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Metal-organic frameworks for high-performance
cathodes in batteries

Jeongmin Lee,"? Inyoung Choi,"? Eunji Kim,"? Junghyun Park,"? and Kwan Woo Nam'*

SUMMARY

Metal-organic frameworks (MOFs) are functional materials that are proving to be indispensable for the
development of next-generation batteries. The porosity, crystallinity, and abundance of active sites in
MOFs, which can be tuned by selecting the appropriate transition metal/organic linker combination,
enable MOFs to meet the performance requirements for cathode materials in batteries. Recent studies
on the use of MOFs in cathodes have verified their high durability, cyclability, and capacity thus demon-
strating the huge potential of MOFs as high-performance cathode materials. However, to keep pace
with the rapid growth of the battery industry, several challenges hindering the development of MOF-
based cathode materials need to be overcome. This review analyzes current applications of MOFs to
commercially available lithium-ion batteries as well as advanced batteries still in the research stage.
This review provides a comprehensive outlook on the progress and potential of MOF cathodes in meeting
the performance requirements of the future battery industry.

INTRODUCTION

As the use of fossil fuels increases along with industrial development, greenhouse gas emissions, such as carbon dioxide generated during
fuel combustion, are increasing.' High concentrations of greenhouse gases in the atmosphere are the main cause of global warming and
various ecosystem disturbances. Accordingly, the international community is focusing on clean energy for net zero carbon, and the demand
for batteries for storing the electrical energy produced from renewable energy sources is increasing.” Batteries are used in a diverse range of
products such as portable electronic devices and electric vehicles (EVs) and their range of applications is still expanding.® Thus, numerous
studies are being carried out to improve battery performance for new and growing applications. Among them, the development of novel,
efficient, and cost-effective electrode materials occupies an important position in the goal of improving battery performance.®

The overall performance and price of the battery are primarily dictated by the cathode.”” Therefore, cathode active materials play an
importantrole in the development of metal-ion rechargeable batteries and researchers continue to develop optimal cathode active materials
to improve battery performance.'’ The cathode active material should be able to reversibly intercalate/deintercalate a large number of metal
cations in order to increase the energy efficiency in the charging and discharging process.'" In addition, it is necessary to meet the required
high volumetric capacity and specific capacity through a light and compact structure, and to produce high output performance by increasing
both electrical and ionic conductivity. To eliminate reactions with electrolytes and other minor materials, they must be electrochemically or
thermally stable. However, the cathode materials developed so far have limited capacity, power performance, and cycle-life characteristics
and are not ideal for high-performance applications such as EVs. Moreover, there are many challenges that need to be solved to extend the
durability of batteries. Specifically, composite materials and structures that preserve the crystallinity without disrupting the intercalation/de-
intercalation of carrier ions in the host cathode need to be developed. Also, the relatively low electrical conductivity of Metal-organic frame-
work (MOF) is one of the biggest problems to be solved.

MOFs have crystalline structures with high porosity consisted of transition metal center and an organic linker.'”"* As shown in Figure 1, the
chemical properties, surface area, and pore size of the synthesized MOF are dependent on the combination of transition metals and organic
linkers selected.’*'® The tunable characteristics of MOFs make them suitable for supercapacitors'’~'? and rechargeable batteries.”® In addi-
tion, MOF-derived structures provide a robust framework that can withstand the physical impacts that occur during metal cation insertion and
deintercalation processes.”’

Electrical transport in MOFs can be activated by two approaches, so-called through-bond and through-space strategies. The through-
bond approach emphasizes enhancing the bond strength between the metal and ligands for increased charge dispersion, while the
through-space approach concentrates on non-covalent interactions among organic fragments, specifically # — 7 stacking, to establish un-
interrupted pathways for charge transfer. These pathways could influence the transport properties of MOFs.?
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Figure 1. Advantages of MOF as a battery cathode material
Advantages of MOF materials suitable for battery cathodes materials: crystallinity, porosity, abundant active sites, and modularity.

In general, for lithium-ion batteries (LIBs), the cathode refers to a compound consisting of an active material, a conductive agent, and a
binder coated with an aluminum current collector. In this paper, cathodes using redox-active MOF materials for metal-ion batteries, MOF
composites with a sulfur active material for lithium-sulfur batteries (LSBs), and MOF catalysts for oxygen reduction in metal-air batteries
are reviewed. This review classifies MOF-based cathodes according to the type of battery and analyzes the performance, advantages, and
limitations of cathodes with MOF-derived materials. This review highlights the potential of MOFs as active cathode materials for the future
instruction of rechargeable batteries.

METAL-ORGANIC FRAMEWORK CATHODES IN METAL-ION BATTERIES

Metal-ion batteries, such as the widely used LIBs and the advanced aqueous rechargeable zinc-ion batteries (ZIBs), produce and store elec-
trical energy through a redox reaction according to the insertion and deinsertion process of metal ions moving in the cathode structure.
Among the battery components, the cathode determines the overall performance of the cell, specifically the capacity, voltage, and lifespan
characteristics.” Therefore, it is important to develop a cathode material that can achieve a high energy density while exhibiting high power
performance and long cycle-life properties.”**” In general, it is possible to improve the energy density of the battery by increasing the output
voltage or capacity of the cathode material.

However, with the existing cathode materials, if the output voltage or capacity is increased to improve the energy density of the cathode
material, structural collapse of the cathode inevitably occurs, causing problems such as capacity fading or deterioration of safety.””*” Tran-
sition metal oxides have sufficient stability of host structure in the process of the metal ion intercalation/deintercalation to the cathode in the
energy density range required for current LIBs.”®*” However, for cathode materials in rechargeable batteries used in EVs, a higher energy
density is required, which causes the structural collapse of current cathode materials.** Current solutions involve forming an insulating metal
oxide at the interface, which acts as a high-potential barrier and results in a decrease in capacity. In addition, the bulk phase of the active
material lacks an efficient diffusion path for metal ions, leading to incomplete intercalation/deintercalation.** Therefore, research about
developing a completely new class of cathode active materials is needed.

MOF cathode materials have received considerable attention owing to their flexible design potential. They can form numerous struc-
tures according to the type of transition metal and organic linker used. Furthermore, MOFs®® can have high crystallinity, high stability, and
their porous and conjugated electronic structure that allows high ionic/electrical conductivity in Figure 1. In addition, it is possible to in-
crease redox activity*>* in Figure 1 by creating abundant redox sites through open metal sites. Figure 2 shows the MOF redox mechanism
at the transition metal sites, and the organic linkers and the pore structure that allows ions and oxygen to penetrate. To use MOFs as
cathodes in metal-ion batteries, studies are being conducted to compensate for their shortcomings while exploiting the advantages
of MOFs.

In this section, we classify MOFs based on two battery type applications, LIBs and ZIBs, and analyze the capacity and cyclability of the MOF
cathode materials. Then, directions for future research that will allow MOFs to be introduced into the cathode more effectively are suggested.
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Figure 2. Redox mechanism of MOF as a battery cathode
(A) The redox mechanism of MOF.
(B) Movement of metal-ions and oxygen in the MOF pore structure.

Metal-organic framework cathodes in lithium-ion batteries

LIBs have been the most commercialized type of rechargeable batteries for several decades owing to their long cycling stability and high
energy density.”® With the commercialization of EVs, research is being actively conducted to increase the capacity and lifespan of LIBs.
However, the currently used layered transition metal oxide (TMO)-based cathodes have a relatively low capacity (<200 mAh g~') and
exhibit rapid degradation of cell performance.’’ MOFs that have high porosity,”’ abundant redox-active sites,*' and rigid*” extended
frameworks can overcome these disadvantages. Especially, two-dimensional (2D) MOFs have high conductivity by strengthening the elec-
tron distribution due to extended conjugation of 7t-d orbitals between the organic linker and the metal node in the plane.”” In addition,
through-space transport of electrons contributes to the enhanced conductivity of 2D MOF.**** (Figure 3) Detailed capacities of LIB MOF
cathodes are provided in Table 1.

Jiang et al. used™” an active 2D copper-benzoquinoid MOF (Cu-THQ MOF) (electrical conductivities of 2.15x10t0 0.16 uS cm ™' depend-
ing on temperature from 30 to 110 °C)** as a cathode active material and showed a high reversible capacity (>350 mAh g~"), high gravimetric
energy density (775 Wh kg™"), and good cyclability. Both the transition metal ions and the organic linkers of the 2D Cu-THQ MOF showed
good redox activity during the charge and discharge processes as well as high porosity, and the 2D conjugate structure of the 2D Cu-
THQ MOF improved the battery performance. Cai et al. synthesized*® 2D Fe-DHBQ (electrical conductivity of 1.1x10% S cm™") as a cathode
active material using 2,5-dihydroxybenxoquinone linker and it showed a high capacity of 346 mAh g~' at 50mA g~ . In particular, it provided a
high capacity of 237 mAh g~" even under practical battery conditions with electrode composition (active material: binder: conductive agent =
8:1:1) and high mass loading of 12 mg cm™2. Peng et al. applied”’ a triphenylamine-based Cu-TCA MOF as a cathode active material. It has a
porous structure with a pore radius of 1 nm and abundant redox-active sites. The redox activities of Cu?* ions located at the metal ion sites and
N atoms bonded to three adjacent benzene rings in the organic linkers enable a theoretical capacity of 145 mAh g~ ' at 31.6 mA g™, In addi-
tion, they suggested that the high porosity of the Cu-TCA MOF could maintain a high-rate capability without capacity fading. Zhang et al.
utilized™® a microporous redox-active MOF, Cu(2,7-AQDC)(2,7-H,AQDX = 2,7-anthraquinone carboxylic acid) as a cathode active material,
with a voltage window of 1.7-4.0 V, and both metal ions and linkers of the Cu(2,7-AQDC) MOF exhibited redox activity.
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Figure 3. Conductive mechanism of 2D MOF

(A) Orbital schematic for potential charge transport pathways in 2D MOFs.
(B) Schematic diagram for the in-plane and out-of-plane conduction of electrons in 2D MOFs.
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Table 1. Performance comparison of MOF cathodes applied to each battery system
MOFs Sample Rate (C or mA g’1) Reversible Capacity (mA h/g) Cycle number Reference
Li-ion batteries
Cu-THQ Cu-THQ 50mA g’ 387 2 Jiang et al.*®
Fe-DHBQ Fe-DHBQ 50 mA g™’ 346 1 Cai etal.*
Cu-TCA Cu-TCA 31.6mAg’ 102.2 1 Peng et al.”’
Cu(2,7-AQDC) Cu(2,7-AQDC) 01C 105 50 Zhang et al.*®
MIL-101 Fe-MIL-101 0.005 C 107 1 Yamada et al.*’
Fe,(DFc)3 Fe,(DFc)3 50mA g™’ 172 5 Li et al.®®
Fe-TABQ Fe-TABQ 50mA g’ 268.8 1 Geng etal.”’
Mn-DMA Mn-DMA 0.005 C 205 1 Zhang et al.””
MIL-53 Fe-MIL-53 01C 70 50 Férey et al.”
Cu-CuPc Cu-CuPc 0.04C 128 1 Nagatomi et al.”*
BTC Li-Co-BTC 50mA g’ 155.6 50 Du et al.””
Zn-ion batteries
Cus(HHTP), Cuz(HHTP), 50mA g’ 228 1 Nam et al.*®
Cuz(HHTP), Cuz(HHTP), 400mA g™’ 166.9 1000 Wang et al.*
MIL-47 V-MIL-47 100 mA g™’ 332 1 Ru et al.”®
MIL-100 MIL-100(V) 200mA g™’ 362 1 Mondal et al.”
Mn(BTC) Fe,(DFc)3 100 mA g™’ 138 1 Pu et al.®®
BTA Cu-BTA 200mA g™’ 330 1 Sang etal.”’
Li-air batteries
MOF-74 MnCo-MOF-74 50 mA g™ 387 2 Kim et al.®*
MOF-74 Co-MOF-74-X 100 mA g~ 11,350 1 Yan et al.®®
Mn-MOF 2D-Mn-MOF 1,000 mA g~ 9,464 1 Yuan et al.?®
Ni(4,4-bipy)(HsBTC)  Ni(4,4-bipy)(HsBTC)  0.12 mA cm ™2 9,000 1 Huetal.”’
MOF-74 Mn-MOF-74 50mA g™’ 9420 1 Wu et al.®®
MOF-74 Tz-Mg-MOF-74 50mA g’ 7700 1 Lietal®
Li-S batteries
Cu-TDPAT Cu-TDPAT 1675 mA g™’ 745 500 Hong etal.'**
Cu-H3BTC Cu-H3BTC 200 mA g™’ 1051.3 300 Feng etal.'®®
MOF-525 MOF-525(Cu) 325mA g™’ 700 200 Wang et al.'?
MOF-TOC MOF-TOC 1675 mA g™" 964 1 Zeng et al.’”’
DS-MOF 1D-DS-Co-MOF 200 mA g™’ 191 1 Shimizu et al.’?®
DS-MOF 2D-DS-Cu-MOF 200mA g™’ 175 1 Shimizu et al."?®
DS-MOF 3D-DS-Mn-MOF 200mA g™’ 160 1 Shimizu et al.'*®
ulo66 CNT@UIO66-S 1675 mA g™" 608 450 Liuetal.””’

Fe is one of the most inexpensive and sustainable metal elements, and its Fe?*/Fe®" mixed valence characteristics can result in high elec-
trical conductivity and additional capacity,’® so it has been frequently used as a metal node for MOF cathodes. Yamada et al. investigated™’
Fe-MIL-101 MOF as a cathode active material for LIBs, which has low cost but moderate activity. The Fe-MIL-101 MOF has a rigid framework
with a three-dimensional (3D) microporous structure composed of large pore sizes around 12 to 15 A. This cathode showed good cyclability
over 100 cycles and high coulombic efficiency due to the robust structure of the active material, which minimizes side reactions with the elec-
trolyte. Li et al. successfully syn‘[hesized50 Fe (lll) 1,1-ferrocenedicarboxylic (Fex(DFc)s) as a cathode material for LIBs. During the charge and
discharge processes, the redox reaction of Fe ions proceeded well, while the guest PF4~ anion intercalated into the Feo(DFc)3 host. This Fe-
based MOF exhibited a high discharge capacity of 172 mAh g~" at 50 mA g~" and a high operating potential of 3.55V due to its stable struc-
ture during battery cycling. Similarly, Fe-tetraamino-benzoquinone (Fe-TABQ), which has a 2D structure and dual redox active units, has also
been applied as a cathode.”’ Robust Fe-N/Fe-O bonds were formed by strong wt-d orbital interactions between Fe metal nodes and TABQ
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Figure 4. Operation voltage versus specific capacities of lithium-ion battery electrode materials
Comparison of performance between various MOF cathodes and representative commercial cathode materials in LIBs."* 7
ligands, resulting in excellent electrochemical stability. Thus, it achieved a capacity of 268.8 mAh g~ at 50 mA g~ " and showed good cyclabil-

ity by maintaining more than 95% of its initial capacity over 200 cycles.

Zhang et al. reported®” on the electrochemical mechanism called “bipolar charging.” They used a Mn-DMA MOF (DMA = N,N-dimethy-
lacetamide) as a cathode active material and showed the intercalation of PF4~ anions into the framework during the charging process, which
were released during the discharging process, followed by Li* ion insertion. This mechanism is possible because of the large pore size of Mn-
DMA MOF. Férey et al. used™ Fe-MIL-53 MOF with one-dimensional (1D) diamond-shaped channels, and Nagatomi et al. applied® Cu-CuPc
MOF (electrical conductivities ranging from 9.4 x 1078 to 1.6 x 107 S cm™") with a hierarchical micro/mesoporous structure. Du et al. syn-
thesized”” two ternary Li-Co-BTC MOFs constructed using Co/Li metal sites and 1,3,5-benzenetricarboxylic acid (H3BTC). During the charge-
discharge process, the 1D channel in Li-Co-BTC improved the diffusion rate of Li* ions and electrolyte penetrability. Figure 4 shows the
average voltage and capacity of the MOF cathode materials mentioned in the text and representative cathode materials in current LIBs in
one graph.

Metal-organic framework cathodes in zinc-ion batteries

Aqueous rechargeable ZIBs are likely to replace LIBs for the large-scale ESSs because of their high safety, large capacity, low cost, excellent
ionic conductivity, good rate capability, and the proper redox potential of Zn (- 0.76 V vs. standard hydrogen electrode) which can be driven
reversibly in aqueous electrolytes.”®” Several types of cathode materials for aqueous rechargeable ZIBs have been studied, such as manga-

560 yanadium-based cathodes,®’ and quinone.®> However, these cathodes face several challenges such as rapid ca-

nese-based cathodes,
pacity fading, serious toxicity, poor rate performance, and dissolution issues during cycling. Specific experimental capacities of ZIB MOF cath-
odes are listed in Table 1.

Nam et al. employeol63 Cus(HHTP), (HHTP = 2,3,6,7,10,11-hexahydroxy-triphenelyene) (electrical conductivity of 0.2 S cm™ ") as a cath-
ode active material for aqueous rechargeable ZIBs. Cu-HHTP has stacked m-conjugated 2D conductive layers, with large 1D channels,
which store Zn?* ions and exhibit a high diffusion rate as well as low interfacial resistance. In addition, both copper and quinoids in
Cu-HHTP act as redox-active sites, increasing the theoretical capacity of the Cu-HHTP cathode. This results in a remarkable reversible ca-
pacity (228 mAh g™') and high-rate capability. Following this research, a MOF-based cathode composed of Cu-HHTP and MXene was
investigated.®* Cu-HHTP/Mxene forms a sandwich-like heterostructure, and this structural characteristic alleviates the aggregation of
Cu-HHTP nanosheets during charge-discharge. Additionally, Cu-HHTP/Mxene provides more abundant active sites and a wider contact
area to promote the transfer rate of Zn?* ions than Cu-HHTP. This cathode showed a specific capacity of 170.6 mAh g™ at a rate of 4
A g7 and 166.9 mAh g' was retained after 1000 cycles, thereby exhibiting outstanding cyclability. Ru et al. synthesized®® typical
V-MIL-47 MOFs using vanadium (V) as the metal cluster and 1,4-benzenedicarboxylate (bdc) as the organic ligand. V-MIL-47 MOF has a
1D layered structure with high conductivity and hierarchical porosity. (MIL-47 powder has 243 mS cm ™', increased by V*°) Such a rigid struc-
ture with abundant redox-active sites is favorable for long cycle durability and high capacity. In addition, owing to its highly open structure,
V-MIL-47 enhances the rate of Zn?* ions and improves the electrical conductivity; thus, the electrochemical performance of V-MIL-47 MOF
displays a high-rate capability, cycling performance, and initial specific capacity of 332 mAh g~ at a current rate of 100 mA g~". Similarly,
Mondal et al. applied®’ V-based MOF with a 3D structure as a cathode. MIL-100 (V) was synthesized, which is composed of V as metal node
and triethyl-1,3,5-benzenetricarboxylate as the organic ligand. MIL-100 (V) has two different sizes of mesoporous cages by having 3D
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Figure 5. Operation voltage versus specific capacities of aqueous rechargeable zinc-ion battery electrode materials

Comparison of performance of MOF cathodes and other representative cathodes for aqueous rechargeable ZIBs.**~*

zeolite construction. Thus, transport of Zn’* ion was facilitated, and the accessible active sites were increased. Therefore, it showed a high
capacity of 362 mAh g~ at 0.2 A g™,

Pu et al. used®® Mn(BTC) that is composed of Mn ions and trimesic acid (H3BTC = 1,3,5-benzenetricarboxylic acid) that forms a 3D network
as a cathode active material. (Electrical conductivity of 2.3 mS cm~ Hor polymer (PEO-CLP) composite.w) Although the Mn ion in the Mn(BTC)-
MOF is a redox-active center during the Zn storage process, BTC turned out to be a redox-inactive ligand. The charge storage mechanism for
Mn(BTC)-MOF involves two steps. The first is the formation of Zn(BTC)-MOF through the translocation of manganese ions and zinc ions during
battery operation. The second step is the formation of MnO, by the oxidation of Mn ions. Yin et al. also used’® coordinately unsaturated Mn-
BTC with different coordination degrees (molar ratios of Mn and -COOH were 1:2, 1:4, and 1:6, respectively). Among the three samples, Mn-
BTC with a molar ratio of Mn to COOH of 1:4 showed the highest capacity of 138 mAh g™ at a rate of 100 mA g~', which dramatically
improved its inherent activity and structural stability. Their good stability is a result of strong hydrogen bonding and m— interactions.
Sang et al. maximized redox activity of MOF cathode by adopting an ultrasmall 1,2,4,5-benzenetetramine (BTA) as organic ligand.”" In
this study, the electrochemical tests were conducted on Ni-BTA and Cu-BTA cathode and Cu-BTA exhibited better performance due to
its dual redox mechanism of the Cu metal node and BTA ligand. Thus, Cu-BTA provided a capacity of 330 mAh g~" at 0.2 A g~', while
Ni-BTA showed a capacity of 200 mAh g~". These results demonstrate how important the combination of metal node and organic ligand
is when using MOF as a cathode.

The porous structure and conductivity of MOFs are beneficial to their ion and electron transfer abilities, thereby improving the rate capa-
bility and cyclability of the cathode. Finally, the average voltage and capacity between the MOF cathodes and other representative cathodes
for aqueous rechargeable ZIBs are compared in Figure 5.

The roles of various transition metals in MOF-based cathodes are essential for optimizing battery performance. Copper (Cu) enhances
electrical conductivity and capacity through numerous redox-active sites and maintains high-rate capability without capacity fading. Iron
(Fe) is cost-effective and stable, with mixed valence states (Fe?*/Fe®*) enhancing conductivity and capacity, and providing excellent electro-
chemical stability. Manganese (Mn) increases the efficiency of ion insertion and deinsertion, with large pore structures offering high ion diffu-
sion rates and various oxidation states improving capacity and cycle life. Applied in metal ion batteries, these transition metals collectively
enhance the performance of MOF cathodes by improving conductivity, capacity, and stability.

METAL-ORGANIC FRAMEWORK CATHODE CATALYSTS IN METAL-AIR BATTERIES

A metal-air battery possesses both features of a fuel cell and a rechargeable battery that generates electricity through an electrochemical
reaction using metal as the anode and oxygen in the air as the cathode. The open cell that utilizes oxygen in air as a reactant differentiates
it from other metal-ion batteries.”? This allows light weight while continuously receiving oxygen from an external source, increasing the mini-
aturization potential of the battery, and providing high theoretical energy density and price competitiveness. As shown in Figure 6, the overall
theoretical gravimetric and volumetric energy densities of metal-air batteries, such as Li-Air, Zn-Air, and Al-air batteries (AABs), are very high.
These advantages make it promising for next-generation portable batteries and energy storage systems.””

The oxidation-reduction reaction of oxygen in the cathode catalyst depends on the type of electrolyte, and each reaction is thermodynam-
ically reversible. However, in terms of kinetics, electron transport is difficult; therefore, metal-air batteries have a slow reaction rate and high
overpotential. Consequently, metal-air batteries have low energy efficiency and many efforts have been made to solve this. Among them,
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Figure 6. Energy density of metal-air batteries
Theoretical gravimetric and volumetric energy density of metal-air batteries.””

improving the performance of the catalyst used in the cathode has the most direct effect. Noble metals and their alloys have been proposed
as cathodic catalysts. Precious metals such as Pt, Ru, and Ir have been used, and their alloys (Pt-Ir, etc.), which combine the advantages of each
constituent precious metal have also been presented.”* However, their low durability and high cell manufacturing costs are obstacles to their
widespread adoption. Moreover, noble metal catalysts do not bifunctionally catalyze oxygen reduction reactions (ORR) and oxygen evolution
reactions (OER).

Non-precious metal-based catalysts have been developed.”” They reduce the overpotentials generated during the charge-discharge re-
action by dual functional catalytic effects on both the ORR and OER. However, these types of catalysts have poor electrical conductivity. Thus,
efforts have been made to develop an electrically conductive material capable of catalyzing redox reactions at a competitive price. Recently,
various studies have been conducted to improve the battery performance and efficiency by directly introducing MOFs as cathodic catalysts. In
this section, we analyze the studies that have produced high-performance cathodic catalysts by directly grafting MOFs to the catalysts accord-
ing to the type of battery.

Metal-organic framework cathode catalysts in lithium-air batteries

Li-air batteries (LABs) perform a high theoretical gravimetric energy density of approximately 11,700 Wh kg™" and a high volumetric energy
density of 2,800 Wh L~". The LAB reaction proceeds as 2Li* + O, + 2e~ 2 Li,O, with E, =2.96V (vs. Li/Li*)7® and oxygen can be obtained as
fuel through the cathode.”” However, LABs still have disadvantages, such as low energy efficiency, limited cyclability, and the occurrence of
various side reactions due to free radicals produced during the reaction of oxygen.”

LABs, like other metal-air batteries, have a slow electrochemical reaction with oxygen and consume a lot of energy; therefore, much research
has been conducted on the development of cathode catalysts, such as bimetallic composites with noble metals or transition metal oxides.®'~°
Unfortunately, the mechanism of operation of these catalysts promotes the formation and decomposition of Li,O, discharge products. By-
products, such as Li,O,, are deposited on the surface and pores of the cathode during the discharge-charge process of the battery, blocking
the diffusion paths of Li* and O,. These limitations of LABs can be overcome by replacing the conventional cathode catalysts with MOFs.

The transition metals in MOFs can act as open active sites and provide high O, accessibility and catalytic activity with a porous structure
(Figure 2B). In particular, the modularity of transition metals and organic linkers in MOF structures provides opportunities to control their elec-
trical conductivity, catalytic activity, surface area, and open active sites of transition metals. Therefore, in this section, MOF cathode catalysts in
LABs are classified based on the transition metal center and organic linkers and the performance results of MOF-based cathode modification
trials are summarized. Table 1 lists the comprehensive details of LAB MOF cathodes.

First, studies have been conducted to improve the performance of MOF cathodic catalysts by optimizing the transition metals (Figure 2A).
Kim et al. synthesized®* bimetallic MnCo-MOF-74 as a cathode catalyst which has a large number of open transition metal active sites that
effectively adsorb O,. Mn and Co were mixed at a ratio of approximately 1:4 to form a stable hexagonal rod-shaped porous structure resulting
in a high discharge capacity (11,150 mAh g~ at a current density of 200 mA g~ ') and stable discharge capacity (1,000 mAh g~ for 44 cycles at
200 mA g7"). Yan et al. proposed® Co-MOF-74, which can form short diffusion paths providing access to the active O, and Li* sites while
maintaining a high internal surface area. Nanorod and nanofiber structures are possible, resulting in Co-MOF-74-X (X = 1400, 800, or
20 nm, where X denotes the average width of the prepared nanorods and nanofibers). It has been proven that when a regulator and additives
are introduced to reduce the size, the diffusion path becomes shorter as the size decreases, and the performance of the battery improves.
Reducing the crystal size of the Co-MOF-74-X catalyst enabled a high discharge capacity (11,350 mAh g =" at 100 mA g~ " and 6,640 mAh g~ at
500 mA g~") and good rate performance.
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Yuan et al. synthesized®® 2D Mn-MOF and observed that their 2D structure enabled excellent oxygen evolution and reduction reactions
and efficient oxidation between LiOH and Li,O,. 2D Mn-MOF has a large specific surface area, abundant open active sites, and a highly elec-
trocatalytically active Mn-O cluster. It enables effective mass transfer and the transport of O, and Li* and promotes the decomposition of
Li,O,. It shows a high discharge capacity (9,464 mAh g~" at 1,000 mA g~"), a round-trip efficiency of 68.5%, and a specific capacity of
1000 mAh g~ after 200 cycles at 100 mA g~ .

Hu et al. used®” Ni-based organic frameworks of Ni(4,4-bipy)(H3BTC) (4,4-bipy = 4,4-bipyridine; H3BTC = 1,3,5-benzenetricarboxylic acid)
(Ni-MOFs) to fabricate a high-performance cathode catalyst. Ni-MOF has a 3D microstructure, open catalytic sites, and a large surface area to
facilitate the transport of O, and Li*. The LAB using the Ni-MOF catalyst showed a high capacity of 9000 mAh g~ at 0.12 mA cm™2, a high
coulombic efficiency of 80%, and a respectable cyclability of 170 cycles without any voltage drop.

Wu et al. evaluated® MOF-5[Zn,O(BDC);, BDC = 1,4-benzenedicarboxylate], HKUST-1[Cu3(BTC),, BTC = benzene-1,3,5-tricarboxylate],
and M-MOF-74 (M = Mg, Mn, Co) and obtained MOFs with extensive surface areas, various structural topologies, and exclusive metal sites
accessibility. It was found that Mn-MOF-74 can achieve 9420 mAh g~ capacity at 50 mA g~ in LABs.

Secondarily, an excellent-performance MOF cathode catalyst was developed by optimizing the organic linker. Li et al. developed® a nano-
porous MOF, Tz-Mg-MOF-74, using a 1,2,4,5-tetrazine (Tz)-functionalized ligand that exhibits excellent stability in organic solvents and has
redox activity. It promotes the formation of stable anion radicals by matching the charge-discharge reaction rate and can adsorb Li*. These
effects prevented the solvation of small molecules and improved the electrochemical performance with the sustainable discharge capacity
(7700 mAh g~ at 50 mA g~') and low overpotential.

Suppressing the formation of the Li,O, by-product, which is the main cause of degradation of LAB performance, and channel formation for
smooth Li" and O, transport are major goals of research on MOF cathode catalysts. One approach involves changing the type of transition
metals or organic linkers. Others attempted to solve this problem by using composite structures. For example, Zhang et al. designed” MOF-
74 (MOF-74@CNTs) grown directly on carbon nanotubes (CNTSs) to improve the low electrical conductivity of MOFs. CNTs were used as sub-
strates for the growth of MOF-74 nanoparticles, providing a conductive network and alleviating the aggregation of MOF NPs, allowing them
to be used as effective cathode catalysts. In particular, it is a cathodic catalyst that can operate in a humid oxygen atmosphere and enables
LAB operation under practical conditions by utilizing a chemical catalytic conversion reaction mechanism that converts Li;O5 to LiOH. How-
ever, this strategy did not improve the electrical conductivity of the MOF itself.

Metal-organic framework cathode catalysts in zinc-air batteries

Zn-Air batteries (ZABs) are capable of high theoretical gravimetric energy densities of 1,086 Wh kg™ and theoretical volumetric energy den-
sities up to 6,091 Wh L™ (including atmospheric oxygen fuel at the air cathode).”" In particular, eco-friendliness””* due to the use of aqueous
electrolytes and the price competitiveness of raw materials of ZABs are promoting their development. It also has the second highest gravi-
metric energy density by weight when compared to LABs, while its gravimetric energy density by volume is the highest among other renew-
able energy sources. However, ZABs are limited by their slow ORR and OER kinetics and high overpotentials.” Similar to other air batteries,
cathode catalysts using noble metals or metal oxides have been developed for ZABs. However, ZABs face problems such as the significant
deterioration in electrical conductivity during operation and their high cost due to insufficient reserves of required materials.””* Therefore,
MOFs have been actively proposed as cathode catalysts for ZABs to solve these problems.

First, dimensional tunability resulting from various structural motifs of MOFs as cathode catalysts has been studied. Shinde et al. pro-
posedw a novel 3D dual-linked hexaiminobenzene MOF (Mn/Fe-HIB-MOF) (electrical conductivity of 359 S cm™".?%) as a material that can
provide a high surface area and porosity. This MOF used hexaiminobenzene as an organic linker to act as a bifunctional oxygen electrocatalyst
with high crystallinity, electrical conductivity, and chemical compatibility. It was introduced into quintet-shelled hollow spheres with a pre-
cisely controlled M?* (M = Mn, Fe) species. A high surface area (2298 m? g="), 1000 h (at 10 mA cm~2 with trivial voltage fading) cycle life,
high energy density (1027 Wh kg™"), and a small discharging-charging voltage gap were achieved.

Second, the electrochemical activity can be increased by utilizing the hierarchical structure of MOFs. The unique hierarchical structure of
MOFs boosts electrocatalytic activity by offering porous channels and exposing the active open metal sites. Weixin Li. et al. designed” a
hybrid Co-and Fe-based metal-organic framework (HCF-MOF) as a bifunctional catalyst capable of performing both oxygen redox reactions.
A unigue MOF hierarchical structure composed of subunits of nanosheets and nanoparticles can be created by changing the molar ratio of Co
to Fe. This approach resulted in the formation of porous channels capable of electron and mass transport and improved the exposure of the
transition metal active sites. This demonstrates a modest OER overpotential of 295 mV at 10 mA cm ™2 with a small Tafel slope of 42 mV dec™’
and high-power density of 113.5 mW cm 2.

All the aforementioned studies utilized the structural characteristics of MOFs to apply MOFs as cathode catalysts for ZABs. Other studies
have been conducted on composites by combining materials that can offset the shortcomings of MOFs.”” There are lots of efforts to apply the
MOF to function as a cathode catalyst. Although the MOF composites strategy is also a good way to commercialize the MOF cathode catalyst
in zinc-air batteries, additional research is needed to maximize the performance of the MOF itself.

Metal-organic framework cathode catalysts in aluminum-air batteries

AABs show a high theoretical capacity of 2980 mAh g~', a high theoretical voltage of 2.7 V, and an energy density of 8100 Wh kg~". In addition,
because Al is abundant and highly recyclable, it has many economic advantages and AABs have great potential as a next-generation battery
system. The AAB cathode is commonly composed of a catalytic active layer, a gas diffusion layer, and a current collector. This composite
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cathode structure is a half-open system, which is a characteristic of the metal-air battery.'”>"'%* However, as with both the LAB and ZAB sys-
tems discussed earlier, the ORR occurring at the cathode is very slow and determines the overall reaction rate. These sluggish ORR reactions
reduce energy efficiency and cause high overpotentials in the AAB system. Therefore, to increase the ORR rate, an effective catalytically active
layer containing a new type of electrocatalyst capable of lowering the activation energy is essential. Therefore, it is necessary to fabricate cath-
ode catalysts that can efficiently react with oxygen and have good durability.

Typical catalysts include noble metals and alloys (Pt, Pd, Au, Ag, etc.), transition metal oxides/chalcogenides, metal macrocyclic com-
pounds, and carbonaceous materials.'” However, they cause aluminum self-corrosion during discharge and open-circuit conditions in
alkaline solutions. In addition, at the anode side, the accumulation of by-products, such as Al,O3 and Al(OH)s, blocks the oxygen inflow
path and inhibits diffusion. Accordingly, there has been a recent trend to use MOFs as cathode catalysts to solve these problems. There-
fore, in this section, we analyze various studies that directly utilize MOFs as cathode catalysts and present directions for their future
development.

Mori et al. reported the only study '™ that uses the MOF itself as a cathode catalyst for AABs. Aluminum terephthalate (AT) was used as the
active material for the cathode catalytic layer and a battery with the ionic-liquid electrolyte 1-ethyl-3-methylimidazolium chloride was con-
structed. Although it had a lower electrical power output and cell capacity than activated carbon, stable cycling was possible. This was ex-
pected because the formation of Al(OH); and Al,O, which are major by-products of AAB, was suppressed, and the interfacial resistance
of the cell did not significantly increase after several cycles. However, research on new MOFs that can improve not only stability, but also elec-

105

trochemical performance must be continued.

METAL-ORGANIC FRAMEWORK CATHODES IN LITHIUM-SULFUR BATTERIES

The development of advanced batteries for grid storage, EVs, and portable devices must have cost-effectivity and high energy density. LSBs
have been proposed as next-generation battery candidates that can meet these requirements.'®'%” The use of sulfur, which is abundant in
nature and has a high gravimetric energy density (2567 Wh kg™"), significantly reduces the battery production cost. Consequently, a sulfur-
based battery with high specific capacity (1675 mAh g~') can be realized.”® However, LSBs exhibit poor cycling performance due to insuffi-
cient reversibility of the cleavage/formation reactions of stable sulfur molecules (Sg)."08 Additionally, the “shuttle effect” and volume expan-
sion caused by the dissolution of the polysulfide species (Li,Sg, LioSe, Li2S4, and LiS3) during the electrochemical reaction cause rapid capacity
decay and low coulombic efficiency.'®”""°

To solve the abovementioned issues, strategies for fixing sulfur using porous material scaffolds have been reported.” ™" Sulfur-encap-
sulating porous materials include carbonaceous materials,''*"' "/ 118179 and transition metal oxides.'”*~'*> MOFs are also
attractive materials that can play this role, and research on fixing sulfur using a frame consisting of metal ions and organic linkers has been
actively conducted.'”® MOFs have a higher crystallinity than other porous materials and the electrically conductive properties of the chem-
ically active sites in the scaffold such as the functional groups of the transition metals and the organic linkers can be utilized. Therefore, it is
necessary to develop a stable MOF that can trap sulfur and polysulfide species while maintaining its permanently porous structure (Figure 7A).
Many studies have been conducted to develop methods for improving the performance of LSBs by utilizing these optimized MOFs. As shown
in Figure 7, the MOF cathodes can encapsulate sulfur (S) in their pore structures (Figure 7A), and the organic linker (Figure 7B) of the MOF can
react with Li" ions by increasing the number of redox-active sites. The high porosity and large surface area of MOFs facilitate the efficient
confinement of sulfur, mitigating the shuttle effect by physically trapping polysulfides within the framework. Additionally, the tunable pore
size of MOFs allows for the optimization of ion transport pathways, enhancing the overall electrochemical performance. Furthermore, the
presence of metal nodes and organic linkers in MOFs contributes to the catalytic conversion of polysulfides, further improving the cycling
stability and capacity retention of the batteries. In this section, the MOFs used in LSBs are discussed and analyzed to help direct future
research on the development of high-performance MOF cathodes for LIBs. In this section, the MOFs used in LSBs are discussed and analyzed
to help direct future research on the development of high-performance MOF cathodes for LIBs. Table 1 outlines the overall capacities of MOF

conductive polymers,

cathodes focusing on LSB.

First, the MOFs for LSBs must be stiff so that sulfur can be confined. Hong et al. constructed'** a cage-like MOF, Cu-TDPAT, using 2,4,6-
tris-(3,5-dicarboxylphenyl-amino)-1,3,5-triazine (H,TDPAT) as the ligand. It has abundant open metal (Cu(ll)) and nitrogen functional sites,
which are mainly used as hosts in LSBs. Thus, S atoms can be sufficiently confined, and the MOF size can be optimized to the nanoscale.
The resulting LSB exhibited a reversible capacity of 745 mAh g™ at 1675 mA g~ after 500 cycles and achieved a better performance than
previously reported S@MOF materials. Feng et al. synthesized'” Cu-MOF using benzene-1,3,5-tricarboxylic acid as the ligand. This Cu-
MOF can function as a sulfur-confinement host for LSBs, and the pore size can also be adjusted. In this study, the Cu-MOF exhibited a specific
capacity of 1051.3 mAh g~" after 300 cycles at a charge/discharge current density of 200 mA g~". In addition, the Cu-MOF had a high sulfur
content of 19.3 wt % or more, while effectively suppressing the capacity reduction and improving the coulombic efficiency. Wang et al. also
synthesizedwa MOF-525(Cu) MOFs with a unique structure. In this study, the Cu?" sites of MOF-525(Cu) provided two Lewis acidic sites, which
acted as powerful MOF hosts for the inclusion of sulfur and polysulfides. MOF-525(Cu) provided the appropriate reaction environment for
sulfur and polysulfide. Also, the MOF-525(Cu) permanent porous structure resulted in good electrochemical stability during cycling and
the battery produced 700 mAh g~ at approximately 325 mA g~ after 200 cycles. Zeng et al. synthesized'?’ MOF-TOC by incorporating
Ti-O clusters (TOCs) within the mesopore of MIL-101. Therefore, sulfur can be effectively stored in the pores of MIL-101, and TOCs facilitate
the conversion of lithium polysulfide through d-p orbital hybridization between Ti and sulfur. This highly catalytic sulfur host provided a ca-
pacity of 964 mAh g~ at 1675 mA g~ and showed good capacity retention of 83.5% after 500 cycles.
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© : Sulfur (S)

Figure 7. Strategies for using MOFs for sulfur cathodes
(A) Sulfur(S) encapsulation by the pore structure of MOF (yellow spheres can confine S).
(B) Redox reaction between the organic linker of MOF and the lithium jon.'?/=17

Second, MOFs for LSB cathodes can inhibit the dissolution of sulfur species in the electrolyte. Shimizu et al. synthesized'”® disulfide-ligand-
containing MOFs (DS-MOFs) with various dimensions. The structure contains various disulfide ligands with flexible S-S bonds that can revers-
ibly perform S-S cleavage and formation. The porous structure of the MOFs in the LSB cathode allows Li* ions to easily access the redox-active
sites, thus maximizing the capacity utilization of the cathode material. Moreover, the cycling performance can be improved by changing the
structural dimensions of the MOFs. It was determined that the robust crystalline structure of the MOF played a role in preventing the disso-
lution of S species. Liu et al. proposed'*” a strategy for covalently binding porous MOFs with sulfur. In this study, CNT@UIO-66-SH (electrical
conductivity of 107° to 1077 S cm™"."*%) was synthesized, which forms a covalent bond with sulfur to stabilize sulfur and physically absorbs
polysulfide species during battery cycling. This allowed a discharge capacity of 608 mAh g~ at a rate of 1675 mA g~ after 450 cycles and
a small decay of 0.017% per cycle.”*' In addition, strategies have been developed to fabricate composites by hybridizing MOF and
CNTs'"* or to fabricate LSB cathodes using materials derived from MOF."** However, since the improvement of the conductivity of
the MOF cathode through the introduction of CNTs lowers the energy density, research in the direction of increasing the conductivity
of the MOF itself, like the conductive MOF, is more desirable. In Figure 8, a comparison is made between the mean voltage and capacity
of MOF cathodes and those of typical cathodes used in LSBs.

CONCLUSION AND OUTLOOK

In this review, batteries using MOFs as cathode materials or composite cathode materials were organized according to the battery type (Ta-
ble 1). MOFs with the desired porosity, crystallinity, and chemical/mechanical properties can be fabricated by selecting the appropriate com-
binations of transition metals and organic linkers. These MOF characteristics show great promise for the development of MOF cathodes. We
classified MOF cathodes into three major applications: metal-ion batteries, metal-air batteries, and Li-S batteries. Thereafter, the features of
the MOFs required by the cathode of each battery system were analyzed. The studies summarized in this review demonstrate that the direct
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application of MOFs to cathodes or cathode composites enables the fabrication of a variety of battery systems with superior electrochemical
performance and capacity.

However, continuous researches are still required to enable MOFs to be fully applied as active materials for cathodes. First, it is necessary
to clearly determine the behavior of ions and electrons inside MOFs to develop MOFs with very high electrical and ionic conductivities. Hy-
bridizing an electronically conductive material with the MOF can improve the conductivity but reduce the energy density; thus, it is necessary
to increase the conductivity of the MOF itself. In addition, the porous structure of the MOFs should be permanently preserved so that the
intercalation/deintercalation of metal ions can be reversibly performed during the charge-discharge process. Although the transition metal
acts as an open metal site in MOFs and increases the energy capacity because of its role as a redox-active center, it also participates in the
reaction and causes dissolution, which eventually collapses the structure. To suppress this, it is important to develop MOFs with higher crys-
tallinity and electrochemical stability. Also, by adjusting structural properties such as strengthening electronic distribution using mixed
valence characteristics of metal ions or introducing additional electroactive sites, the low conductivity of MOF cathode can be enhanced.

Finally, for the commercialization of MOF cathodes, it is necessary to simplify the manufacturing process and increase their yield. There-
fore, a low-cost, high-efficiency MOF synthesis process must be developed. This review presents the current state of MOF research, the stra-
tegies used to develop MOFs with high electrochemical performance and stability, as well as the challenges that still need to be overcome to
enable the widespread adoption of MOF cathode batteries. Considering the infinite development potential of MOFs, efforts must be re-
doubled to solve these remaining challenges.
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