiber mat preparation, and seed growth on the
fiber. PAN/UTSA-16(Co) and PAN/UTSA-16(Zn) fibers
had micropores in the range of 0.4-1.5 nm and 0.4-
1.8 nm, respectively, which are similar to those in pris-
tine UTSA-16(Co) (0.3-1.45 nm) and pristine UTSA-16
(Zn) (0.3-1.79 nm).*** The method to produce flexible
MOF polymer fiber mats through the combination of
microwave and electrospinning techniques proposed in
this study opens up valuable opportunities for a variety of
applications such as energy storage, decomposition of
hazardous chemicals, filtration, and sensor and biomedi-
cal applications.

Electrochemical method

The electrochemical synthesis method involves synthesiz-
ing compounds in an electrochemical cell, and has the
advantage that synthesis can take place under gentle con-
ditions than general solvothermal or microwave synthe-
sis. In addition, this method is one of the synthesis
methods that is scalable to the industrial scale by provid-
ing improved selectivity and yield because the reaction
temperature is low and the synthesis rate is fast,>*>*%73%7
Several typical MOFs, such as HKUST-1,>°° ZIF-8,°%
MIL-100(Fe),*” and MIL-53(Al)*"° were synthesized
through this method. The principle is to supply metal
ions by dissolving the anode into a synthesis mixture
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Reproduced with permission.”®® Copyright 2020, MDPI

containing an organic linker and electrolyte. Because the
electrochemical synthesis is performed without the appli-
cation of pressure, it allows more control over the con-
centration of the reactants in the synthesis over time. It
can also control anodic oxidation to add metals at differ-
ent rates, as well as continuously adding linkers to the
solution. In addition, by controlling the voltage applied
to the electrode, the oxidation state of the metal can be
carefully controlled.

Creating thin MOF film coatings on electrodes by elec-
trochemical methods is also an attractive feature. Liu et al.
proposed a method for manufacturing a large-area 2D MOF
film by using an electrochemical method.*"" It is difficult to
completely disperse ultra-thin MOF nanocrystals due to the
strong interlayer interaction, however, so various methods
have been proposed for this purpose.*’*='* In this study, it
was demonstrated that a large-area 2D Cuy(HHTP), (HHTP:
2,3,6,7,10,11-hexahydroxytriphenylene) film could be grown
on Cu foil through a controllable electrochemical assembly
technique. Two pieces of Cu foil were used as anode and
cathode, and they were immersed in a solution of dissolved
HHTP powder to construct an electrochemical cell. When
voltage was applied, Cu®" ions were released from the Cu
anode, and these ions reacted with the anions of HHTP to
deposit a Cuz(HHTP), MOF film on the Cu anode. Figure 6
shows the film-type MOF synthesis method using the elec-
trochemical method. The method proposed in this study
can be universally applied even when benzene-1,3,5-
triyltriboronic acid, meso-tetra(4-carboxyphenyl)porphine,
or 2,4,6-trihydroxy-1,3,5-benzenetricarboxaldehyde are used
as ligands. This MOF film can be transferred to any sub-
strate without damage by poly(methyl methacrylate) transfer
technology. This will provide an effective and controllable
electrochemical synthesis technique for the industrial-scale
production of MOF films, allowing for application in nanoe-
lectronic devices as well as for broader applications.

Mechanochemical method

The mechanochemical synthesis method is based on a
combination of mechanical and chemical phenomena on
the molecular scale and is undoubtedly considered one of
the best techniques that can be applied to implement the
large-scale production of MOFs.*'® The reason why MOF
synthesis via mechanochemical methods is of interest is
that the reaction proceeds under room temperature and
solvent-free conditions and (at least without additional
heat), and the reaction takes 10-60 min to complete,
leading to a quantitative yield. Mechanochemical
methods can be divided into three main categories:
(1) neat grinding (NG) that does not use a solvent in the
reaction process, (2) liquid-assisted grinding (LAG) uses a
catalytic amount of liquid phase to increase the mobility
of reagents, and (3) ion-and-liquid assisted grinding
(ILAG) uses a catalytic liquid containing trace amounts
of salt additives to accelerate MOF formation.

In 2006, James et al. demonstrated microporous
MOFs produced via NG for the first time.*®> Later, James
et al. also synthesized HKUST-1 by milling copper(II)
acetate monohydrate and H;BTC.*'"*'° The NG method
has been successfully applied with other metal ions such
as cadmium-based MOFs.*?>**! A significant benefit of
this approach is that the method leaves only water as a
by-product and requires no purification.***3**

Some MOFs that can be prepared with a solvent-free
NG approach, but compared to metal acetates and
nitrates, metal carbonates and metal oxides without crys-
tal water require the addition of some solvent to aid the
reaction process.’*****> Thus, the LAG method has been
proposed and Braga et al. reported that crystallization
and the reaction rate of MOFs can be improved in the
presence of small amounts of solvent.**° In this study,
one-dimensional (1D) porous coordination polymer-
CuCl, (trans-1,4-diaminocyclohexane, denoted as dace)
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FIGURE 5 Manufacturing process for PAN-UTSA-16 fiber mat consisting of UTSA-16 synthesis, fiber mat preparation, and seed growth

of fibers by combining electrospinning technology and microwave irradiation. Reproduced with permission.?**> Copyright 2020, Elsevier
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was synthesized by grinding CuCl,-H,O and dace in exis-
tence of water or dimethyl sulfoxide (DMSO), and then
heat and vacuum treatment removed the water or the
DMSO. Jone et al. revealed that some inorganic salts can
assist MOF synthesis via LAG.**’ Since then, researches
have been reported on the synthesis of MOFs by the
ILAG method, using a catalytic liquid containing trace
amounts of salt additives. ZIFs were synthesized using
DMF, EtOH, and DEF as a grinding solution with
NH,CH;SO;, NH,NO;, and (NH,),SO, as salt
additives.**®

Ni-based MOFs have attracted considerable attention
and have been mainly synthesized by hydrothermal syn-
thesis®* and precursor calcination in the air.>** These
synthesis processes, however, generally require high tem-
peratures, bulk solvents, and long reaction times.**'***
Jin et al. reported a simple solution-phase method for
synthesizing Ni3(BTC),-12H,0 in a short time, but it was
cumbersome to deprotonate the linker and also use an
organic solvent.**® Since then, there have been studies

Electrochemical

2D Cus(HHTP), MOF

Process of synthesizing film-type 2D Cu;(HHTP), MOF using the electrochemical method. Reproduced with permission.*!*

that synthesized Ni-MOF based on mechanochemical
methods, but there were weaknesses in each study, and
satisfactory results have not been reported,>°®32%334-3%3
Wang et al. synthesized a Ni-based MOF in a very short
time of 1 min by maximizing the advantages of the mech-
anochemical method.*** Changing the grinding time did
not significantly affect the yield, which was in the range
of 66%-72%. Regardless of the type of auxiliary liquid
(water, MeOH, EtOH, or DMF) added in small amounts,
the product was synthesized in 1 min and the synthesized
yield was between 60% and 70%. In conclusion, it was
confirmed that the method proposed in the above study
is fast, efficient, eco-friendly, inexpensive, and has excel-
lent scalability, and it was also suggested that the yield
and reaction can be enhanced by controlling the synthe-
sis conditions.

ZIF-8 is one of the most extensively studied types of
MOF due to its facile synthesis and excellent structural
stability.>*>**® ZIF-67 has the same topology as ZIF-8, in
which Zn is replaced by Co in the structure of ZIF-8.
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Bimetallic ZIFs can be synthesized through appropriate
control of Zn and Co, and several studies have demon-
strated a synthetic route for bimetallic CoZn-ZIFs in
liquid-based synthetic system.**’>** Another approach is
to convert ZnO to ZIF via a solvent-free approach for
mechanochemical applications.**>*****! Tanaka et al.
reported a simple acetate-assisted mechanochemical syn-
thesis using cobalt acetate to approach the large-scale
production of bimetallic CoZn-ZIFs.*** Figure 7 is a sche-
matic illustration showing the mechanochemical method
and photographs of Zn-ZIF and bimetallic-ZIF powders
synthesized through this method. Zn-ZIF obtained by
mechanical synthesis is a white powder, ZIF-67 has a
dark purple color, and Co,Zn(;.-ZIF has a light to dark
purple color depending on x. Cobalt acetate which added
in acetate-assisted mechanosynthesis released acetic acid
reacted with 2-MIM. Then, the solubility of ZnO in acids
and mass transfer with hydrated water and autoacetic
acid promote the complexation reaction between the ion-
ized metal and 2-MIM.>>® The acetate-assisted milling
method proposed in this study can control the Co/Zn
ratio by adjusting the amount of acetate added, and it is
advantageous when there are no solvents and the starting
materials and products are treated as solids. It is also
expected to help revitalize the industrial applications of
ZIF, opening up new opportunities for the creation of
multimetal ZIF nanomaterials.

Sonochemical method

The sonochemical method is based on the chemical effect
generated by the application of high-energy ultrasound to
the mixture during the reaction. The main advantages of
the ultrasound-assisted method in the synthesis of MOFs
are rapid reaction, environmental friendliness, energy effi-
ciency, and ease of use. It can be applied to the mass pro-
duction of MOFs in the future because a quick reaction is
required for the scaling up of MOFs.>****® Ahn et al. syn-
thesized MOF-177 by the sonochemical method in
2010.**° CuTATB-n (TATB = 4,4 4"-s-triazine-2,4,6-triyl-
tribenzoate; n = power level), also called PCN-6 with the
isoreticular structure of HKUST-1, was synthesized
through a novel sonochemical pathway.>>> In this study,
catenated PCN-6 and non-catenated PCN-6' were synthe-
sized by adjusting only the ultrasonic power level within
1 h in DMF solution with copper nitrate dihydrate and
H5TATB. In addition, IRMOF-9 (catenated) and IRMOF-
10 (non-catenated) were synthesized in the same way
using 4,4’-biphenyldicarboxylic acid (BPDC) as a ligand.
The surface area increased with the applied ultrasonic
power level, and the product synthesized via the sono-
chemical method exhibited improved porosity. It was
observed that particle size of the product was gradually
increased along with increasing ultrasonic power levels.

Morsali et al. synthesized TMU-5 (where TMU stands
for Tarbiat Modares University, [Zn(oba)(4-bpdh)gs]a:
(DMF), 5) and TMU-6 ([Zn(oba)(4-bpmb), s],-(DMF); s)
(oba: 4,4'-oxybisbenzoic acid; 4-bpdh = 2,5-bis(4-pyridyl)-
3,4-diaza-2,4-hexadiene; 4-bpmb = 1,4-bis(pyridine-4-
ylmethoxy)benzene) by the sonochemical method and
studied the effects of the ultrasonic irradiation time and
the initial reagent concentration on the size and shape of
the MOF particles.>>® It was confirmed that a high con-
centration of the initial reagent increases the size of the
generated particles and induces a non-uniform particle
size distribution. Conversely, a small concentration of the
initial reagent decreases the size of MOF particles.
Triethylamine (TEA) was added to increase the nucle-
ation rate, and when TEA was used, rapid nucleation of
the product occurred due to the deprotonated oba ligand,
and the rapid nucleation decreased the particle size.

Various metal ions are readily incorporated inside
molecular units to provide a wide range of optoelectronic
and catalytic functions, and the porphyrin units in the
ligand moiety of MOFs form stronger coordination bonds
with expensive metal nodes, improving chemical
stability.>* % Because it has well-dispersed and isolated
porphyrin units, rigid porphyrinic MOFs can avoid inactiva-
tion of catalyst due to dimerization of the porphyrin mole-
cules, so porphyrin is widely used in MOFs composed of
tetrakis (4-carboxyphenyl)-porphyrin (TCPP) and metal
nodes such as Fe, Al, and Zr.>®® Zr based MOFs such as
MOF-525, MOF-545 (also named PCN-222), PCN-221, PCN-
223, PCN-224, PCN-225, and NU-902 are also being
studied.***>"> Among them, MOF-525 and MOF-545 are
synthesized using the same substrate as for the Zr metal
source and TCPP,** since mixed phase particles are often
observed, so it takes various efforts, such as high-throughput
synthesis, seed-mediated synthesis, solvent-assisted separa-
tion, investigation of the modulator, and kinetic and ther-
modynamic control*”*”® to get their pure phase.

Ahn et al. reported a facile single-step synthetic pro-
cedure for pure phase MOF-525 and MOF-545 synthe-
sized through modulation synthesis via the sonochemical
pathway.?”” Zirconyl chloride octahydrate, benzoic acid,
trifluoroacetic acid, DMF and TCPP were used for syn-
thesis of MOF-525 and MOF-545. The samples thus
obtained were named S-MOF-525 and S-MOF-545,
respectively, and for comparison, MOF-525 and MOF-545
were synthesized by the conventional solvothermal
method and denoted as C-MOF-525 and C-MOF-545.
Figure 8 shows a schematic illustration of the sonochem-
ical method, the structures of MOF-525 and MOF-545,
and scanning electron microscopy (SEM) images of
MOF-525 and MOF-545 synthesized under optimal con-
ditions. After checking the morphology of S-MOF-525
and S-MOF-545 grown under each condition, cubic- and
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FIGURE 7

Schematic diagram of mechanochemical method for the synthesis of Zn-ZIF and bimetallic-ZIFs, with photographs of the

resulting products. Reproduced with permission.**> Copyright 2019, Elsevier

needle-shapes or their mixture were seen depending on
the synthesis conditions (for the mixture: SEM middle
image of Figure 8). MOF-525 consists of Zrg(O-
H),04(CO0,),, clusters in ftw topology, and MOF-545 con-
sists of ZrgOg(CO,)s(H,0)s clusters in csq topology, while
the mixed-form particles appeared due to the varying
connectivity of Zrg clusters during synthesis.*’*?”® In
conclusion, the acoustic cavitation generated during
sonochemical synthesis produced a very high local tem-
perature, as well as pressure accompanying fast heating
and cooling rates, so it induced accelerated homogeneous
nucleation and significant reductions in crystallization
times.”**?’%*”® This method has advantages including
short synthesis time, low energy consumption, defect site
formation, improved textural properties of the product,
and the possibility of large production scales.?’¢-*5"-3!
This study showed that the use of sonochemical methods
in synthesizing Zr- and porphyrin-based MOFs can pro-
duce particles with high crystal purity and uniform size
while significantly reducing the synthesis time.

2.3.2 | Scaling-up production

Mass synthesis is required for the application of MOFs in
real life. For the practical application of MOFs, mass syn-
thesis is essential, and the production of MOF in the
solvent-free or solid state has been applied to mass produc-
tion, showing very encouraging results for the synthesis

and molding of MOFs. Coronas et al. described a solvent-
free synthesis to prepare ZIF-8 from ZnO in just 2 min at
high pressure and room temperature.*®* The ZIF-8, which
took only 2 min to synthesize, showed a typical rhombic
dodecahedral morphology with no significant difference
compared to the ZIF-8 synthesized by the conventional sol-
vothermal method for comparison. This methodology can
be applied to the synthesis of other MOFs and covalent
organic frameworks as well, and it enables the rapid syn-
thesis of MOF materials and provides new insights into
practical applications. Maspoch et al. reported enhanced
results of a spray drying methodology that enabled the
coinciding synthesis and shaping of microspherical highly
nucleated MOF beads.*®* This method has the advantages
of being able to provide good yields with good porosity and
high-density cores, as well as being capable of fabricating a
variety of MOFs, allowing fine-tuning of porosity. In addi-
tion, the simple recovery of spent solvent makes the pro-
cess cost-effective and waste-efficient.

Flow chemistry has the advantage that accurate and
reproducible results for defined reaction times can be
achieved by varying the volume or flow rate of each reac-
tor.*®* Recently, it has been demonstrated that it is possi-
ble to mass-produce MOFs with controlled particle size
using flow technology.**** Among the various types of
MOFs, ZIF-8 was produced using a variety of different
sorts of equipment and procedures.’*>** Falcaro et al.
reported a method of synthesizing a ZIF-8 composite
structure including bio-macromolecules as well as
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FIGURE 8
with permission.*”” Copyright 2021, Elsevier

allowing control of the particle size by controlling the resi-
dence time of EtOH during synthesis using this continu-
ous process.*”* In this study, bovine serum albumin (BSA)
was used as a model protein, which helped to develop a
continuous flow procedure and understand the growth
kinetics of ZIF-8-based composites. Figure 9 shows a sche-
matic illustration of the synthesis system used in the con-
tinuous process. Three solutions are prepared: a solution
in which the Zn source is dissolved, a solution in which
BSA + 2-MIM is dissolved, and EtOH, and the solutions
are injected while controlling the flow. The effect of the
EtOH/water flow rate ratio on initial crystal size was stud-
ied by varying the EtOH flow rate through fixing the resi-
dence time in a continuous flow setup. Based on previous
findings that alcoholic solvents promote crystallization of
ZIF-8,°% it was supposed that fast injection of EtOH could
inhibit the growth of amorphous particles and cause crys-
tallization of ZIF-8, and continuous process conditions
were established. The higher the EtOH flow rate, the smal-
ler the crystallites that are yielded will be as shown in the
SEM images in Figure 9. Then, by adjusting the residence
time (from 0.33 to 120 s), it was possible to synthesize vari-
ous size of BSA@ZIF-8 crystals with ranging from 40 to
100 nm. To demonstrate the scalability of the proposed
method, the synthesis was carried out continuously for
5 h, resulting in the synthesis of BSA@ZIF-8 with an aver-
age particle size of 60 nm. A productivity of 2.1 g h™" was
achieved, which is comparable to previous pure MOF syn-
thesis results where synthesis was conducted on a labora-
tory scale’®® The continuous process applied to
BSA@ZIF-8 was applied with al-antitrypsin (AAT), and it
was confirmed that AAT was successfully encapsulated in
the ZIF-8 particles. This study not only showed the

MOF-525

Schematic illustration of the sonochemical method and SEM images and structures of MOF-525 and MOF-545. Reproduced

potential for mass production due to the continuous reac-
tion, but also showed its applicability to the synthesis of
ZIF-8-based composites for clinical biotherapeutics by eas-
ily controlling the particle size to make it suitable for intra-
venous drug delivery administration.

James et al. describe the continuous synthesis of MOFs
containing Ni(salen), nickel(I[)bis(triphenylphosphine)
dichloride = (NiCl,[PPhs],), HKUST-1, ZIF-8, and
Al(fumarate)(OH) via twin screw and single screw
extruders.”” This study reported practical application
potential by successfully synthesizing MOFs with high
yield, purity, and crystallinity at a rate of kilogram per hour
with no added solvent or a minimum amount of solvent.

Table 3 summarizes the advantages and disadvantages
of the MOF synthesis methods described so far. The MOFs
show tremendous promise for a wide range of applica-
tions, so for their future, laboratory-scale studies and
industrial implementation must go hand in hand. Fortu-
nately, as noted in the review so far, new synthesis
methods have evolved and are breaking down the
laboratory-scale boundaries.’*®** 1t is not yet clear
whether MOFs can compete with today's well-known
industrial compounds such as zeolite, silica, or activated
carbon, but since many researchers have focused on MOF
applications, the possibility is considered close enough.

3 | FAVORABLE PROPERTIES OF
MOFs FOR LITHIUM-BASED
ENERGY STORAGE SYSTEMS

Before describing Li storage-related studies using MOFs,
we would like to discuss the favorable characteristics
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FIGURE 9 Schematic illustration of the continuous synthesis process for biocomposites encapsulated in ZIF-8 particles, and SEM

images of the resulting products according to the EtOH flow rate. Reproduced with permission.*** Copyright 2020, WILEY-VCH

required for Li storage and the MOFs, materials that sat-
isfy them. The favorable properties of materials required
for Li storage can be divided into (1) physical and chemi-
cal stability, (2) high electronic/ionic conductivity,
(3) excellent porosity and high-surface area, and (4) mass
production potential as shown in Figure 10. Now, we will
explain why each characteristic is important for storing
lithium and in what sense the MOF satisfies it.

3.1 | Physical and chemical stability

For stable Li storage, physicochemical stability is the first
essential. This is because the active material must main-
tain its structural integrity in devices that undergo vol-
ume expansion and contraction. MOFs are famous for
being variable enough that their properties can be tuned
to your liking by choosing a suitable linker and metal
node. Many reviews and papers have already discussed
the physical and chemical stability of MOFs, and various
synthetic strategies for controlling them have been
reported.'®**%4%  During synthesis, physicochemical
properties can be controlled by adjusting, replacing,
changing, or removing the composition of linkers and
metal nodes. It is also possible to control the crystallo-
graphic phase and crystal size/morphology to select and
adjust the surface chemistry of the MOFs.*”" This

easy-to-control functionality is a strength of MOFs as
they provide a strategy for the synthesis of materials with
the properties required for each energy storage applica-
tions. Therefore, it is important that the physical and
chemical stability, an important characteristic of mate-
rials used in lithium storage devices, can be improved by
selecting an appropriate synthesis medium for MOFs.
One example is that MOFs composed of redox inactive
nodes and short, rigid linkers show more thermochemi-
cal stability. Mechanical properties can be adjusted
through the application of flexible linkers, control of the
strength of host-guest interactions, adjustment of crystal
size, and multi-metal framework construction.*?>4%3

3.2 | Electronic/ionic conductivity

Electron and ion transport are the most important
parameters in any electrochemical devices. Especially in
batteries, large overvoltages caused by high internal resis-
tance affect the output reduction. Ionic conductivity
affects the Li content that needs to be stored, which is
one of the key parameters for achieving high-power and
high-capacity lithium batteries. Since MOFs generally
use metal-oxygen bonds, however, they have insulating
properties, so need to be tuned. As one way to overcome
this problem, studies have been conducted to tune the
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TABLE 3 Advantages and disadvantages of the MOF synthesis methods.

Synthesis method

Conventional solution

Q 4

e
-—

Hydro(solvo)thermal

Autoclave

Microwave assisted

\ \-
\ \f\L N |

- |
Microwave e’

Electrochemical

Anode

1

-

Power supply

Cathode

Mechanochemical
6 (\3 >
Sonochemical
Ultrasonic waves
& g
SN B

Advantages (4) & Disadvantages (—)

(+) Normal, simple, easy

(+) The crystallinity of MOFs occurs in a short period

(+) Synthesized at room temperature and atmospheric pressure
(—) Relatively slow process

(=) Small amount synthesis

(+) Wide operating temperature range (e.g., 80-250 °C)

(+) A heating and cooling process can help crystal growth

(+) Easy industrial transposition

(—) High cost of purchasing the equipment needed for the synthesis
(—) High energy consumption

(—) Long reaction time

(+) Simple and energy-efficient approach

(+) Short synthesis time and improved yield

(+) Controllable morphology, phase selectivity, and particle distribution
(+) Easy transformation and tight control of response parameters

(—) Difficulty separating large single-crystals

(+) Useful for industrial scale synthesis by providing improved selectivity and yield
(+) Fast and clean synthesis

(4+) Uniform MOF growth and deposited directly on platforms

(4) Accurate layer deposition thickness growth

(+) Solvent-free method

(+) No specific pressure and temperature required
(—) Difficulty separating large single-crystals

(—) Secondary phases are usually obtained

(+) Responsive, environmentally friendly, energy efficient, and easy
(+) Uniform particle size and shape can be obtained in a short time
(+) A suitable method for the fabrication of nanosize MOFs

(—) Ultrasonication can break the crystallites and prevent the formation of large single crystal

Acoustic Cavitation (bubble)
generatlon and collapse
~ 5000 K, ~ 1000 bar)

electronic structure through the control of the metal
nodes and organic linkers using an approach called
“through-bond” conductivity.*** For example, compar-
ing the Mn®" and Fe*' analogs of the material family
known as MOF-74, the use of d-electrons loosely
coupled to Fe*" and soft sulfur linkers significantly
improves the electronic conductivity. The conductivity
of electronically tuned MOFs can be improved through
the modulation of metals and linkers. Another approach
for improving electron conductivity is passing through
space or electron hopping into guest molecules through

-7 interactions.**>*%° Strategies exist to modulate ionic
and proton conductivities as well as electronic conduc-
tivity. Incorporating ionic guest species that can facili-
tate the transport of ions and protons can be a
straightforward approach. The polarity function is
incorporated into the framework after synthesis, allow-
ing the possibility of spatial and directional transmission
control.*”*%® Another method is to use an ionic frame-
work with a mobile counterion to substantially increase
the ionic conductivity.**>*°**!° These novel synthetic
strategies to enhance electronic and ionic conductivity
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FIGURE 10 Favorable
properties of materials suitable for

lithium storage

stability

Scalability/processability

in MOFs have provided new molecular insights for the
discovery of materials beyond porous organic frame-
works, as well as enabling novel materials for charge
transport applications.

3.3 | Porosity and surface area

Porosity is important for the storage and transport of
electrochemically active species, and high surface area is
essential for catalytic processes. The large surface area
and excellent porosity of MOFs are the most well-known
characteristics. It has been already reported that the
topology and pore size of MOFs can be adjusted through
choosing appropriate metal nodes and organic
linkers.?®**'! Enormous control over the pore size, sur-
face area, and chemical characteristics of MOFs gives the
ability to observe and control their structural and chemi-
cal factors that influence electrochemical processes. The
combination of micropores and mesopores in MOF is
advantageous for Li storage because they create strategic
channels and spaces that can affect to the molecular dif-
fusion. The large surface area is advantageous for cata-
lytic process in LABs, and the MOFs with high porosity
enables the storage of polysulfide active species in LSBs.
The high porosity is also particularly useful for devices
that depend on chemical transformation of small mole-
cules, such as oxygen in LABs. The ability to tune surface
area and porosity has been poor for conventional inor-
ganic solids, but these relatively easy-to-tune MOFs could
further expand the opportunities for electrochemical
applications.

\,
*
* OO

w Listorage

Porosity/high-surface area

3.4 | Scalability and processability

For practical applications, the material must have the
potential to be mass-produced. In terms of scalability,
mass synthesis of MOFs has been demonstrated by several
companies (BASF, MOFWORX, MOF Technologies, and
NuMat).**”2%-% The above companies utilized flow
chemistry, electrochemical, and mechanochemical
methods for bulk synthesis. First, the electrochemical syn-
thesis method has the advantages of promoting uniform
and fast growth of MOF and direct deposition on conduc-
tive platforms with accurate layer deposition to achieve a
chosen thickness. The mechanochemical MOF synthesis
method is based on using physical mixing (e.g., grinding,
ball milling, etc.) of linker and metal node components
without prolonged heating or the use of solvents, so that it
has the advantages of mass production, reduced costs, and
reduced chemical waste.*'* This method also has the
advantage of being able to produce a bulk of mixed metal
MOFs by changing the component reagents. Another
advantage is that production costs can be lowered by using
inexpensive metal sources such as oxides, carbonates,
hydroxides, and metal salts. Another creative method to
improve the mass production potential of MOFs is micro-
wave irradiation, which allows rapid growth of MOFs
from precursor solutions.”**'* This method requires less
energy than solvothermal methods because it relies on
local heating instead of heating the entire solution.
Solution-phase layer-by-layer deposition followed by mate-
rial classes, another high-volume synthesis method, the
products of which are also called surface-mounted MOFs,
enables molecular and structural precision and control of
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film thickness.*****> In addition to solution-phase layer-
by-layer deposition method, chemical vapor deposition
and atomic layer deposition allow finer control over film
thickness. The large-scale synthesis of MOFs with the ver-
satility of possible substrates and wide control of combin-
able substrates expands the possibilities for their
electrochemical applications.

The properties described so far are basic properties
for improving Li storage and applicability. Each Li stor-
age device, including LIBs, LMBs, LSBs, and LABEs,
which will be described below, has different priorities of
properties required for the applied material. Therefore, it
is important to identify the required characteristics of
each device components and select the appropriate
design element and synthesis strategy for materials.

In addition, as a method of synthesizing a safe MOF
considering economic feasibility without relying on expen-
sive or rare raw materials has been recently studied, it is
known that MOF has advantages in cost-effectiveness,
environmental friendliness, easy access, safety, and
stability compared to other existing energy storage mate-
rials.'?*?%295%% According to BASF's experience, the main
cost drivers of MOFs are linker costs, space time yield,
down-stream processing effort, and solvents used. The
BASF team described large-scale production, toxicity of
reagents and solvents, cost of raw materials, availability/
purity of chemicals, and safety as evaluation criteria for
commercialization of MOFs.*” By meeting this criterion,
MOFs are cost-effective and environmentally friendly mate-
rials compared to other energy storage materials, which
means they also have advantages in terms of stability.

4 | APPLICATIONS OF MOFs IN
LITHIUM-BASED ENERGY
STORAGE SYSTEMS

After MIL-177 was first applied as an anode material for a
Li-ion battery, the possibility of MOFs was confirmed.
Since then, various MOF series materials, including MIL-
53, MIL-10, HKUST-1, and so forth, have been used for Li
storage applications (Figure 11). For each Li storage
device, the priority of the characteristics required for the
applied material is different, and MOFs have been used
for the anode, cathode, separator, and so forth. MOFs are
broadly classified into basic pristine MOFs and structures
derived from MOFs. Besides direct utilization of pristine
MOFs, they can perform as a self-sacrificial template for
generating various nanostructured electrode materials. It
is one of an effective method to accomplish enhanced elec-
trochemical behavior for various applications. Numerous
MOF-derived nanoarchitectures/nanoarchitectonics mate-
rials have been reported including nanostructured carbon

materials, metal compounds, and their composites. MOFs
also show good performance for lithium storage, however,
MOF-derived materials especially containing carbon com-
ponents, have great potential as electrode materials owing
to the improved electrical conductivity and stability. Now,
we will explain the latest researches using pristine MOFs
and MOF-derived structures applying to Li storage devices,
including LIBs, LSBs, LABs, and LMBs.

4.1 | Lithium-ion battery

LIBs are devices that store and generate electricity through
charging/discharging processes using Li*, and they play
an essential role in our daily life. In the charging process,
Li atoms in the cathode are ionized into lithium cations
and move through the electrolyte to the anode, where Li*
is stored, and it is released again in the reverse process.
LIBs are widely used as energy storage devices in mobile
information technology (IT) applications such as laptop
computers, cellphones, and so forth, and they are cur-
rently utilized as power sources for electric vehicles. As
utilization increases, the required performance standards,
such as for the energy density, cost, lifespan, power out-
put, and safety of LIBs, are also increasing. Related
research on LIBs is expected to continue to expand as the
scope of applications and demands increase, but there are
constraints such as limited energy density and safety
issues, which are caused by thermal runaway of the elec-
trolyte. In order to resolve this issue and further meet the
urgent and diverse demands on the battery industry, large-
scale technological innovation is required, covering high
energy, safety, and functionality.

MOFs can be promising advanced materials for LIBs
to storage Li due to their distinct structure, high specific
surface area, and well-developed porosity.”*® Metal cat-
ions act as active sites in the MOFs for redox reactions,
and the open crystal structure supports effective and
reversible insertion/extraction of Li*.**"*!'® The intrinsic
porosity of MOF enables the reversible storage of Li, and
its high specific surface area promotes transport of Li* by
increasing interfacial contact with the electrolyte solu-
tion. Redox-active metal nodes in MOFs are fairly stan-
dard and it has been extensively studied as both anode
and cathode materials in previous studies.>'%”*7#%
MOFs and MOF-based composites offer both advantages
and limitations to LIBs systems as electrode materials.
Figure 12 briefly explains the application of MOF-based
materials to LIB components, and the notable features of
MOFs, that play an important role in this case.

Since applying MOF-177*'" as an anode and MIL-53
(Fe)*'? as a cathode material for the first time, MOFs
have received much attention and have been widely
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studied as advanced materials for LIBs. MOFs offer
remarkable performance as anode materials for LIBs
without compromising structural changes even at signifi-
cantly high current densities.*”® First, the studies using
MOFs as cathode materials for LIBs are explained. Early
studies of MOFs as cathode materials for LIBs focused
mainly on Fe-based MOFs. This was because they have
Fe’'/Fe*™ redox pairs allowing reversible Li stor-
age."'9**1742* In 2007, Tarascon et al. studied Fe-based
MOF, MOF-53(Fe), which was the first demonstration of
a cathode material featuring the MOF structure in LIBs
as shown in Figure 13A.*'° Fe-based MOFs such as MIL-
53(Fe) and MIL-68(Fe)*** have limitations in their revers-
ible capacities, however, due to the restricted number of

MIL-177

The first paper using MOF

Applied to LIB anode

Concluded that not appropriate, but first confirm the possibility
Chen et al., J. Power Source, (2006)

MIL-53(Fe)

2006 2007 2009

MIL-53(Fe)
Applied to LIB cathode
Tarascon et al., Angew. Chem. Int. Ed, (2007)

MIL-53(Fe)
Designed for LIB electrode

Applied to LIB cathode
Increased initial capacity by including electroactive molecules
Tarascon et al., Chem. Mater, (2009)

Doublet et al., J. Phys. Chem. C, (2010)

@
FUNCTIONAL MATERIALS FOR GREEN ENERGY AND ENVIRONMENT

inserted Li" ions per MOF formula. For MIL-53(Fe), for
example, theoretical calculations show that, when the
concentration of intercalated Li* is high, additional
lithiation destabilizes the limited environment of the
metal ions and causes a dramatic loss of cohesive interac-
tions, which eventually leads to irreversible structural
loss and destruction.**!***

The capacity can be improved by introducing addi-
tional electroactive sites into the structure of MOFs. Tar-
ascon et al. reported a method to increase the initial
capacity by adsorbing electroactive  molecule,
1,4-benzoquinone, on MIL-53(Fe) to generate a new
MOFs compound (MIL-53(Fe)-quinone;).**° This group
previously used MOF-53(Fe) as a cathode material for

Mn-MOF-74
Applied to LOB cathode
Tarascon et al., Adv. Mater, (2014)

2010 2011 2014 2016

HKUST-1
Applied to LSB separator
Zhou et al., Nat. Energy, (2016)

MIL-100(Cr)
Applied to LSB cathode
Tarascon et al., J. Am. Chem. Soc, (2011)

FIGURE 11 A brief history of research on the application of MOFs in Li batteries
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FIGURE 12 Application of
MOF-based materials to
components of LIBs and notable
characteristics of MOFs, which
play an important role in LIBs
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(A) Structure of MOF-53 and voltage profile applied to LIB cathode. Reproduced with permission.*'® Copyright 2007,

WILEY-VCH. (B) The structure of MOF-53 including the electroactive molecule 1,4-benzoquinone, and the initial capacity before and after
inclusion of the electroactive molecule. Reproduced with permission.**® Copyright 2009, American Chemical Society
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LIBs for the first time. Because of the low density of the
material, however, and the limited number of interca-
lated Li*, neither volumetric (mAh cm™>) nor gravimet-
ric (mAh g~ ') capacity were as high as for commercial
cathode materials. In addition, the problem of limited
rate capability at high current densities, which was
induced by the poor electron conductivity of the struc-
ture, remains an open problem. To solve these problems,
the adsorption of 1,4-benzoquinone, an electroactive mol-
ecule that can theoretically capable of two electrons per
molecule but can also act as a redox mediator, was
applied as shown in Figure 13B. Unfortunately, the addi-
tional capacity was rapidly dissipated during cycling, due
to the gradual exchange between dimethyl carbonate
molecules and quinone when the MIL-53(Fe) electrode
was in contact with the electrolyte. Although the above
study concluded that the electrochemical performance of
the quinone-loaded material was rather disappointing,
the n-x interaction between the quinone and the benzene
ring of the MOF ligand was optimized.

Another approach is to employ both redox-active
ligands and redox-active metal centers in the structure of
MOFs.*** Cuy(Ac), paddlewheel-cluster SBUs were used
as nodes, and 2,7-anthraquinonedicarboxylic acid
(2,7-H,AQDC), one of the anthraquinone groups, was
used as a bridging ligand. By in-situ Cu K-edge X-ray
absorption near edge structure (XANES) analysis and
cyclic voltammetry (CV), it was found that Cu,(Ac), pad-
dlewheel and anthraquinone groups were involved in the
reduction during the discharge process. As well as qui-
none type ligands, tricarboxytriphenyl amine**® and tet-
rathiafulvalene tetracarboxylic acid**’ can be used as
electroactive ligands to increase the reversible capacity.

Prussian blue (PB, Fe,[Fe(CN)4]s) and its analogues,
which have a cyanide-bridged perovskite type framework
with large niche sites, have also been considered as
potential alternatives. Various Prussian blue analogues
(PBAs,) with different alkali metal and transition metal
components were manufactured and applied as cathode
materials for LIBs.*****! Honma et al. reported the elec-
trochemical Li* insertion/extraction of A,Mn,[Fe(CN)g]
(A: K, Rb), a valence tautomeric PBA.*** PBA is a mate-
rial of the MOF family whose physical, electrochemical,
and structural properties have been thoroughly studied.

The generalized formula for PBA can be written as
AB" 5 0.5:B™(CN)s] Clo.s-o.5xnH,0 (A: alkali metal, B,
B': transition metal, 0 < x < 1), and where [B™{(CN)¢]>~
has fractional occupancy of the sites to form intrinsic
vacancies ([]) occupied by coordinating and crystal water
molecules. PBA has the basic structure of perovskite in
which metal centers are interconnected each other, and
the metal centers are connected by cyanide bridges as
shown in Figure 14A.

Rb,Mn",[Fe"(CN)s] nH,O exhibits a pressure-,
temperature-, and photoinduced phase transition from
cubic phase RbXMnHy[Fem(CN)ﬁ]~nH20 to tetragonal
phase Rb,Mn'"![Fe"(CN)s]-nH,0,"** which means
strong interatomic interaction between Fe and Mn
ions.*"” So, A,Mn",[Fe""(CN)s]-nH,O is a possible con-
tender for Li* storage. The PBA compound was obtained
through the precipitation method of adding an
MnCl,-4H,0O aqueous solution to a K;[Fe(CN)s] and
RbCI aqueous solution. Since rapid precipitation often
leads to non-uniformity of the resulting compound, the
addition rate of the aqueous solution was kept constant
at 1 mls' to control the crystal size. Quantitative Li"
insertion/extraction was investigated by an electrochemi-
cal method using synthesized K 14Mn; 43[Fe(CN)g]-6H,0
and Rby,Mn; ;5[Fe(CN)s]-2.5H,0. Reversible Lit inser-
tion/extraction in the aqueous electrolyte cannot be per-
formed because the hydration radius (2.37 A) of Li" is
larger than the lattice channel size of PBA. In this study,
a nonaqueous electrolyte (ethylene carbonate and diethyl
carbonate) was used. Figure 14B shows the open-circuit
voltage (OCV) curves obtained by the galvanostatic inter-
mittent titration technique (GITT) of Kg;4Mn; 43[Fe
(CN)¢]-6H,0 and Rbg;Mn; ;5[Fe(CN)g]-2.5H,0. In both
compounds, an almost complete amount of Li* can be
inserted/extracted at 3.3 V versus Li/Li*. Although the
obtained capacity was slightly lower than that of MIL-53,
the Li* insertion/extraction voltage was higher, resulting
in similar energy densities.*'® Reversible Li" insertion/
extraction was observed for both K and Rb salts, but the
redox-active sites could be converted by valence tautom-
erism. It has been shown that K salts without valence
tautomerism exhibit Li™ insertion/extraction with redox
processes of Fe ions, whereas Rb salts with valence tau-
tomerism exhibit redox processes of Mn ions.

Although PBA has a moderate initial capacity, cycling
performance is unstable due to structural instability and
phase transformation during the charging/discharging
process.****** Improvement of the cycling stability of
PBA can be accomplished by inhibiting formation of
vacancy,”® manufacturing a core-shell structure,”*® or
integrating the PBA with conductive additives.*** Kojima
et al. fabricated a vacancy-free PBA framework Mn""[M-
n™(CN)s] by removing K" ions from K,Mn'"[M-
n"(CN)¢].**®* K,Mn[Mn(CN)s] was obtained by the
precipitation method of adding MnCl,-4H,0O aqueous
solution to KCN aqueous solution in N, atmosphere,
centrifuging the precipitate, washing with distilled water,
and vacuum drying. The exact composition of the synthe-
sized product was confirmed to be K;,,Mn[Mn
(CN)slo.93[Jo.07°0.65H,0 ([J: [Mn(CN)s]*~ vacancy) by
elemental analyses. It can be seen that [Mn(CN)g|*~
vacancy represents about 7%, which is significantly
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(A) Schematic structure of Rb;Mn[Fe(CN),] without [Fe(CN)s]*>~ vacancies and Mn; s[Fe(CN)q]-nH,O with [Fe(CN)s]*>~

vacancies. (B) Open-circuit voltage (OCV) curves obtained by the galvanostatic intermittent titration technique (GITT) using an intermittent
current rate of 18 mA g and periodic interruption for 30 min. Reproduced with permission.*** Copyright 2010, American Chemical
Society. (C) Crystal structure of K; 7,,Mn[Mn(CN)g]o.93:[Jo.07:0.65H,0 and cubic phase crystal structure from which K-ions were extracted.
(D) OCVs obtained by the GITT method and discharge/charge curves for Mn[Mn(CN)s]o.03-[Jo.07-0.65H,0 during Li" insertion/extraction.
(O: [Mn(CN)]*~ vacancy)Reproduced with permission.**® Copyright 2012, American Chemical Society

suppressed compared to the vacancies of general PBA
(e.g., MnFe-PBA contains 30% vacancies). It is expected
that the presence of a small amount of [Mn(CN)g|*"
vacancies is due to the rapid precipitation of PBA (due to
the high rate of addition of the Mn solution to the KCN
solution). The vacancy-suppressed PBA framework was
fabricated by electrochemically extracting K-ions from
the compound, applying a low-density current for
10 min, and interrupting for 60 min repeatedly. The com-
pound from which K ions were extracted is named Mn
[Mn(CN)elo.03:[o.07-0.65H,0. When K ions are extracted,
its crystal structure changes from a monoclinic phase to a
cubic phase. Figure 14C shows the structure of K; ,,Mn
[Mn(CN)elo.03:[Jo.07-0.65H,0 with a cubic crystal struc-
ture in which the 3D cyanide-bridged framework and 3D
porous channel exist simultaneously and K ions are
extracted. Figure 14D shows the OCV and discharge—
charge curves during Li* insertion/extraction obtained
with GITT at a constant current density of 30 mA g .
The OCV curve shows two potential plateaus at 3.7 and
3.0 V for Lit insertion/extraction reactions, similar to the
response during K ion extraction. The first discharge

capacity (1.91 Li*; 197 mAh g ') is higher than the theo-
retical value for Mn[Mn(CN)glo.03-[1o.07:0.65H,0 (1.72
Li*; 176 mAh g '), which is presumed to be caused by
electrochemical side reactions. Due to the reversible Li*"

insertion/extraction, the discharge capacity and the
charge capacity are almost the same.

Now, studies using MOFs and MOF-based materials
as anode materials for LIBs are described. Most LIBs use
graphite anodes, which allow reversible intercalation of
Li" in a layered structure. Graphite anode has a relatively
low capacity of 372 mAh g~', however, by forming the
intercalation compound LiCg during the charging pro-
cess.**>*% Silicon anodes with a very large capacity of
3580 mAh g (Li;sSis) are suggested as an alternative,
but large volume expansion during charging and dischar-
ging poses a serious safety problem.**” As alternatives to
the graphite anode materials, tin (Sn)-based compos-
ites,"*®*** phosphorous (P)-based composites,**° and
transition metal oxides (TMO)**"*** have been studied,
which have a higher capacity and superior rate capability
compared to graphite. These materials suffer from signifi-
cant volume changes upon the lithiation/delithiation
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processes, however, causing particle agglomeration or
structural collapse during cycling, which eventually leads
to a rapid capacity loss. These technological hurdles
require creative treatments and the exploration of
advanced materials.

In 2006, the first study applying MOF-177 as an anode
material for LIBs was conducted.?’” In this study, MOF-
177 was synthesized through the facile solvothermal
route, and its electrochemical properties were examined.
As a result, it was found that the MOF-177 sample fea-
tured a high irreversible capacity during the first dis-
charge process and good cyclability after the first cycle,
but the reversible capacity was relatively low. Structural
destruction of the sample was observed after Li storage,
and the formation of metallic Zn during discharge was
confirmed. Therefore, the performance of MOF-177 was
not impressive due to its limited cycling stability, but this
study opened up the possibility of the applicability of
MOFs as anode materials for LIBs. Afterwards, various
MOF materials, such as MOF-5,**"** ZIF-8,*® ZIF-
67,4748 MIL-88,'° MIL-125(Ti),*****° MOF-177,*'" and
so forth, have been explored for practical use in LIBs.

Their high porosity, versatile structure, redox-active
functions, and excellent host-guest chemistry allow
MOFs to play an important role in LIBs. For example,
the reversible capacity of Li* can be increased by increas-
ing the amount of Li" stored in the redox-active metal
center and Li-stabilizing ligand moiety. A Li-intercalated
MOF electrode is constructed by applying a ligand
containing a carboxylate group, an amide group,
an aromatic ring, an imidazole ring, or a pyridine ring
that can provide an insertion site for Li*. BDC,*"*?
BTC,***>  5.amino-isophthalic  acid  (AIPA),**°
2,3,5,6-tetrafluoroterephthalic acid*®’ are examples. In
MOFs using them as ligands, Li* can be reversibly
inserted/dissociated into organic moieties without direct
bonding of metal centers. Some ligand structures and for-
mulas mainly used in the synthesis of MOFs are given in
Table 2.

In 2016, Hu et al. applied an Mn-BDC MOF synthe-
sized by the solvothermal method with 1,4-BDC and
manganese(Il) chloride (MnCl,) as an anode material for
LIBs.*>> Mn has been studied as an energy storage mate-
rial with great potential because of its low toxicity, stabil-
ity, and low cost from an economic point of view.
Figure 15A shows the structure of the ligand used for the
synthesis, synthesized Mn-1,4-BDC, and the structure of
Mn-1,4-BDC@200 treated at 200°C, respectively. The car-
boxylate functional group of 1,4-BDC can serve as a
nucleation site for the growth of Mn*" and subsequently
enables Mn-1,4-BDC crystal growth. DMF used as a sol-
vent was removed through the process of drying Mn-
1,4-BDC in a vacuum oven, and it was confirmed that the

coordinated DMF molecules were sufficiently removed in
this process. The specific surface area slightly increased
after the removal of DMF molecules. This may benefit
LIB performance as it can prevent electrolyte-related side
reactions at lower potentials compared to Li/Li". The
electrochemical behavior of Mn-1,4-BDC and Mn-
1,4-BDC@200 was analyzed by CV and constant current
charge-discharge cycling. A comparison of the rate capa-
bility and the electrochemical cycling performance of
Mn-1,4-BDC and Mn-1,4-BDC@200 is shown in
Figure 15B. Mn-1,4-BDC@200 maintained a reversible
capacity of 974 mAh g* after 100 cycles, which exhibited
a Coulombic efficiency (CE) of over 98%. In the initial
cycle, the CE was relatively low, but as the number of
cycles increased, the charge and discharge capacity grad-
ually increased. It maintained high capacity even after
12 charge/discharge cycles and showed high CE. As a
result of confirming the change in capacity at various
charge and discharge rates, the Mn-1,4-BDC@200 anode
material recovered the charge and discharge capacity of
approximately 939.1.2 and 945.2 mAh g™, respectively
without significant loss of reversible capacity.

Chen et al. synthesized Co-BTC in various morphol-
ogies and dimensions using three types of reaction sol-
vent in the hydrothermal method and examined its
feasibility as an anode material for LIB.**> Figure 15C
shows the structure of BTC, a ligand used for synthesis,
and the structure of synthesized Co-BTC. To investigate
the influence of solvents in the synthesis of anode mate-
rials on LIB performance, three types of reaction solvents
were selected: EtOH, DMF, and mixed solvent of EtOH
and DMF with a 1:1 ratio, vol%. By using three different
types of solvents, it was confirmed that the solvent plays
a important work in the hydrothermal synthesis, and the
coordination solvent molecules trapped inside the pores
of the MOFs can have a injurious effect on the reversible
Li* insertion/extraction. The reaction product using
EtOH as a solvent (represented as CoBTC-EtOH) pre-
sents monodispersed hollow microspheres structure,
diameter range of 3-8 pm, and relatively rough surface.
The MOF obtained using DMF as a solvent (denoted as
CoBTC-DMF) showed a 2D layered architecture with
irregular walls, and the MOF obtained using mixed sol-
vent of EtOH and DMF with a 1:1 ratio, vol% (denoted as
CoBTC-DMF/EtOH) exhibited a nanorod structure with
a nanorod length of 50-300 nm and a width of ~50 nm.
This shows that the morphology and dimensions of the
product are highly dependent on the reaction solvent.
The cycling behavior of the CoBTC-DMF, CoBTC-EtOH,
and CoBTC-DMF/EtOH electrodes was tested under the
low current density of 100 mA g~ from 0.01 to 3.0 V ver-
sus Li/Li". After 100 cycles, the reversible capacity reten-
tion of CoOBTC-EtOH was 856 mAh g ': this corresponds
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to approximately 97.4% of the initial charge capacity
(879 mAh g ). There was no appreciable difference
between the cycling stabilities of CoBTC-DMF, CoBTC-
EtOH, and CoBTC-DMF/EtOH. Relatively low initial CE
was observed, which is associated with electrolyte decom-
position and formation of an unavoidable solid-
electrolyte interface (SEI) film.****%° After cycling, how-
ever, all the samples, CoBTC-DMF, CoBTC-EtOH, and
CoBTC-DMF/EtOH, showed nearly 100% of CE, which
suggests the formation of a stable SEI layer and efficient
Li* transport from/into the anode.***™*®* It showed out-
standing rate capability over a wide range of charge/
discharge rates, and when the current density was
returned to 100 mA g, the average charge capacity was
restored and remained stable up to 90th cycles without
significant decrease. Figure 15D shows the cycling perfor-
mances of CoBTC-DMF, CoBTC-EtOH, and CoBTC-
DMF/EtOH at the high current density of 2 Ag " A
sample synthesized using EtOH among the three sol-
vents, Co-BTC-EtOH electrode exhibited a reversible
capacity as high as 473 mAh g~ at a current density of
2 A g ! after 500 cycles, maintaining near 100% CE. On
the other hand, CoBTC-DMF and CoBTC-DMF/EtOH
anodes showed excellent cycling stability at high current
density, but their reversible capacity was 257 and
285 mAh g~ ' after 500 cycles, respectively, which are
quite lower than that of CoBTC-EtOH. Therefore, it can
be concluded that the Co-BTC synthesized using EtOH
showed superior electrochemical performance. The
macroporous void space of CoBTC-EtOH spheres, acces-
sible specific regions, and the absentness of coordinating
solvents may be responsible for these results. The macro-
porous void space of CoBTC-EtOH spheres facilitates
electrolyte impregnation and ion/electron transport,
while accommodating expansion/contraction, so the

material showed distinguished cycling stability at high
current density with a high reversible capacity.

The surface area, particle size, and morphology of
MOFs can affect their electrochemical behavior when
applied to LIBs. MOFs with numerous shapes, such as
hollow microspherical,**> lamellar,**” shell-like,*** and
pillar-layer*®> have been reported, and they have porous
structure that is beneficial to effective accommodation of
volume changes, penetration of electrolytes, and trans-
port of Li". The particle size and homogeneity affect the
surface area of the MOFs, but their effect on electrochem-
ical behavior is opposite. The large surface area and high
porosity form a large interface between the electrode and
the electrolyte, which leads to a shorter Li* diffusion
length,*>**%° but there is also a negative aspect that
causes excessive side reactions with the electrolyte, lead-
ing to electrolyte degradation and performance
degradation.*>>*%*

To overcome this, by leveraging the advantages of the
controllable composition and shape/structure of MOFs,
MOFs can be used on their own, but can also serve as a
platform for the construction of nanostructured carbon
composites and TMOs. Existing TMOs have problems
with large volume changes during cycling and low elec-
trical conductivity, resulting in poor rate capability and
cycling stability. By constructing an appropriate nano-
structure, and embedding the TMO in a conductive
porous carbon matrix, the effects of fast Li™ transport
and effective buffering of volume variations were
attained, and as a result, greatly improved cycling perfor-
mance was reported.*®” This can be an efficient approach
to achieve the enhanced electrochemical behavior
required for applying MOFs and MOF-based materials to
practical LIBs. MOFs can be used as a platform for TMO
synthesis as it enables a uniform distribution of
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nanostructures in a porous carbon matrix after controlled
thermal deformation. Thus, TMOs synthesized using
MOF as a platform can maintain structural integrity,
accommodate volume changes, and facilitate electron
and ion transport. TMOs with various nanostructures,
such as ZnO,** iron(III) oxide (Fe,03),**® iron(IL,III)
oxide (Fe;0,),*® and cobalt oxide (Co030,)*"° were
embedded in a porous carbon matrix with MOFs com-
posed of corresponding transition metal nodes as precur-
sors, and they showed high reversible capacity as anode
materials for LIBs. Co3;0, is considered the most attrac-
tive alternative anodes materials for LIBs due to its high
specific capacity (890 mAh g '), which is more than
twice that of graphite (372 mAh g™ '), excellent electro-
chemical stability, and low cost.*”"*’? There is a problem
that the cycling performance is not good, however,
because the volume change during cycling is large. In
particular, carbonaceous materials used in metal oxides
and composites improve their electrochemical perfor-
mance, so Co;0, containing carbon can be considered as
an alternative. In addition, nitrogen (N), which has a
similar atomic diameter to carbon but has a higher elec-
tronegativity, is a very attractive dopant for carbon
because N-doping can create external defects and
enhance the electronic conductivity and reactivity carbon
materials. The enhancement of the interaction between
Li" and the carbon structure is achieved by significantly
altering the electron performance of doped N atoms and
providing more active sites to adsorb Li™.

Sun et al. designed Co MOF ([Co(diimpym)(npta)],
where (diimpym = 4,6-di(1H-imidazol-1-yl)pyrimidine,
an N-rich bidentate ligand; H, npta = 5-nitroisophthalic
acid).*’® This structure crystallized into an orthorhombic
Pbca space group, and the asymmetric unit consisted of
one Co(II) ion, one diimpym, and one npta?". The diim-
pym has four potential N coordination sites, at which
twoO Nimidazole atoms were used to link the Co atoms in a
zigzag [Co(diimpym)],, chain along the c axis. The N-rich
Co-MOF obtained by hydrothermal reaction was sub-
jected to the calcination process at 500°C under a flow of
ultrapure N,, followed by washing with deionized water
and EtOH. This porous Co3;04/N-C structure looked sim-
ilar to fish-scales, so it was named FSS-Co. Figure 16A
shows the schematic illustration of Co;04/N-C compos-
ite by heat treatment of Co-MOF (rich N) under N atmo-
sphere, and Figure 16B shows the transmission electron
microscopes (TEM) image of FSS-Co. As shown in mag-
nified TEM image, the surface of FSS-Co is rough, and
forms closely packed 3D porous nanoparticle structure
with a size of about 20 nm. Two sets of gratings with the
spacing of 0.243 and 0.467 nm can be seen, which were
well matched with the d-spacing and orientation of the
(311) and (111) planes of the Coz0, phase cubic lattice.

The origin of a porous structure can be ascribed to the
outgassing due to the decomposition of [Co(diimpym)
(npta)],. Since the highly porous structure provides suffi-
cient active sites for electrolyte contact, it can be used as
an electrode material for energy storage. And also struc-
tural stability can be ensured during operation by favor-
ing the tolerance of its active substances to volume
changes. The electrochemical performance of FSS-Co
was confirmed by CV conducted at a scan rate of
0.1 mV s ! in the potential window of 0.01-3.0 V versus
Li/Li" and discharge/charge profiles at a current density
of 1000 mA g~ . The initial charge and discharge capaci-
ties were 613 and 1210 mAh g™, respectively, giving an
CE of 51.0%. After 200 cycles, the charge capacity was
579 mAh g, indicating close to 100% CE. Reversible
electrochemical behavior was exhibited after 200 cycles,
and the specific capacity was almost maintained with a
stable value of 612 mAh g~ ' within 500 cycles. By disas-
sembling a LIB, it was confirmed that the Co;0,4/N-C fish
scale structure was preserved even after cycling, and
there was no obvious crushing or agglomeration of the
material, confirming that the FSS-Co structure showed
excellent structural stability. As a result, FSS-Co demon-
strated astonishing electrochemical properties as an
anode material for LIBs, due to the synergistic effects
between the N-doped C coating and the assembled
porous Co3;04 nanoparticles.

Besides Co3;04, Fe;04 is also considered a potential
candidate for LIBs due to its high theoretical capacity
(926 mAh g_l), low cost, good stability, high abundance,
and environmental friendliness.*’>*’® Like Co050,,
Fe;0,, also suffers from significant volume changes dur-
ing cycling, and a method to optimize the Fe;O,4-based
anode by rational nanoengineering its structure and com-
position is proposed. One approach is to assemble nano-
scale building blocks into a robust 3D architecture that
combines the advantages of nanostructures and
microstructures.*’”

Zheng et al. reported a 3D hierarchical structure
assembled from microscopic Fe;O, nanodots within
MOFs consisting of Fe-based ZIF (Fe-ZIF, [Fe(Melm),],,
where Melm = 2-MIM) with N-rich organic ligands as
precursor/template.*®  First, supramolecular  self-
assembly of Fe-ZIF take places on the surface of 3D N-
doped carbon nanowebs (NCWs). In this case, 2-MIM
molecules act as both organic linkers and structure-
directing agents. The core-shell NCW@Fe-ZIF is then
obtained, a 3D hierarchical structure with ultrafine
Fe;0, nanodots embedded in the NCW (denoted as
NCW@Fe;0,/NC) was obtained after carbonization. In
the novel 3D porous structure constituted by coordina-
tion bonds between Fe*" and 2-MIM, the Fe center is tet-
rahedrally coordinated by the 1,3-position N atom of 2-
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FIGURE 16 (A) Schematic illustration of structural change to Co;0,/N-C composite by heat treatment of Co-MOF (N-rich) under N
atmosphere. (B) Transmission electron microscopy (TEM) images of porous Co;0,/N-C structure. Reproduced with permission.*’® Copyright
2016, ROYAL SOCIETY OF CHEMISTRY. (C) Schematic diagram of the NCW@Fe;0,/NC participation strategy for constructing iron oxide-
based storage materials with 3D structures. (D) TEM images of NCW@Fe;0,/NC. Reproduced with permission.**® Copyright 2018, ROYAL

SOCIETY OF CHEMISTRY

MIM. And the 2-MIM ring serves as a bridging unit
between the Fe centers, providing an infinite 3D frame-
work. Figure 16C shows a schematic diagram of the MOF
participation strategy for constructing iron oxide-based
storage materials with 3D structures, and Figure 16D
shows a TEM image of the finally synthesized
NCW@Fe;0,/NC. A significant number of 2-MIM mole-
cules are adsorbed on the surface of NCWs due to the
strong m-m stacking interaction between the aromatic
backbones of 2-MIM and NCW in MeOH solutions con-
taining Fe*" and 2-MIM. Coordination of 2-MIM with
Fe’' ions induces self-assembly of Fe-ZIF on the NCW
substrate, resulting in a core-shell NCW@Fe-ZIF com-
posite. Upon pyrolysis of NCW@Fe-ZIF in an inert atmo-
sphere at 500°C, the Fe-ZIF is converted to Fe;Oy4
contained within an amorphous NCW matrix derived
from 2-MIM, resulting in NCW@Fe;0,/NC. Since the
underlying polypyrrole (ppy) precursor exhibits a 3D
nanoweb-like structure composed of interconnected
nanofibers, both core-shell NCW@Fe-ZIF composite and
NCW@Fe;0,4/NC retain their unique structure. In the
right TEM image of Figure 16D, it can be seen that the
surface of NCW@Fe;0,4/NC is uniformly covered with
some novel materials, and very small Fe;O, nanodots
with a size of about 5 nm are well trapped in the NC
matrix. The pore size of NCW@Fe;0,/NC shows a rela-
tively broad distribution centered around 30 nm, and
these pores can withstand the volume changes of Fe;O,

nanoparticles during cycling, so an improved electro-
chemical performance can be expected.*’***! The elec-
trochemical behavior of the NCW@Fe;0,/NC electrode
was confirmed by analyzing the discharge/charge profiles
at a current density of 0.05 C. In the first cycle, the charge
and discharge capacities are 1585 and 2867 mAh g !,
respectively, with a CE of 55.3%. The low initial CE can
be explained by the following reasons: (1) irreversible Li*
consumption of NCW, (2) irreversible Li* consumption
of Fe;0,4 during the first cycle, (3) Super-P added as con-
ducting agent that contributes to part of the irreversible
Li" consumption, and (4) formation of a suitable SEI
film. Considering all these factors, it was expected that
the initial CE of the NCW@Fe;0,/NC anode could be
improved by reducing the content of NCW and conduc-
tive agent, and the synergistic effect of the carbon and
the Fe;O, components was experimentally confirmed.
The rate capability of the NCW@Fe;0,4/NC anode was
tested at a constant discharge rate of 0.1 C and various
range of charge rates (0.1, 0.2, 0.5, 1, 2, 3, and 5 C). It
exhibited a capacity of 723 mAh g~ ! at high charge rates,
showing excellent potential as a high-power anode mate-
rial for LIBs. The capacity of NCW@Fe;0,/NC electrode
fully recovers its initial capacity, when the charge rate
was returned to 0.1 C, which indicates resistant to high
current operation. The capacities of the NCW@Fe;0,4/
NC electrode were 1963 mAh g~ after 170 cycles at 0.1 C
discharge/0.1 C charge, 1298 mAh g~ after 130 cycles at
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0.2 C discharge/0.5 C charge, and 1741 mAh g~ after
600 cycles at 1 C discharge/1 C charge. This result indi-
cates that NCW@Fe;0,/NC has good rate capability at
both high and low discharge/charge rates. The excellent
Li" storage capacity of NCW@Fe;0,/NC can be
explained by the rational structure and composition
favorable for Li* storage. It is believed that the MOF-
assisted synthetic protocol proposed in this study can be
extended to design controllable properties of not only Fe-
based MOFs but also other functional materials.

In addition to single-metal TMOs, the compositional
and conformational diversity of MOF precursors
enables the preparation of MOF-derived TMOs
with complicated structure and chemical composition
such as nanocubes,”®**** nanocages,”****> hollow
polyhedra,*****® and hollow nanocages.”***° Ma et al.
synthesized cubic and stellated octahedron-shaped
SnO/C polyhedra using Sn-based MOFs as templates and
applied them in Li" storage.**® Sn-based anode materials
are attracting great attention due to their high theoretical
capacity (994 mAh g™'), low cost, and low operating
potential,*’**> but when alloying with Li* proceeds,
extremely large volume changes (almost 300%) become a
problem. One effective solution is to form composite
structures with carbon-based materials.**>*****® In this
study, BDC and lithium hydroxide (LiOH) were dissolved
in a mixed solvent of deionized water and DMF with the
volume ratio of 1:1, and then SnSO, aqueous solution
was added, and after stirring, the precipitate was col-
lected, washed with DMF, and vacuum dried to obtain
Sn-MOF. The products obtained with stirring bath tem-
peratures of 25 °C and 50 °C were denoted as Sn-MOF-1
and Sn-MOF-2, respectively. The SnO/C composites
obtained by heat-treating Sn-MOF-1 and Sn-MOF-2 at
500°C in N, atmosphere were denoted as SnO/C-1 and
SnO/C-2, respectively. Figure 17A shows the overall syn-
thesis process for the Sn-MOF polyhedra and derivatives.
By adjusting the temperature of the stirring bath, 1 pm
sized cubes (Sn-MOF-1) and a 2 um sized stellated octa-
hedra (Sn-MOF-2) could be synthesized. The samples
showed high stability, with the cubic and stellated octa-
hedral shapes retained even after pyrolysis. TEM and
high-resolution TEM (HRTEM) analysis confirmed that
the SnO nanorods were uniformly dispersed in the poly-
hedral carbon matrix. Both micropores and mesopores
exist in SnO/C-1 and SnO/C-2, but there are differences
in their surface areas and pore volumes. During the
pyrolysis process, anisotropic shrinkage, and decomposi-
tion of precursors with different crystal orientations and
shapes occurred, which can be expected to cause differ-
ences in surface areas and pore volumes. The cycling per-
formance and rate capability of SnO/C-1 and SnO/C-2
were analyzed by the galvanostatic charge/discharge

method. In Figure 17B, the reversible specific capacities
of SnO/C-1 and SnO/C-2 were 950 and 900 mAh g™/,
respectively, and they are much higher than that of the
theoretical values (724 mAhg ' for SnO/C-1 and
72 mAh g~ ! for SnO/C-2). This is due to the interfacial
interaction between carbon matrix and the nanocrystal-
line SnO and the abundance of defects that can provide
many active sites for Li™ storage.*”” Both SnO/C-1 and
SnO/C-2 showed excellent rate capability at various cur-
rent densities (0.05, 0.1, 0.2, 0.5, 1, and 2 A gfl). The spe-
cific capacity of the SnO/C-1 with a cubic structure is
slightly higher than that of the SnO/C-2 with a stellated
octahedral structure. The impedance analysis indicated
that the Li* transport kinetics of SnO/C-1 through the
SEI film was faster. The polyhedral morphology of the
MOFs was obtained by adjusting the reaction tempera-
ture in the relatively low temperature range of 0-75°C,
and the electrodes showed high reversible capacity and
excellent rate capability. The results of this study can be
extended to the synthesis strategy of precursors that con-
trol the shape of MOFs for the synthesis of MOF-derived
nanomaterials with various structures and morphologies.

Lei et al. reported an N-doped carbon matrix derived
from a core-shell ZIF featuring single-atom Co/Ni double
active sites.”® Carbon materials derived from MOFs con-
tain more pyridinic N, which is known to be able to bet-
ter anchor and incorporate more favorable single-atom
metals into the carbon matrix.**® For this reason, the
core-shell ZIF-8@DNi-ZIF-67 structure, which starts
from ZIF-8 followed by the introduction of cobalt(II)
nitrate and dimethylglyoxime nickel (DNi), was used as
the MOF precursor. DNi was adopted to create a Co/Ni
single-atom double site and used as a Ni source in the
shell construction process. These atoms took part in the
coordination reaction, and some Co>" of ZIF-67 was
replaced by Ni*" by ion exchange reaction, and which
occupied the node positions forming the bimetal organic
backbone of ZIF-8@DNi-ZIF-67. After high-temperature
annealing and acid etching of ZIF-8@DNi-ZIF-67, N-
doped carbon-based composites with hollow nanocage
structures and single atom Co/Ni active sites were fabri-
cated. The final product had a hollow dodecahedral
nanocage (HDNC) structure and was named N-C@Co/Ni
HDNC. It can be confirmed that numerous short-carbon
nanotubes (CNTs) protruded from the surface of the
dodecahedra due to the catalytic effect of Co/Ni nanopar-
ticles, while the microstructure and morphology of the
dodecahedra framework were maintained. CNTs can
enhance the conductivity of composite materials and con-
struct 3D conductive networks capable of facilitating fast
electron and Li" transport. From the TEM image in
Figure 17C, it can be confirmed that the Co or Ni metals
were uniformly embedded in the polyhedral carbon
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FIGURE 17 (A) Synthesis procedure for the Sn-MOF polyhedra and derivatives and SEM images of the product. (B) Cycling
performances of the SnO/C polyhedral composites. Reproduced with permission.*®® Copyright 2018, Elsevier. (C) Schematic illustration of

the structure and TEM image of N-doped carbon-based composite with a hollow nanocage structure. (D) Cycling performance test and the

corresponding Coulombic efficiencies of N-C@Co/Ni HDNCs. Reproduced with permission.*®® Copyright 2021, Elsevier

skeleton with the formation of nanoparticles. The hollow
structure is the preferred nanostructure for Li*™ storage to
reduce volume expansion. The ZIF-8 precursor can pro-
vide an abundant source of pyridinic N sufficient to
anchor the Co/Ni, and at the same time, forming single-
atom active sites with high loading. The abundant single-
atom active sites can improve the catalytic activity of the
electrode material, as well as changing the electronic
structure of the N-doped carbon material, which favors
the insertion and extraction of Li" during cycling. Meso-
pores are present in N-C@Co/Ni HDNC, and the large
surface area and rich pore structure are favorable for the
fast transport of Li*/electrons and the penetration of the
electrolyte. Utilizing this structural advantage, the N-
C@Co/Ni HDNC composite showed excellent Li* storage
performance based on an investigation of the half-cell
configuration. The image on the right in Figure 17D dem-
onstrates the cycling performance of N-C@Co/Ni HDNCs
at different current densities. After several tens of cycles,
both charge and discharge capacities tend to increase,
and at 369 cycles, the discharge capacity was at a maxi-
mum of 535.3 mAh g ' at 0.5 A g '. After 500 cycles at
0.5, 1, and 2 A g, the discharge capacity was well con-
tinued without significant decrease. It can be inferred
that the excellent cycling performance results from the
synergy between the single Co/Ni atoms that modified
the electronic structure of the N-doped carbon, the Li*
affinity of the composite material, and the favorable

nanostructure. The rate capability was also evaluated at
various current densities, and the material showed good
rate performance due to the swift insertion and extraction
of Li*.

The multi-component TMO structure, which can
diminish the diffusion length of Li" and mitigate volume
change during the Li* insertion/extraction process, can
provide improved abundant redox active sites and electri-
cal conductivity. CNTs or graphene networks are mainly
used for self-supporting 3D conductive anode materials
that can expedite transport of electron and ion.***%
They show significantly improved Li" storage perfor-
mance, compared to products without a conductive sub-
strate. MOF-derived metal oxides have the disadvantages
of low electrical conductivity and mechanical deforma-
tion. To overcome this, Han et al. reported an N-doped
graphene network (NGN) structure derived from ZIF-67
with embedded Co;0, particles.’®* The graphene sheets
used in this study composed of 3D graphene aerogels syn-
thesized from graphene oxide (GO) precursors through
hydrothermal process,’****> which have high conductiv-
ity, large surface areas, and hierarchical porous structures
including macropores, mesopores, and micropores.’”® A
general strategy to fabricate Co03;0, embedded NGN
(Co30,@NGN) composite is schematically shown in
Figure 18A. When inorganic Co®" salts and N-doped gra-
phene aerogel (NGA) are mixed, Co®" was adsorbed on
the graphene sheet. ZIF-67 microparticles are formed by
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adding a MeOH solution with 2-methylimidazolate into
NGA, and ZIF-67@NGA in which ZIF-67 is immobilized
on the graphene surface is fabricated. When
ZIF-67@NGA is calcined under air atmosphere, it is
transformed into a Co;04@NGN composite. It can be
confirmed that ZIF-67 particles about 600 nm in size are
uniformly fixed on graphene sheets in the 3D architec-
ture of NGA and embedded in the aerogel pores. NGA
has a large amount of functional groups, which readily
adsorbs metal ions to promote nucleation, and this appli-
cation of the manufacturing method can be expanded to
the preparation of ZIF-67 and other MOF@NGA hybrids.
The Co;0,@NGN composite exhibits a specific surface
area of 50m® g ' and a total pore volume of
0.25 cm® g~ ', which is lower than that of ZIF-67@NGA
(780 m* g ! and 1.21 cm® g~ ). The decrease in the pore
volume and the specific surface area of Co;0,@NGN
composite compared to ZIF-67@NGA can be explained
that it is because porous structure of ZIF-67@NGA par-
tial collapse after calcination in air. Nevertheless, the
result of high N adsorption suggests the presence of
macropores and mesopores and the pore size distribution
of the Co;0,@NGN composite shows a broad hierarchi-
cal porous structure. A moderate surface area facilitates
interfacial contact between the electrode and the electro-
lyte, and the hierarchical porous structure can buffer vol-
ume changes and promote Li* diffusion and electrolyte
penetration. In addition, Co;0,@NGN composites with a
high N content can supply extra active sites and defects
favorable for Li" storage.’® The electrochemical behav-
ior of Co;04@NGN was analyzed over the voltage range
of 0.01-3.0 V versus Li/Li". The CE, which was 52.3% for
the first discharge and charge capacity, rose to 97% in the
fifth cycle and remained above 97% in subsequent cycles.
The stable and reversible insertion/extraction of Li* leads
to high CE, and it is because the volume expansion effect
of Co;0, was mitigated by the conductive network of N-
doped graphene. As shown in the results on the right in
Figure 18B, the average discharge capacities of
Co;0,@NGN at 100, 200, 400, 600, and 1000 mA g~ "
were 1030, 924, 885, 785, and 681 mAh g_l, respectively,
which was higher rate performance compared to Cos04
and NGN. The cycling performance showed a high first
discharge capacity of 966 mAh g~ at the current density
of 200mA g !, achieving a discharge capacity of
955 mAh g~' even after 100 cycles. The superior electro-
chemical behavior of Co;04,@NGN can be found for the
following four reasons. First, N-doped graphene sheets
have electronic properties and excellent electrical con-
ductivity that can reduce the internal resistance of batte-
ries. Second, the introduction of graphene prevents the
agglomeration of Co3;0,4, thereby buffering the stress
caused by the volume changes and preserving splendid

cycling stability and rate performance. Third, the small
size of Co;0,4 nanoparticles derived from ZIF-67 shortens
the diffusion paths of the electrolyte, improving the elec-
trochemical active ability. Fourth, the hierarchical porous
structure of the Co;O4@NGN composite with macropores
and mesopores provides a large electrode/electrolyte
interface and also provides a large number of pores to
facilitate the penetration of electrolyte and at the same
time relieve the stress caused by the volume change of
Co30,.

Fe,05 and Fe;0, are remarkable candidates for LIBs
because of their excellent theoretical capacity and envi-
ronmental friendliness, but, like most TMOs, their enor-
mous volume expansion and low electrical conductivity
result in significant degradation of their performance
when they are applied as anode materials. Song et al.
reported a rapid and simple way to fabricate porous car-
bon octahedral by using Fe-MOF/GO precursors.**® Most
synthesis methods for preparing porous carbon compos-
ites derived from TMOs/MOFs involve high-temperature
calcination, which consumes great amounts of energy
and time, so they are not suitable for rapid prepara-
tion.’°”% In this study, Fe,0s/Fe;O,@carbon/G nano-
composites (Fe,03/Fe;0,@C/G) were rapidly prepared
by combusting Fe-MOFs/GO precursors with TEA. The
manufacturing process for Fe,03/Fe;0,@C/G nanocom-
posite is shown in Figure 18C. GO was prepared by oxi-
dizing graphite powder, which was dissolved in DMF
solvent and then subjected to continuous sonication.
Then, FeCl;-6H,0 and BDC were added to the solution
while stirring. In the process of stirring this mixture in an
oil bath, Fe-MOFs was attached to the GO surface. The
precipitate was collected by centrifugation, washed, and
dried, and the obtained sample was named Fe-MOF/
GO-X. (X is a number depending on the mass ratio of
FeCl;-6H,0:GO, X = 5, 10, 20). TEA was then added to
the Fe-MOF/GO and combusted in air atmosphere to
obtain porous Fe,0;/Fe;0,@C/G nanocomposites. Dur-
ing combustion, some oxygen-containing groups are
removed from GO with the formation of some active
groups. TEA is burned and transformed into some active
N, which reacts with the active groups in graphene to
form pyridinic and pyrrolic structures.® Combustion
also releases a large amount of thermal energy, trans-
forming Fe-MOF into Fe,03/Fe;0,@C. Fe-MOFs/GO-10
showed a clear octahedral structure, and it can be seen
that the shape is maintained even after combustion. The
surface area of Fe,05/Fe;04@C/G was 19.9 m? g !,
which is larger than that of Fe,03/Fe;0,@C (9.1 m* g ).
The pore sizes were 35.3 and 23.7 nm, respectively, and it
can be seen from the pore size distribution that there are
many mesopores. The pores provide more active sites and
a larger surface, and can cushion the volume changes of
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FIGURE 18 (A) Schematic illustration of the fabrication processes for hierarchically porous Co;0,@NGN composite. (B) Rate

capability of the as-prepared nitrogen graphene network (NGN), Co;0,, and Co;0,@NGN composite at various charge/discharge rates.
Reproduced with permission.”* Copyright 2017, American Chemical Society.(C) Schematic illustration of the preparation of Fe,0s/
Fe;0,@C/G nanocomposite. (D) Rate capability at different current densities of Fe,03/Fe;0,@C/G nanocomposite. Reproduced with

permission.**® Copyright 2019, Elsevier

Fe,03/Fe;0, nanoparticles during insertion/extraction
by improving transport pathways. The cycling stability of
Fe,03/Fe;0,@C/G was evaluated at a current density of
0.5 A g '. Fe,03/Fe;0,@C/G exhibited a high initial dis-
charge capacity of 1582 mAh g ' and a charge capacity
of 876 mAh g™, resulting in an initial CE of 55.4%. In
the next cycle, the capacity increased again, achieving a
CE of nearly 100% and retaining remarkable discharge
capacity of 1210 mAh g~ ' even after 200 cycles. This
material showed stable cycling performance over
400 cycles, even at the high current density of 5 A g~ '. As
shown in Figure 18D, Fe,03/Fe;0,@C/G exhibited dis-
charge capacities of 1130, 1102, 1049, 954, 830, and
611 mAh g ' at 0.1, 0.2, 0.5, 1, 2, and 5 A g ', respec-
tively. The intact octahedral structure, even after the
cycling test, indicates that the porous structure greatly
relieved the structural deformation during cycling. The
reason why Fe,03/Fe;0,@C/G has good performance
can be explained as follows. First, the porous structure
and nanoscale building units can mitigate the crushing
and agglomeration of Fe,0;/Fe;0, nanoparticles. Sec-
ond, the electrically conductive network of 3D graphene
coupled with Fe,0;/Fe;0, provides a pathway for faster
electron and ion transport. Third, the improvement of
the content of N element and the synergistic effect of
Fe,0; and Fe;0, after TEA combustion are advantageous
for electrochemical properties.

Besides TMO, transition metal sulfides,”*"

phosphides,’'? nitrides,*** and selenides"® derived from
MOFs have been studied as anode materials for LIBs. In
addition to the materials mentioned so far, sulfide is
attracting attention as promising advanced materials for
LIBs because of their excellent capacity and abundance
in nature.”™* The low electronic conductivity and poor
structural stability of sulfides during the charging/
discharging processes, however, limit their actual specific
capacity and cycling performance. One way to overcome
this is to design novel porous sulfide composites, such as
porous sulfide/carbon materials. Whang et al. synthe-
sized reduced GO (rGO)@CoS, and CoS,-rGO-CoS, com-
posites through thermal sulfurization of ZIF-67/GO
precursors for use in LIBs.”' The initial specific capaci-
ties of CoS,-rGO-CoS, and rGO@CoS, composites exhib-
ited 1248 and 1320 mAh g~ ' at the current density of
100 mA g~ ', respectively. They also showed stable
cycling capacity after 100 cycles and good rate capability.
Like sulfides, transition metal phosphides are also being
studied as promising anode materials for LIBs. Most of
their synthesis is conducted in a boiling organic solvent
at a high temperature or through the reaction of a phos-
phorus source and a precursor placed in a separate loca-
tion from the combustion boat, so they have not been
widely applied. Their low intrinsic electrical conductivity
prevents rapid chemical diffusion in the electrode.
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Reducing the phosphide down to the nanoscale or coat-
ing a carbon layer could be a way to solve this prob-
lem.””> Chen et al. synthesized cobalt phosphide
nanoparticles (ZIF-67 derived Co,P-NC) encapsulated in
an N-doped carbon matrix using ZIF-67, a Co-based
MOF, as its own template, and reported excellent electro-
chemical performance for LIB anode material.’'? ZIF-67
derived Co,P-NC exhibited a high
1224 mAh g ' at a current density of 0.1 Ag ' and an
ultra-long lifespan of 1800 cycles. Table 4 summarizes
recent studies in which MOFs or MOF derived materials

were applied as the anode or cathode materials for
LIBs 217,219,419,424-426,431,434,443,446,449,452-455,457,464,466,469,

470,483,485-487,489,490,501,502,512,516-524

So far, various research works on the application of
MOF as anode or cathode materials for LIBs have been
explained. The classes of MOFs suitable as the anode or
cathode materials are as follows: (1) Unmodified MOFs
applied as anode or cathode materials; (2) MOFs synthe-
sized by changing a ligand that can provide an insertion
site for Li"; (3) MOFs with a modified morphology; and
(4) MOFs as a platform for nanostructured TMO and car-
bon composites. There are two major problems, however:
(1) Due to the high surface area and porosity, which are
the most characteristic features of MOF-derived mate-
rials, the contact with the electrode/electrolyte interface
is increased and the tap density is lowered, resulting in
lower volumetric energy density and initial CE; (2) They
use expensive precursors and also use high-energy syn-
thesis processes such as high-temperature pyrolysis,
which increases the manufacturing cost of MOF derived
materials, limiting large-scale applications. Nevertheless,
as demonstrated, future MOFs to be designed for applica-
tions in LIBs could be strategically improved by careful
selection of properties such as porosity, composition, con-
ductivity, and morphology. As a result, they are likely to
offer a great advantage from the increased electron/ion
storage capacity, so MOFs have potential as advanced
materials for next-generation LIBs.

4.2 | Li-sulfur battery

The LSB with a high energy density of about
300 Whkg™', a high theoretical capacity of about
1675 mAh g, and easy supply and demand to use sulfur
(S) that is abundant in nature, has received considerable
attention as a rising candidate for next-generation lith-
ium storage devices following LIBs.’*® Different from
LIBs, the Li-S cathode has an unusual theoretical specific
capacity (1675 mAh g ') due to the multi-electron con-
version of elemental S to polysulfides. The working prin-
ciple of the LSB is as follows.

HAN ET AL.

Sg+2e~ — Sg*~ (1)

Sg? ™« S¢>~ Jr%s8 (2)

28627 427 3847 (3)

capacity of 38,27 426" > 48;2" (4)
2S3%7 +6LiT +2e” «» 3LiyS, (5)

Li,S; +2Li" +2e~ « 2Li,S (6)

The practical application of LSBs is limited by several
issues, however: (1) The insulating properties of dis-
charge products such as Li,S, and Li,S slow the electro-
chemical reaction, resulting in lower S utilization and
poor performance; (2) The high solubility of long chain
polysulfides in the electrolyte causes an internal “shuttle”
phenomenon, which leads to irreversible loss of active
material due to low charging efficiency and rapid capac-
ity fading; (3) Large volume change during cycling, up to
about 80%, crush the cathode and separates the S from
the conductive matrix and result permanent capacity loss.
In this regard, MOFs and MOF-derived materials with
tunable pore structures and compositions have great
potential to solve few issues mentioned above by provid-
ing optimized pore spaces and an optimized chemical
environment to store S, limit polysulfides, and accommo-
date volume changes. MOF-derived carbon materials not
only promote electron transport and host S, but also can
physically and chemically capture the polysulfide mole-
cules during electrochemical processes due to their high
electrical conductivity, high pore volume, and features
that allow heteroatom (e.g., N, S, and O) doping. MOFs
are mainly applied in the cathode and separator in LSBs.
Figure 19 explains the application parts of MOF-based
materials to LSB before detailed explanation, and the
characteristic and noticeable factor of MOF, which plays
a key role in this case.

The first reports of the use of MOFs in LSB were stud-
ies in which MIL-100(Cr) was used.’* In this study, Tar-
ascon et al. used highly porous MIL-100(Cr) as a host
material for S impregnation. This material consisted of
oxocentered trimers of Cr octahedra linked with
1,3,5-benzenetricarboxylate ligands, and it was shown to
be a good alternative substance for encapsulation of S
and equivalent reduction state species due to its large
pore volume and small window limiting the diffusion
process. Using the melt-diffusion process, S permeated/
integrated MIL-100(Cr) composites were created
(denoted as MIL-100(Cr)/S@155, where 155 refer to the
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TABLE 4 Summary of recent studies in which MOFs or MOF derived materials were applied in the anode or cathode of LIBs.

MOF

MIL-53 (Fe)
L-101 (Fe)
Cu(2,7-AQDC)
Cu-TCA
Fe-BTC MOF
Cos(1,3,5-BTC),
Mn[Fe(CNglo g667-nH,0
Mn-1,4-BDC
Cus(BTC),
Co,(OH),BDC
Co-TFBTC
NNU-11
Zn;(HCOO)s
Mn-BTC MOF
MOF-177
MOF-5
Co-MOF

PB

Co-MOF derived porous Co;04
nanosheets

PCFO-NC
CoFe,0,4 nanocubes

Zn,Cos.,0,4 hollow nanoboxes
N-C@Co/Ni HDNCs
Sn-based MOFs
leaf-Co50,4/GF
ZIF-67-derived Co30,

ZIF-8 derived ZnSNR@HCP

ZIF-67 derived
Co,P-NC

PB

PB

ZIF-8
ZIF-67
MIL-88
Zn-Co-ZIF
Ni,Fe(CN)e
MIL-125(Ti)

PBA
Co3[Co(CN)s >

N-rich Co-MOF

N-doped carbon nanowebs Fe-ZIF

Application
part

Cathode
Cathode
Cathode
Cathode
Anode
Anode
Anode
Anode
Anode
Anode
Anode
Anode
Anode
Anode
Anode
Anode
Anode
Anode
Anode

Anode

Anode
Anode
Anode
Anode
Anode
Anode
Anode

Anode
Anode
Anode
Anode
Anode
Anode
Anode
Anode
Anode

Anode
Anode

Reversible
capacity
(mAhg™)
70

72

105

45

120

1020
473

295

974

474

435

1074
750

560

694

105

1200
1192

300

152

1141
462
950
986
955
840
820

945
500
699
1200
980
990
1071
310
1465

612
1741

Rate
(mAg™)

0.025C
02C
1mAs*
2C

30

100
2000
200
100
383
1000
100

50

60

103

75
200
20 000

2500

500
500
50

100
200
600
100

200
200
500
200
200
100
1C
2000
300

1000
1C

Cycle

number References
— 419
100 424
50 425
200 426
35 434
100 454
500 455
100 466
100 452
50 453
1000 464
50 457
200 516
60 517
100 217
— 443
50 519
100 520
2000 521
500 483
800 486
500 489
100 488
250 501
100 502
300 524
100 512
30 522
100 523
100 446
400 219
400 219
50 487
200 485
400 449
50 431
500 470
600 469
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charge/discharge kinetics

» Application part: cathode, separator
«+ Suitable for polysulfide encapsulation because it tends to stabilize host-guest interactions

+ The porosity of the MOFs provides directional ion conduction, enabling fast

Separator: fine-tuned crystallite morphology, well-dispersed catalytically active sites, and

appropriate pore shape of MOFs lead to improved performance

FIGURE 19

heating temperature) and increased capacity was
observed. Galvanostatic discharge-charge analysis was
performed to estimate the electrochemical performance
of the MIL-100(Cr)/S@155 composite. The MIL-100(Cr)/
S@155/carbon showed excellent reversible capacity,
which could be attributed to the unique pore shape (large
pores but small windows) of MIL-100(Cr), and this inher-
ently slowed down the diffusion of polysulfides.

The structures of MOFs are suitable for polysulfide
encapsulation because they tend to stabilize host-guest
interactions. Adjustable pore shapes and sizes can pro-
mote Li" diffusion, which is important for fast charging
and discharging®?’ Futhermore, the large volume expan-
sion of S when reduced to Li,S can accommodate due to
the open and flexible structure of the MOFs. Therefore,
the addition of MOFs to the cathode of an LSB could be a
promising way to mitigate polysulfide leaching. There-
fore, studies using MOFs to encapsulate S continued.
After the first use of MIL-100(Cr), a LIB study using
HKUST-1 was reported in 2013.°*® HKUST-1, which has
a medium pore space and open metal sites for enhanced
S confinement, was used as the host material to trap S
and reduce dissolution problems. HKUST-1 containing S
(denoted as HKUST-1 D S) was prepared by heating sub-
limated S and activated HKUST-1. The crystal structure
of HKUST-1 D S confirmed that a large amount of S
could be trapped inside due to the appropriate pore space
and open Cu”" sites of HKUST-1. HKUST-1 O S showed
a large initial discharge capacity of 1498 mAh g ' due to
the excellent electrical conductivity of Ketjenblack, and
then it continuously suffered an irreversible decrease in
capacity during the first 50 cycles, although from the
170th cycle, the capacity of 500 mAhg ' remained
almost unchanged. The strong binding of HKUST-1 to S
played the most key role in the excellent performance of
HKUST-1 O S cathode. As the pore structure and size
within the porous MOFs can be systematically tuned and
the functional sites can be reasonably tuned to
recognize S, this material may offer potential and an
alternative strategy as a novel cathode material for LSBs.

MOF-based materials applied in LSB components and notable features of MOFs, that play important roles in LSBs

Studies using ZIF-8, one type of MOF, as a cathode
material for LSBs have also been reported. In general,
cage-shaped pores are more suitable for S encapsulation
than straight channels.”®” In 2014, Qian et al. reported
the notable cycling characteristics that could be obtained
by using ZIF-8 with cage-shaped pores.>* The dissolution
of polysulfide was successfully mitigated due to the
strong restraining effect on the S inside, with the cathode
showing high capacity of 510 mAh g' at a 0.1 C after
100 cycles. Li et al. confirmed the S encapsulation charac-
teristic of ZIF-8 compared with HKUST-1 and MIL-53
(A).>* ZIF-8 showed the best capacity retention of
553 mAh g ! at 0.5 C after 300 cycles and outstanding
rate capability, which was due to the small window size
of 3.4 A and the small and uniform particle size of 100-
200 nm.

In 2015, Li et al. not only applied ZIF-8 as a cathode
material for LSBs, but also conducted a study on the
effects of ZIF-8 particles in LSBs.”*! A previous study had
shown that decreasing the size of the active material can
greatly facilitate the insertion and extraction of Li" due
to the shorter distance for Li* transport within the parti-
cle.®* The particle size of the host material affects both
the transport and leaching properties of the polysulfide,
which in turn affects the utilization and retention of S. In
this study, ZIF-8, which had been proven to be promising
for S storage in the LSB cathode, was selected as the pro-
totype for proof-of-concept, and the size effect was inves-
tigated using ZIF-8 with various particle sizes. ZIF-8
particles with five different sizes, ~2 pm, ~800 nm,
~200 nm, ~70 nm, and ~15 nm, were synthesized by the
solution synthesis method. A fast nucleation rate tends to
produce small nanoparticles with a short reaction time,
and a slow nucleation rate tends to produce large crystals
with a long reaction time. Figure 20A shows a schematic
model of a S@ZIF-8 particle under discharge. Unlike
porous carbon and some conductive oxides, the S host
ZIF-8 itself is not electrically conductive, so the electro-
chemical process occurs mainly in outer surface of the
ZIF-8 particle which is active material can access both
Li" delivering phase and electron delivering phase. The
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small particle size, which promotes better contact with
conductive additive, helps to increase the utilization of S
by promoting electron/ion transport in short dimensions
and consequently yields a maximum capacity. The pre-
pared ZIF-8 composite was used as a cathode material
and galvanostatic discharge-charge tests were per-
formed at 0.5 C (837 mAh g™, based on S). In the high-
voltage region, the delivered capacity is larger in the
small size (~15 nm) compared to the large particle size
(2 pm). The capacity ratio between the low voltage and
high voltage regions increased from 2.50 (2 pm) to 2.85
(15 nm), confirming that the S was more thoroughly
reduced in smaller ZIF-8 particles. Therefore, it is
advantageous for the porous host to have a small parti-
cle size from the standpoint of maximizing S utilization.
In the long-term cycling performance results of
Figure 20B, ZIF-8 with a particle size of 15 nm showed a
high capacity of 968 mAh g ', and ZIF-8 with a particle
size of 2 pm reached a maximum capacity of
489 mAh g~ '. It can be seen that as the particle size
increases, the maximum value of capacity is reached
decreases. On the other hand, fading showed a different
trend. Although fast fading was observed in small size
samples, stable cycling was not achieved in large size
samples with slow fading. Instead, the moderately sized
200 nm ZIF-8 provided superior capacity retention.
There is an optimal “golden size” with less average
attenuation while capacity is kept to a maximum. When
the discharge starts, the S stored in the pores near the
outer surface is first dissolved and then reduced to solu-
ble higher-order polysulfides. The reduced polysulfide
reduces the active material through indiffusion and
allows it to escape from the leaching by ZIF-8. When
ZIF-8 particles are large, it takes a long time for the ini-
tially formed polysulfides to transfer electrons and Li"
to the internal S. On the other hand, the ZIF-8, which
has been reduced in size to a certain level, can react
with S in the internal region to efficiently consume poly-
sulfides through internal diffusion. A further reduction
in the particle size of ZIF-8 (<20 nm) results in the rapid
generation of many polysulfides, which can provide
high doses, but quickly leave the porous host, as it has
many external surfaces from which to escape. Thus, the
polysulfide confinement effect created by the porous
host eventually disappears. Therefore, the particles
smaller than the “golden size” do not help to optimize
the function of the porous host for cycling stability. The
conclusion of this study suggests that it is necessary to
find the optimal particle size that can maximize the uti-
lization of S without sacrificing cycling stability, and it
is expected that it will apply to other porous systems.

In a similar vein, Qian et al. demonstrated that MOF-
525 has excellent performance as a cathode material

o —~WILEY- |2

among S/MOF composites.”** The structure of MOF-525
(M) used in the study and MOF-525 host impregnated
with S are shown in Figure 20C. MOF-525(2H) consisted
of Zrs(OH),40, clusters linked by MTCPP (M: H,, Fe, Cu)
ligands, while the materials composed of metal clusters
of FeCl and Cu linked by TCPP ligands were called
MOF-525(FeCl) and  MOF-525(Cu)  respectively.
Zrs(OH),0, clusters have the coordination of
Zr(IV) atoms filled with O atoms, but the Zr(IV) centers
cannot possible to supply accessible Lewis acid sites
(LAS). To study the effect of LAS on LSB performance,
MOF-525(2H), a material without a central metal site,
and MOF-525(FeCl), and MOF-525(Cu), materials with
metal sites, were compared. They can provide 0, 1, and
2 Lewis acid sites for S binding and including, respec-
tively. MOF-525 series has cubic-shaped crystals struc-
ture, and the S impregnation of the MOF host was
carried out through the melt diffusion method, which
has the lowest viscosity for liquid S (expressed as
S@MOF-525(M)). The unique pore structure and accessi-
ble sites of the MOF-525 series play an important role in
S containment. Electrochemical tests of S@MOF-525
(2H), S@MOF-525(FeCl) and S@MOF-525(Cu) were per-
formed to investigate the effects of LAS in MOF hosts on
LSB performance. S@QMOF-525(Cu) provides two possi-
ble to access sites per Cu®' metal ion, making it valuable
for S containment, and it showed improved electrochemi-
cal performance. Figure 20D shows the cycling perfor-
mance of S@MOF-525(2H), S@MOF-525(FeCl), and
S@MOF-525(Cu) at 0.5 C. After 200 cycles, the reversible
capacities of S@MOF-525(2H), S@MOF-525(FeCl), and
S@MOF-525(Cu) were 402, 616, and 704 mAhg ',
respectively. S@MOF-525(2H) underwent rapid capacity
decline during cycling, but the capacities of S@MOF-525
(Cu) and S@MOF-525(FeCl) only decreased 0.07% and
0.09% per cycle after the 10 cycles, respectively. S@MOF-
525(FeCl) and S@MOF-525(Cu) showed good capacity
recovery capability as well as high reversible capacity.
The Lewis acid metal sites of S@MOF-525(FeCl) and
S@MOF-525(Cu) have strong interactions with S, and
these interactions can confine the S in the host, improv-
ing the cycling performance.

Previously, it was reported that mesopores with cage-
like shape and pores with cross-like shape are advanta-
geous for polysulfide imprisonment and Li*
diffusion,”**>** and this can be further improved by
introducing polysulfide-interacting polarity to the pore
surface. There have been studies applying MOFs com-
posed of organic ligands with open metal moieties (OMS)
or Lewis basic functional groups to host mate-
rials.”***>3¢ Previous studies have shown that open
metal sites in MOFs such as HKUST-1,>*® Nig(BTB),(BP),
(BTB = 1,3,5-tris(4-carboxyphenyl)benzene, BP = 4,4’
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(A) Schematic illustration of S@ZIF-8 particle in discharge. The utilization of sulfur and its retention are determined by

the internal diffusion and leaching of the polysulfides, respectively. (B) Long-term cycling performance at 0.5 C over 250 cycles for various
particle sizes. Reproduced with permission.>*! Copyright 2015, ROYAL SOCIETY OF CHEMISTRY.(C) Schematic illustration of S@MOF-525(M)
synthesized through the melt-diffusion method (M = 2H, FeCl, Cu). (D) Cycling performance and Coulombic efficiency of S@MOF-525(2H),
S@MOF-525(FeCl), and S@MOF-525(Cu). Reproduced with permission.>** Copyright 2015, American Chemical Society

bipyridine),”*” MOF-525,°** and Cu-TDPAT (H¢TDPAT
= 2,4,6-tris(3,5-dicarboxylphenyl-amino)-1,3,5-triazine))>>*
can act as Lewis acidic sites and supply chemically com-
patible interaction with S and polysulfides. To further
increase the affinity with negatively charged polysulfides,
framework with coordinatingly unsaturated metal moie-
ties used.”*>>*® Park et al. investigated 16 different metal
substitution types of M2(dobdc) (dobdc = 1,4-dioxido-
2,5-benzenedicarboxylate) computationally for the ability
to anchor Sg, Li,S,, and Li,S, and the calculation results
confirmed that the dominant adsorption sites in the
MOFs are the coordinatingly unsaturated metal sites.”*®
In the Li,S, chain, the S atom is in contact with the
OMS, while the terminal Li atom tends to get closer to
the organic moiety (e.g., the oxygen anion or nitrogen
group of the ligand).

Despite these advantages and possibilities, the practi-
cal applications of MOFs in LSBs are severely limited by
their low electrical conductivity. This causes several seri-
ous problems, including slow redox reaction rates and
limited S utilization, which results in reduced cycling sta-
bility and rate capability. The effective utilization of
active S is limited due to the insulating properties of S
and Li,S, so conductive additives must be used for electri-
cal contact. Conductive additives mainly used for

combining with MOF/S composites are carbon materials
(e.g., rtGO and CNT) and polymers (e.g., polypyrrole and
poly]3,4-ethylenedioxythiophene]).>*”>**33%5% Lin et al.
presented thin film type MOF/CNT composite with inter-
penetrating 3D conductive network and a unique hierar-
chical porous structure, which not only improved the
conductivity of the MOF, but also applied it in a foldable
battery structure.>*® By solid-precursor  assisted-
confinement conversion process, a hierarchically porous
MOF/CNT composite thin film was prepared.”*' The
MHN/CNT composite thin films were obtained by com-
bining metal hydroxide nanostrands (MHN) and CNT,
and immersed in organic ligand solution to obtain flexi-
ble MOF/CNT composite thin films. To analyze the effect
of MOF pore size on LSB performance, HKUST-1,
MOF-5, and ZIF-8 based CNT composite thin films with
entrance sizes of 0.9, 0.8, and 0.34 nm, respectively, were
prepared. All MOF/CNT composite films exhibited a typi-
cal layered structure with excellent self-support and fold-
ability. Through large cavities of HKUST-1 and MOF-5,
Sg can easily access, whereas the cavity of ZIF-8 is diffi-
cult to access due to its comparative small entrance as
shown in Figure 21A. The typical S mass content of
S@MOF/CNT electrodes for coin cell cycling is ~40 wt%.
The reason why no apparent crystalline S was not formed
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after S loading is good pores were occupied by S in the
MOFs. The cycling behavior of S@HKUST-1/CNT,
S@MOF-5/CNT, and S@ZIF-8/CNT cathodes with a S
loading of 1 mg cm™ (~ 40 wt%) is shown in Figure 21B.
The S@MOF-5/CNT cathode indicates stable cycling
behavior similar to the S@HKUST-1/CNT cathode,
whereas the S@ZIF-8/CNT cathode exhibits much faster
capacity fading during cycling. S in the form of an Sg ring
with a diameter of 0.68 nm is loaded into the MOFs thin
film.>** In ZIF-8 with an entrance size of 0.34 nm,>** Sy is
impossible to introduce and is dispersed on the surfaces
of the ZIF-8 particles, which results in poor reaction
rates, low S utilization, and fast capacity fading. On the
other hand, MOF-5 and HKUST-1 have a comparative
larger entrance size than S8 molecules, which allows for
easy access to pores and advantageous for uniform S
bonding, and consequently acts favorably for electro-
chemical reactions. MOF-5 has a slightly smaller
entrance size compared to HKUST-1, so less amount of
S8 loading inside the pore and more of Sg loading on the
exterior surface, resulting in faster capacity decline dur-
ing initial few cycles. CNTs interpenetrate the MOF crys-
tals to ensure easy access of electrons to the trapped S
species, and enable excellent electron transport within
the electrodes through conductive connections. The
MOF/CNT composite thin film structure proposed in this
study maintained limited active S electrical connections
and accommodated large volume changes during cycling,
giving the electrode excellent flexibility and integrity. As
a result, the possibility of designing MOF-based flexible
energy storage systems is presented.

In addition to CNTs, studies have also been reported
to enhance the conductivity of MOFs by using conductive
polymers and applying them in LSBs. Deng et al.
designed a ppy-S-in-MOF structure by wrapping three
MOFs containing S (S-in-MOF, MOF = MIL-53, MIL-101
and PCN-224) with the conductive polymer ppy.>*’ Ppy is
a conductive polymer with the chemical formula
H(C,H,NH),H and is widely used in electronics, optics,
biology, and medicine. The proposed ppy-S-in-MOF is
achieved in three steps, as shown in Figure 21C. First,
each MOF is synthesized by a solvothermal reaction
method, and then the solvent is removed in a vacuum to
activate it. Subsequently, S molecules were successfully
introduced into the pores of MOFs quantitatively via melt
diffusion at 155°C, and the morphology of the MOF crys-
tals was preserved. Finally, ppy-S-in-MOF was obtained
by encapsulating the S-in-MOF sample with ppy via a
solution-based chemical oxidative polymerization pro-
cess. Electrical conductivity was measured by the two-
electrode method and the conductivity of the pristine
MOFs ranged from 1.4 x 107> to 5.7 x 10> S m™'. After
improvement to the ppy-S-in-MOF structure, the
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conductivity was 3.1 x 10", 1.2 x 10% and 6.7 Sm™ " for
ppy-S-in-MIL-101, ppy-S-in-MIL-53, and ppy-S-in-PCN-
224, respectively, which showed a dramatic improvement
of 6-7 times. Fine S particles coated with ppy (ppy-S), S-
penetrated porous BP2000 (S-in-carbon), and S-
impregnated MOF without ppy (S-in-MOF) were used as
controls for electrochemical characterization. As shown
in Figure 21D, discharge capacities of the ppy-S-in-MIL-
53 cathode exhibited 1420, 1080, 960, and 830 mAh g*1
at rates of 0.1, 0.3, 0.5, and 1.0 C, respectively, which is
higher performance than that of the S-in-MIL-53 cathode.
The cycling performance of ppy-S-in-MIL-53 at the 0.5 C
rate was 82% higher than that of S-in-MIL-53, maintain-
ing a high capacity of 900 mAh g~ after 100 cycles. Simi-
lar improvements in electrochemical performance were
also observed for ppy-S-in-MIL-101 and ppy-S-in-PCN-
224 compared to their original MOF counterparts. This
demonstrates the importance of solving the conductivity
problem in electrochemical applications of MOFs. In par-
ticular, among the three MOF composites, Zr-based PCN-
224 with a porphyrin linker showed the best long-term
battery performance even at the high current density of
10 C. In this study, it was confirmed that MOFs with
short Li* transport pathways and large pores are suitable
for long-term cycling stability under the high-rate opera-
tion of LSB, which showed that improving the conductiv-
ity of MOFs can broaden the scope of their
electrochemical applications.

In addition to the combination of MOF/S composites
and conductive additives, discover of MOFs which have
electrically conductive opened up a new avenue for find-
ing the optimal S host material for LSBs.>** In this study,
first-principles  calculations  showed that Cu-
benzenehexathial (BHT) satisfied the requirements of an
ideal S host material for LSBs. The strong affinity of Cu-
BHT for polysulfides can prevent the dissolution of poly-
sulfides into the electrolyte. In addition, the directional
deposition of Li,S is advantageous for increasing the utili-
zation of the active material and improving the fast con-
version between Li,S and Li polysulfides.

The insulating properties of MOFs can be advanta-
geous when applied to separators in LSBs. This is because
the use of multifunctional separator coatings to improve
the performance of LSBs has recently proven to be an
effective approach.’*>*® The fact that most membranes,
however, reported have irregular pore sizes and distribu-
tions that are difficult to control is problematic. In addi-
tion, modifying the surface by immobilizing various
organic functional groups is also a challenge to promote
ionic conductivity and achieve excellent interfacial prop-
erties.”” A separator coating material with a simple
manufacturing process that suppresses the shuttle effect
of polysulfides very efficiently but without compromising
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FIGURE 21 (A) Structure and pore entrance of HKUST-1/CNT, MOF-5/CNT, and ZIF-8/CNT. S can easily access the cavities of

HKUST-1 and MOF-5 through their large entrances, whereas the cavity of ZIF-8 is difficult to access due to its relatively small entrance. (B)
Cycling performances of S@QHKUST-1/CNT, S@MOF-5/CNT, and S@ZIF-8/CNT electrodes, respectively. Reproduced with permission.>*°
Copyright 2017, Springer Nature. (C) Schematic diagram showing the synthesis step of ppy-S in a MOF containing polypyrrole (ppy), a
conductive polymer. (D) Cycling performance of ppy-S-in-MIL-53, ppy-S, and S-in-MIL-53 at the rate of 1.0 C in 100 cycles. Reproduced with

permission.**” Copyright 2018, WILEY-VCH

Li" transference is still highly desirable for realizing prac-
tical applications of LSBs. MOF-based separators have
been developed as “ionic sieves” to transport Li* while
inhibiting the migration of solubilized polysulfides to the
anode. Moreover, MOFs with highly ordered and tunable
pore structure is advantageous in inhibiting the migra-
tion of soluble polysulfides as separators. Zhou et al.
reported a MOF@GO membrane with 3D channels and
9 A-sized aligned micropores through the combining of
HKUST-1 with GO.>*® An LSB fabricated using HKUST-
1@GO membranes with mesoporous, S/carbon cathodes
showed improved cycling stability with a capacity reduc-
tion of 0.019% per cycle during 1500 cycles. The results
showed that HKUST-1 based separators can act as ionic
sieves in LSBs to selectively filter Li* ions while effec-
tively inhibiting migration of unwanted polysulfides
towards the anode. Park et al. coated PE membranes with
sulfonated UiO-66 (UiO-66-S) and Nafion as functional
separators for LSBs.’* The reason why UiO-66-S was
used is as follows: (1) The pore sizes are much smaller
than those of polysulfides (S,>~, 4 < n < 8); (2) Presence
of sulfonated derivatives that promote electrostatic repul-
sion of polysulfide anions; (3) UiO-66-S promotes ion
conduction for low polarization. An LSB cell with a UiO-
66-S/Nafion hybrid coated separator exhibited capacity
retention of 75.5% over 200 cycles and displayed a

discharge capacity of 1127.4 mAh g~ ' at 0.1 C. Because of
the improved the redox kinetics and the reversibility,
electrochemical properties with sharpest redox peak, the
lowest voltage hysteresis of 0.20 eV, and high OCV reten-
tion of 98.4% were obtained. After the cycling test, the
effect of preventing polysulfide dissolution of the UiO-
66-S/Nafion hybrid-coated separator was confirmed by
visually identifying and analyzing the surface and time-
dependent morphological changes of the Li anode and
rGO/S cathode. Consequently, the UiO-66/Nafion
hybrid-coated separator improved the electrochemical
performance of LSBs by inhibiting polysulfide transport.
Zhou et al. fabricated a separator for LSB application
using HKUST-1 and PVDF-co-hexafluoropropylene)
(PVDF-HFP)), denoted as HKUST-1@PVDF-HFP mem-
brane.”® Fabricated by multiple filtering of HKUST-1
and PVDF-HFP, this membrane was flexible. And it also
inhibited polysulfides through physical barriers and lead
to uniform Li deposition. Thus, the LSB with HKUST-
1@PVDF-HFP membrane exhibited a high initial capac-
ity of 1192 mAh g ! and maintained a reversible capacity
of 802 mAh g ' even after 600 cycles.

Li et al. studied comparison of electrochemical perfor-
mance of various MOF-based separators, including
HKUST-1, ZIF-8, ZIF-7, and Y-FTZB ([Y¢(ps—-OH)g]'*"
clusters with FTZB*~ 2-fluoro-4-(tetrazol-5-yl)benzoate)
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ligands). Because they have different pore sizes and
chemical structures, their effects on stability and shuttle
inhibition during electrochemical cycling of LBS were
studied.” Figure 22A shows the structure and SEM
image of the four different types of MOFs used in this
study, and the configuration of the battery. Because the
size and shape of the MOF particles are different and var-
ied, interfacial structure with MOF-based separator
appear significantly different. The structures based on Y-
FTZB consist mostly of large particles covering the sur-
face area, so that the boundary space is densely filled
with smaller particles, eventually forming a seamless
dense film. While HKUST-1 exhibits a dense packing
morphology, ZIF-7 and ZIF-8 layers have a regular stack-
ing morphology due to well-defined grain size and shape.
The ability of various MOF-based separators was evalu-
ated from their cycling performance and rate, as shown
in Figure 22B. LSBs with Y-FTZB coated separators
showed the highest initial discharge capacity of
1101 mAh gfl, followed by those of 1032, 1025, 989, and
925 mAh g~' for the samples with HKUST-1, ZIF-7,
ZIF-8, and no MOF separator, respectively. The MOFs
deposited on the separator acts as an additional barrier
layer that suppresses the shuttle effect of polysulfides.
After 300 cycles, the batteries configured based on Y-
FTZB separators retained good capacity of 557 mAh g™,
while the other batteries configured based on HKUST-1,
CNT, ZIF, and ZIF-8 separators, respectively showed the
capacity of 197, 380, 403, and 452 mAh g~ '. As shown in
Figure 22C, the LSB with a Y-FTZB based separator pre-
sented a high capacity of 1480 mAh g~ ' at 0.1 C and
maintained capacity of 987 mAh g~', even when the rate
was increased to 0.25 C. In contrast, low CE and rapid
capacity loss were showed in the LSB using the HKUST-1
separator. By analyzing the differences in electrochemical
behavior, this tendency was explained in relation to the
chemical stability. In the CV results, the battery using the
Y-FTZB separator showed a relatively sharp peak, and
the potential change with the scan rate was the smallest,
proving its remarkable performance for the LSB. In addi-
tion, batteries with Y-FTZB separators have low Ohmic
resistance values, indicating that polysulfides can return
to the anode without migrating towards the cathode due
to the dense layer. In the case of ZIF-8 and ZIF-7-based
separators, the pores are not dense and abundant, mak-
ing it difficult for polysulfide to penetrate into the anode,
and reacts with metallic Li to form solid-phase Li,S, and
Li,S. They are deposited on the Li surface, increasing the
resistance and causing performance degradation. Since
the HKUST-1 layer was denser than the ZIF-8 and ZIF-7
layers, more polysulfides were blocked. This study
showed that different types of MOF-based separators can
be applied to LSBs for suppression polysulfide shuttling,
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thereby improving electrochemical performance. It is
expected that the mechanism and analysis suggested here
can be helpful in the development of advanced MOF-
based separators in the future.

A barrier layer that improves performance by block-
ing the diffusion of polysulfides®®*>>* must satisfy the
following conditions: (1) A layer should be crack-free and
continuous membrane with a uniform pore structure;
(2) They must be light and thin enough to prevent a
reduction in the overall S content of the LSB; (3) A bar-
rier layer must have high conductivity to act as an
extended current collector. Fang et al. reported a study of
using Niy(HITP), (HITP = 2,3,6,7,10,11-hexaiminotriphe-
nylene), one of the conductive MOFs, to fabricate a
crack-free large-area microporous film and applied it as a
separator for LSBs.”>> Ni;(HITP), has an electrical con-
ductivity of 4000 S m~!, which is four times higher than
porous graphite and activated carbon. Nis;(HITP), has a
structure in which a Ni*" center and a tritopic HITP
ligand are coordinated forming a 2D layered structure
with hexagonal holes in the ab plane. Packing of the 2D
layer to produce a honeycomb structure with uniform 1D
channels along the c-axis is rich in polar sites, favorably
binding polar polysulfides.’”® Figure 23A shows the struc-
ture of Niz(HITP), and the LSB structure in which the
Ni;(HITP),/PP membrane, which PP is polypropylene, is
applied to the separator by combining it with a commer-
cial PP separator (Celgard 2400). By an interface-induced
growth method that replaces the water-air interface with
a water-solid interface, a high-quality Niy(HITP), film
was grown on one side of a PP separator. The formed
Ni;(HITP),/PP separator has both conductive Ni;(HITP),
side and an insulating PP side. The conductivity of the
Ni;(HITP), layer was 3720 S m ™, which is much higher
than that of powder pellets (50 S m™'). The Niy(HITP),
membrane with conductive properties acts as a barrier
layer and extended current collector, thereby inhibiting
polysulfide shuttling and increasing the usage of S. The
PP layer, which is a surface with insulating properties,
prevents short circuit between the anode and the cath-
ode. To evaluate the performance of the Ni;(HITP),
membrane in LSBs, commercial carbon black (CB) was
used as the S host material for the S/carbon cathode. PP,
ZIF-8/PP, CNT/PP, and graphene (G)/PP were used for
comparison with Niy(HITP),/PP. Figure 23B shows the
cycling performances of PP, ZIF-8/PP, CNT/PP, G/PP,
and Ni;(HITP),/PP at 0.2 C. The initial discharge capac-
ity of Niy(HITP),/PP was 1244 mAhg ', and after
100 cycles, it showed 1139 mAh g_l, which is 92% of the
initial capacity. The initial discharge capacities of PP,
ZIF-8/PP, CNT/PP, and G/PP were 889, 945, 1082, and
1146 mAh g, respectively, with discharge capacities of
342, 581, 703, and 838 mAhg ! after 100 cycles,
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FIGURE 22 (A) Schematic illustration for the LSB configuration consisting of a sulfur cathode, a MOF/CNT modified separator, and a
lithium anode. SEM images and structures (insets) of the morphologies of the four MOFs that were used: Y-FTZB, ZIF-7, ZIF-8, and
HKUST-1. (B) Cycling performances of Y-FTZB, ZIF-7, ZIF-8, HKUST-1, and CNT. (C) Rate capabilities of batteries using different MOF-
based separators under the rates of 0.1, 0.25, 0.5, 1, and 2.5 C. Reproduced with permission.>* Copyright 2017, American Chemical Society

accounting for 38%, 61%, 65%, and 73% of the initial findings that cerium(IV) oxide (CeO,) nanoparticles are
capacity, respectively. After cycling, the amount of dis- capable of adsorbing and catalyzing the conversion of
solved polysulfide attached to the surface of the separator ~ polysulfides were to be an inspiration.”®® Wang et al.
increased in the order of PP > ZIF-8/PP > CNT/PP > G/ reported a study on Ce-MOF/CNT composite which con-
PP > Ni; (HITP),/PP. This means that the ability of the tain Ce(IV)-clusters as nodes and combined them with
Niy(HITP), barrier to trap polysulfides is much higher =~ CNT and applied it as separator coating for LSBs.®' CNT
than that of the other four types of membranes. is one of the materials most widely used as a separator
Ni;(HITP),/PP shows good stability under galvanostatic coating material, but its non-polar surface has a weak
discharge/charge at different current rates. Its good con- affinity for polysulfide, so it only physically blocks the
ductivity, good ability to trap polysulfide, low density, polysulfide shuttle, resulting in low efficiency. In this
and highly ordered micropores, make Ni;(HITP), mem- study, it was found that Ce-MOF-808 (denoted as Ce-
brane an ideal polysulfide barrier for optimizing high S =~ MOF-2) can rapidly adsorb polysulfides and effectively
loading LSBs. In this study, it was demonstrated that catalyze the conversion. So, Ce-MOF-2 was combined

crystalline microporous membranes which has conduc-  with the highly conductive CNTs and applied to the CNT
tivity are advantageous barrier layers for high-  separator. Figure 23C shows the structure of an LSB with
performance LSBs. It also showed that the liquid-solid Ce-MOF/CNTs as the separator and the structure of the
interface method provides a novel route to fabricate uni- Ce-MOF that was used. First, two Ce-MOFs with differ-

form and crack-free MOF membranes with very large ent open metal sites, Ce-MOF-2 and Ce-UiO-66-BPDC
areas and controlled thickness. After demonstrating that  (denoted as Ce-MOF-1), were designed. The metallic
Ni-based crystalline microporous membranes have suffi- Ce(IV)-clusters are nodes of these two Ce-MOFs, both of
cient potential as separators for high-performance Li-S  which are hexanuclear clusters, but differ in the number
batteries, Zheng et al. confirmed that Ni;(HITP),, which of coordination of their carboxyl ligands. Ce-MOF-1 has a
was easily synthesized by the facile filtration method and structure in which a hexanuclear Ce(IV) clusters are
attached to the separator was effective in easing the shut-  completely surrounded by 12 carboxyl groups, whereas in
tle effect and improving the rate performance of LSBs.>’ Ce-MOF-2 has a structure in which a hexanuclear

The open metal sites of MOFs can act as catalytically Ce(IV) clusters are coordinated with 6 carboxyl groups
active sites.”>®°% MOFs have better catalytic performance  and 6 adsorption of polysulfides. The Ce-MOF-1/CNT
than conventional nanocatalysts or inorganic porous cat- and Ce-MOF-2/CNT composites were prepared by reflux-
alysts because the catalytic sites are uniformly dispersed ing a mixture of cerium nitrate, BPDC, and CNT. The
and the specific surface area is large. The recent research ~ interaction between polysulfide and the synthesized

85U8017 SUOWILLIOD @A 18810 3edldde ayy Aq peusenob a1e ssjoiie YO 8sn Jo el 10y ArIqiT8UIIUO 3|1 UO (SUONIPUCD-PUe-SLLIBY/WIOY" A8 | IM*ATRIq 1 U1 UO//SdNL) SUORIPUOD pUe SWiB | 8L 88S *[£202/.0/v2] uo Ariqiauliuo A8|im ‘Arigi Aisieaiun BueAueH Aq £82ZT zW08/z00T 0T/I0pAW0D" A8 1w AReIq1jul|uo//SciY Woj papeoumoa ‘Z ‘€202 ‘SLTEL952



w
o
o

HAN ET AL. Wl LEY 41 of 80
(A)
[l emec®
S
o
Ni,(HITP),/PPT ] <
S
NAON <
Soluble polysulfides 'g
S cathode ON § ] Niz(HITP)/PP
; - @ N O 207 o gpPp A cNTPP O ZIF-8PP () PP
High-sulfur-loading S~eo- - @ C 0 T T . : : . . I . .
LSB 20 40 60 80 100
Cycle number
(©) (Dl
o —~
< e ——— % ®
£ 15001 _m  cCelgard Ce-Ui0-66-BPDC/CNT (Ce-MOF-1/CNT) L— g0 3
> 12004 —A—CNT ~ —@— Ce-UiO-808/CNT (Ce-MOF-2/CNT) &
C ~— 60 O
@ 900 =
e w
(8]
S 600 L
= £
5 o
>
Q.
Z 3

o

% 40
4 . 20
1 C, Sloading: 2.5 mg cm-

200 400 600 800
Cycle number

FIGURE 23 (A) Structure of Ni3(HITP), and the LSB structure in which the Ni;(HITP),/PP membrane is applied to the separator. (B)
Cycling performances of Ni;(HITP),/PP, G/PP, CNT/PP, ZIF-8/PP, and PP at 0.2 C. Reproduced with permission.555 Copyright 2018,
WILEY-VCH.(C) Schematic illustration of MOF/CNT composites offering catalysis of the conversion of polysulfides as the separator coating
materials for LSBs. (D) Cycling performances of cells with different separators including Celgard, CNT, Ce-UiO-66-BPDC/CNT, and
Ce-MOF-808/CNT, operated at 1 C for 800 cycles. Reproduced with permission.*®* Copyright 2019, American Chemical Society

materials was confirmed by adding an active Ce-MOF/
CNT composite and CNTs to a Li,Sg solution and check-
ing the color of the solution over time. As a result, the
color of the Li,S¢ solution mixed with Ce-MOF-2/CNT
gradually changed to colorless, because the open metal
sites of Ce-MOF-2/CNT adsorbed Li,Ss more efficiently.
The charge transfer resistance values of Ce-MOF-1/CNT
and CNT were similar, but the value of Ce-MOF-2/CNT
was much smaller. Their difference in charge transfer
resistance suggests that Ce-MOF-2/CNT effectively
improved the reaction kinetics compared to Ce-MOF-1/
CNT and CNT, thus promoting the conversion of poly-
sulfides.’®* Figure 23D shows the cycling stability of
cells using different separator coatings at 1 C with an S
loading of 2.5 mg cm 2. The initial specific capacity of
the Ce-MOF-2/CNT coated cell was 1021.8 mAh g/,
which is the highest among the samples, and after
slowly decreasing to 838.8 mAhg™', it showed an
almost 100% CE after 800 cycles. In contrast, after
800 cycles, the capacity of the Ce-MOF-1/CNT-based
cells rapidly decreased from 701.8 to 349.4 mAh g ',
and that of the CNT-based cells also rapidly decreased
from 622.9 to 237.6 mAh g '. Through this, it was con-
firmed that the capacity retention of the Ce-MOF-2/
CNT-coating containing cell was very high. This study
is significant in that it showed a MOF-based material
with catalytically active open metal sites, high disper-
sion, and a large specific surface area can effectively

improve the catalytic conversion and absorption of
polysulfides.

Mixed-valent MOFs, in which two different valence
states of metal ions exist simultaneously, have often
shown promising properties in separation, catalysis, and
biomedical applications.’®>">°® In particular, the redox
behavior of mixed-valence MOFs can lead to unique cat-
alytic and electrochemical properties due to changes in
their metal ion oxidation states. Ce, one of the rare-
earth metal elements that exist in abundance on earth
and are inexpensive, has been widely studied in the field
of catalysis-related research,’®” and Ce-based materials
are used as effective mediators to further enhance redox
catalytic activity due to the unique oxidation capability
of Ce". The fact that the formation and stabilization of
Ce'-based materials is readily possible by partial reduc-
tion of Ce'” to Ce' suggests potential applications of
Ce-based materials in LSBs.’*® The most Ce-MOFs
reported so far, however, are Ce''-MOFs because Ce'" is
a strong oxidizing agent that can be easily reduced dur-
ing the synthesis of MOFs.’**’® Therefore, the prepara-
tion of mixed-valent MOFs with isolated Ce arrays
remains an open challenge. Chao et al. synthesized
mixed-valent Ce-MOFs with isolated Ce(IV, III) arrays
following a sophisticated kinetic stability study of UiO-
66(Ce), denoted as CSUST-1 (where CSUST stands for
Changsha University of Science and Technology).””!
CSUST-1 is characterized by being rich in oxygen
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vacancies and having open metal sites, and mecha-
nism of its formation has been described. Then,
CSUST-1 was combined with CNTs to form a CSUST-
1/CNT composite, which was then applied to the sep-
arator of the LSB. The LSBs showed stable electro-
chemical performance, even after a long period of
1200 cycles, due to the efficient adsorption and fast
redox conversion rate of polysulfides by CSUST-1, as
well as improved Li™ transport.

In addition to electrochemical compatibility, several
other factors, such as resource abundance, environmental
friendliness, and feasible technologies, must also be con-
sidered in the design of the separator for LSBs. In 2020,
Liu et al. produced MIL-125(Ti), which used Ti, which is
one of the abundant resources, as its metal ion and BDC
as its ligand, through a solvothermal process and applied
it on separators for LSBs.’’> A layer of MIL-125
(Ti) coated on a PP/PE membrane acted as an effective
physical and chemical barrier region that could trap poly-
sulfide species without affecting the facile transport of
Li*. The 3D open framework of MIL-125(Ti) particles
with a large surface area and uniform micropores
ensured fast migration of Li* and was able to guide uni-
form Li plating/stripping. In addition, the strong bonding
ability between the oxygen atoms of the BDC ligands of
MIL-125(Ti) and the Li* of Li,S, led to the immobiliza-
tion of S, . Due to their synergistic effect, the micropo-
rous PP/PE membrane modified with the MIL-125
(Ti) coating layer could effectively inhibit the polysulfide
shuttle and Li dendrite growth, which was demonstrated
in terms of good rate performance and high cycling
stability.

Table 5 summarizes studies in which MOF-based
materials have been used for cathodes and separators for
LSBS'526—531,533—537,540,548—551,555,557,561,571—578 MOFs Wlth
tailored pore structures and sizes, as well as functional
sites for S, offer possibilities and strategies for realizing
novel cathode materials and separators for LSBs.

4.3 | Li-air battery

LABs are secondary batteries that use air (O,) as their
active material and Li as an anode material. Theoreti-
cally, LABs can realize an energy density that is 5-10
times higher than that of LIBs. Technical issues such as
slow redox reaction rates and formation of solid dis-
charge products (e.g., Li,O and Li,0,) must be addressed
to enhance low energy efficiency and cycling
stability.””*>" Figure 24 briefly explains the application
of MOF-based materials to the cathode of LABs, and the
characteristic and notable features of MOFs, that play an
important role in this case.

Because of their porous structure, tunable chemical
functions, and regular channels, MOFs are considered
promising materials, accommodating discharge products,
facilitating mass transport, providing specific interac-
tions, and accelerating redox reactions, as cathode mate-
rials for LABs. In 2014, Li et al. tried to solve the
problems encountered in LABs by using a composite
material containing two types of pores in the electrode
material.”®* This study proposed a MOF material with
larger mesopores in its carbon material to be lined with
open metal sites where enhanced O, bonding and electro-
lyte diffusion could occur. HKUST-1, MOF-5, and M-
MOF-74 (M = Mg, Mn, Co) were selected as suitable
MOFs to serve as LAB electrode cathode materials, and
the effects of their structural properties on performance
were evaluated. These MOFs offer uniquely accessible
metal sites, different structural topologies, and wide
range of surface areas. MOF-5 has an infinite cubic
framework structure and the pores of HKUST-1 are
decorated with unsaturated Cu(II) coordination centers
that provide binding sites for guests. M-MOF-74 is com-
posed of wvarious divalent metal ions and 2,5-
dihydroxyterephthalic acid (H,DOBDC) and has a hexag-
onal 1D pore structure. Both M-MOF-74 and HKUST-1
have lower surface areas than MOF-5 and have pores
lined with open metal sites, so they show higher O,
uptake. The open metal sites of these MOFs bind gas
molecules and increase their absorption capacity. There-
fore, it is believed that the presence of MOFs acts to com-
press the O, molecules in the pores, so that more O, can
be utilized in LABs without increasing the volume and
weight of the cathode. The performance evaluation of
MOFs in LABs was conducted by coating a mixture of
Super-P and M-MOF-74 using PVDF as a binder on car-
bon paper. These mixtures are act as a cathode material.
Figure 25A is a schematic illustration indicating the
structure of the MOF-Super-P composite and its trans-
port of O,. The discharge profiles with a current density
of 50 mA g~ for LAB cells using Super-P and various
MOF-Super-P composites under O, atmosphere are
shown in Figure 25B. The LAB using only Super-P had a
discharge capacity of 2170 mAh g ', and the discharge
capacities of batteries using HKUST-1, Mg-MOF-74, and
Co-MOF-74 were 4170, 4560, and 3630 mAh gfl, respec-
tively. The discharge capacity of the battery containing
Mn-MOF-74 was 9420 mAh g~ !, which is the highest
value in this study, that is, a 330% improvement over the
cell without MOFs. Here, it is clearly shown that the
open metal sites of M-MOF-74 and HKUST-1 play a key
role in capacity enhancement. MOFs as cathode mate-
rials induce O, enrichment in the electrodes by providing
uniform pores with high surface area and a chemical
environment that is tunable for specific interactions with
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TABLE 5 Summary of recent studies in which MOFs or MOF derived materials were applied in the cathodes and separators for LSBs.

Reversible
Application capacity Rate Cycle
MOF part (mAhg) mAgh) number Reference
MIL-100 (Cr) Cathode — — — 526
HKUST-1 Cathode 500 — 170 528
HKUST-1 Cathode 286 05C 300 530
HKUST-1 Cathode 679 01C 100 536
Ni based MOF Cathode 611 01C 100 537
(Nig(BTB)4(BP)5)
ZIF-8 Cathode 510 01C 100 529
ZIF-8 Cathode 553 05C 300 530
ZIF-8 Cathode 950 0.5C 250 531
MIL-53 (Al) Cathode 347 0.5C 300 530
MOF-525(Cu) Cathode 700 0.5C 200 533
Cu-TDPAT Cathode 745 1C 500 535
nMOF-867 Cathode 788 835 500 573
ppy-S-in PCN-224 Cathode 670 10C 200 527
NA,Fe[Fe(CN)g] Cathode 770 1C 100 534
S@HKUST-1-CNT Cathode 757 02C 500 540
MIL-101 Cathode 695 0.1C 100 574
ZIF-67 Cathode 653 01C 100 575
ZIF-67 Cathode 949 300 300 576
LPS-UiO-66 Cathode 375 100 600 577
HKUST-1@GO Separator 855 1C 1500 548
Y-FTZB Separator 557 25C 300 551
HKUST-1 Separator 197 25C 300 551
HKUST-1@PVDF-HFP Separator 802 2C 600 550
ZIF-7 Separator 452 25C 300 551
ZIF-8 Separator 403 25C 300 551
UiO-66/Nafion Separator 1056 0.1C 200 549
Ni;(HITP), Separator 716 1C 500 555
Ni;(HITP), Separator 1220 01C 300 557
Ce-MOF-1 Separator 349 01C 800 561
(Ce-Ui0O-66-BPDC)
Ce-MOF-2(Ce-MOF-808)/CNT Separator 838 01C 800 561
MIL-125(Ti) Separator 1218 02C 200 572
Co,Sg nanostructure derived Separator 500 1C 200 578
MOF
CSUST-1 Separator 538 2C 1200 571

guests. These micropores are primarily for O, transport,
and they cannot be fully occupied by larger molecules
during battery operation. In conclusion, it has been
shown that the proposed MOFs can increase the O, con-
centration in micropores by up to 18 times, and the com-
bination of a MOF and Super-P as cathode materials

shows a higher discharge capacity than when Super-P is
used alone.

Lee et al. applied a bimetallic MOF prepared by a
simple hydrothermal reaction as a cathode material for
LABs.”®*® The metal ions used were Mn and Co, and
MnCo-MOF-74 with a ratio of Mn to Co of 1:4 was
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synthesized. For comparison, the properties of monome-
tallic Co-MOF-74 and Mn-MOF-74 were also confirmed,
showing that they had only a single catalytic activity
towards either LiOH formation or oxygen evolution reac-
tions. On the other hand, the bimetallic MOFs showed
improved reversibility and efficiency in both discharge
and charge cycles. Co-MOF-74 and Mn-MOF-74 benefits
from a porous structure that surpasses those of Mn-MOF-
74 and Co-MOF-74, as well as the complementary contri-
butions of Mn- and Co-metal clusters. Mn-metal clusters
convert Li,O, to LiOH, and Co-metal clusters efficiently
decompose LiOH. The full discharge capacity of bimetal-
lic MnCo-MOF-74 was 11 150 mAh g, and it exhibited
good cyclability with low overpotential at a limited capac-
ity of 1000 mAh g .

Li-air battery

FIGURE 24

<+ Application part: cathode

provides enrichment of O,

Li et al. reported on the effect of the size of MOF on
the capacity of LABs with the aim of enabling better
accessibility of active sites with short transport routes
without losing high internal surface area.”®* Modulators
and various solvents were used to precisely control the
grain size and morphology of the crystal,”®>*” and it
was possible to introduce intentional defects and active
sites. Co-MOF-74 in three different sizes and shapes was
synthesized by controlling the composition of the regula-
tor and solvent through an easy solvothermal method.
The MOFs obtained according to each synthesis condi-
tion were named Co-MOF-74-1400 (average length of
9.5 pm and a width of ~1400 nm), Co-MOF-74-800
(~6.5 pm in length and ~ 800 nm in width), and Co-
MOF-74-20 (average diameter of 20 nm and a length/

<+ The micropores of the MOFs lined with open metal sites where O, bonding can occur are
suitable for electrolyte diffusion and deposition.

« Uniform pores with high surface area and tunable chemical environment of MOFs

Application of MOF-based materials in LABs and notable features of the MOFs, which play important roles in LABs
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(A) Schematic illustration showing the structure of the MOF-Super-P composite and its transport of O,. (B) Discharge

profiles of the Li-O, cells using Super-P, MOF-5, HKUST-1, Co-MOF-74, Mg-MOF-74, and Mn-MOF-74 with a current density of 50 mA g~ .
Reproduced with permission.”®* Copyright 2014, WILEY-VCH. (C) Structure of Co-MOF-74, which has 1D microporous hexagonal channels
with high surface area, providing sufficient active sites to enhance O, adsorption and potential catalysis. (D) Discharge curves of LABs using
both the MOF-Super-P composite electrodes and pure Super-P electrode at a cutoff voltage of 2.0 V and with a current density of

100 mA g~ . Reproduced with permission.*®* Copyright 2017, ROYAL SOCIETY OF CHEMISTRY
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diameter ratio of 12), respectively. Figure 25C shows 1D
microporous hexagonal channel structure of Co-MOF-
74, which has a high surface area that provides suffi-
cient active sites to enhance O, adsorption and potential
catalysis. This unique structure makes it an advisable
candidate as an O, electrode material. The pore diame-
ter of Co-MOF-74 is ~12 A,**® allowing free transport of
Li" and O, in the pores. As a result of evaluating the O,
enrichment capacity of each sample through low-
pressure oxygen adsorption isotherms, Co-MOF-74-800
and Co-MOF-74-20 showed similar adsorption capacity,
whereas Co-MOF-74-1400 showed a significantly lower
O, absorption capacity. The reduction in O, absorption
is mainly caused by reduced surface area due to the use
of modulators and the miniaturization of the material,
which further affects the periodicity of the frame-
work.”® The size of the crystals ensures accessibility of
coordinating unsaturated metals and guest molecules
entering the newly introduced defect site of Co-MOF-74.
For electrochemical performance evaluation, LABs
using Co-MOF-74-20, Co-MOF-74-800, and Co-MOF-
74-1400 as cathode materials were fabricated, and pure
Super-P was used as a control. Figure 25D shows the
first discharge curves of the LABs using pure Super-P
electrode and the Co-MOF-Super-P composite elec-
trodes with different sizes at a cut-off voltage of 2.0 V
and with a current density of 100 mA g~ '. The discharge
capacity of the LAB using the pure Super-P-based cath-
ode was 2090 mAh gfl, and those of the batteries using
Co-MOF-74-800 and Co-MOF-74-1400 were 4880 and
4710 mAh g, respectively. Surprisingly, the Co-MOF-
74-20-based battery provided a high capacity of
11 350 mAh g . It was attributed to the short transport
distance, accessibility of the active site, and the large
electrode-electrolyte contact area of Co-MOF-74-20
resulting effectively promote the oxygen reduction reac-
tion. Even when the current density was increased to
500 mA g~ ', the MOF-74-20 still had the best rate per-
formance of the three MOFs. This means that making
the smaller and less perfect crystals improves their elec-
trochemical performance with a smaller surface area
but more active sites. In other words, these results show
that the electrochemical performance of cells can be fur-
ther improved by facile designing of nanocrystals with
specific internal diffusion pathways.

Table 6 summarizes studies on applying MOF-based
materials as cathode materials for LABs.??2%>%827595
Compared to the LIBs and LSBs described above, LAB
research using MOFs is still in its infancy. Although
there is still a long way to go, we are confident that the
porous structure and tunable chemical functions of
MOFs can improve the capacity and cycle lifetime
of LABs.

4.4 | Lithium-metal battery

The capacity of the anode active material increases in the
order of carbon (including graphite), metal oxide, silicon-
carbon composite, and Li metal. Li metal is attracting
attention as a very interesting candidate material for
anode because it has a high theoretical capacity up to
3860 mAh g~' and has the lowest standard reduction
potential (3.04 V. vs. standard hydrogen electrode
[SHE]),”***7 although commercial applications suffer
from the following problems: (1) safety issues (short cir-
cuits and thermal runaway) caused by uncontrolled Li
dendrite growth during charging; (2) capacity and life-
time reduction issues caused by the accumulation of dead
Li in the anode, which increases the internal resistance
of the battery; (3) unstable and brittle SEI layer on the Li
metal, which consumes much of the electrolyte and fresh
Li; and (4) volume changes in the cycling process, which
cause the intrinsic SEI layer to fall off the Li metal sur-
face, further impairing the interfacial stability.”® Numer-
ous approaches have been proposed to resolve these
issues®*°°": (1) construction of a 3D Li anode structure
to reduce volume changes and enable dendrite-free Li
deposition®®*°'%; (2) application of artificial SEI layers to
reduce the consumption of organic electrolytes and fresh
Li®*'~°1%; (3) that cam produce a tough physical layer as a
coating to inhibit Li dendrite growth; (4) lithiophilic
material to induce Li nucleation®”°'%; (5) utilization of
well-designed solid-state electrolytes (SSEs) with excel-
lent chemical stability, a high Young's modulus and good
Li* conductivity®® ®*; (6) the introduction of additives
to help minimize side reactions and obtain a stable SEI
layer®>®**; and (7) modification of the separator to pro-
vide a uniform channel for Li* flux and induce uniform
Li deposition, as well as preventing Li dendrite growth
due to its mechanical strength.®** %’ Figure 26 briefly
explains the battery components of LMBs that can con-
tain MOF-based materials, and the characteristic and
notable features of the MOFs that play important roles in
this case.

The porosity, tunability, and variety of combinations
of MOFs provide an effective and attractive solution for
application in LMBs. MOFs can be applied as SSEs, sepa-
rators, electrodes, and anode structures for Li metal
anode protection in LMBs. First, we describe studies
using MOFs as SSEs. Development of a solid electrolyte
which has high ionic conductivity and good usability
with electrodes is important, and Long et al. first utilized
MOFs as SSEs.”*' An Mg-MOF-74-based material with an
open metal center was used, and it exhibited a high ionic
conductivity of 3.1 x 10°* S cm™ ", showing potential for
application in SSEs. After that, the ionic conductivity
of other MOFs, such as ZIF-8,°%® AI-Td-MOF-1,%*

85U8017 SUOWILLIOD @A 18810 3edldde ayy Aq peusenob a1e ssjoiie YO 8sn Jo el 10y ArIqiT8UIIUO 3|1 UO (SUONIPUCD-PUe-SLLIBY/WIOY" A8 | IM*ATRIq 1 U1 UO//SdNL) SUORIPUOD pUe SWiB | 8L 88S *[£202/.0/v2] uo Ariqiauliuo A8|im ‘Arigi Aisieaiun BueAueH Aq £82ZT zW08/z00T 0T/I0pAW0D" A8 1w AReIq1jul|uo//SciY Woj papeoumoa ‘Z ‘€202 ‘SLTEL952



46 of 80 Wl LEY “““ ( \‘ 101 HAN ET AL.
TABLE 6 Summary of recent studies in which MOFs or MOF derived materials were applied as cathode materials for LABs.
Application Reversible capacity Rate Cycle

MOF part (mAhg™?) (mAgh) number References

Mn-MOF-74 Cathode 9420 — — 582
(primary capacity)

Bimetallic MOF Cathode 11 150 — 44 583

Aliphatic-ligand based Cathode 500 200 320 590

Co-MOF

Fe(III)-MOF-5 Cathode 5000 300 15 591

MIL-100 (Fe) Cathode 600 0.1 30 592

(mA cm™?)
MIL-100 (Cr) Cathode 800 100 50 593
Mnj;[Co(CN)g],-9H,0 Cathode 500 0.16 100 594
(mA cm™?)

Co-MOF-74 Cathode 11 350 100 = 584
(primary capacity)

Bimetallic ZIF Cathode 354-756 - - 285

Zn-MOF-5 Cathode 1437 0.2 - 39
(initial discharge capacity) (mA cm?)

Zn4Co,-C/CNT Cathode 16 000 137 595

composite

Ui0-66,%% Ui0-67,°%° and Massachusetts Institute of
Technology (MIT)-20°*° were also reported, suggesting
the possibility of application in SSEs. Chen et al. reported
a novel ionogel that was prepared by using ZIF-67
obtained by simple ball milling as a host and mixing with
ionic liquid electrolyte (ILE) (referred to as ILE@-
MOF).%*! Tonogel, a new type of semi-solid electrolyte
that combines the unique properties of ionic liquids and
solid materials, was used in this study. The ILE has high
ionic conductivity and thermal stability, ensuring excel-
lent electrochemical performance in high-temperature
environments.®*>%** An organically modified SiO,-based
ionogel electrolyte was fabricated using the sol-gel
method, and the cycling performance with a Li metal
anode was investigated. To improve the thermal stability
of the ionogel, ZIF-67 was chosen as the scaffold. MOFs
are novel candidates for establishing electrolytes that are
good ionic conductors because they have insulating prop-
erties and provides a tunable porous structure that
facilitates ion transport. The ILE, mixture of N-propyl-N-
methylpyrrolidinium  bis(trifluoromethylsulfonyl)imide
([Pyr13][TFSI]) and LiTFSI, was used in this study. The
ILE encapsulated in ZIF-67 channels maintained high
ionic conductivity without losing dynamic mobility.
Figure 27A shows a schematic diagram of the ILE@ZIF-
67 synthesis method and the Li* transport pathways. The
ionic conductivity of the material was analyzed using
electrochemical impedance spectroscopy method with

stainless-steel electrode. As the content of ILE increased,
the ionic conductivity also increased, and the conductiv-
ity level of 2.29 x 107> S cm ™' obtained at 2.0 g was suffi-
cient for practical application in batteries. The high
temperature stability of the ILE@MOF was evaluated
because the thermal stability of the electrolyte, which is
directly related to the safety of the battery, is a very
important factor. ILE@MOF was indicated excellent
thermal stability, starting decomposition at 325 °C. In
addition, ILE@MOF significantly suppressed the growth
of Li dendrites, a cause of degradation of batter, by form-
ing a particle-rich coating on the Li metal anode. The
electrochemical compatibility of Li and the ILE@MOF
was explored by Li plating/stripping examinations. The
Li metal surface of the Li/ILE@MOF/Li cell had a thin
layer preventing the growth of Li dendrites after 100 h of
cycling. Due to the thermal stability of the ILE@MOF
electrolyte at high temperatures, even at 150°C, the Li/I-
LE@MOF/Li cell generated an overall overpotential of
less than 700 mV under a current density of 0.5 mA cm >
for 1200 h without major voltage fluctuations. Li/ILE@-
MOF/Li cells exhibited stable plating/stripping voltages,
confirming ILE@MOF ionogel electrolyte are promising
materials for LMBs at high-temperature operation.
Figure 27B shows the cycling performance of Li/Li-
Nip 33Mny 33C00 330, cells using ILE@MOF electrolyte at
60, 90, and 120°C under 2.0 C (1.0 C = 140 mA g ). As
the temperature increased, the initial discharge capacity
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Li-metal battery

<+ Application part: solid state electrolytes, separator, anode structure

« Solid state electrolytes: metal atoms in MOFs weaken the coordination environment of
Li* cations and improve mobility

« Separator: functional groups in the MOF structure interact with ions in the electrolyte to
provide a higher Li ion transport

<+ Anode structure: polar functional groups of MOFs induce uniform Li nucleation

FIGURE 26 Application of MOF-based materials in LMBs and notable features of the MOFs that play important roles in LMBs

also increased due to the decrease of the interfacial
impedance. Stable lithiation/delithiation capacity was
observed with a high CE of 98% at 60 and 90°C over
50 cycles. In conclusion, the ILE@MOF electrolyte pro-
posed in this study represents a promising approach to
reduce the problem of Li dendrite growth in extreme situ-
ations, and it will enable the development of efficient and
durable high-temperature LMBs by accelerating the
transport of Li™.

Sun et al. reported a new type of cationic MOF
(CMOF) formed by the nucleophilic substitution grafted
with pyridine N based on UiO-66, and applied them to a
solid polymer electrolyte (SPEs).** Numerous strategies
have been used to enhance the conductivity of
SPEs.®**"%%7 Despite much progress, the growth of Li den-
drites penetrating through the SPE is dangerous and still
greatly hinders the practical application of all solid-state
batteries (ASSBs).***®*° The electrochemical perfor-
mance of polymer electrolytes was improved by introduc-
ing MOF-5 into poly(ethylene oxide) (PEO) polymer. The
large surface-to-volume of MOF-5 helps to stabilize the
interface between the electrolyte and the Li metal.**!
MOFs further enhance the anion absorption and tightly
trap anions around the surface, leading to a higher
transference number (f;) than that of ceramic
particles. First, 2-aminoterephthalic acid (H,ATA),
2,5-pyridinedicarboxylic acid, and zirconium
(IV) chloride were added to anhydrous DMF, and acetic
acid was used as a mineralizer. The mixture was stirred
and then heated at 120 °C for 24 h. After the reaction,
the producing suspension was centrifuged, washed, and
vacuum dried to obtain UiO-66 (named D-UiO-66-NH,).
The dual ligand composed of H,ATA and 2,5-pyridinedi-
carboxylic acid replacing the BDC linker led to the for-
mation of the intermediate MOF, D-UiO-66-NH,. The
-NH, groups achieved a stable structure of the composite
electrolyte and promoted the subsequent linkage of the
PEO chains with the etheric oxygen. Cationic D-UiO-
66-NH, (CMOF) was obtained by immersing D-UiO-
66-NH, in DMF and CHCI; to activate it by guest
exchange and removal. The CMOFs immobilize anions
through electrostatic interactions of charge carriers,
which are more effective than covalent bonds in

polymers and Lewis acid-base interactions in metal
oxides. P@CMOF membranes were manufactured by
uniformly mixing CMOF powder, PEO, and LiTFSI and
grinding the mixture in a mortar to obtain small rough
balls, sandwiching the coarse balls between two pieces
of PTFE and pressing. Figure 27C is a schematic illustra-
tion showing the structure of the manufactured
P@CMOF membrane and the improved electrical flow.
The smooth and clean surface of P@CMOF can firmly
bond with the electrode, reducing the interfacial resis-
tance. The optimal conductivity was achieved by con-
trolling the content of CMOF, and when the content
was 12.5 vol%, the optimal conductivity was
3.1 x 107> Scm™'. Conductivity as a function of tem-
perature was also investigated, reaching 6.3 x 10~*
Scm~! at 60°C, which was confirmed to be sufficient
for ASSB applications. To investigate the long-term elec-
trochemical stability of anion-immobilized P@CMOF,
Li symmetric cells were assembled. The resistance
values of the Li/P@CMOF/Li cells did not change sig-
nificantly before and after 10 days at 60 °C, confirming
the chemical stability of P@CMOF. Figure 27D shows
the cycling performance of LiFePO, (LFP)/P@CMOF/Li
cells at 1 C and 60 °C. The initial CE of the cell with
P@CMOF was 93.7% and it provided a discharge capac-
ity of 126.4, 106.3, 88.0, and 67.4 mAh g_1 at the current
density of 0.5, 1, 2, and 5 C, respectively. Even after high
current densities, the discharge capacity could be
restored when the current density returned to
1 C. Using P@CMOF and a dendrite-free Li anode, an
ASSB with LFP cathode could be charged and dis-
charged 300 times at 1 C with a capacity retention of
85.4%. P@CMOF exhibited an electrochemical window
of up to 4.97 V due to its stable composite structure at
high voltage. The anion-immobilized CMOF was dis-
persed in a PEO/LiTFSI matrix to produce a P@QCMOF
composite electrolyte by a hot-pressing method, provid-
ing 10 times higher conductivity than pure PEO electro-
lyte. Dendrite-free Li anode and the anion trapping
ability were brought about by the synergistic effect of
CMOF and the polymer. The formation of a large elec-
tric field was prevented due to the small concentration
gradient of Li" in the composite electrolyte. These
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FIGURE 27 (A) Schematic diagram of the ILE@ZIF-67 synthesis method and the Li* transport pathways. (B) Cycling performance of

Li/LiNij 33Mng 33C00 330, cells using ILE@MOF electrolyte at 60, 90,

and 120°C under 2.0 C (1.0 C = 140 mA g™ ). Reproduced with

permission.®*! Copyright 2019, ROYAL SOCIETY OFCHEMISTRY. (C) Schematic diagram showing the structure of the manufactured
P@CMOF membrane and the improved electrical flow. (D) Cycling performance of LiFePO, (LFP)/P@CMOF/Li cells at 1 C. Reproduced

with permission.®** Copyright 2019, Elsevier

anion-fixed electrolytes used in Li metal cells with
LiFePO, and LiFe, ;sMng 3sPO,4 cathode exhibited excel-
lent rate and cycling performance.

There are also studies using MOF-based materials as
separators for LMBs. The role of the separator is to pro-
vide an ion pathway and prevent short circuits. The per-
formance of Li metal anodes can be improved by
optimizing the separator through any strategic method.
Coating them with inorganic materials such as polydopa-
mine improves the electrolyte wetting and electrolyte
absorption capacity of PE separators, which directly
affects the power performance of batteries.***> MOFs with
increased stability of the Li metal anode have been pro-
posed by including an organic ligand and an inorganic
metal ion as modifiers of the separator. Wang et al. were
the first to report a composite separator capable of high-
density Li deposition and long-term reversible Li plating/
stripping without additional electrochemical input
through coating NH,-MIL-125(Ti) MOFs on Celgard
3501, a commercial separator.®*® After coating, NH,-MIL-
125 (Ti) without obvious cracks was uniformly distrib-
uted in the separator and the symmetrical cell with the
NH,-MIL-125(Ti) coated separator showed stable cycling
properties for over 1200 h. It was found that the amine
functional groups in the MOF structure interact with ions
in the electrolyte to accelerate a higher Li™ transport and
induce uniform Li nucleation and growth, making an
important contribution to good electrochemical

performance. As a separator modifier, the use of MOFs
with polar functional groups has verified to be an impor-
tant strategy for obtaining long-life batteries with the
dendrite-free anode. Another trend to utilize MOFs for
separators of LMS is the use of functionalized MOFs by
carboxylation, amination, hydroxylation, and sulfonation.
In addition to improving the separator through coat-
ing with MOFs, a method using the MOF itself as the
separator was also devised. In 2018, Zhou et al. proposed
a MOF-based separator with a structure capable of inhi-
biting polysulfide diffusion as well as dendrite formation
due to the porous structure of the MOF.®** Theoretically,
a crystalline MOF lattice with ordered porous can
achieve the transport of desired molecules as they would
have suitable properties to host guest liquid/gas spe-
cies.”*® From the pore chemistry point of view, the appli-
cation of compatible pores of MOF species to liquid
electrolytes can force ordered ion transport, resulting in
stable and uniform Li deposition as shown in Figure 28A.
Considering the size of the TFSI™ anion (anion of the
LTFSI), HKUST-1 was selected as an appropriate host
candidate. It was expected that the pore width of
HKUST-1 (8 A) and that of TFSI™ anion (7.9 A) could
serve as a 3D pathways for ion transport. By utilizing
angstrom-scale MOF pores to limit TFSI™ anion trans-
port, it is expected that stable Li electrodeposition under
real high current conditions will be feasible based on this.
To evaluate ion diffusivity of this battery electrode/
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FIGURE 28 (A) Schematic illustration of dendritic Li growth on pristine electrolyte and MOF-modified electrolyte. (B) SEM images
that can confirm the presence of Li dendrites after symmetric cell operation in pristine electrolyte and MOF-modified electrolyte.
Reproduced with permission.®** Copyright 2018, Elsevier. (C) Process of obtaining a MOF-GF composite membrane by modifying a
commercially available GF membrane with MOFs nanopatrticles. (D) SEM image of a post-cycling Li electrode harvested from a LiFePO,4|Li
cell after operation at 1C (100 cycles). Reproduced with permission.**® Copyright 2019, ROYAL SOCIETY OF CHEMISTRY

electrolyte combination, a molecular dynamics (MD)
simulation based on density functional theory (DFT)
(DFT-MD) was performed. In the results of the diffusion
kinetics analysis of pristine and MOF-modified electro-
lyte by DFT-MD, both Li* and TFSI™ anions exhibited
significant diffusion behavior according to the general
observation that they could freely move inside. The MOF
host was involved in the solvation process of Li®,
whereas binding behavior between MOF host and the
TFSI™ anion was not monitored during the MD simula-
tion. In the pure electrolyte, Li" and TFSI™ anions diffuse
rapidly, causing non-uniform Li-stripping behavior on
the Li metal surface and inducing the growth of Li den-
drites through a self-amplifying mechanism. In the MOF-
modified electrolyte, on the other hand, well-ordered
angstrom-scale pores imposed spatial restrictions on
TFSI™ anion transport, transforming it into a state with
highly mobile Li* and nearly “caged” TFSI™ anions and
finally prevent the growth of Li dendrites. The uniform
distribution of Li* immobilized on the MOF-modified
electrolyte was insensitive to the non-uniformity of the Li
metal surface due to the suppressed TFSI™ anion diffu-
sion. In other words, the “cage” electrolyte anions within
the MOF induce a homogeneous Li" flux, which inhibits
the formation of harmful dendrites and achieves stable Li
deposition. The pristine and MOF-modified electrolytes
were implemented in a Li||Li symmetric cell (2032-type)
to investigate the role of the MOFs during Li eposition. A
symmetrical cell of MOF-modified electrolyte was

operated under an areal capacity of 2.5 mAh cm 2 and a
current density of 5.0 mA cm™2. At the 100th hour, the
overpotential was only ~30 mV versus Li/Li*, and it
remained almost constant for the next 900 h. The final
voltage hysteresis reached ~35 mV at the end of the test.
A uniformly flat voltage profile indicated a stable Li plat-
ing/stripping process, demonstrating the containment of
Li dendrite growth. To confirm the reliability of the
MOF-modified electrolyte at substantially high current
densities, the areal capacity was increased up to
10 mAhcm % The initial voltage hysteresis was
~107 mV, followed by a gentle increase to ~114 mV at
120 h. When the test time was extended to 800 h, the
voltage profile remained consistent and stable at
~100 mV. On the other hand, the cells with pure electro-
lyte showed a sharp increase in overpotential from the
initial value of ~420 to ~1000 mV after 120 h, which was
due to a short circuit caused by overgrown Li dendrites.
Through the SEM images in Figure 28B, the existence of
Li dendrites was confirmed with a direct image after the
operation of the symmetric cell. In the case of the pristine
electrolyte, significant fragments and randomly oriented
Li dendrites ~10 pm in length were generated on the Li
metal surface after operation under areal capacity of
10 mAh cm™~2 over 120 cycles. On the other hand, no Li
dendrites could be found in the case of MOF-modified
electrolyte operated under the same conditions, and
the smooth and undamaged Li surface could be
identified even under more harsh operating conditions of
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2.5 mAh cm ™2 after 1000 h. Consequently, this study
showed that the MOF-modified electrolyte could signifi-
cantly inhibit the growth of Li dendrites by modulating
the ion transport behavior and eventually provide stable
and flat Li deposition. Furthermore, it was highlighted
that MOFs can play a promising role in realizing tunable
ion transport, which is widely applicable in energy stor-
age devices and other fields that involve ion conduction.
Lu et al. demonstrated a new type of advanced sepa-
rator that can improve Li" transference in liquid electro-
lytes by transforming glass fiber (GF) into a host for a
MOF to fabricate a functional separator with high ther-
mal stability and mechanical robustness.**® Figure 28C
shows the process of obtaining a MOF-GF composite
membrane by modifying a commercially available GF
membrane with MOF nanoparticles. Here, the functiona-
lized MOF was UiO-66-NH, with an octahedral structure
composed of ZrgO4OH),; and NH,-BDC. The p3-OH
capped on ZrgO4(OH), generates OMS on ZrsOg through
dehydration upon thermal activation. The resulting OMS
with Lewis acidity serves as an anchoring point for
anionic species in the liquid electrolyte, increasing the
Li* transference number (f7;;). GF, which has the advan-
tages of high chemical stability, good thermal stability,
and low cost, was chosen as the porous matrix. In-situ
growth of UiO-66-NH, nanoparticles on GF was accom-
plished by infiltrating the MOF precursor into the GF
porous membrane followed by heat treatment. The nano-
composite functional separators which were synthesized
by GF membranes with UiO-66-NH, were named MOGs.
The pristine GF membrane has the morphology of
entangled fibers, and after in-situ growth of the MOFs,
the GF maintains its fibrous structure decorated with
nanoparticles. To confirm the role of MOG as a func-
tional separator, an electrochemical evaluation was per-
formed using 1 M LiClO, in propylene carbonate (LPC)
as a liquid electrolyte. The t;;. was evaluated using a
Li|Li symmetric cell by the Bruce-Vincent method. Cells
containing MOG and LPC showed a high f1;; of 0.67,
which was twice that of commercial polyolefin separators
or GF membranes. The electrochemical stability window
was evaluated using stainless-steel (SS) plate as the work-
ing electrode and Li as the counter/reference electrode
(SS|Li). Cells with MOG maintain substantially smaller
peak currents (continuously less than 0.02mAcm ?),
demonstrating the significant inhibition of electrolyte
collapse at the interface between the electrode and the
LPC-saturated MOG. To mimic the practical situation of
lithium batteries, galvanostatic tests were carried out
under areal capacity of 3 at 1.5 mA cm 2 for each cycle.
Cells using GFs underwent polarization, resulting in a
sharp increase in cell voltage (rapid increase from 50 to
800mV over 200h), which is an archetypal sign of Li

dendrite growth and increased interfacial resistance. In
comparison, cells using MOG showed stable operation
for up to 350 h with a small overpotential (~55mV). This
result demonstrates the advantage of MOGs in inhibiting
the growth of Li dendrites and improving the resistance
of interfacial with Li. Prototype cells using LiFePO, as
cathode and Li metal as anode (LiFePO,|Li) to indicate
the potential use of MOG separators in LMBs were
assembled. Cells using MOG showed a high t;;, and
relaxed concentration polarization under high-rate opera-
tion and also showed good rate capability. A cell with
MOG showed ~80% cycling stability under areal capacity
of 2.1 mAh cm ™2 at a current density of 1 C (2.5 mA cm ™ %)
after operation for 200 cycles, while a control cell with
GF exhibited a sharp decrease in capacity at the 106th
cycle, suggesting dendritic Li growth. This can be seen in
Figure 28D, which shows an SEM image of a cycled Li
electrode harvested from a LiFePO,|Li cell at 1 C
(100 cycles). The surface of the Li from the cell using GF
showed a completely dendritic morphology, whereas the
surface of the Li from the cell using MOG showed a
smooth and dense surface without Li dendrites. This
study is significant in that it improved the performance
of LMBs by applying a MOG-based separator that can
modulate the ion transport behavior of liquid electrolytes,
and demonstrated that this method can be a general and
practically viable approach.

The current collector affects the Li anode
performance,®’ and depositing Li on an existing current
collector leads to the growth of Li dendrites. An electrode
modified using MOFs that has good chemical compatibil-
ity with Li metal and stable electrochemical properties
inhibits the growth of Li dendrites due to its high surface
area and abundant polar functional groups. Lin et al.
designed an electrode modified with Cu-MOF to inhibit
Li dendrite growth.®*® MOF nanosheets were prepared by
the hydrothermal method using BDC and cobalt nitrate.
The MOF-nanosheet modified electrode (denoted as Cu-
MOFs electrode) was fabricated by the simple method of
coating the dispersed MOF nanosheets on Cu foil using a
doctor blade. In the TEM image of Figure 29A, clear
MOF nanosheets can be confirmed. 2D nanosheets facili-
tate electrolyte adsorption and Li* adhesion due to their
unique structural periodicity, uniform thickness of
nanostructures, and exposure of polar functional groups
and ligands. The electrochemical stability of the Cu-
MOFs electrode was evaluated using CV and linear
sweep voltammetry (LSV) methods. Bare Cu electrodes
without MOFs were used for comparison. The low cur-
rent density in the CV and the large electrochemical sta-
bility window in the LSV indicate that the Cu-MOFs
electrode is more stable towards the electrolyte during
the electrochemical cycling, which helps to reduce side
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FIGURE 29 (A) TEM image of 2D MOF nanosheet and schematic diagram of the structure. (B) SEM images of the surface and cross-

sectional (lower inset) morphologies of bare Cu electrode with 1.0 mAh cm ™2 Li deposition at a current density of 0.5 mA cm 2. (C) SEM

images of the surface and cross-sectional (lower inset) morphologies of Cu-MOF electrode with 1.0 mAh cm™2 Li deposition at a current

density of 0.5 mA cm ™. The supper insets of C and D are photographs of the electrodes. (D) Cycling performances of bare Cu electrode and

Cu-MOFs electrode at the current density of 2 mA cm ™2 with a lithiation capacity of 1 mAh cm™2. Reproduced with permission.**®

Copyright 2018, Elsevier

reactions. The improved electrolyte absorption capacity
of MOF nanosheets can be confirmed by dropping an
ether-based electrolyte on the Cu electrode and Cu-MOFs
electrode to investigate the contact angles. The enhanced
affinity of the MOF nanosheets reduces the Li* concen-
tration gradient and inhibits the growth of dendrites,
which in turn allows the electrolyte to remain stable on
the electrode surface. Figure 29B,C show the surface and
cross-sectional (inset images) morphologies of Li depos-
ited on the bare Cu electrode and Cu-MOFs electrode,
respectively. After 5 cycles limited to the capacity of
1 mAh cm 2 at a current density of 0.5 mA cm 2, the
bare Cu electrode showed a very uneven shape, whereas
the Cu-MOFs electrode showed a relatively flat surface.
The optical images (inset images in the upper right of
Figure 29B,C) of Li deposited on these two electrodes also
show significant differences. A typical dark gray Li
deposit called Elton's gray layer was observed on the bare
Cu electrode. Coin-type batteries were used to observe
the cycling stability of Li plating/stripping. As shown in
Figure 29D, the Cu-MOFs electrode maintained a CE of
about 98.4% for more than 180 cycles under the condition
of a lithiation capacity of 1 mAh cm ™2 and a current den-
sity of 2 mA cm 2. On the other hand, the bare Cu elec-
trode exhibits an unstable CE and short cycle life under
the same operating condition, representing an inferior
electrochemical cycle. The results of this study open the

possibility of designing LMBs with high energy density
due to the advantages that they offer of high electrolyte
absorption, high surface area, polar functional groups,
and tunable pore structure with a high content of MOFs
as an electrode modifier. Also, shortly, this approach will
also apply to other metal secondary batteries.

Utilizing a 3D host framework as a Li storage
medium has generated great interest as an effective
approach to solve the technical problems related to the
formation of Li dendrites and volume changes.*****° The
3D host framework can be endowed with high Li storage
capacity by providing abundant interior space for hosting
metallic Li plating, so that it will not undergo any appre-
ciable volume changes during Li plating/stripping. A 3D
host framework with a high surface area can modulate
the electric field for Li* transport to significantly reduce
the effective current density and mitigate the nucleation
and growth of Li dendrites.®>' Indeed, the efficacy of
using carbon nanofibers/nanotubes,’>' graphene,®*
polymers,®>® and metallic Ni and Cu®”®* as 3D host
materials has been demonstrated. Liang et al. reported
the experimental results of a Li-scaffold composite elec-
trode fabricated using the method of Li melt implantation
on a porous carbon matrix deposited with lithiophilic
Li.°>® The resulting composite electrode showed low over-
potential for Li plating-stripping and consequently high
structural stability and stable cycling performance. Li
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et al. reported a porous carbon with 3D structure forming
a strong SEI with doped fluorine species by promoted
uniform distribution of current density with graphene
shuttle. This porous carbon network structure can effec-
tively suppress the formation of Li dendrites and main-
tain a high CE of 99%.

Preparing a 3D-structured anode is one of effective
and easy approach to control the volume changes of the
Li metal anode and suppress the Li dendrites.®®”-%>*¢%°
Cui et al. reported experimental findings of significant
differences in Li metal nucleation barriers among 11 types
of metal substrate materials (Cu, C, Zn, Mg, Al, Ni, Si,
Sn, Au, Ag, and Pt), and reported the Li nucleation over-
potentials in these substrates.®®” It has been shown that
no overpotential is required to nucleate Li metal in Mg,
Zn, Ag, and Au, which can be explained in terms of solu-
bility of Li metal in these substrates. The principle of Li
metal nucleation in various metal substrates has laid the
basis for designing 3D structures of Li metal anodes that
are Li dendrite-free. To reduce the formation of Li den-
drites and lead to a more uniform deposition of Li, it is
necessary to use a lithiophilic material with large surface
area and low nucleation overpotential with respect to Li.

In addition to the porous and large surface area prop-
erties of MOFs, their polar functional groups can induce
uniform Li nucleation.®®®* ®** Wang et al. proposed a dual
lithiophilic MOF structure composed of HKUST-1
impregnated with conductive lithiophilic Au nanoparti-
cles (expressed as Ag@HKUST-1) to induce the uniform
deposition of Li.®** Due to the large surface area and
abundant O sites of the MOFs, the binding energy for Li
is increased, followed by low nucleation overpotentials
leading to a uniform distribution of Li nuclei. When Au
particles with highly conductive lithiophilic are inte-
grated with MOFs, the binding energy to Li is increases,
and the nucleation overpotential approaches almost zero.
Consequently, Li plating and stripping of Ag@HKUST-1
substrate exhibited a 97% of CE and had a high areal
capacity of 5 mAh cm > without the formation of Li
dendrites.

Yang et al. reported Li-cMOFs (cMOFs: carbonized
MOFs) hybrid 3D anode structures and studied their elec-
trochemical performance.®®> The MOF used in this study
was ZIF-8, which is tetrahedrally coordinated by Zn*"
and imidazolate, and was transformed into a unique
microporous carbon with well-constrained metal clusters
after simple heat treatment.®®®°®® Carbonized ZIF-8
demonstrated that it was an ideal lithiophilic host for
metallic Li, providing that easily molten Li can be
implanted into the matrix to form a homogeneous lith-
ium carbide MOF (Li-cMOF) hybrid. Since numerous Zn
clusters were uniformly dispersed in the matrix and ther-
modynamically well matched with Li, which can

overcome the nucleation barrier, they acted like
pre-planted nucleation seeds, leading to uniform Li depo-
sition. At the same time, the 3D conductive porous struc-
ture in ZIF-8 dramatically homogenized the distributions
of electric field and Li* flux, preventing the formation of
Li dendrites. In addition, the unlimited volume changes
of Li due to plating and stripping could also be well han-
dled by the porous ZIF-8. These characteristics make Li-
cMOF a promising rechargeable Li anode material with
excellent electrochemical performance, including a very
low voltage hysteresis of 20 mV at 1 mA cm ™~ and a long
lifetime of up to 350 cycles.

Similarly, Zhang et al. reported a ZnO/carbon/Li
advanced anode using ZIF-8 that provided excellent bat-
tery performance.®® With the help of abundant ZnO, and
carbonyl and N-containing surface functional groups, a
free-standing and current-collector-free Li electrode in
which molten Li was injected into the framework, was
created. The structure has two notable advantages. First,
the ZnO/carbon framework provides a stable scaffold for
Li plating/stripping, greatly alleviating volume changes
during cycling at the electrode level. Second, the excel-
lent affinity of the ZnO/carbon framework with a large
surface area ensures deposition and infusion of Li during
synthesis and cycling. Due to these advantages, the ZnO/-
carbon/Li electrode shows good stability during cycling,
even at a high current density of 10 mA cm ™2, which can
significantly improve the electrochemical performance.

Recently, Park et al. proposed a dual function for Li
storage in a porous carbon host using a ZIF-8-derived
porous carbon framework (PCF).®'® Without using other
templates, the ZIF-8 product was obtained by a simple
method of dissolving and mixing Zn ions and 2-MIM in a
solution, and a porous carbon structure was obtained
through an easy carbonization process. The obtained
porous carbon framework was denoted as PCF, and the
product obtained by removing the residual Zn with HCI
solution was called PCF-E, respectively. The reason why
ZIF-8-based porous carbon material was selected in this
study is that it has the following attributes: (1) carbon
structure to absorb Li*, (2) large pore volume to accom-
modate metallic Li, (3) large surface area to reduce the
effective current density, and (4) lithiophilic heteroele-
ments to promote the nucleation kinetics. Based on the
atomic model, the Li lattice gap formation energy for the
Zn dopant was calculated by DFT, and the results
showed that Zn donates excess electrons and further
lowers the activation energy for Li adsorption and metal-
lic Li formation, promoting lithiation and metallization
of Li. Figure 30A is a schematic illustration showing
dual-phase Li storage in a PCF structure. It can be seen
that Li metal is stored in the pores of PCF and that Li*
are intercalated on the PCF surface. The reaction
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mechanisms are as follows. During charging, Li" is
inserted into the carbon structure and a lithiation reac-
tion occurs. When PCF is fully lithiated, the surface
becomes more lithiophilic, which mainly serves to lower
the activation energy for Li adsorption and induce a uni-
form surface reaction inside the nanopores. The metalli-
zation reaction occurs as Li is plated inside the
nanopores through the nucleation-growth process after
the lithiation process. To confirm the electrochemical
behavior, the galvanostatic charge-discharge curves of
Super-P, PCF, and PCF-E were investigated. Super-P,
which is a conductive and non-porous carbon material
was used for comparison. PCF-E with a larger pore vol-
ume exhibited high reversibility and low overpotential
for Li stripping during subsequent discharge. These
results indicate that, in addition to lithiophilic element
coordination, the porous structure of PCF is a major fac-
tor in accommodating the metallic Li phase. The electro-
chemical behavior of the metallization reaction was
performed for full lithiation after 3 cycles in the voltage
range of 0.01-2.0 V versus Li/Li", discharging to 0 V ver-
sus Li/Li". Then, a constant cathodic current
(0.5 mA cm ®) was applied to drive the metallization
reaction, and the potential was monitored from that
moment until the capacity reached 1.0 mAh cm 2. PCF
showed a flat voltage profile with a significant decrease
in overpotential during Li plating at the same current
density. Figure 30B,C are cross-sectional field emission
SEM (FESEM) images of Super-P and PCF-E obtained
after charging to 1.0 mAh cm ™2 It is clear that Super-P is
covered with a thick layer of metallic Li moss-like fibers,
whereas in PCF-E there is no Li dendrite growth. The
reversibility of Li plating and stripping processes was
determined by characterizing and comparing the cycling
performance of Super-P and PCF-based anodes. For the
cycling test, the cell was first charged to 2.0 mAh cm 2
and cycled at a constant capacity of 0.2 at 0.2 mA cm 2.
In the cycling results shown in Figure 30D, the Li||Super-
P cell using Super-P as an electrode showed very high
overpotential and CE fluctuation after 83 cycles, suggest-
ing dendritic Li growth or cell failure by Li exhaustion.
The Li||PCF-E cell using PCF-E as an electrode showed
stable cycling behavior with no signs of failure over
350 cycles. The results of this study showed that MOF-
derived PCF can act as a promising metallic Li storage
material with dimensional stability, high capacity, and
excellent circulation in application to LMBs.

The achievable rate capability and reversible capacity
of ZIF-8 is limited, however, in terms of electrolyte access
and Li" migration by its structural features, which are
mainly composed of micropores (<2 nm). Therefore, the
pore structure of the porous material becomes a major
factor in determining the electrochemical performance in

Li storage, as the Li" conduction kinetics in the electro-
lyte must be considered for effective metallization of Li in
a given pore structure.®’>®”! It is also necessary to estab-
lish a porous material and an open path with internal
pores of appropriate size for homogeneous metallization
of Li throughout the electrode. Otherwise, the internal
pores will be electrochemically deactivated, eventually
resulting in reduced reversible capacity and long-term
cyclability. Park et al. created craters on the surfaces of
ZIF-8 to secure an open path and investigated the role of
the craters in improving the reversibility of plating and
peeling when using ZIF-8 as a host for LMBs.®”* First,
poly(vinylpolypyrrolidone) (PVP, [C4HgNO],) was dis-
solved in deionized (DI) water, and colloidal silica (SiO,)
solution was added to the PVP solution under stirring for
24 h. Then, a solution of zinc acetate dihydrate and
2-MIM dissolved in DI water as precursors were mixed
with a PVP-SiO, solution and maintained without stir-
ring. The precipitate was collected, washed, dried, and
then the resulting powder was heat-treated in an Ar
atmosphere. After etching with hydrofluoric acid solution
to remove chemical residues, washing and drying were
performed to obtain the final product. The structure
without surface craters was named PCF, and the struc-
ture with surface craters was named SC-PCF. The surface
structures of PCF and SC-PCF are shown in Figure 31A.
The surface of SC-PCF, which is cratered due to silica
particles, shows noticeable morphological changes and
large pores are formed. PCF particles with surface craters
have a typical amorphous carbon structure, and various
chemical states of N exist, such as quaternary N,
pyrrolic N, and pyridinic N, which play an key role in sta-
ble Li metal formation. The function of surface craters in
modulating the Li storage response was analyzed using
two different AC impedance measurements. From the
impedance results, the MacMullin number (Ny) was esti-
mated for both PCF electrodes, as shown in Figure 31B.
Ny is defined as the ratio of the ionic conductivity (x) of
an electrolyte solution to the effective ionic conductivity
(kefr) of an electrolyte-filled porous electrode, and indi-
cates how effectively ions are transported through the
electrode.®”®> The Ny, value of SC-PCF was estimated to
be 2.18 and that of PCF to be 4.47, which means that the
integration of surface craters in SC-PCF helps to provide
robust pathways for facile Li* transport through the elec-
trode. PCFs are mainly composed of micropores, which
provide a narrow path for the movement of Li™, resulting
in high ionic resistance. This prevents the transport of
Li" deep into the pores, causing preferential plating of Li
at the pore orifice, which provides only limited utilization
of the internal pores during charge the process. SC-PCF
regulates Li* transport by reducing ionic resistance
through the electrode due to the craters on the particle
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(A) Schematic illustration showing dual-phase Li storage in a porous carbon framework (PCF) structure. Li metal is stored

in the pores of PCF, and Li* are intercalated on the PCF surface. (B) Cross-sectional SEM images of Super-P obtained after charging to
1.0 mAh cm 2. (C) Cross-sectional SEM images of PCF-E obtained after charging to 1.0 mAh cm 2. (D) Cycling performances of Super-P
and PCF-E at a constant capacity of 0.2 at 0.2 mA cm 2. Reproduced with permission.®'® Copyright 2020, WILEY-VCH

surfaces, while also allowing Li* to migrate into the
internal pores to be plated. When the inner pores are
filled with Li, the surface craters provide additional space
for Li storage, allowing efficient use of both the inner
pores and the surface craters, and enhancing the revers-
ibility of Li plating and stripping. To clarify the role of
surface craters for Li storage, the results for the electro-
chemical behavior during Li plating and stripping of PCF
and SC-PCF are shown in Figure 31C. Both the PCF and
the SC-PCF electrodes were galvanostatically charged to
an areal capacity of 2 mAh cm ™2 with a current density
of 0.2 mA cm 2 They were initially lithiated (>0 V
vs. Li/Li") during charging (Li plating) and then metallic
Li (<0 V vs. Li/Li") was plated into the internal pores.
During discharging (Li stripping), PCF and SC-PCF
exhibited different behavior, and the initial CE of SC-
PCF electrode was ~90.5%, much higher than that of
PCF (~72.7%) because a larger amount of Li was
removed from the SC-PCF electrode. This is because
more of the pore space of the SC-PCF was effectively uti-
lized as a reservoir for metallic Li during cycling. In

conclusion, the full cell composed of PCF anode with sur-
face craters introduced noticeable improvements in speed
and cycling performance compared to the original PCF
full cell. This demonstrates that tuning the surface struc-
ture of PCFs can be novel strategy to enhance the electro-
chemical performance and cycle life of advanced host
materials for LMBs.

The Zn atoms, which are metal ions constituting
ZIF-8, plays a role in promoting stable Li metal formation
in the host by increasing lipophilicity. Moreover, dual-
phase lithiation and metallization can be realized in a
single anode electrode, enabling a large amount of Li
storage. Reinforcing weaknesses such as less stable sur-
face chemistry causing dead-Li growth, however, still
remains a challenge to be solved. Kim et al. proposed a
structure in which Co nanoparticles are embedded in a
porous N-doped graphite material derived from ZIF-8 as
part of a study to improve this.”® Zn-based ZIF-derived
carbon (ZC) and bimetallic ZIF-derived carbon (BZC)
were synthesized by controlling the ratio of Zn to
Co. Figure 32A shows the Li metal growth behavior in
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FIGURE 31 (A) Surface structures of porous carbon framework (PCF) and structure with surface craters (SC-PCF). (B) Schematic

illustrations showing the ion transport, which was used to calculate the MacMullin numbers of PCF and SC-PCF electrodes. (C) The Li
plating and stripping behavior of PCF and SC-PCF electrodes. Reproduced with permission.®”> Copyright 2021, Elsevier

ZC and BZC. It is well known that simple carbonization
of ZIF synthesized with a Zn-ion precursor yields Zn-N-
amorphous carbon, which exhibits excellent Li metal
storage performance due to its high porosity and high
conductivity. As shown in the TEM images located on
the right of Figure 32A, it can be confirmed that a large
number of Li metal whiskers had grown on the surface of
the ZC after charging to 2 mAh cm 2 On the other hand,
Co-N-graphitic carbon derived from bimetallic Zn/Co-
ZIF showed stable axial Li metal growth on the surface.
It can be expected that, due to the catalytic effect of Co
ions, many N dopants are bound to the graphite defects,
resulting in excellent Li metal anode performance.®’*%”>
DFT calculations were performed to investigate the
causes of different types of Li metal growth behavior and
to explore the optimal carbon structure in terms of the
lithiophilicity of the surface chemistry. As shown in
Figure 32B, the Li interstitial formation energy for vari-
ous dopant elements was calculated based on the atomic
model.®”® in amorphous and graphite carbon structures.
Elemental doping can effectively lowered the Li intersti-
tial formation energy, and the N dopant forms the lowest
Li interstitial energy in the graphite structure among var-
ious single dopants. From these discoveries, it was con-
cluded that the best candidate for a Li metal host should

be rich in N-doped graphitic carbon with a high pore vol-
ume and acceptable electrical conductivity. Experimen-
tally, the sample with the ratio of Co to Zn of 2:1
(expressed as BZC-2:1) had the highest pore volume
(0.63ccg™’) and high electrical  conductivity
(16.7 S cm™ 1), so it was sufficient for use as a metal host
anode. The important role of Co was investigated by ana-
lyzing the charge density difference (pqir) of Li adsorp-
tion on Co-N-doped graphite and N-doped graphite. The
charge transfer by Li insertion occurring in Li-C and Li-N
is shown in the yellow part of the isosurface in
Figure 32C,D. The marked with cyan region represents
charge depletion, which may be the driving force for local
charge separation during polarization. When Co is doped,
charge depletion is observed near the Co atom, and the
donated charge participates in the creation of chemical
bonds to Li. Co-N doped graphite allows the accumula-
tion of delocalized electrons from surrounding electrons.
Therefore, the interaction between Li and Co-N doped
graphite is enhanced by Co. With planar Li plating, it is
expected that the effect of Co-N extends to the second
nearest neighbor of the C atom and that N affects only
the nearest neighbor C atom. Using charge analysis, it
was found that Li atoms provide charge to Co-N doped
graphite which almost completely ionizes Li atoms.
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Saturation of electron-deficient Co-N bonds creates
strong chemical bonds between graphite and Li*. In con-
clusion, the highly mesoporous N-graphite with Co nano-
particles proposed in this study showed noticeably high
electrochemical performance without the formation of
dead Li. This provides possibilities and understanding of
the application of ZIF as an LMB anode material for
next-generation lithium battery applications.

All the results based on using the porous carbon
obtained from ZIF-8 as host material confirmed that it sup-
presses volume expansion as it does not form Li dendrites

during Li plating/stripping. Furthermore, they showed that
N and Zn (or ZnO) nanoparticles within the host structure
had enhanced affinity with Li and caused favorable nucle-
ation and stable growth of Li metal. In conclusion, the ZIF-
derived carbon hosts showed dramatically improved
cycling performance compared to Li metal or non-porous
carbon materials. So far, more than 30 000 MOFs with vari-
ous structures and properties composed of different metal
ions or clusters and ligands have been reported, which
show tremendous potential to obtain carbonized compos-
ites that can be used as templates or precursors.
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Metals, metal oxides, and metal sulfides act as lithio-
philic sites for Li nucleation and deposition. In addition
to constructing a standalone carbonized MOF anode,
other methods such as hot-pressing methods can be used
to introduce MOFs into the network.®””%”® The introduc-
tion of electrolyte additives can improve the cycling sta-
bility of LMBs,*” %" and several MOFs have been
proposed for this purpose. The introduction of the addi-
tive usually results from the in-situ formation of a strong
but thin SEI when the degradable additive comes into
contact with Li, as is the case with LiNO; and fluoroethy-
lene carbonate.®’®®** Because sufficient porosity and
thin-grain self-assembly are important in electrolyte
fillers,%®? the search for flexible or modifiable additives
that are full of multi-scale pores, functional groups, or
building blocks is essential for the advancement of Li
metal anodes. Additives are used to protect the anode by
reacting with Li to form an SEI layer, and to inhibit the
growth of Li dendrite.®®® Li et al. proposed three MOFs
(Ui0-66, HKUST-1, NH,-MIL-101) as electrolyte solid
additives to inhibit the growth of Li dendrite.”®* The
MOF-based additives were synthesized by mixing with
common carbonate electrolytes. Among them, Zr-based
MOF additives (UiO-66) had the best electrical conductiv-
ity compared to other Cu-based MOFs (HKUST-1) and
Al-based MOFs (NH,-MIL-101). The system with UiO-66
enabled very long cycling of Li plating/stripping with a
small voltage gap of 75-150 mV up to 1400 h at an areal
capacity of 1.5 mAh cm 2, based on a Li-Li symmetric
cell. The robustness, porosity and electrochemical stabil-
ity of the MOF additives promote the concentration of
LiF in the SEI to reduce unwanted side reactions. It
makes an important contribution to good Li anode per-
formance by homogenizing the distribution and size of
the Li" flux and suppressing the extrusion of Li deposits.
Table 7 summarizes the studies where MOFs were
applied as an electrolyte, separator, and host in
LMBS.223,549,550,61(),629,631,634,644,646,664,665,669,670,672,6857687

MOFs show tremendous potential for broad applica-
tion in LMBs. In spite of the existing difficulties, we
believe that the targeted and definite design of MOFs for
LMBs will make increasingly valuable progress and make
clean energy a reality in the near future.

5 | CONCLUSION AND
PERSPECTIVE

There is no doubt that secondary batteries will provide a
technical solution to resolve various social problems aris-
ing from energy crises as well as environmental issues.
Therefore, it is crucial to develop highly reliable batteries
with high energy density and long cycle lifetimes. Table 8
outlines the key features of advanced batteries in terms

of energy density, stability, processing, and cost. Given
that the achievable energy density and performance of
batteries would strongly depend on the choice of mate-
rials, continuous efforts should be made to find and
develop advanced electrode/electrolyte materials for bat-
teries. As discussed in this review, MOFs provide poten-
tial advantages as battery components, over conventional
carbon and inorganic materials: for example, good ion
mobility, gentle chemical interactions, open porous chan-
nels, and chemical/electrochemical compatibility with
carbon-based electrodes. Furthermore, the easy crystallo-
graphic control of the constituent elements of the MOF
increases the porosity and availability, resulting in
improved performance. The multifaceted nature of MOFs
offers great opportunities to develop battery materials
with high thermal and mechanical stability, thereby
pushing the limits of the current technology towards safe
battery operations under extreme conditions.

The unique compositional and structural features of
MOFs will provide more opportunities to improve the
electrochemical performance of next-generation batteries,
as summarized below:

1. Lithium-ion battery: MOFs can be used as advanced
cathode and anode materials that offer higher Li stor-
age capability than those of commercial materials.
When MOFs are employed as cathode materials, they
exhibit reversible Li storage behaviors based on the
redox reactions of transition metals coordinated in the
given structures during cycling. The crystal structures
of MOFs can host a large amount of Li* with excellent
structural stability. In addition, the feasibility of MOFs
has been examined as potential anode materials for
LIBs. The porous structure of MOF is beneficial
for boosting interfacial reaction kinetics as well as for
improving dimensional stability (regarded as practical
limitations of high-capacity anode materials), as dem-
onstrated by superior rate capability and cycling sta-
bility. The large irreversible capacity of MOFs,
however, still remains an open problem to be
resolved. Comprehensive studies on structural modifi-
cations and optimizations are required to make MOFs
more valuable in the development of high-energy
LIBs. Recently, MOFs have been utilized as functional
materials for separators owing to their porous struc-
ture and ion selectivity. They can be directly deposited
on the polymeric membranes, providing various func-
tionalities such as high permeability, high strength,
and high heat resistance for improving the perfor-
mance and safety of LIBs.

2. Lithium-metal battery: MOFs can be utilized as prom-
ising host materials for metallic Li storage in LMBs.
The porous structure of MOFs offers sufficient free
spaces and facile pathways for charge transport,
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TABLE 7
materials for LMBs.

Summary of recent studies in which MOFs or MOF derived materials were applied as electrolyte, separator, and host

Reversible
Application capacity Rate Cycle
MOF part (mAhg') (@mAg ') number References Note
ILE@ZIF-67 Solid state 151 2C 60 631
electrolyte
SLE-UiO-66 Solid state 129 01C 100 223
electrolyte
Li-IL@MOF Solid state 140 01C 150 629
(Ui0-67) electrolyte
MOF-525(Cu) Solid state 145 01C 100 685
electrolyte
LPC@HKUST-1 Solid state 106 1C 500 685
electrolyte
cationic MOF Solid state 100 1C 300 634
(CMOF) electrolyte
PEO-n-UIO Solid state 140 0.5C 100 686
electrolyte
NH,-UiO-66 Solid state 121 02C 100 687
electrolyte
UiO-66-S/Nafion Separator 1127 01C 200 549
HKUST-1 Separator 135 5C 2000 644
HKUST-1 Separator 802 2C 600 550
Ag@HKUST-1 Host material — — 300 664 Long cycle life with a high CE over
97%
at a current density of 0.5 mA cm >
ZIF-8 Host material — — 350 665 Overpotential of 29 mV at a current
density of
1 mA cm™? with the areal capacity of
1 mAh cm™2
ZIF-8 Host material — — 200 669 Overpotential of ~14 mV at a current
density of
1 mA cm ™2 with the areal capacity of
1 mAh cm 2
ZIF-8 Host material — — 350 610 Overpotential of 24.4 mV at a current
density of
0.5 mA cm > with the areal capacity
of 1 mAh cm™2
ZIF-8 Host material 991 — 120 672 Overpotential of ~36 mV at a current
density of 0.2 mA cm ™2 with the
areal capacity of 0.6 mAh cm 2
Bimetallic ZIF Host material — — — 200 670 100% of coulombic efficiency even

over 100 cycles at 0.4 mAh cm ™2

enabling reversible storage of metallic Li. This
approach can effectively suppress the dendritic growth
of metallic Li without volume changes during cycling.
Moreover, a wide range of heteroatoms can be easily
incorporated into the structure of MOFs during syn-
thesis, and they would regulate interfacial reactions of

MOFs, allowing for more stable Li plating and strip-
ping during cycling. Based on these merits of MOFs,
current researches focus on the practical design of
MOF electrodes for realizing highly reliable LMBs.

Lithium-sulfur battery: The large surface area and
tunable porosity of MOFs are also advantageous for
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TABLE 8 Outline of the types of batteries and a technology overview according to the most important aspect of performance of the
battery.
Focusing Aspect of
performance performance Technical overview
High energy Li-S battery 1. Using sulfur as a cathode material and lithium as an anode material.
2. Possible to realize an energy density three times higher than that of a LIB.
3. Eco-friendly and low cost because uses sulfur waste, a by-product of crude oil refining.
Li-air battery 1. Air (oxygen) is used as the cathode material and lithium is used as the anode material.
2. Energy density equivalent to 5-10 times that of LIBs can be realized.
Stability Solid-state 1. A battery in which all of the battery's components are solidified by replacing the electrolyte,
battery which is generally a liquid type, with a solid electrolyte.
2. Remarkably lowering the risk of ignition/explosion of LIBs, dramatically improving stability
of the battery.
Function Flexible battery 1. A technical field that collectively refers to flexible and bendable batteries.
convenience 2. Rather than being an independent field, flexible batteries are composed of a technology that
provides mechanical flexibility by grafting it onto other battery fields. (Example: flexible all-
solid-state battery, flexible LSB, etc.)
Manufacturing Printable battery 1. A technical field that refers to batteries manufactured through the printing process.
innovation 2. A technology for printing batteries by grafting it to other battery technical fields, rather than
being an independent field.
(Example: printable LIB, printable all-solid-state battery, etc.)
Low cost of Redox flow 1. A battery that charges and discharges through oxidation-reduction reactions using aqueous
resource battery solutions of vanadium as positive and negative electrolytes.
2. Longer lifespan (more than 10 times) and lower-cost (one-third the level) than of LIBs.
3. Difficult to miniaturize due to its large volume and has disadvantages in that energy
efficiency is lower than that of LIBs.
Sodium-ion 1. A battery that uses sodium ions as ion carriers instead of lithium ions.
battery 2. Low-cost battery production is possible by replacing lithium, which is vulnerable to price
and supply stability.
Zn-air battery 1. Air (oxygen) is used as the anode material, and zinc is used as the anode material.

2. No risk of explosion because it uses an aqueous electrolyte, and low-cost battery
manufacturing is possible due to the use of zinc.

use as cathode materials for LSBs. In LSBs, a cathode is
generally composed of solid sulfur and conductive car-
bon materials. Here, conductive carbon plays an impor-
tant role in securing electrical conduction pathways as
well as absorbing soluble polysulfide molecules. In this
respect, MOFs have received great attention as promis-
ing cathode materials for LSBs because of their porous
structure and excellent electrical conductivity. The
solid sulfur and polysulfide molecules can be effectively
confined in the free-space of MOFs, resulting in
reduced side reactions (e.g., polysulfide shuttling). In
addition, they can be used as absorbents for polysulfide
molecules on the separator, leading to the improved
reversibility of LSBs. Currently, various structural mod-
ifications of MOFs are in progress to improve the elec-
trochemical performance of LSBs.

. Lithium air battery: In the development of LABs, MOFs
have been considered as cathode materials owing to the
large surface area and pore volumes. In principle, the
charge transfer reactions occur on the surface of MOFs,

and discharge products (e.g., Li,O,) can be accommo-
dated in the free spaces of MOFs. These structural fea-
tures of MOFs can improve the reversibility of LABs by
lowering the overpotentials mainly arising from the
decomposition of discharge products upon charging. In
addition, current efforts to enhance the electrical con-
ductivity of MOFs via elemental doping and microstruc-
tural engineering would be essential for developing
advanced cathode materials for LABs.

In this review, we overviewed and discussed the impor-
tant characteristics of MOFs for use in electrochemical
energy storage as well as their applications in next-
generation batteries especially LIB, LSB, LAB, and LMB.
The unique properties of MOFs in terms of porosity, stabil-
ity, and synthetic tunability provide effective solutions to
overcome technical bottlenecks in the development of
high-performance and stable battery components (elec-
trode, electrolyte, and separator). MOFs have emerged as
effective materials for lithium storage applications due to
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their special structural properties such as aligned channels
and tunable open metal sites. The OMS of MOFs restrain
the movement of anions and accelerate the transfer of Lit,
showing excellent performance. Despite their great poten-
tials, there is still much to be learned about the effective
application of MOFs in energy storage devices. The chemi-
cal inertia of MOFs towards lithium needs to be systemati-
cally studied, as the interactions between different types of
OMS or functional groups and lithium anions are not clear.
Additionally, there are a large number of contact interfaces
in each battery, and the improvement in Li" transport
dynamics at these interfaces should also be fully accounted
and studied. Understanding of these will provide guidance
for future research. The strategies being studied and devel-
oped so far can inspire the identification and discovery of
MOF materials with novel compositions and nanoarchitec-
tures/nanoarchitectonics. In conclusion, the basic and
applied knowledge gained from this review will help real-
ize advanced MOF-based energy storage technology.
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