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ABSTRACT

Metal-organic frameworks (MOFs) and covalent organic frameworks (COFs) as the novel porous materials have the merits
of diverse, adjustable functionality, high porosity and surface area, which have great application prospects in the gas storage,
separation and catalysis. In addition, their derivates make up for the insufficient of electronic conductivity and chemical
stability of MOFs and COFs, and provide a new ideal for accurate control of material structure. Up to now, many efficient
electrocatalysts have been designed based on MOFs, COFs and their derivates for O, reduction/evolution reactions
(ORR/OER) and CO; reduction/evolution reactions (CO,RR/CO2ER) in the metal-air batteries. In this review, the latest
development of MOFs, COFs and their derivates in the metal-air batteries is summarized, and we discuss the structural
characteristics of these materials and their corresponding mechanisms of action. By comprehensively reviewing the
advantages, challenges and prospects of MOFs and COFs, we hope that the organic framework materials will shed more
profound insights into the development of electrocatalysis and energy storage in the future.
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CO; reduction and evolution reactions (CO.RR and CO:ER)
during discharge and recharge processes. More importantly,
the M-CO: batteries are the new method for CO:; fixation and
energy storage, which can effectively decrease the emissions of
CO:; and provide a power source for the electrical device [4].
At present, the metal-air batteries involve a complex catalytic
process of gas-liquid-solid phases, which make it difficult to

1 Introduction

Global energy consumption has increased significantly, leading
to an energy crisis and a serious greenhouse effect [1]. The
development for clean and renewable energy is the basic
requirement for sustainable development. In particular, the
application of electrochemical energy storage and conversion
not only reduces the consumption of traditional fossil fuels,

but also brings new opportunities for the development of
electrical installation [2].

In order to address above challenges, the metal-air batteries
become the most promising candidate for energy storage and
conversion because of their high specific energy, moderate
price, high safety and environment-friendly (Fig. 1) [3-5].
Initially, the metal-oxygen batteries as the typical metal-air
batteries are developed more earlier than metal-carbon dioxide
batteries. The metal-oxygen (M-O.) batteries consist of the
metal anode (Li, Zn, Na, Al etc.), oxygen cathode, separator
and electrolyte. The charge/discharge processes of the M-O.
batteries include O: reduction and evolution reactions (ORR and
OER), respectively. Additionally, the metal-carbon dioxide
(M-CO:) batteries with CO; as cathode active material include

deeply understand the mechanism of discharge and recharge
processes. Moreover, aiming at the slow reaction kinetics of
ORR, OER, CO:RR and CO:ER, it is necessary to develop an
efficient bi-functional catalyst for the cathode to reduce the
polarization and improve the cycle life of the batteries [6, 7].
Both as a kind of porous crystal materials, Metal-organic
frameworks (MOFs) and covalent organic frameworks (COFs)
have large surface area, high porosity and adjustable structure
(Fig. 2) [10, 23-27]. Commonly, MOFs are synthesized by the
self-assembly of metal-containing units and organic ligands,
which has the open crystalline frameworks and permanent
porosity [28]. The physical and chemical properties of primary
building units further determine the functionality of MOFs.
The abundant pores in the interior of MOFs enable fast mass
transport of the target molecules to the inner surface, which is
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Figure1 Summary of the metal-air batteries with MOFs and COFs as
catalysts.

.‘& *‘
3"‘3 %v*"

«a\}e

MOF-200"!

IRMOF-3110

& i

MIL-531141  NH,-MIL- 101(Al)!!3!

ZIF-81!

Ui0-66!"2!

SR

s
T

COF-111%!

4PE-1P-COF2!l CD-COFs!?2l

PI-COFs!*?l ICOF-21201

Figure 2 The typical structural of MOFs and COFs [8-22].

conducive to the catalytic activity of the reactions [29].
Furthermore, MOFs with high porosity also make the internal
surface area relatively large, thus accelerating the reaction rate
and extending the reaction range. Although high porosity is
one of the fascinating features of MOFs, it needs to be combined
with other features in order to turn MOFs into effective
functional materials. By connecting longer organic ligand
molecules with metal-containing units, we obtain the MOFs
with larger pore size and rich porosity, which can provide
more storage space and more adsorption sites. Large pore size
is conducive to surface modification of various functional
pores without sacrificing porosity. Although the use of MOFs
in Li-ion batteries has been extensively studied [30-32], the
unique gas adsorption/separation capability of MOF, making
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them has great potential valuable in metal-air batteries. Huang
et al. designed and prepared Ru@Cu-HHTP as photocatalytic
boosts CO: reduction to CO [33], in which they use the
anionic metal-organic skeleton Cu-HHTP (HHTP=2,3,6,7,10,11-
hexhydroxybenzoyl) as the host and the cationic photosensitizer
[Ru(phen)s]**(phen=1,10-phenanthroline) as the guest. Meanwhile,
we should pay attention to the further separation of coordination
groups may reduce the overall catalytic effect [34]. These MOFs
with unsaturated metal sites can significantly produce high
selectivity and molecular storage ability [26, 35, 36]. In 2005,
Yaghi’ group proposed the feasibility of CO; storage in MOFs
materials at room temperature [10]. CO: is more likely to be
absorbed on nitrogen by hydrogen bond or through interacting
with the one pair of electrons. Therefore, MOFs are able to
meet these requirements and widely used in the metal-air
batteries, benefiting from their excellent gas adsorption and
storage functions [37]. The following types of MOFs have been
widely studied in recent years: isoreticular MOFs (IRMOFs)
[28, 38], zeololite-imidazolate frameworks (ZIFs) [39, 40],
materials of Institute Lavoisier (MILs) [41], university of
oslo (UiO) [13]. Notably, MOF is used as a sacrificial template
to derive a variety of porous materials that usually have
high electrical conductivity and electrochemical reactivity.
Furthermore, the design of single-atom catalysts (SACs) with
high-efficiency catalytic activity through the MOFs derivates
have been widely used in the field of electrocatalysis [42-44].

COFs are connected by strong covalent bonding with light
elements (N, Si, B, C, and O), which are connected by the B-O,
C-N, B-N, and B-O-Si linkages using the principles of reticular
chemistry [18, 45, 46]. In 2005, Yaghi’ group also firstly
prepared the porous covalent organic skeleton through molecular
building blocks, which was made up of six-membered ring
and boroxine with permanent porosity [16]. This one-stop
condensation reactions prove that the possibility of the
synthesis of ordered COFs materials and achieves the desired
structure by selecting different organic building units and
regulating reaction conditions. In particular, we can carefully
select building units and their assembly conditions to achieve
pre-designed structure and performance [47]. COFs are firstly
prepared by the self-condensation of boric acid to boroxine
anhydride-based linkages (B;Os rings). Additionally, boric
acid can also react with catechols to boronate esters (COF-5)
[16] and with silanols to borosilicate bonds (COF-202) [18] in
the form of B-O and B-O-Si bonds, respectively [48]. COFs
can also be designed by the formation of C-N bonds, including
imine condensation (COF-300) [23], hydrazone linkages
(COF-42) [17, 49], and azine linkages [50]. The synthesis of
borazine ring linkages is also an existing form of B-N bonds
in COFs [51]. COFs are characterized by unique advantages
of controllable pore structures, low densities, large specific
surface area, abundant metallophilic functional groups, high
crystallinity and chemical robustness [19, 49, 52, 53]. The COFs
with metal sites can improve the strength of the interaction
between adsorbent and gas molecules, thus improving the
capture and storage capacity. COFs with porous properties as
the heterogeneous catalysts is very favorable because they not
only have intrinsic activity but also can further combine with
more active sites [54]. Likewise, COFs and their derivates have
a wide range of applications in gas adsorption, photocatalysis,
and energy storage [55, 56].

In this review, the development and recent progress of
MOFs, COFs and their derivates in the metal-air batteries are
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summarized (Fig. 3). The summary of recent progress in the structural diversity and unique electrical properties has great
metal-air batteries with MOFs, COFs and their derivates potential for ORR, OER, CO:RR and CO:ER processes.
as catalysts is shown in Table 1. The MOFs and COFs with Lastly, we propose insight views about the key challenges and
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Figure 3 Timeline of the first application of MOFs and COFs in the metal-air batteries.

Table 1 Summary of recent progress in the metal-air batteries with MOFs, COFs and their derivates as catalysts

Metal-air batteries Materials MOE/COF Function Year Ref.
Zn-air Co porphyrin@ZIF-67 ZIF-67 ORR 2021 [67]
Zn-air Ni-MOF/LDH Ni-MOF OER 2021 [68]
Zn-air Mo-N/C@MoS: ZIF-8 ORR/OER 2017 [71]
Zn-air Ni@N-HCGHF Ni-BTC ORR/OER 2020 [72]
Zn-air Co-SAs@NC ZnCo-ZIFs ORR/OER 2019 [74]
Zn-air CoNP-PTCOF PTCOF ORR/OER 2021 [77]
Zn-air H-NSC@Co/NSC COF@ZIF-67 ORR/OER 2022 [78]
Zn-air pfSAC-Fe COF ORR 2019 [79]
Zn-air mC-TpBpy-Fe COF ORR 2019 [80]
Zn-air COFsrc COF ORR 2019 [81]

Zn-CO, In/ZnO@C ZIF-8 CO:RR 2021 [83]
Zn-CO, CusP/C HKUST-1 CO;RR 2019 [85]
Zn-CO, ZnTe/ZnO@C ZnTe-MOF CO,RR/COzER 2022 [86]
Zn-CO, Fei-Ni;-N-C ZIF-8 CO,RR 2021 [88]
Li-O, Mn-MOE-74-Super P Mn-MOEF-74 ORR 2014 [96]
Li-O, Cu-THQ ¢-MOF ORR/OER 2021 [101]
Li-0, H-ZIF-8[58] ZIF-8 ORR/OER 2020 [102]
Li-O, Ru SAs-NC ZIF-8 ORR/OER 2020 [103]
Li-O, UiO-67-Li/rGO aerogel UiO-67 ORR/OER 2022 [104]
Li-CO; Mna(dobdc) MOF CO,RR/CO,ER 2018 [114]
Li-CO; MnTPzP-Mn MOF CO,RR/CO,ER 2021 [115]
Li-CO; Cu-TCPP MOF CO,RR/CO,ER 2022 [116]
Li-CO, Graphene@COF COF CO,RR/CO,ER 2019 [118]
Li-CO; COF-Ru@CNT COF CO,RR/CO,ER 2019 [119]
Li-CO. TTCOF-Mn TTCOF-Mn CO,RR/CO,ER 2021 [121]
Na-air MOEF-NCNTs ZIF-67 ORR/OER 2019 [131]
Na-air Co-N-C ZnCo-MOF ORR/OER 2020 [134]
Al-air CuNC/KB-X Cu-MOF ORR 2018 [139]
Al-air Zn0O/ZnCo,04/C@rGO ZIF-67 ORR 2017 [140]
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opportunities for MOFs and COFs in the electrochemical
energy storage and conversion.

2 Metal-air batteries

MOFs and COFs as the catalysts of the cathode for the metal-air
batteries should contains the following characteristics: (i) a
fully reversible periodic structure for O»/CO. absorption and
emission; (ii) the exceptionally large pore apertures enable fast
mass transport of the target molecules; (iii) the high thermal
and chemical stability during reaction; (iv) the flexibility to
achieve chemical functionalization and molecular fine-tuning
to optimize absorption capacity. We have summarized the
recent progress in the metal-air batteries with MOFs, COFs
and their derivates as catalysts in Tables 2 and 3.

2.1 Zinc-air batteries

The zinc-air (Zn-air) batteries have advantages of high theoretical
specific energy (1,350 Wh-kg™), low cost and environmental

4 ‘ Nano Research Energy 2023, 2: €9120052

friendliness, leading to the great potential in the field of
electronic products and electric vehicles [57]. A typical Zn-air
battery contains catalyst of ORR/OER as cathode, Zn metal as
anode, a separator and an aqueous alkaline electrolyte [58].
The mechanism of the Zn-air batteries for discharging and
recharging reactions in alkaline aqueous electrolytes is as
follows [59]:

Cathode: O + 4e” + 2H,O <> 4OH~

Anode: Zn + 40H™ <> Zn(OH).* + 2e”
Zn(OH)# < ZnO + 20H + Hz0
Zn + 20H" <> ZnO + H,O + 2¢” E®=-1.25 V vs. SHE

Overall reaction: Zn + O; <> 2ZnO Eeq=1.65V vs. SHE

Because of the slow reaction kinetics of ORR and OER
processes in the Zn-air batteries, we need to design an efficient
bifunctional catalyst to improve the reaction energy barrier.
The precious metal Pt and RuO: as catalysts show the highest
electrocatalytic activity and the best stability for ORR and
OER, respectively [60, 61]. However, it is difficult to achieve

E®=0.4Vvs. SHE

Table 2 Summary of recent progress in the Zn/Al-O,/CO; batteries with MOFs, COFs and their derivates as catalysts

Metal-air Cathode Specific capacity Open circuit Peak power density Durability Ref.
batteries (current density) voltage (V) (current density) (current density)
Zn-air Co porphyrin@ZIF-67 702 mAh-g™ (20 mA-cm™) 1.40 220 mW-cm™ (2 mA-cm™2) 110 h (2 mA-cm™) [67]
Zn-air Ni-MOF/LDH — — — 600 cycles (10 mA-cm™)  [68]
Zn-air Mo-N/C@MoS; — 1.46 196 mW-cm™ (5 mA.cm™) 48 h (25 mA-cm™) [71]
Zn-air Ni@N-HCGHF 706 mAh-g™' (199 mA-cm™) 1.49 117 mW-cm™ (199 mA-cm™) 20 h (10 mA-cm™) [72]
Zn-air Co-SAs@NC 897 mAh-g™! (20 mA-cm™) 1.4 — 700 min (2 mA-cm™) [74]
Zn-air CoNP-PTCOF 797 mAh-g™! (10 mA-cm™) — 53 mW-cm™ (10 mA-cm™) 120 h (10 mA-cm™) [77]
Zn-air H-NSC@Co/NSC 828 mAh-g™! (10 mA-cm™) 1.5 204 mW-cm™ (5 mA-cm™) — [78]
Zn-air pfSAC-Fe 732 mAh-g™' (100 mA-cm™) 1.41 126 mW-cm™ (140 mA-cm™) 300 h (5 mA.cm™) [79]
Zn-air mC-TpBpy-Fe 534 mAh-g™! (50 mA-cm™) 1.5 81 mW-cm™ (140 mA-cm™) 70 h (20 mA-.cm™?) [80]
Zn-air COFsrc — — — >80 h (10 mA-cm™) [81]
Zn-CO, In/ZnO@C 824 mAh-g™ (1 mA-cm™) 1.35 1.32 mW-cm™ (10 mA-cm™) 51 h (1 mA-cm™) [83]
Zn-CO2 CusP/C — 1.5 2.6 mW-cm™ (10 mA-cm™) — [85]
Zn-CO, ZnTe/ZnO@C — 1.35 0.93 mW-cm™ (3 mA-.cm™) 36h (1 mA-cm™) [86]
Zn-CO; Fe1-Ni)-N-C — — — 15h (1.1 mA) 88]
Al-air CuNC/KB-X — 1.53 — — [139]
Al-air Zn0/ZnCo0,04/C@rGO  42.6 mAh-g™' (1 mA-cm™) 1.53 — — [140]

Table 3 Summary of recent progress in the Li/Na-O,/CO batteries with MOFs, COFs and their derivates as catalysts

Metal-air batteries Cathode (Scpuerclg;ct fi?;flscli;}; Polarization (V) (c?;ii?z:fzgy) Ref.
Li-O; Mn-MOEF-74-Super P 9,420 mAh-g™' (50 mA-g™') — 6 (200 mA-g™) [96]
Li-0, Cu-THQ — 1.09 (1 A-g) 300 (1Ag™) [101]
Li-O, H-ZIF-8[5S] — 0.54 (50 mA-g™) — [102]
Li-O, Ru SAs-NC 13,424 mAh-g™ (0.02 mA-cm™) 0.55 (0.02 mA-cm™) 60 (0.02 mA-cm™) [103]
Li-O; UiO-67-Li/rGO Aerogel 6,891 mAh-g™' (100 mA-cm™?) 0.6 (100 mA-cm™) 115 (100 mA-cm™2) [104]

Li-CO. Mn;(dobdc) 18,022 mAh-g™' (50 mA-g™) 1.36 (100 mA-g™) 50 (200 mA-g™) [114]
Li-CO, MnTPzP-Mn 14,025 mAh-g™' (100 mA-g™") 1.05 (100 mA-g™') 90 (200 mA-g™') [115]
Li-CO, Cu-TCPP 20,393 mAh-g! (200 mA-g™) 1.8 (2,000 mA-g) 123 (500 mA-g!) [116]
Li-CO, Graphene@COF 27,833 mAh-g™ (75 mA-g™') 1.70 (500 mA-g™) 56 (500 mA-g™) [118]
Li-CO, COF-Ru@CNT 27,348 mAh-g™! (200 mA-g™) 1.24 (200 mA-g) 150 (400 mA-g') [119]
Li-CO» TTCOF-Mn 13,018 mAh-g' (100 mA-g') 1.07 (100 mA-g™) 180 (300 mA-g!) [121]
Na-air MOF-NCNTs — 0.3 (0.1 mA-cm™) 35 (0.1 mA-cm™) [131]
Na-air Co-N-C — 0.31 (0.1 mA-cm™) 20 (0.1 mA-cm™) [134]
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large-scale application of noble metal electrocatalysts, owing
to their limited reserves, high cost, and instable structure.
Therefore, an excellent bifunctional electrocatalyst with low
price, stable structure and porous properties can effectively
promote OER and ORR in the Zn-air batteries [62, 63].

MOFs/COFs and their derivatives for the Zn-air battery

MOFs with the merits of particular pore structure and the
controllability of metal sites can be served as both oxygen
absorber and efficient electrocatalyst in the Zn-air batteries
[64-66]. One of the most appealing molecular electrocatalysts
is the molecule@support hybrids. Liang et al. grafted Co
porphyrins on the surface of MOFs through ligand exchange
and used them as catalysts in the Zn-air batteries [67]. The
different hybrids can be formed based on the composition of
MOFE, optimizing the process of electron and mass transfer
processes in the reaction of electrocatalytic. In addition, the
active MOF supports can be used to further improve the activity
and selectivity of catalytic processes. The Co porphyrin@MOF
hybrids showing the considerable selectivity for ORR with 4e.
Furthermore, because of the large specific surface area and
abundant active sites of the MOFs, Zhang et al. constructed
Ni-MOF/LDH heterostructures with high surface area and
abundant phase interface by in-situ transformation through

) //e\\

Vacuum

Filtration

Mixture of Ni-BTC+GO

(b)

Hollow MOF

the strategy of “MOF on MOF”, which shows the excellent
OER catalytic activity [68]. In addition, MOFs can also be
used as a sacrificial template to be transformed into other
conductive electrocatalysts by calcination. We can obtain
highly graphitized and amorphous carbon frameworks by
direct carbonization of MOFs. However, we have to face the
problems are that the pore size affects the diffusion and mass
transfer process, and high graphitization causes the collapse of
the active site [69, 70]. Amiinu ef al. designed a multifunctional
electrocatalyst (Mo-N/C@MoS;) that the MoS, was vertically
wrapped in a nitrogen-doped carbon (N/C) material derived
from MOF by Mo-N interface coupling interaction [71]. The
excellent multifunctional electrocatalytic property can be
attributed to the unique three-phase active sites, in which the
bare active site at the edge of MoS; nanosheet, the interface
coupling center of Mo-N and the N-induced active site of
adjacent C atoms in the framework. In addition, the hierarchical
porous structure based on MOF-derivatives is beneficial to
diffusion and mass transfer. As used in the solid-state Zn-air
batteries, the efficiency and open-circuit voltage of Mo-N/
C@MoS; reached 63.9% at 5 mA-cm™ and 1.34 V, respectively.
Yan et al. prepared a flexible self-supporting composite film
by pyrolysis of Ni-based MOF/GO composite (denoted as
3D-CNT/rGO) for the Zn-air batteries (Fig. 4(a)) [72]. On

Ni@N-HCGHF

Figure4 (a) Schematic of the preparation of Ni@N-HCGHE. (b) SEM and (c) TEM images of Ni-BTC-HM. (d, e) Top-view and (f, g) cross-sectional
SEM images of Ni@N-HCGHE. (h) SEM and (i) TEM images of MOF-derived N-doped carbon nanotube hollow microsphere. (j) TEM, (k) HRTEM,
(I) HAADF-STEM images, and (m) EDS mapping of Ni@N-HCGHE. Reproduced with permission from Ref. [72], © Wiley-VCH GmbH 2020.
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the one hand, the superstructure of MOF-derived carbon
nanotube microspheres can prevent the aggregation for rGO
and provide a high specific surface area to generate more
active sites (Figs. 4(b)-4(i)). On the other hand, carbon-based
composite membrane has excellent electrical conductivity and
can provide a channel for electron transfer (Figs. 4(j)-4(m)).
Significantly, the efficient synergistic effect between the Ni
core and carbon shell can reduce free energy and optimize
the electrochemical reaction steps. MOFs have been recognized
as the most potential candidates for the precise structural
design of single-atom catalysts [73]. Han et al. successfully
obtained the cobalt single atom on N-doped porous carbon
(Co-SAs@NC) by precisely regulating the Zn-doping amount
in bi-metallic ZnCo-ZIFs [74]. The single-atom Co catalyst
shows excellent dual-function ORR/OER activity and durability
in reversible Zn-air battery.

The strategy of accurately designing the active center of the
bifunctional COFs electrocatalyst and adjusting its electronic
structure is also one of the effective approaches to increase

ecC
oN
Qs
@OH

Epitaxial growth

COF-SM@ZIF-67

6 -o Research Energy 2023, 2: €9120052

the activity of ORR and OER [75, 76]. Park et al. prepared
pyridine-linked triazine COF-derivatives doped with Co
nanoparticles (CoNP-PTCOF) [77]. The electronic structure
of PTCOF was modulated by incorporation of Co nanoparticles
to induce bifunctional activity for ORR and OER. The framework
hybridization is a new development direction, and the main
way is to connect MOFs and COFs through covalent bond
to obtain hybrid materials. Li et al. produced core-shell
carbon-based compounds (H-NSC@Co/NSC) by pyrolytically
covalently linked COF@ZIF-67 as a bifunctional catalyst for
ORR and OER (Fig. 5(a)) [78]. H-NSC@Co/NSC has a unique
core-shell structure, which consists of a COF-derived hollow
N, S co-doped carbon (H-NSC) core and a ZIF-67-derived
carbon matrix (Co/NSC) shell inlaying with Co nanoparticles
(NPs) (Figs. 5(b)-5(e)). On the one hand, the cavities in
COF-derived have low density and high permeability, which
is conducive to diffusion dynamics and makes the active site
highly accessible to the surrounding reactants. On the other
hand, the stable Co/NSC shell shows high activity for catalytic

Pyrolysis

H-NSC@Co/NSC

2.4 4 s Pt/C+RUO,

e H-NSC@C0/NSC

L

AE=089V

Il

Voltage (V)
-
S

-
[8)

T T
0 500 1,000 1,500
Cycle number (n)

1,500 1,505 1,510 1,515 1,520 1,525
Cycle number (n)

Figure 5 (a) The prepation of core-shell H-NSC@Co/NSC. SEM images of (b) COF-SM, (c) COF-SM@ZIF-67 and (d) H-NSC@Co/NSC. (e) HAADF-STEM
and corresponding elemental mapping images of H-NSC@Co/NSC. (f, g) The discharge-charge curves of H-NSC@Co/NSC and Pt/C+RuO:-based ZABs
at 10 mA-cm ™ Reproduced with permission from Ref. [78], © Wiley-VCH GmbH 2022.
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OER/ORR. H-NSC@Co/NSC as bifunctional electrocatalyst
for the Zn-air battery shows a power density of 204.3 mW-cm?,
lower overpotential, and excellent cycle stability (Figs. 5(f)
and 5(g)).

Peng et al. used a fully m-conjugated iron phthalocyanine
(FePc) as COF to fabricate the well-defined Fe-N, single-atom
catalysts (SACs) [79] (Figs. 6(a) and 6(c)). The pyrolysis-free
synthesized SACs (pfSAC-Fe) is different from the random
formation of Fe-N, moieties on a carbon matrix by pyrolysis
(Figs. 6(b) and 6(d)). The m-electron conjugation structure
between single-atom sites and graphene was constructed by
using the intermolecular synergism between metal center
and carbon matrix (Fig. 6(e)). In addition, the pfSAC-Fe has a
stable cycle life of more than 300 h, and the performance
is better than that of Pt/C (Fig. 6(f)). In general, the pfSAC-Fe
as catalytic has good stability in Zn-air batteries and the
pyrolytic-free synthesis strategy has potential applications in
other electrochemical devices. Zhao et al. prepared a Fe-N
doped mesoporous carbon (mC-TpBpy-Fe) as ORR catalyst for
the Zn-air battery [80]. The mC-TpBpy-Fe was obtained through
preparing a COF containing bipyridine by p-toluenesulfonic
acid assisted mechanochemical method after carbonization and
template removal. The bipyridine group in the COF is used to
assist the coordination of Fe metal cites in mesoporous carbon

(a) COF .

materials. Moreover, the large pore size and abundant porosity
of mesoporous carbon can effectively facilitate the diffusion of
O: and electrolyte to the Fe-N. active sites, which produces
excellent ORR performance. Similarly, Peng et al. designed a
functional COF (COFsrc) as a catalyst of the cathode for the
Zn-air flow batteries, which connected by a rigid conjugate
skeleton and abundant Fe-N, active center [81]. The Fe single
atom center can form strong interaction with hydroxide and
other solvent molecules, resulting in in-situ intercalation and
exfoliation of solvent molecules in solution. Importantly, the
abundant nitrogen coordination Fe single atom structure
(Fe-N-C) shows outstanding electrocatalytic activity for ORR.
The results of the research provide a novel idea, method and
reference for the development of soluble COFs in the Zn-air
batteries.

The MOFs and COFs with high surface area, excellent thermal
and chemical robustness are widely used in the Zn-air batteries.
However, due to the low electrical conductivity of the most
MOFs and COFs, the electrocatalysts need to be designed on
the basis of their derivates. In fact, the intrinsic advantages of
MOFs and COFs are not fully utilized. Achieving the high
efficiency reactions of ORR and OER is also the first problem
in the Zn-air batteries for us to solve it in the future by designing
the appropriate MOFs and COFs-based catalysts.
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of the pfSAC-Fe-0.2 (The bright dots are Fe atoms). (e) Differential charge density distribution on pfSAC-Fe. (f) The discharge-charge curves of the Zn-air
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Science 2019.
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2.2 Zinc-carbon dioxide batteries

In the aqueous zinc-carbon dioxide (Zn-CQOz) batteries, the
water acts as a proton-supplying medium to supply proton
coupled electron transfer pathway and realize the electrochemical
conversion of CO:; to the value-added products (CO, HCOOH,
C;H,4, and C;HsOH) [82, 83]

CO2 + 2H* +2¢” — CO + H.0O E'=-0.11V
CO; + 2H* + 2e- =~ HCOOH E=-020V
2CO; + 12e + 2H* — C,H4 + 4H,O E=0.07V
2CO; + 12¢~ +2H* — C,Hs0H + 3H.0O E°=0.08V

In addition, the CO:RR process has a large Gibbs free energy
without using catalyst, and the activation process involving an
electron requires a large overpotential [82]. In addition to the
activity of the catalysts, the competitive relationship between
the CO:RR and the HER needs to be further considered. To
realize the reversible aqueous Zn-CO; batteries, it is necessary
to design catalysts with efficient bifunctional for CO:RR and
CO:ER processes. Xie et al. group have successfully prepared a
three-dimensional (3D) porous Pd with rich edge by hydrogen
evolution assisted electrodeposition, and realized a reversible
conversion of CO:; to liquid HCOOH in the aqueous Zn-CO:
battery [84]. The discharging and recharging reactions are as
follows:

Cathode: CO2+2H*+2e” «+> HCOOH E.=-0294V
Anode: Zn — 2e” <> Zn*

Zn* + 40H < Zn(OH).*

Zn(OH) <> ZnO + 20H + H,0 E.=-1249V

Overall reaction: Zn + CO; + 2H* + 20H™ <
Zn0O + HCOOH + H,O. Eteo=Ec - E.=0.955V

The enriched electrochemical active surface of 3D porous
Pd promotes the selective reduction of CO. to HCOOH,
and as well as the selective oxidation of HCOOH to CO»
at low overpotential [81]. More importantly, two bipolar
membranes in opposite directions achieving a two-compartment
discharging and charging processes. The reversible aqueous
Zn-CQO; batteries at current density of 0.56 mA-cm™ with
lower overpotential is 0.19 V, higher energy efficiency is 81.2%,
and over 100 cycle life.

MOFs and their derivatives for Zn-CO: battery

MOFs have been widely used as sacrificial templates to prepare
the functional porous materials for the catalysts of the Zn-CO,
batteries. In 2019, Xu et al. reported a CusP/C nanocomposite
by phosphorylation of the Cu-based MOFs precursor as
electrocatalyst for Zn-CO. batteries [85]. The good catalytic
performance for CO.RR due to the synergistic catalytic effect
of Cu, P. In particular, the carbonization of MOFs facilitates
the preparation of highly conductive and stable copper/porous
carbon composites. Teng et al. designed a hollow nanocubic
In/ZnO@C derived from an In(OH)s;-doped of Zn-MOF
(Figs. 7(a)-7(d)) [83]. In-situ introduction of In(OH); into
Zn-MOF with unique nanocube morphology can effectively
avoid the agglomeration of In metal (Figs. 7(e)-7(g)). The
In/ZnO@C exhibites favourable catalytic activity and selectivity
for CO: conversion to formate. Subsequently, Teng et al.
prepared a heterostructured materials (ZnTe/ZnO@C) as a
Zn-based electrocatalyst for the Zn-CO; batteries by using a
novel ZnTe as MOFs supported on N-doped carbon nanosheets
(Figs. 7(h) and 7(i)) [86]. Significantly, the formation of formate
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is achieved by stabilizing key HCOO* intermediates on ZnTe.
Due to the flexibility and controllability of structure and
composition regulation, MOFs is one of the ideal candidates
for accurate building of adjacent single atom site in the Zn-CO,
batteries [87].

MOFs have great advantageous in the accurate construction
of single-atom catalysts (SACs) in the Zn-CO; batteries. Jiao
et al. proposed a Zn-assisted atomization strategy (ZAAS),
which introduced Fe and Ni single atoms into MOF-derived
nitrogen-doped carbon, and successfully constructed Fe,-Ni;-N-C
with adjacent non-bonded Fe-Ni atom pairs (Figs. 8(a)-8(c))
[88]. The Fe single atom in Fe;-Ni;-N-C catalyst can be activated
by the adjacent Ni single atom through non-bonding interaction,
which promotes the generation of COOH* intermediates to
accelerate the reduction of CO: (Fig. 8(d)). Thus, the Fe:-Ni;-N-C
shows excellent a FEco of 96.2% and operation durability
(Figs. 8(e) and 8(f)).

The studies of MOF-based catalysts in the Zn-CO:
batteries are still at an early stage. We believe that the precise
construction of MOF-based catalysts with high crystallinity
and chemical robustness will be beneficial in transforming
CO; electrochemistry into low-cost, controllable value-added
products and expand the performance at high current density
in the future.

2.3 Lithium-oxygen batteries

Lithium-oxygen (Li-O:) batteries with a theoretical energy
density of 3,505 Wh-kg™ (based on Li>O:) and operational
voltage of 2.96 V, play an important role to realize the con-
version of chemical energy to electric energy [89, 90]. A typical
non-aqueous Li-O: batteries consist of dissolution/deposition
process of lithium anode, the ORR/OER processes at the
gas diffusion cathode, and the organic electrolyte with high
conductivity of Li* [91].

The mechanism of charge and discharge reactions are as
follows:

Anode: 2Li — 2e- — 2Li*

Cathode: Li* + e + O, — LiO»
LiO; + Lif + e — Li,O>

Overall reaction: Li + Oz <> Li>O>

E*=3.0 V (vs. Li/Li")
E*=2.96V (vs. Li/Li*)

During the discharging and charging processes, the ORR and
OER processes take place on the cathode. The slow kinetic
process of the cathode occurs at the three-phase interface
(oxygen/electrode/electrolyte). The Li:O: as an insulating
product is deposited on the surface of catalysts during the
discharge process, which further inhibits the transportation of
oxygen and electron [92]. Therefore, it is essential to develop
an efficient catalyst with high oxygen adsorption ability and
bifunctional catalytic activity for ORR and OER.

Zhang et al. directly grew Mn-MOF-74 nanoparticles on
carbon nanotubes (Mn-MOF-74@CN's), which worked in
humid oxygen environment and obtained LiOH as the discharge
product [93]. It is further reported that LiOH is formed through
the chemical conversion of Li»O: in the metal center of
Mn?*/Mn*. The related reactions are as follows [93]:

2Li* + 20, + 2e” — 2Li0Ox(sol.)

2LiOx(sol.) = Li,Oz + O2

Li.O; + 2H,0 < 2LiOH + H0;

H.O, — H.O + 1/202

Overall reaction: 2Li* + %0, + H.O + 2e- — 2LiOH

This moist oxygen environment and the design of MOF-based
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Chemical Society 2021.

functional electrocatalyst contribute to the formation of main
discharge product LiOH and the excellent cycle life of Li-O.
batteries.

The practical application of Li-O; battery has been hindered
by the high polarization on ORR and OER processes, the hole
blockage of air cathode caused by discharge product (Li.O:),
and electrolyte instability, leading to poor energy efficiency
and cycle performance.

MOFs and their derivatives for Li-O: battery

MOFs has the merits of open metal sites, high surface area,
uniform pores and adjustable chemical environment, which
can significantly improve the adsorption ability for O, as
well as facilitate Li* diffusion and products deposition [94]. In
2014, Li et al firstly prepared a novel cobalt-containing
MOFs as template for the transition metal-N-C as ORR catalyst
in the non-aqueous Li-O; batteries [95]. In-situ preparation of
N-doped graphene/graphene tube nanocomposites by using
MOFs as a template provides a novel way to prepare carbon
nanocomposites. Subsequently, Wu et al. firstly applied MOFs
as O; electrode for Li-O; batteries (Fig. 9(a)) [96]. The discharge
capacity of Mn-MOF-74 combined with Super P as cathode
catalyst is 9,420 mAh-g™', which is more than four times
bigger than that of the battery with only Super P (Fig. 9(b)).
A series of MOFs for oxygen electrocatalysts have been

developed [97-99]. Furthermore, the electronic insulation
properties of traditional MOFs are due to the big energy
barrier for electron transfer between the rigid metal ions and
redox inactive organic ligands [100]. This problem can be
improved by developing new conductive MOF materials or by
combining them with good conductors. Majidi et al. reported
a copper tetrahydroxyquinone (Cu-THQ) conductive MOF
(c-MOF) as the catalyst of cathode for the Li-O, batteries
without conductive additives [101]. Owing to the existence
of c-MOF with high active surface area, the formation of
electron-conductive nanocrystals LiO; in amorphous Li,O,
region can be promoted. Choi et al. developed multilayer MOFs
with alternating stabilizing layers and decomposing layers to
automatically produce and stabilize sub-nanoparticles (SNPs)
in scalable batch loading (Figs. 10(a)-10(c)) [102]. Importantly,
the stability of SNPs is achieved by n-antibonding through the
multiple shell layer and the interlayer hopping mechanism can
significantly minimizes the transmission resistance of hollow
interspaces to obtain high conductivity (Figs. 10(d) and 10(e)).
Moreover, it’s also a common way to obtain catalysts with
high activity and stability by precise regulation at atomic scale
with the MOFs assisted strategy in the Li-O, batteries. Hu et al.
synthesized a binder-free, porous structure, stable and efficient
bifunctional Ru single-atom electrocatalyst for ORR and OER
processes (Fig. 11(a)) [103]. The Ru single atom on N-doped
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porous carbon (Ru SAs-NC) catalyst was prepared by the
MOF-assisted space confinement and ionic replacement
strategies, which can significantly reduce the overpotential
of discharge and charge reactions and greatly improve the
electrochemical performance of Li-O; batteries (Fig. 11(h)). In
particular, the molecular cage of the metal-organic frameworks
plays an essential role in space confinement (Figs. 11(b)-11(d)).
The Zn site will volatilize during high-temperature pyrolysis
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process, and Ru* can replace the Zn** node to form the Ru-N
coordination structure (Figs. 11(e)-11(g)).

Though the metal-air batteries are open system, the
generation of dendrites and the effect of O, on the anode can
be reduced by optimizing the diaphragm. Xu’s group developed
a new solid-state electrolyte material UiO-67-Li with molecular
pore conduction of Li based on the MOF-derivates, thereby
building an integrated solid-state Li-O. batteries with high
stability and safety [104]. Furthermore, the solid electrolyte
material UiO-67-Li was grown in-situ on porous conductive
graphene aerogel (denote as UiO-67-Li@rGO aerogel). Then
the cathode with good solid-solid contact interface were
successfully constructed, which could realize the ion/electron
transport and the rapid gas diffusion. The abundant unsaturated
sites and oriented Li* transport channels in the UiO-67-Li
skeleton will cause rapid dissociation of lithium salts. The
dissociated anions will be fixed by the unsaturated sites
exposed in the skeleton, resulting in an increase in the
number of freely moving Li*, thereby increasing the ionic
conductivity and the number of Li* migration for electrolyte.
The solid-state Li-O, battery with UiO-67-Li@rGO aerogel
exhibits stability up to 115 cycles, low polarization of 0.8 V,
and excellent performance. Zhou’s group prepared a MOF-based
separator for Li-O, batteries [105]. The MOFs-based membranes
can isolate the liquid negative electrode and confine the redox
medium to the positive electrolyte to avoid shuttle effect.
Deng et al. investigated an organic oxygen battery with liquid
lithium-based anode and MOF membranes (Fig. 12(a)). An
organic liquid Li-based negative electrode was obtained
by dissolving an equal molar ratio of lithium metal in 1,
2-dimethoxyethane biphenyl (Bp-Li). However, the MOFs-
based membranes of zeolite imidazolium skeleton (ZIF-7)
effectively prevent BP-Li transmission to the side of cathode
(Figs. 12(b)-12(e)) [106]. Electrochemical performance of
organic O: batteries based on BP-Li anode at different rates
shows that the stable discharge plateau and charging plateau at
~2.45 and ~2.75 V at low current density, respectively. A high
current density of 4,000 mA-g™ and a high reversible specific
capacity of 2,000 mAh-g™' can be achieve with 100 cycles
(Fig. 12(f)).

MOFs have adjustable pore channels and open metal sites
that facilitate mass transfer, O, enrichment and ORR/OER
catalytic processes. In addition, the periodic structure and
chemical stability of MOFs-based catalysts are also ideal choices
for the Li-O: batteries.

2.4 Lithium-carbon dioxide batteries

Among many metal-air batteries, Lithium-carbon dioxide
(Li-CO:) battery with high specific energy density (1,876 Wh-kg™)
and discharge potential (2.84 V) has become a kind of new
energy conversion and storage device for the next generation
due to the especial active material CO: [4, 107, 108]. In 2011,
Takechi et al. constructed a non-aqueous Li-O,/CO; batteries
with Ketjen-black as cathode catalyst, which obtained the
capacity is three times than pure Li-O; batteries [109]. The
reaction mechanism of Li-O»/CO; batteries are proposed as
follows:

40; + 4e” — 40,

0O+ CO; = COy~

COs™ + CO; = C06™

C206 + 02" = C06* + 02

C06* + 20, + 4Li* — 2Li:COs + 20:
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Archer’s group reported a new type of Li-CO: battery be decomposed during charging [107]. Zhou’s group used

operating at high temperature, which obtained the overall graphene as cathode for the first time in rechargeable Li-CO,
reaction is 4Li + 3CO; «> 2LiCOs + C [110]. Li’s group batteries. Also noteworthy is the fact that Li.COs has crystal
realized the rechargeable Li-CO; battery at room temperature structure, which are more likely to detect than amorphous C.
by using (LiCF:SOs)-TEGDME as electrolyte and the Li:COs On the other hand, the ubiquitous of carbon materials in
and amorphous C as the main discharge products can Li-CO: battery makes the source of amorphous C in discharge
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products unclear. In order to confirm the existence of carbon,
a platinum net rather than graphene was used as cathode for
Li-CO; batteries [5]. The Pt net as cathode for the Li-CO:
battery was discharged to 2.2 V. The results show a typical
spectrum with a distinct edge of the K shell ionization energy
characteristic of the corresponding carbon at 282 eV. Qiao
et al. prepared gold as cathode for the Li-CO; battery to
studied the variation trend of product types and components
by in-situ surface-enhanced Raman spectroscopy [4]. Different
from Li’s group used (LiCFsSO;)-TEGDME, Qiao et al. used
(LiClO4)-DMSO as electrolyte due to the DMSO has high
conductivity, low viscosity, and high CO; solubility. The surface
of sputtered gold nanoparticles is rough, and its surface
enhancement effect has stronger Raman peak signal. Additionally,
the discharge products are Li.C,O, [111, 112] and HCOOH
[113], respectively.

MOFs/COFs and their derivatives for Li-CO2 battery

In 2018, Li et al. used MOFs as a catalyst of the cathode for
Li-CO: battery for the first time [114]. Eight porous MOFs
and two nonporous MOFs were studied in the Li-CO.
batteries (Figs. 13(a)-13(f)). It was found that the MOFs with
Mn sites could greatly reduce the charging overpotential,
and the excellent CO; absorption capacity of MOFs tend to
improve the discharge capacity. Furthermore, the MOFs with
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excellent CO; enrichment and the high dispersed metal catalytic
active sites can further promote the decomposition of the
products. In-situ DEMS results indicated that only CO. was
produced in Mnz(bobdc) electrode during recharging, which
further demonstrated that the eversible reactions of 3CO, +
4Li = 2Li,COs + C take place on the MOFs. Lan’s group
designed the porphyrin-based two-dimensional MOFs of
MnTPzP-Mn, CoTPzP-Mn, and CoTPzP-Co with dual-metal
sites as the catalysts of the cathode for the Li-CO. batteries
[115]. The metalloporphyrin can promote the activation of
CO: and the metal-coordinated pyrazole can improved the
complete efficient decomposition of product. Significantly, the
MnTPzP-Mn as the catalyst of the cathode for the Li-CO:
batteries shows a lower overpotential (1.05 V) and excellent
cycle stability (90 cycles). Furthermore, Xu et al. prepared a
Cu-tetra(4-carboxyphenyl) porphyrin (Cu-TCPP) nanosheets
as cathode catalyst for Li-CO; batteries [116]. The Lewis base
(-NH-) on the channel walls of the MOFs can produce strong
interaction with acidic CO: gas [117]. The MOFs with high
porosity and uniformly dispersed Cu-Ni metal sites, provide
suitable active sites and reaction space for the chemical
conversion of CO.. The polarization is only 1.8 V at 2,000 mA-g™".

Huang et al. designed the graphene@COF by using imide
COF is uniformly covering the graphene as catalyst of the
cathode for the Li-CO; batteries [118]. CO, can be enriched
and confined in the micropores of the Imine-COF. On the one
hand, the enrichment and confinement effects optimize the
diffusion path of CO. and enhances the conductivity of
electrons and lithium jons. On the other hand, the regular
structure fragments of COFs can avoid the accumulation of
a large number of discharge products caused by high CO:
concentration. In addition, Li et al. prepared a composite
material by combining hydrazine-linked COF and CNT
coated with Ru nanoparticles (COF-Ru@CNT) as an efficient
catalyst (Fig. 14(a)) [119]. The COFs can markedly improve
the ability of capturing CO: in discharge process and promote
the decomposition of product during recharging. In addition,
the unique pore structure of COFs can be used as a diffusion
layer for Li* and CO,, thus enhancing the rate performance
(Figs. 14(b) and 14(c)). The Li-CO:; batteries with COF-based
catalysts have an excellent rate performance and operated
stably for 200 cycles at current density of 1,000 mA-g™ with no
significant voltage decay during charging and discharging
processes (Figs. 14(d)-14(g)). Recently, researchers have noted
that the combination of tetrathiafulvalene (TTF) as electron
donor with metalloporphyrin as electron acceptor to prepared
COFs, which can increase the electron efficiency and speed up
the transfer of the intermolecular charge-electron [120]. Lan’s
group designed a porphyrin-based COFs with Mn single atom
sites (TTCOF-Mn) and found that: (i) The uniformly distributed
porphyrin centers are enrich in Mn-Nx sites, which are
beneficial to the catalytic activation process of CO.. (ii) The
combination of the metal center with the electron-donating
ligand can effectively realize the intramolecular electron
transport. (iii) It has the porous, large specific surface area and
stable chemical properties, which can ensure the key steps of
reaction such as active gas adsorption, uniform ion dispersion
and rapid mass transfer can be carried out effectively in the
Li-CO:; batteries [121].

2.5 Sodium-air batteries

Sodium as anode for air batteries has great potential because
of the moderate cost, abundant reserves, and relatively high
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electrode potential (-2.71 V vs. SHE) [122, 123]. The sodium-air
(Na-air) batteries with high energy density of 1,683 Wh-kg™',
which is calculated from 2Na* + Oz + 2e” <> Na,O [124]. The
ORR and OER processes with slow kinetics during discharging
and recharging, which involves complex multielectron
three-phase interfacial reactions and eventually leads to large
polarization for the Na-air batteries.

Peled et al. first reported a liquid Na-air batteries based
on the polymer electrolyte at 100 °C [125]. However, liquid
sodium is highly corrosive and the high temperature condition
is inconvenient for practical application. Therefore, Fu et al.
reported a non-aqueous Na-air batteries with diamond-like
film as the cathode at room temperature and the 1 M NaPFs
dissolve in ethylene carbonate and dimethyl carbonate as
electrolytes [126]. The Na-O: batteries at room-temperature
achieves a high reversible capacity and discharge platform of
up to 2.3 V. Furthermore, the crystalline Na,O is found in the
discharge products. The mechanism of charge and discharge
reactions are as follows:

Anode: 2Na <> 2Na* + 2e”
Cathode: 2Na* + O; + 2e” <> Na:0O»
nNa* + O, + EC/DEC + ne” <> Na,COs
+ NaOCO-R + side products
2Na;0O; + 2CO; «> 2Na,0,

Hartmann et al. reported a rechargeable Na-O, batteries at
room temperature, and the cubic particle NaO; is the main
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discharge product [127]. Apart from that, Hartmann et al.
realized a reversible Na-O; battery at room temperature by
using pure carbon materials as cathode [128]. The solid discharge
product of crystalline NaO, is formed in a one-electron
transfer step.

Archer’s group reported a novel tetraglyme-based Na-CO,/O:
batteries at room temperature [129]. In addition, Archer’s
group design a rechargeable Na-CO-/O:; batteries utilizes the
SiO.-IL-TESI/PC-NaTFSI hybrid electrolyte. The XRD results
indicate that the main discharge product is NaHCOs, which
was decomposed to CO; and a small amount of O. during
recharging process [130]. The probably mechanism of Na-O./
CO:; batteries are as follows [130]:

Na + 1/2H; + CO: + 1/20,—~ NaHCO; E?=2.88 V (vs. Na/Na*)

MOFs and their derivatives for Na-air battery

In 2019, Wu et al. firstly prepared N-doped carbon nanotubes
derived from ZIF-67 MOFs (MOF-NCNTSs) as catalyst for the
hybrid Na-air batteries (Fig. 15(a)) [131]. ZIF-67 particles
can provide carbon source for catalyze the further growth of
cobalt nanoparticles for carbon nanotubes during the heat
treatment process (Figs. 15(b)-15(e)) [132, 133]. Significantly,
the excellent electrochemical performance is due to the
synergistic effect between N and confined Co nanoparticles
in carbon nanotubes, which promotes the electron transfer in
ORR and OER processes. Whats more, the hollow structure
and robust porous cage derived from MOFs can promote the
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Figure 15 (a) Schematic illustration of a typical hybrid Na-air battery. (b) FESEM, (c) TEM, (d) HAADF-STEM images of MOF-NCNTs, (e) the
corresponding element mapping of C, N, and Co. (f) Cycling performance of hybrid Na-air batteries with MOF-NCNTs as catalyst at 0.1 mA-cm™.

Reproduced with permission from Ref. [131], © Elsevier B.V. 2019.
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O adsorption and the proton transportation, leading to the
excellent stability of electrocatalysis for the Na-air batteries.
And then, the Na-air battery with MOF-NCNTs has lower
overpotential is 0.3 V at current density of 100 mA-g
(Fig. 15(f)). Particularly, because of the bimetal organic
framework derived hybrid materials have the porous structure
and gas adsorption capacity, exhibiting excellent ORR catalytic
activity in recent year. Subsequently, Zhu et al. reported a
N-doped defective carbon nano-framework with cobalt
nanoparticles derived from ZnCo bimetal MOFs (Co-N-C) as
catalyst for the hybrid Na-air battery [134]. The Co-N-C with
high specific surface area is ascribe to the evaporation of zinc,
which facilitates the adsorption and desorption of oxygen
and also provides a large number of catalytic sites [135]. The
synergistic catalytic effect between nitrogen-doped carbon and
Co opens up a new way to develop the bifunctional catalysts
for ORR/OER.

Due to the bad thermal stability, low efficiency of active site
and poor conductivity at the interface of directly carbonized
MOFs, more and more studies tend to regulate the active sites
on the basis of the MOFs-derivates to meet the standard of the
practical applications. Other than that, the different types of
MOFs make it possible to prepare a variety of MOFs-derived
nanocomposites. There is no doubt that the MOFs have great
potential in Na-air batteries as the preferred material for the

preparation of carbon nanocomposites.

2.6 Aluminum-air batteries

In 1962, Zaromb firstly proposed the use of aluminium metal
anodes with high energy density in aluminium/oxygen systems
[136, 137]. The aluminum-air (Al-air) batteries have a theoretical
energy density of 8,000 Wh-kg™ and great application value
in electric vehicle and submarine power supply [138]. The
mechanism of charge and discharge reactions are as follows [137].

Anode: Al - 3e- — AP’
Cathode: O; + 2H,O + 2e” =~ 40H"-

Overall reaction: Al + 30; + 6H.0 <> 4Al(OH); (U°=2.74V)

The Al-air batteries system is an excellent electrochemical
storage system with a high energy density, making it an
attractive candidate for electric vehicle.

MOFs and their derivatives for Al-air battery

To obtain the chemical stability of MOFs-based catalysts,
we often convert primitive MOFs into metal oxide/carbon
composites. Li et al. first reported a catalyst containing
Cu/Cu20 nanoparticles and amorphous CuN;C, in the Al-air
batteries (Fig. 16(a)) [139]. The hybrid catalyst obtained by
using Cu-MOF as a sacrifice template to modify Ketjenblack
carbon, which could be used as active sites to accelerate
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Figure 16 (a) Preparation diagram for the CuNC/KB-X. (b) LSV curves with catalyst loading of about 0.243 mg-cm™
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(c) Diagram of reaction mechanism. (a)-(c) Reproduced with permission from Ref. [139] © The Royal Society of Chemistry 2017. (d) Schematic
illustration for the synthesis of Co/C@rGO and ZnO/ZnC0:04/C@rGO. (e) SEM and (f) TEM images of the ZnO/ZnCo,04/C@rGO. (g) Conformation of
a coin Al-air cell. Reproduced with permission from Ref. [140], © American Chemical Society 2017.
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the ORR process (Figs. 16(b) and 16(c)). Liu et al. designed
the ZnO/ZnCo,04/C@rGO as cathode for Al-air batteries,
which derived from zeolitic imidazolate framework (ZIF-67)
(Fig. 16(d)) [140]. On the one hand, the MOFs-derived
nanostructures have the characteristics of large surface area,
robust morphology and porosity, which become the promising
ORR electrocatalysts. On the other hand, the rGO has good
electrical properties, large specific surface area and favourable
mechanical strength. The resultant composites have high
conductivity, dispersion and chemical stability (Figs. 16(e) and
16(f)). Hence, the unique nanocage structure and the cooperative
covalent coupling between highly conductive rGO can induce
high dispersion, excellent chemical stability, and more catalytic
active sites. Furthermore, a new type of simple primary coin
Al-air battery was firstly prepared in order to further explore
the actual electrochemical performance (Fig. 16(g)).

The greatest advantage of MOFs is its highly adjustable and
structured channel, which allows the material composition
and structure to be designed and optimized according to the
requirements of the Al-air batteries system. Therefore, it is
necessary to develop low-cost and efficient MOFs-based catalysts,
but it is still challenging to achieve practical applications.

3 Perspective and outlook

Recently, the researches of MOFs and COFs in the metal-air
batteries have shown exponential growth due to their high
specific surface area, porosity, pore size and control of
components. On the one hand, their functional porous
walls can produce strong adsorption with CO; and O.. On the
other hand, adsorption near the catalytic site can significantly
improve the catalytic efficiency. The pore size of MOFs and
COFs are not only to satisfy the rapid transportation of gases,
electrolyte and the intermediate species, but also to meet the
requirement that the distance between adsorption and catalytic
sites is not be too far away, which should select the different
ligands to optimize the pore size to improve the catalytic
efficiency. Consequently, the unique advantages of MOFs and
COFs are shorter diffusion paths, easier access to active sites
for surface reactions, and diversity of functionalization with
other inorganic components. Additionally, the unique molecular
structure of MOFs and COFs enables them to maintain high
porosity while ensuring uniform distribution of catalytic sites,
which is different from other materials with pore structure.
Although MOFs and COFs are both crystalline porous materials
with wide application prospects, their respective inherent
limitations limit their application to a certain extent. The
use of MOFs in electrochemistry is limited by its inherent
poor electrical conductivity and relatively unstable structure
through coordination bonds. As for COFs, the limitations are
that they have no metal nodes and relatively simple functions,
and their catalytic performance needs to be further improved.
Then, I will put forward my own views on the applications of
COFs and MOFs in the field of energy storage and conversion.
First and foremost, in view of the complexity of the batteries
system, it is necessary to systematically study the effects between
the organic ligands and the catalytic active centers of MOFs
and COFs. On the one hand, it can provide a theoretical basis
for us to select and synthesize the desired MOFs and COFs
catalysts in the future. On the other hand, it is helpful to have
a deeper understanding of the local microenvironment in
MOFs and COFs on the overall catalytic effect. At present,
the application of MOFs and COFs in other metal-air battery
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systems described in this review, such as Mg-air, K-air, Fe-air,
and Li-N; batteries is almost non-existent. In the Li-N. batteries,
particularly, we can realize that under mild conditions only
electricity and N as feedstock to fix N.. Although the N
obtained from the atmosphere is unlimited, due to the N, with
strong non-polar N=N covalent triple bond energy and high
ionization energy [141], making the low energy efficiency of
Li-N, batteries is also a common problem. Therefore, the
preparation of functionalized MOFs and COFs based on the
reaction mechanism of metal-air batteries is also a promotion
for the development of novel metal-air batteries in the future.

Secondly, as I mentioned before, it can be seen that the
hybrid of MOFs and COFs show stronger functions and
properties than the original single MOFs or COFs [75].
Therefore, among various hybrid strategies, MOF-COF hybrid
materials are of great application potential and research value.
We can design MOF-COF hybrid materials with both excellent
catalytic performance of MOFs unsaturated coordination
metal center and high chemical stability brought by COFs
covalent bonding for application in the field of energy storage.
It should be noted that the low intrinsic conductivity of MOFs
and COFs is an important limiting factor for their use as
efficient electrocatalysts. Therefore, the conductivity can be
significantly improved through the combination of electron
good conductors, pyrolysis and doping strategies. In addition,
the unique electron delocalization effect in MOFs makes the
motion range of m electron no longer limited, and further
electron migration between active sites can significantly promote
the catalytic activity of chemical reactions and enhance electron
conductivity.

Additionally, though the MOF and COF-derivatives have
been widely used in the batteries, the composition control
and morphology retention in the conversion process are still
in the early stages. Therefore, I think that precise control of
material structure design is the key to achieve high efficiency
electrocatalytic performance. For the structural regulation
of pure MOFs and COFs, the local microenvironment can
be regulated through the change of ligands and metal sites.
Barthram et al. showed that 2,3,6,7,10, 11-hexahydroxytriphenyl
(H12C150s, HHTP) is a redox active linker, which has a
reversible conversion between catecholates, semiquinonate
and quinones [142]. Therefore, in 2012, Yaghi's group
successfully prepared a Cu-CAT-1 (Cu-HHTP) crystalline
material with high chemical stability, porosity and excellent
electrical conductivity [143]. The reversible transformation
of Cu'/Cu®* shows that it has a good application prospect in
the energy storage [144]. Composite materials of MOFs and
COFs can be prepared by encapsulation, coating or sandwich
with MOFs and COFs [145,146], which can effectively avoid
the disadvantages of low conductivity and poor catalytic
effect of single-component materials. What’s more, rational
modeling and theoretical calculations also provide important
reference values for understanding the relationship between
complex nanostructured of MOFs and COFs-derivatives and
electrochemical properties.

In the end, the advances of in-situ characterization
techniques are helpful to understand the catalytic mechanism
and redox reaction processes of MOFs and COFs in the
metal-air batteries. In spite of this, the metal-air batteries
generally involve the reaction at the three-phase interface,
and it is difficult to accurately determine the critical catalytic
role of MOFs and COFs in the testing process. Therefore,
the development of the in-situ detection with the advanced
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techniques is essential to fully reveal the relationship between
the structure and the performance. During the operation of
the battery, in-situ Surface-Enhanced Raman Scattering (SERS)
and Infrared Radiation (IR) spectrum can record the vibration
signal of molecules on the electrode surface and observe
the conversion process of intermediate state products. Other
than that, the Differential Electrochemical Mass Spectrometry
(DEMS) can monitor volatile gas products and kinetic
parameters. These in-situ testing methods can provide important
experimental and theoretical basis for guiding catalyst design
and optimizing reaction conditions to regulate reaction
performance.
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