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Effective electrocatalysts and electrodes are the core components of energy conversion and storage
systems for sustainable carbon and nitrogen cycles to achieve a carbon-neutral economy. Two-
dimensional conjugated metal-organic frameworks (2D c-MOFs) have emerged as multifunctional
materials for electrochemical applications benefiting from their similarity to graphene with remarkable
conductivity, abundant active sites, devisable components, and well-defined crystalline structures. In this
review, the structural design strategies to establish active components with a maximum degree through
redox-active ligand assembly in 2D c-MOFs are briefly summarized. Next, recent representative
examples of 2D c-MOFs applied in electrocatalysis (hydrogen/oxygen evolution and oxygen/carbon

dioxide/nitrogen reduction) and energy storage systems (supercapacitors and batteries) are introduced.
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1. Introduction

With the ever-increasing energy consumption and concomitant
serious environmental problems associated with fossil fuels,
high value-added chemical production and energy storage
relying on renewable electrochemical devices have become an
overwhelming trend for carbon-neutral economies."” Owing to
their advantages of eco-friendliness, simple manipulation, and
flexible configuration, electrochemical energy conversion and
storage systems led to advanced progress in recent decades,
including water-splitting electrolyzers, CO,/N,-reduction elec-
trolyzers, fuel cells, supercapacitors, metal-air batteries, and
rechargeable batteries.* Electrocatalysts and electrode mate-
rials are the core components of electrochemical devices and
should possess the intrinsic features of well-defined structures
with abundant active sites, efficient charge/mass transfer
routes, and long-term chemical and structural stability to
ensure excellent availability.%” To date, the practical applica-
tions of most electrochemical materials are limited by their
unsatisfactory energy conversion efficiency resulting from their
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involving the derived structures, and achieving low-cost economy in practical applications.

high energy barriers and sluggish reaction kinetics.* Precious
metal-based materials are the most efficient electrocatalysts
and electrode materials, but their high cost, scarcity, and poor
stability restrict their wide application in electrochemical
devices.'*** There is an urgent need to develop highly effective,
low-cost materials with clear structure-property relationships to
address the above challenges and stimulate the rational design
and regulation of electrochemical devices.

Metal-organic frameworks (MOFs) represent a class of
typical crystalline materials with highly ordered porosity
assembly by coordination bonds between metal ions/clusters
and ligands and have various applications in gas sensing and
storage, photo/electrocatalysis, and batteries, among others."***
Owing to their insulating properties, traditional 3D MOFs are
commonly used as precursors in electrochemical energy
systems through pyrolysis, in which the corresponding prod-
ucts of carbon or metal oxides inherit the merits of large surface
areas and abundant active sites, resulting in improved electro-
chemical performance.'®* However, uncertain fine structures
greatly impede the investigation of structure-property rela-
tionships.” Two-dimensional conjugated MOFs (2D c-MOFs)
are typically constructed using m-conjugated ligands equipped
with ortho-substituted functional groups and transition metal
ions through a square-planar coordination configuration.™ 2D
¢-MOFs have demonstrated prominent applications, such as
electronics, gas sensing, catalysis, magnets, batteries, etc.’>
Benefitting from the graphene-like structures, 2D c¢-MOFs
exhibit two types of electron transfer pathways: strong in-
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plane conjugation and weak interaction of out-of-plane m-m
stacking, which cooperatively result in decent intrinsic elec-
trical conductivities.”® Moreover, together with the abundant
and accessible active sites exposed in the planes and channels,
effective mass transport, and device feasibility, 2D c-MOFs can
be utilized as multifunctional materials for electrochemical
energy storage and transformation via integration into electro-
lyzers and batteries.*

Currently, the investigation of 2D ¢c-MOFs is mainly devoted
to the synthesis of new types of structures based on molecular
design and the search for new unexploited applications. For
electrochemical applications, 2D ¢-MOFs have been used only
for a few decades. Challenges remain regarding insufficient
performance and unambiguous structural-property correla-
tions. Several recent excellent reviews on MOFs and carbon-rich
conjugated frameworks have discussed ligand design, synthetic
methods, conductive mechanisms for electrode materials, and
electrocatalysts.>*?® In this article, we highlight and sum up
recent progress in 2D c-MOFs for applications in electro-
chemical energy conversion and storage systems, focusing on
the synergistic effect of redox m-conjugated ligands and metal
ions in charge transfer and mass transport processes. First, the
design of redox ligands is introduced. Subsequently, represen-
tative 2D c-MOFs used in electrocatalytic water splitting,
oxygen/carbon/nitrogen reduction for energy conversion,
supercapacitors, and metal-ion batteries for energy storage are
introduced. This review offers insights into the synergistic
effects of ligands and metal ions to establish the maximum
number of active sites, thereby supporting the emerging
improvement of 2D c¢MOFs in electrochemical energy
applications.

2. Ligand design strategies, active site
engineering, and tailor-made functions

Conjugated ligands with m-electron delocalization and redox
properties are considered to be electrochemically active
components that play vital roles in energy storage and conver-
sion processes, including charge/mass transfer, key interme-
diate adsorption, product formation, and desorption.***> The
ligands used to construct 2D ¢-MOFs are usually equipped with
ortho-substituted functional groups, such as -OH, -NH,, -SH,
and -SeH. Transition metal ions such as Co®>", Cu®*", Mn>*, Sn**
and zn**, in 2D ¢-MOFs display square-planar coordinated
modes through d-m conjugation, driving the growth in the
second dimension for two-dimensional conjugated structures,
always alongside 1D channels in the third dimension through
m-m stacking interactions. Against the background of current
progress, designing and synthesizing more novel ligands
cooperating with more redox-active sites, such as various
unsaturated bonds and heteroatoms, is greatly significant in the
development of the synthesis chemistry of 2D ¢-MOFs.

The topological structures and channel types of 2D c-MOFs
can be predicted based on the symmetry of the organic
ligands, which offers promising opportunities for designing
frameworks with special functions. Typically, trigonal organic
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ligands based on benzene and polyacene aromatic cores of with
C; or C symmetry are inclined to form hexagonal lattices and
channels.*® Tetragonal and rhombic lattices are often con-
structed using tetrasubstituted organic ligands with D,
symmetry containing porphyrin, phthalocyanine, and diben-
zochrysen.* Kagome lattices are often obtained using ligands
with Dg;, symmetry, such as perthiolated coronene (PTC).** Two
stacking modes are most common in 2D c-MOFs, including the
A-A stacking (face-to-face) mode and the slipped parallel mode,
both of which feature one-dimensional ordered open channels.
To date, with the exception of the first 2D c-MOF of Co-HHTP
with clear single-crystal structures,*® most 2D ¢-MOFs are ob-
tained in the form of polycrystalline powders, which cannot be
tested by the single-crystal X-ray diffraction (SXRD) technique
resulting from the rapid kinetics in the formation process and
strong in-plane bonds of metal and heteroatoms.*” Considering
the difficulty of controlling the coordination rate of metal ions
and planar ligands, nonplanar organic linkers are promising
candidates to synthesize planar 2D ¢-MOFs, first proposed by
our group in 2020.** A series of nonplanar ligands with various
cores has been employed to construct planar 2D ¢-MOFs with
high conductivity and enhanced crystallinity.*® The good solu-
bility of nonplanar ligands ensures the easy synthesis and
purification of high-quality single crystals. Flexible and deco-
ratable structures can fulfill unprecedented topologies and
custom-made functions through rational design and synthetic
methods. For example, Cu-DCB-MOFs are synthesized utilizing
a versatile “Rotor-Stator” strategy with highly crystalline struc-
tures, endowing zinc-ion hybrid supercapacitors with excep-
tional high performance.*

Multiple types of redox activities influenced by the metal
ions and ligands in 2D ¢-MOFs play crucial roles in charge/mass
transfer and metal ion storage for electrochemical energy
conversion and storage applications. The square planar coor-
dinated MX, (M = Cu”", Ni**, Co®", X = N, O, S, Se) is noted for
its multiple chemical states and variations in electrochemistry,
which can coexist in the same frameworks, such as Cu**/Cu” in
Cu(HTQ).* In contrast, unsaturated bonds, such as C=0 and
C=N, exhibit redox activity via single/double-bond conversion.
Recent representative examples of the redox ligands are
summarized in Fig. 1. For example, HHTP in Zn-HHTP exhibits
reversible oxidation and reduction through the C=0 to C-O-
radical or C-O bond of semiquinone, which is responsible for
the successive PFs~ and Li' storage in sodium-ion batteries.?”
The unsaturated C=O bonds also endow HHTQ-based 2D c-
MOFs with multifunctional applications in the CO,RR, NO,
sensing, and lithium-ion batteries.**™** For Zn;(HHTQ),, a redox
synergy strategy involving transition metal ions and ligands was
used to balance the reactivity for NO, sensing with remarkable
cycling stability. Unsaturated C=N bonds were confirmed to be
the predominant active sites through coordination or redox
interactions in the form of -N'- and conductivity variations.
Cuz(HHTQ), displays excellent performance to reduce CO, to
methanol, with a low overpotential for high faradaic efficiency.
The nitrogen-rich core of tircycloquinazadine (TQ) facilitates
the capture of CO, with a Gibbs free energy AG of —0.24 eV,
showing good CO, adsorption ability.*” For lithium storage, TQ

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Typical redox ligands reported for 2D c-MOFs.

was verified as a redox active component which reacted with Li*
for the first time, synergistically working with CuO, in Cu-
HHTQ, resulting in ultrahigh capacity and superior cyclability
for lithium-ion batteries.” In general, ligands with redox
activity can establish the largest utilization degree of multi-
component 2D ¢-MOFs by synergistic effects, further helping to
elucidate the structure-property relationships at the molecular
and atomic levels, which can be beneficial for promising elec-
trochemical materials through rational design and skillful
synthesis of 2D c-MOFs.

3. Applications in electrochemical
energy conversion systems

In the field of electrochemical energy conversion, there are
several main reactions, including the hydrogen evolution reac-
tion (HER), oxygen evolution reaction (OER), oxygen reduction
reaction (ORR), carbon dioxide reduction reaction (CO,RR), and
nitrogen reduction reaction (NRR). The HER and OER can be
integrated into a water electrolyzer for water splitting, and the
OER and ORR can be combined for zinc-air batteries.**** For
electrocatalytic reactions, the sluggish kinetics, high activation
energy barriers, and large overpotentials heavily hinder the
practical application of transition-metal-based electrocatalysts.
Developing highly efficient non-precious metal electrocatalytic
materials with clear structural-activity relationships is a major
challenge.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2D c¢-MOFs exhibit well-designed crystal structures and
single-atom-like catalyst behavior, which can act as an ideal
model for fundamental mechanistic investigations of structure-
performance relationships at the atomic level.** The conjugated
planar structures contribute to intrinsic electrical conductivity,
abundant active sites, and clear pathways for electron and mass
transfer, positioning 2D c-MOFs as promising electrocatalysts.
Furthermore, the flexible variation of components with ligands
induces specific topologies that can effectively modulate the
electronic structures of active sites, which is crucial for
enhancing electrocatalytic performance.***” The effect of
ligands on 2D c-MOFs has attracted increasing research
attention.

Electrocatalytic activity is determined by electron delocal-
ization and conductivity, both of which tightly correspond to
the architecture of the ligands. Furthermore, the functional
groups in the organic ligands usually act as synergistic catalytic
sites.

3.1 ORR electrocatalysts

The ORR is a crucial half-reaction of fuel batteries and metal-air
batteries. M-N-C are the most considered catalytically active
sites for the ORR. In 2016, Niz(HTTP), has been applied in the
ORR for the first time, showing that the NiN, units act as active
sites.*® Following PcCuOg-Co on carbon nanotubes (CNT) in
2019, CuO, motifs were confirmed as ORR active sites owing to
the favorable optimization of the electronic structure, resulting
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in moderate interaction with the key intermediates of *OOH.*
Furthermore, the in-plane sites of conjugated ligands have also
been proposed as ORR active sites originating from their large
limiting potential and strong oxygen binding.**->* In 2023, a di-
copper-based 2D c-MOF of CuPc-CuO, films combined with
a Ni-nitrilotriacetic acid (Ni-NTA)-functionalized graphene
electrode was investigated for the ORR using electrochemical
resonance Raman spectroscopy.®® The reduction transitions of
cu" — cCu' and CuPc, increased m-conjugation, enabling
catalysis. The Cu"/Cu' states of CuO, and CuPc are the active
sites for the ORR.

Coordination atoms can adjust the electronic structures of
the metal sites. In Fig. 2a, Dai and colleagues used density
functional theory (DFT) to investigate the regulation effect of
diverse organic ligands on the ORR activity in 2D ¢-MOFs.** Co-
20 based on HHTP displays superior ORR activity via the 4e™
reduction route with a relatively low overpotential of 0.23 V
(Fig. 2b and c). The Co sites in Co-20 possess a high-spin state,
regulated by the synergistic effect of triphenylene and hydroxyl
groups, which promotes interaction with the key intermediates
of *OH for enhanced ORR performance. Moreover, all Co-MOFs
displayed excellent electrochemical and thermodynamic
stabilities. Jaramillo et al. introduced dual MN, (M = Co, Ni, Cu)
sites in a 2D phthalocyanine MOF as ORR electrocatalysts, in
which one metal ion as M2 coordinates with an amine node and
the other metal ion is bonded to the phthalocyanine center (M1)
(Fig. 2d).*® The Co sites dominate the catalytic activity and
control the layer distance. The low degree of saturated M-N
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bonds at the M2 sites promotes the strong adsorption of OH,
displaying more dominance in catalytic activity, while the M1
sites greatly influence the selectivity. In Fig. 2e, the bimetallic
combination of Ni-Co is predicted to obtain the highest ORR
activity with 0.27 V as the minimum overpotential based on the
optimized OOH*-OH* value. This work highlights the tailored
function of electrocatalysis by tuning the strain of the metal
sites and coordination environments.

3.2 OER electrocatalysts

The OER is a key half reaction in electrocatalytic water splitting
and metal-air batteries. The four-electron transfer process
results in slow kinetics and high activation energy barriers of
the OER; thus, effective and low-cost electrocatalysts are
urgently needed. The CoN, sites were verified to be efficient
OER-active sites. The large d-m conjugation required for a fast
electron transfer capability makes 2D ¢-MOFs highly promising
OER electrocatalysts.

As one of the smallest conjugated ligands, hex-
aaminobenzene (HAB) possesses dense redox-active sites that
enable charge transfer between metal nodes and the plane of
the ligand. The ultrathin 2D nanosheets of Co-HAB-NSs with
a thickness about 4.5 nm, displayed a low overpotential of
310 mV at 10 mA cm 2 in KOH with good durability.>® The
nitrogen richness of HAB endows Co-HAB-NSs with highly
dense active sites for electrocatalysis. Through DFT calcula-
tions, the overpotentials of the carbon atoms from the benzene
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rings were lower than those of the Co sites, implying a higher
catalytic activity. This work indicates that dense active sites
from redox ligands can greatly improve the catalytic perfor-
mance through strong m-d conjugation with 1D channels to
accelerate charge transfer.

The larger conjugated ligands of HITP compared to the HAB-
constructed 2D ¢-MOF of Cos(HITP), (Fig. 3a) presented
a higher electrical conductivity of 1150 S m ™" than that of gra-
phene.”” Co;(HITP), displayed a remarkable OER performance
with an overpotential of 254 mV to reach 10 mA cm > (Fig. 3b).
Both the calculated density of states (DOS) and electronic band
structure of Co;(HITP), are metallic, resulting from the p-d
conjugation of p, orbitals from N atoms and the d,, and d,,
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Chemical Science

orbitals from Co (Fig. 3c-e). The high content (23.44 wt%) of the
active sites of the CoN, sites ensured excellent OER perfor-
mance. The structural flexibility through ligand control of 2D c-
MOFs offers more opportunities for the OER through electronic
structure modulation.

Co-HHTP also shows OER activity with an overpotential of
245 mV at 10 mA cm 2, exceeding most reported Co-MOFs.*®
DFT calculations demonstrated the moderate d-band centers
and favorable electrical conductivity of Co-HHTP, promoting
the adsorption/desorption capability of oxygen-containing
intermediates. In situ Raman spectroscopy confirmed the
formation of CoOOH as the real active sites in the OER process.
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Bifunctional OER/ORR catalysts based on 2D c-MOFs, such
as Ni,Co;_,(HITP), (ref. 59) and (Mn/Fe);(HIB),,* have been
developed as bimetallic frameworks. Jing et al. proposed
a simple descriptor as “spin momentum” of the metal center as
the universal principle to assess the OER/ORR activity by
machine learning activity (Fig. 3f).* 2D conjugated organic
linkers provide different coordination environments as the core
and functional groups work together. The hybridization of d-p
interactions involves p orbitals from the O/N/C of ligands and
d orbitals from metal ions, which redistribute the electronic
states of the metal centers. Taking TMN,O,_,~TOTs as models,
CoN,-TOT exhibits bifunctional OER/ORR activity with nogr =
0.28 V and norr = 0.26 V in Fig. 3g. This work can guide the
screening of 2D ¢-MOFs with various organic ligands and reveal
the intrinsic correlation between coordination properties and
catalytic performance.

The conjugation of ligands can largely decide the electro-
catalytic process by enhancing charge-transfer kinetics. Using
DFT calculations, Dai et al. reported a sequence of 2D ¢-MOFs
(TM-HHTC) for the OER/ORR performance investigation.®* Co-
HHTC exhibited superior OER/ORR activity with an over-
potential of 0.21 V. Co metal sites and Co-O bonds show suit-
able d-band center values and medium charge accumulation,
which are key factors for the OER/ORR activity. Moreover, the
interaction between the 2s orbital of oxygen and the 4p, orbital
of Co can regulate catalytic activity.

3.3 HER electrocatalysts

Electrocatalytic water splitting is considered as the most effi-
cient and simple method for hydrogen production. In 2D c-
MOFs, Co-S bonds are usually recognized as active sites for
the HER, such as Coz(BHT), and Coz(HTTP),.** Unsaturated
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Fig. 4 (a) The structure of CuzHHAE,. (b) Views parallel to the ab

plane. (c) Photocurrent—time plots for CusHHAE, and HHAE cathodes
at 0 Vvs. RHE. On: illumination on; off: illumination off. (d) Free-energy
diagram for H,- evolution via a single-site reaction pathway: 1, 2, 3, 4,
5, 6 denote different active sites of CusHHAE,. Reproduced with
permission from ref. 65. Copyright 2022 Wiley.
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NiN, sites also play a decisive role in the HER.** Sarkar reported
TMPc-Cu-O MOFs for water splitting, in which TM = Fe, Co,
and Ni were coordinated with the core of Pc and Cu in the
skeleton. CoPc-Cu-O displays smallest overpotentials of 0.11/
0.65 V for the HER/OER, in which the C atoms from Pc units and
Cu sites are confirmed as the active sites for the HER and OER,
respectively. CusHHAE, comprises CuO, units and sp-carbons
from the C=C bond arylene-ethynylene macrocycle ligand
(Fig. 4a and b).*® Due to the incorporation of electron deficient
properties of acetylene units, the acidity of the functional group
(-OH) increases, resulting in reversibility of the metal-ligand
bonds. As shown in Fig. 4c, CuHHAE, was used as a photo-
electrode for hydrogen generation, as the first case of 2D c-
MOFs, achieving approximately 260 pA cm™> at 0 V versus
a reversible hydrogen electrode (RHE). The C=C bonds with
low AGy+ value of 0.17 eV serve as active sites for the HER
(Fig. 4d).

3.4 CO,RR electrocatalysts

The CO, reduction reaction usually proceeds via various reac-
tion routes with electron numbers ranging from 2 to 18, har-
vesting various products such as CO, CH;0H, HCOOH, CH,,
C,H;0H, C,H, and so on.*® The selectivity of the CO,RR
depends on the type of metal ion, in which high-value-added
carbon products are often generated by Cu species. The
CO,RR involves three main steps: (1) CO, molecules are
adsorbed and activated on catalytic sites; (2) proton migration
and electron transfer induce breakage of C-O bonds and
formation of C-H bonds; and (3) release of the corresponding
products and diffusion into the electrolyte. Successive and
complex reaction steps result in huge challenges, such as high
energy barriers, slow reaction kinetics, difficult separation of
raw materials and products, and inferior selectivity and
stability. 2D c-MOFs with planar structures with highly dense
and exposed active sites and tailored structures can solve the
above challenges by integrating multiple active components
from redox ligands or dual metal sites.

Feng and coworkers designed a bimetallic 2D ¢-MOF of
PcCu-Og-Zn as an effective electrocatalyst through the CO,RR to
produce CO.%” The selectivity of CO was 88% with a turnover
frequency (TOF) number of 0.39 s~ and long-time stability (>10
h). Moreover, syngas can be modulated from 1:7 to 1:4H,/CO
by changing working potentials and the metal centers. Oper-
ando spectroelectrochemistry and DFT calculations indicated
the synergistic catalytic mechanism of the two metal units, in
which ZnO, can act as the catalytic site for the CO,RR, while
CuN, promotes the adsorption and protonation of CO,. Ligands
with various heteroatoms and cores play decisive roles in the
CO,RR. The coordination environment of the metal nodes can
also participate in the catalytic process of the CO,RR.

2D c-MOFs based on benzene cores can exhibit excellent
electrical conductivity and highly dense metal sites, which are
attractive for the CO,RR. The use of rationally modified ligands
can be investigated as an efficient method to improve the
CO,RR of the objective products. In 2021, our group used
a nitrogen-rich tricycloquinazoline (TQ)-based catechol ligand

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc00463b

Open Access Article. Published on 27 February 2025. Downloaded on 6/9/2026 8:50:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

(HHTQ) to construct 2D ¢-MOFs: M3(HHTQ), (M = Cu, Ni)
under solvothermal conditions (Fig. 5a).*> Alongside the
graphene-like porous sheets and single-atom catalyst charac-
teristics, Cuz(HHTQ), exhibited excellent CO,RR activity, in
which the faradaic efficiency (FE) of the CH3;OH product
reached 53.6% at a low overpotential of 0.4 V (Fig. 5b—d). The
introduction of the TQ moiety helped capture and catalyze CO,
synergistically with CuO, for the CO,RR (Fig. 5¢). Wang et al.
reported a nitrogen-rich ligand-based 2D ¢-MOF (HATNA-Cu-
MOF), as shown in Fig. 5f.°® The exposed N sites displayed
high affinity for CO,. As shown in Fig. 5g—j, the HATNA-Cu-MOF
exhibited excellent performance for the conversion of CO, to
CH,. The FE of CH, was 78% at 8.2 mA cm ™ > with good dura-
bility for 12 h at —1.5 V.

Heterodimetal Sn---Cu dual sites were integrated into CuSn-
HAB to improve asymmetric C-C coupling in the CO,RR.*
CuSn-HAB depicts superior CO, conversion activity for ethanol
production, which shows an FE of 56(2)% with at 68 mA cm ™~ at
—0.57 V (vs. RHE), and no significant degradation of current
density when operated for continuous 35 h. The SnN,O, units
showed enhanced affinity for oxygen, which facilitated the
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Fig. 5 (a) Synthesis of M3(HHTQ), (M = Cu, Ni), (b) LSV curves for
Cuz(HHTQ); in Ar (grey line) or CO, (orange line) saturated 0.1 M
KHCOj3 electrolyte with a scan rate of 5 mV s~ . (c) CHsOH FEs at
different potentials. (d) The selectivity for each product (CH3OH and
H>). (e) Free-energy profiles of CO, on MOy, units. (f) Synthetic process
of the HATNA-Cu-MOF. (g) LSV curves of the HATNA-Cu-MOF in Ar-
and CO,-saturated 0.1 M KHCOs5 electrolytes. (h) Potential dependent
faradaic efficiencies of different reduction products. (i) Chro-
noamperometry and FE(CH4) of the HATNA-Cu-MOF at 1.5 V. (j
Comparison of CH,4 faradaic efficiencies between the HATNA-Cu-
MOF, HATNA-60H and the model compound. (a)—(e) were adapted
with permission from ref. 42. Copyright 2021 Wiley. (f)-(j) were
reproduced with permission from ref. 68. Copyright 2021 Wiley.
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production of the key intermediate *OCH,. Compared with
Cu---Cu sites, which tend to produce ethylene, Cu---Sn sites
exhibit more thermodynamically favorable interactions
between *CO and *OCH, through asymmetric C-C coupling,
yielding the ethanol product.

3.5 NRR electrocatalysts

The NRR for converting N, to NH; in 2D ¢-MOFs is still rare and
in its infancy. Because of the relatively high energy (944 kJ
mol~" of N=N bonds), N, activation is the most challenging
step for the NRR. Coz(HTTP), nanoparticles show an NH;
production rate of 22.14 ug h™* mg ™" cat with an FE of 3.4% at
—0.4 V vs. RHE.” Jing et al. employed DFT calculations to
elucidate the influence of heteroatoms in MN, patterns on NRR
activation.” Mos(CeSe), demonstrated the best activity with
a minimal of 0.37 V, followed by the pathway of enzymatic
nitrogenase. Babarao and coworkers investigated the NRR
activity of the MN, units in 2D porphyrin frameworks as single-
atom catalysts (Fig. 6a).”> DFT calculations indicated that the
bonding state of the M-N bonds and the antibonding state of
the N-N bonds are crucial and contribute equally to the N=N
bond activation (Fig. 6b). As shown in Fig. 6¢, the Ti-TCPP MOF
exhibited exclusive NRR selectivity with a potential of —0.35 V in
aqueous solutions. In the final step of protonation, Ti-TCPP
exhibits a low kinetic energy barrier (1.43 eV, Fig. 6d), making
Ti-TCPP a promising candidate electrocatalyst for the NRR. Xu
et al. explored the 2D c-MOFs of TM;C;3N¢X;, as NRR electro-
catalysts using DFT calculations.” Coordinated atoms signifi-
cantly influence the NRR performance of the 2D c-MOF based
electrocatalysts. Os;C;5S1,Ng shows a lowest overpotential of
0.28 V through the distal pathway. The c-acceptance-w* dona-
tion influences the adsorption and activation processes of N,.
Two descriptors were proposed to assess the catalytic activity
during the N, adsorption process: the electronegativity of the

(@ - A P (b) or—r
v ¥ % f: . ez
{ H H 3
# ol g o OC £ z
S Pas 7 oN B y
]
v v JH 7 - N, adsorptien enérgy | 123
S »3e o . S |
S S
o L] o
(€) o (d)
08 | *TI-TCPP ®Sc.TCPP "
" NRR selective f
g E
g 04+ ®V-TCPP =
. ®Fe-TCPP F
Mn-TCPP z
0.0 3
02 L
04 05 06 07 08 S
Gy “GuyleV) L Y
Fig. 6 (a) The optimized structure of M-TCPP 2D-MOFs with the

paddlewheel Zn,(CO,), linker. (b) N, adsorption energies and N-N
bond lengths of N, adsorbed in perpendicular and parallel modes in
M-TCPP MOFs. (c) NRR selectivity plots of the M-TCPP MOFs with
lower limiting potentials. (d) Free energy diagram of the enzymatic
NRR on Ti-TCPP. Reproduced with permission from ref. 72. Copyright
2024 American Chemical Society.
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metal atoms before and after the adsorption of N, (AQyXrm),
and the valence electron transfer product.

4. Applications in electrochemical
energy storage systems

Electrochemical energy storage systems mainly include super-
capacitors and metal-ion batteries, which play significant roles
in our daily lives and human society, and have attracted wide
attention in the past few decades. Supercapacitors rely on
charge storage via a surface-controlled process, delivering
a ultralong cycle life, high power density, and free maintenance,
but a low energy density. Metal-ion batteries with faradaic redox
reactions by bulk diffusion-controlled processes generally focus
on higher rate performance and energy density with long-term
cycle stability and safety. Electrode materials play decisive
roles in both supercapacitors and metal-ion batteries and can
directly determine their performance. Large conductivity and
high redox activity are two common features of highly active
electrode materials. The higher conductivity can induce the
faster charge transfer among active sites and substrates, which
is beneficial for the energy storage process in supercapacitors
and metal-ion batteries. For this purpose, 2D ¢-MOFs with high
intrinsic electrical conductivity (up to 2500 S ¢cm™')’* and
tunable redox sites (metal nodes and redox ligands) are inte-
grated into the frameworks to facilitate fast electron transport
and reversible migration of metal ions. Moreover, the regular
channels and large surface area of 2D c-MOFs can provide clear
pathways and space for ion transport and storage. 2D ¢-MOFs
have attracted growing research interest in electrochemical
energy storage fields and have shown excellent rate capability
and splendid activity.

4.1 Supercapacitors

The active materials in supercapacitors depend on different
charge-storage capacitances, including physical ion adsorbents
that induce electrical double-layer (EDL) capacitor materials
and surface faradaic redox reactions, resulting in pseudocapa-
citor materials. In 2D ¢-MOFs, both metal nodes and redox
organic linkers can exhibit capacity, often with different charge
storage mechanisms, of which the synergistic contribution
produces unprecedented supercapacitor performance.

In 2017, NizHITP, with a high conductivity exceeding 5000 S
m~ ', as the first case of 2D c¢-MOFs, exhibits gravimetric
capacitance of 111 F g~ ' and areal capacitance of 18 puF cm™ > at
0.05 A g~', predominately by the double-layer capacitance
mechanism. In 2018, Bao and colleagues reported Cu/Ni-HAB
2D c-MOFs with redox activity as submillimeter-thick electro-
chemical supercapacitors.”® Bulk Ni-HAB and Cu-HAB showed
large capacitances of 420 and 215 F g™, respectively, in which
HAB reversible redox reactions contributed to the primary
pseudocapacitors.

In 2020, we reported redox ligand DBC-based conjugated
MOFs of Cu-DBC under solvothermal conditions, which showed
a high electrical conductivity (=1.0 S m™") with typical semi-
conducting behavior (Fig. 7a).** The charge storage mechanism
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Fig. 7 (a) Synthesis of Cu-DBC. (b) GCD profiles collected at different
current densities. (c) Structure of Cu-TBC. (d) CV curves of Cu-TBC at
different scan rates. (e) Trasatti plot of the reciprocal of the gravimetric
capacitance (C g™%) against the square root of the scan rate. (a) and (b)
Were reproduced with permission from ref. 34. Copyright 2020 Wiley.
(c)—(e) Were reproduced with permission from ref. 77. Copyright 2023
Royal Society of Chemistry.

of supercapacitors for Cu-DBC exhibited both pseudocapaci-
tance and double-layer capacitance owing to the synergistic
effect of the DBC ligands and copper bis(dihydroxy) nodes,
resulting in a gravimetric capacitance of 479 F g™ ', a large areal
capacitance of 879 mF cm ™2, and a volumetric capacitance of 22
F em™* (Fig. 7b). Recently, we synthesized a 2D ¢-MOF of Cu-
TBC using a hexahydroxytribenzocoronene ligand (60H-TBC)
as the electrode material for supercapacitors (Fig. 7c).”” Large
conjugated aromatic ligands can enhance the conductivity and
stability of 2D ¢-MOFs. Featuring a decent electrical conduc-
tivity of ~0.068 S m ™', Cu-TBC shows dominant capacitance at
—0.4-0.6 V (vs. Ag/AgCl) with a gravimetric capacitance of 474.8
Fg 'at0.2 Ag ' (Fig. 7d) in 0.1 M H,SO,.In Fig. 7e, the charge
storage mechanisms were also influenced by the electric double
layer and pseudocapacitance.

The Feng group developed NH," hybrid supercapacitors
(HSC) using a 2D ¢-MOF of Cu-HHB to immobilize iodine (Cu-
HHB/I,) as the cathode material (Fig. 8a).”® Cu-HHB/I, features
an excellent areal capacitance of 111.7 mF cm ™ at 0.4 mA cm 2,
shown in Fig. 8b. Cu-O, nodes in Cu-HHB can act as both
binding sites for iodine and redox-active sites. As shown in
Fig. 8c, the synergy between CuO, and I, via redox reactions
contributes to the high pseudocapacitance. In another example,
as displayed in Fig. 8d, Bonaccorso and coworkers developed
porous Cu-HHB through a surfactant-assisted method as
negative electrodes with activated carbon as positive electrodes
for hybrid supercapacitors.” The Cu-HHB based HSC exhibits
high cell specific capacity (22.1 mA h™' g " at 0.1 A g ") and
specific energy (15.55 W h kg™ ') with 77% cycling stability.
Combined charge storage mechanisms, including EDLC- and
battery-type faradaic behavior, have been proposed as a result of
the redox reaction of Cu** to Cu/Cu® from CuO, units and
catechols to benzoquinones of the HHB ligands. Recently, Feng
et al. synthesized a 2D ¢-MOF of Ni,[CuPcSg] (Fig. 8e) that dis-
played a high capacitance of 312 F g~' in non-aqueous super-
capacitors with EDLC-type pseudocapacitive behavior.** The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) The unit-cell structures of Cu-HHB derived using AB slip-
ped-parallel stacking models. (b) CV curves. (c) Specific capacitances of
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(d) Schematic illustration of the synthesis process for p-HHB-Cu
and np-HHB-Cu. Unit cell structures of HHB-Cu derived using AA and
AB stacking models. (e) Schematic synthesis of the CuPc(SH)g ligand and
Ni>[CuPcSg] and the space-filling model of Niy[CuPcSgl. (a)—(c) were
reproduced with permission from ref. 78. Copyright 2023 Wiley. (d) was
reproduced with permission from ref. 79. Copyright 2024 Wiley. (e) was
adapted with permission from ref. 80. Copyright 2024 American
Chemical Society.

redox-active NiS, nodes maintain a localized lowest unoccupied
molecular orbital (LUMO), which enhances the injected elec-
trons responsible for the high capacitance.

Chang et al. designed and reported a 2D c-MOF of Ni-TTC,
showing about 1.0 S m ™" electrical conductivity, in which TTC
possess redox activity with D, symmetry.** The semiquinone
ligand radicals together with Ni*" sites, resulting in strong
antiferromagnetic properties, ensured a gravimetric capaci-
tance of 249 F g~ ' at 0.2 A ¢~ *. Good electrical conductivity and
a large surface area are beneficial for enhancing the EDL
capacitance of 2D c-MOFs. The pseudocapacitance of 2D c-
MOFs can be improved by embedding diverse redox-active
substrates from ligands and metal ion nodes.

4.2 Batteries

Rechargeable batteries with high energy densities include
lithium-ion batteries (LIBs) and the gradually rising generation
of cost-effective and abundant metal ion batteries, such as
sodium-ion batteries (SIBs), potassium-ion batteries (PIBs),
zinc-ion batteries (ZIBs), next-generation lithium-sulfur (Li-S)
batteries, and sodium iodine (Na-I,) batteries. Electrode mate-
rials play a core role in batteries because of their reversible
charge-discharge processes and complex electrochemical redox
reactions. The outstanding merits of 2D ¢-MOFs, including
multiple redox-active sites, superior electrical conductivity,
regular channels, and remarkable durability, make them
superior electrode materials for various batteries.

4.2.1 Lithium ion batteries. As commercialized batteries
and electronics, LIBs exhibit high energy densities, large output
voltages, and long cycling lifetimes. In recent decades, 2D c-
MOFs have been widely investigated as advanced cathode
materials for LIBs. Ni-HITP is the first 2D ¢-MOF used in LIBs

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reported by Nishihara in 2018.*> Based on its unique redox
properties and decent electrical conductivity, Ni-HITP show-
cased a specific capacity of (155 mA h™" g~ ') and a high specific
energy density (434 W h kg™ " at 10 mA g~ ') with a multielectron-
transfer and intercalation-mediated mechanism.

In 2020, we synthesized a redox-active Cu-HTQ MOF as
a cathode material for LIBs.** Cu-HTQ exhibited a large revers-
ible capacity of 387 mA h™' ¢~ " and a high energy density of 775
W h kg™ by the Li" insertion/extraction mechanism. Compre-
hensive spectroscopic techniques revealed redox reactions of
one electron per Cu®" ion and three electrons per coordinated
unit. Prominent redox activity of both HTQ and copper ions
occurred in the charge and discharge process, as shown in
Fig. 9a, suggesting the rational design of effective 2D c¢-MOF-
based cathode materials. Subsequently, we developed a pyr-
azine-based TPQG-Cu-MOF as the cathode material for LIBs
(Fig. 9b).®
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Fig. 9 (a) The evolution of electronic states of the repeating coordi-
nation unit of the 2D Cu-THQ MOF during the charge/discharge
process. (b) Schematic illustration of the synthesis method of the
TPQG-Cu-MOF. (c) The ex situ FT-IR TPQG-Cu-MOF electrode at
different states for the lithium storage mechanism. (d) A schematic
diagram of the lithium ion storage mechanism. (a) was reproduced
with permission from ref. 31. Copyright 2020 Wiley. (b)-(d) were
adapted with permission from ref. 83. Copyright 2023 Wiley.
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The TPQG-Cu-MOF displayed a reversible specific capacity of
150.2 mA h™" g7" at 20 mA g~ ' with nearly 100% coulombic
efficiency. The Li" insertion/extraction mechanism driven by the
CuO, and pyrazine units was characterized by comprehensive in
situ spectroscopic investigations, as displayed in Fig. 9c. During
the charge and discharge process, six lithium atoms and six
electrons were extracted and acquired by the TPQG-Cu-MOF
(Fig. 9d).

Correlation studies employing redox-active ligands to
construct 2D ¢-MOFs as cathode materials have also been re-
ported. The highly conductive Cu-BHT revealed a capacity of
175 mA h™' ¢! via a reversible four-electron reaction.** Cu-
HHTQ is linked to nitrogen-rich tricycloquinazoline (TQ) and
CuO, units, for which the synergistic effect results in a high
capacity (657.6 mAh™" g~ " at 600 mA g~ ). For the first time, TQ
has been demonstrated to be a redox-active component of Li"
ions.*® Binary organic ligands with redox activity were used to
construct a 2D ¢-MOF, Cu;(HHTP)(HTQ), as reported by Bu and
coworkers.®* Aromatic rings and CuO, units were used for Li"
ion storage, achieving a high specific capacity of 725.1 mA h™*
g ' at 50 mA g~ '. Using CuO, units and C=N sites of the TAC
(triazacoronene) ligand for Li' ion storage, Bu and coworkers
reported a 2D ¢-MOF of Cu-TAC as an anode material, achieving
a remarkable reversible capacity of 772.4 mA h g ' at
300 mA g~ ', along with outstanding rate performance and long-
term cyclability.*® Fe-TABQ with two redox active centers from
Fe ions and ligands delivers a high capacity of 251.1 mAh g " at
50 mA g !, as reported by the Li group.” Furthermore, to
construct dense redox-active sites, the Li group also reported
a one-dimensional Cu-MOF (DDA-Cu, where DDA = 1,5-dia-
mino-4,8-dihydroxy-9,10-anthracene-dione) as a cathode mate-
rial for LIBs. The Cu-O; N units, through m-d conjugation,
ensure structural robustness and high conductivity. The C=N
bonds and Cu-O; N units serve as redox-active sites for Li*
storage, delivering a high-rate capability of 192 mA h g™" at
1 A g '. Furthermore, DDA-Cu demonstrates excellent perfor-
mance when tested under lean electrolyte conditions with high
mass loading.®®

Hexaazatriphenylene (HATN), with the redox activity of
a nitrogen-rich heteroaromatic molecule, was utilized to
synthesize a Cu-based 2D c-MOF of Cu-HATN.* The C=O
bonds in CuO, units and C=N bonds in HATN establish the
maximum number of active sites, together with regular chan-
nels for fast mass transfer and favorable electrical conductivity.
Cu-HATN demonstrates enhanced specific capacity of 763 mA
h™' g~ " at 300 mA g~ . Similarly, the 2D ¢-MOF of Cu-TAC with
a trazacoronene core displays an excellent reversible capacity
(772.4 mAh™" g7" at 300 mA g ). The C=N and C=0 bonds
from the TAC and CuO, units synergistically served as active
sites for Li" ion storage.

Recently, Dong et al. designed a 2D c-MOF of Cu,(N,-OHPTP)
(x =0, 1, 2) for dual-ion storage based on a nitrogen-variable -
conjugated octahydroxyphenanthrotriphenylene (OHPTP).*>
Cu,(N,-OHPTP), as a cathode, exhibited a large specific capacity
of 53.8 mA h™" g~'. The nitrogen atoms in the skeleton of
Cu,(N,-OHPTP) can regulate the electrical properties of nar-
rower bandgaps and faster charge mobilities. Nitrogen can also
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serve as additional Li* ion adsorption sites and redox-active
centers, favoring the CuOynodes to adsorb Li' and CI,
resulting in a synergistic effect for enhanced dual-ion storage.

2D ¢-MOFs of M-TH5 (M = Mn, Co) with 3D extended
structures featuring flower-like morphology were synthesized,
in which TH5 contained a redox-active core of triptycene.®* Mn-
TH5 exhibits a high initial capacity of 486.3 mA h™' g™' at
100 mA ¢~ based on the TH5 and MnOj, as dual redox centers.
For future development, new ligands with rich redox-active sites
integrated into 2D c-MOFs will induce particularly satisfactory
performance, together with improved elucidation of the Li
storage mechanism.

4.2.2 Sodium ion batteries. SIBs are widely verified as
a promising alternative to LIBs, due to the abundance (23 600
ppm) with cheap price and low electrochemical potential
(—2.71 Vvs. SHE). A heavier molar mass and larger ionic radius
are critical requirements for the pore structure and mass-
transport ability of electrode materials. 2D ¢-MOFs, possess-
ing adjustable pore and channel structures based on the size
and symmetry of organic linkers, together with high electrical
conductivity as well as highly dense redox-active sites from
metal units and organic linkers, can effectively address the
above problems.

The first attempt of using 2D ¢c-MOFs was Co-HAB, in which
HAB featured the highest density of redox centers for a six-
electron reaction.” Co-HAB can store three electrons and
three sodium ions per HAB, achieving full availability of the
redox centers in the HAB. The Co-HAB electrode exhibited a rate
capability of 214 mA h™' g~'. The Ni-TABQ reported by Wang
et al. showed a 2D layer structure, providing two pathways along
the polymer chain through Ni-N bonds and hydrogen bond
direction for Na' ion diffusion and electron conduction.** The
imines and carbonyls in the conjugated benzene rings act as
dual redox-active sites to insert and extract Na* ions. Ni-TABQ
show excellent capacities of 469.5 and 345.4 mA h™" g™ " at
100 mA g " and 8 A g7, respectively.

Using inactive Zn>* ions and the redox-active ligand HHTP,
Wang et al. synthesized a 2D ¢-MOF of Zn-HHTP.* Through
successive redox reactions to store cations and anions, Zn-
HHTP illustrated a highly reversible capacity (ca. 150 mA h™*
g ' at 100 mA g '). After 1000 cycles of manipulation, the
capacity retention was maintained at 90%, which was superior
to that of Cu-HHTP. For multi-redox sites, the Li group
synthesized 2D c-MOFs of HATN-XCu (X = O/S) based on hex-
aazatrinaphthylene as an anode material for SIBs.”* The dual
redox sites of the repeating [CuX,] units and C=N groups can
lead to continuous multi-electron reactions, in which HATN-
OCu has a reversible capacity of 500 mAh™' g at 100 mA g~
and a rate performance of 151 mAh ' g 'at5Ag ..

Our group introduced a large conjugated ligand of octahy-
droxyteterabenzoanthracene (80H-TBA) with a narrow energy
gap to construct a 2D ¢-MOF of Cu-TBA with rhombic topology
(Fig. 10a and b).** As displayed in Fig. 10c, Cu-TBA exhibits
a metallic band structure with a high specific surface area of 613
m? g’i. In Na' ion storage, Cu-TBA demonstrates a decent
reversible capacity of 153.6 mA h™' ¢~ ' at 50 mA g~ " and
superior cyclability (Fig. 10d-f), outperforming the hexagonal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) Structural model of Cu-TBA. (b) Experimental patterns,
Pawley refined patterns, the difference between experimental and
refined patterns, calculated pattern, and positions of reflections. (c) N,
sorption isotherms. (d) CV curves at 0.1 mV s~ (e) GCD profiles at
50 mA g~ (f) Cycling stability at 0.2 A g~*. (g—i) FT-IR spectra and
high-resolution XPS spectra of O 1s and Cu 2p at different states of the
initial cycle. Reproduced with permission from ref. 96. Copyright 2024
Wiley.

counterpart of Cu-HHTP. The mechanism of Na* ion storage
involves a three-step reaction, including a single electron
reduction of Cu®>*/Cu” and a successive two electron process of
C=0/C-0 reduction, shown in Fig. 10g-i. Subsequently, anion
and cation co-storage in SIBs was revealed for the first time
using Niz(HATQ), as a bipolar active material, based on a p-type
ligand rich in nitrogen and deficient in electrons.®” Niz(HATQ),
showed a Brunauer-Emmett-Teller (BET) surface area of 513 m>
g~ with a mesopore size of 2.24 nm and a conductivity of 2.12
mS m ™", The reversible capacity of Niz(HATQ), is 115.1 mAh™"
g~ " with a fine rate performance of 771 mAh " g ' at2 Ag™"
and long-time cycling durability. Comprehensive characteriza-
tion techniques revealed that the C=N bonds of the coordi-
nated center tended to store Na* ions, and PFs ions were more
easily bonded to the nitrogen atoms of the TQ ligand. Ulti-
mately, the release of synergistic effects on the maximum
degree of different redox-active components is pivotal, for
which the rational design of 2D c-MOFs is essential.

4.2.3 Zinc ion batteries. The advantages of high water
compatibility, nontoxicity, low cost, and nonflammability make
zinc an ideal candidate for anode materials in batteries.*®
Aqueous ZIBs feature high power and energy densities owing to
their multiple ionic charge transport carriers. Zn>* ions can be
inserted and deserted in the nanochannels and interlamination
of 2D ¢-MOFs, indicating that compatible pore sizes and layer
spacings for zinc ion accommodation are key factors for
improving the performance of ZIBs.

The first use of 2D ¢-MOFs in ZIBs was for Cus(HTTP),, as
reported by the Stoddart group.®® Cuz(HTTP), delivers a capacity
of 124.4 mA h™" g~ ' at 4000 mA g~ ", originating from a main
pseudocapacitive charge-storage mechanism from two redox

© 2025 The Author(s). Published by the Royal Society of Chemistry
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centers of Cu®" and quinoidal units. Liang et al. reported a 2D c-
MOF of Cu-BTA-H as the cathode material for ZIBs.** The dual
redox mechanisms of Cu®*/Cu” via a one-electron redox reaction
and C=N/C-N via a two-electron redox reaction resulted in an
enhanced reversible capacity of 330 mAh ™" g ' at 2000 mA g .

To integrate multiple redox-active components into 2D c-
MOFs, we tailored a multitopic catechol ligand based on an
anthraquinone core to synthesize a novel Cu-TBPQ MOF.*** Cu-
TBPQ was synthesized using a flexible nonplanar ligand of 80OH-
TBPQ and Cu®" under solvothermal conditions through a one-
pot cyclodehydrogenation and coordination reaction of 8OH-
TBPQ and Cu®" simultaneously. The Cu-TBPQ MOF exhibited
good stability in water, common organic solvents such as DMF
and acetone, and 3 M NaOH aqueous solution. As a ZIB cathode,
the Cu-TBPQ MOF achieved a high specific capacity of 371.2 mA
h™" ¢ " at 50 mA g ' with superior rate performance and
stability, with nearly 88% retention of the initial capacity after
500 cycles at 2 A g~'. The quinone moieties largely induced
dense redox active sites, including [CuO,] units and quinone
moieties, enabling the storage of Zn®" ions in the Cu-TBPQ
MOF.

A large surface area and appropriate pore size are essential
for electrode materials in aqueous dual-ion batteries. To
address this need, we developed two 2D c-MOFs: PA-TAPA-Cu-
MOF and PA-PyTTA-Cu-MOF.'> PA-TAPA-Cu-MOF exhibits the
largest pore size of 3.9 nm among the reported 2D c-MOFs.
These two MOFs acted as cathode materials for polyiodide
storage for the first time. The PA-TAPA-Cu-MOF displays higher
specific capacity (423.4 mA h g~ after 100 cycles at 1.0 A g )
than that of the PA-PyTTA-Cu-MOF. In addition to the large
pores that facilitate the storage and transport of I /I;~, the
nitrogen atoms and CuO, centers also play a crucial role in
anchoring I;".

4.2.4 Potassium ion batteries. The merits of potassium
ions, such as earth abundance, low cost, and high security,
make potassium ion batteries (PIBs) a promising alternative to
LIBs. The device configuration and manufacturing process of
PIBs are analogous to those of LIBs. Currently, the existing
challenges of limited capacity and slow kinetics originating
from the much larger radius of K" urgently need to be solved by
synthesizing proper materials for K" accumulation. Organic
materials are superior to inorganic materials owing to their
designable and flexible structures and environmental friendli-
ness. 2D ¢-MOFs stand out as an inimitable class of organic
polymers, in which the periodic and multiple active sites are
beneficial for storing K" ions. Meanwhile, the delocalization of
electrons in the overall framework can improve the conductivity
and stability, and 2D ¢-MOFs can be used as promising cathode
materials for PIBs.

Conjugation and topology engineering are essential for
adjusting the electrochemical properties of 2D ¢-MOFs. Wang
et al. utilized the 2D c-MOF of Cu-TBA-MOF with different
topologies but the same conjugated tetrabenzoanthracene
(TBA) aromatic core for PIBs using a topology engineering
strategy.® The rhombus topological sql-Cu-TBA-MOF shows
extended 7t-conjugation, larger specific surface area and better
structural stability than the kagome analogue (kgm-Cu-TBA-
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MOF), which can expose more active centers and faster diffu-
sion of K' ions, resulting in better electrochemical perfor-
mance. sql-Cu-TBA-MOF reveals a high specific discharge
capacity of 178.4 mA h g ' at 0.2 A ¢ ' and an excellent long-
term cycle stability (more than 9000 cycles at 10.0 A g~ *). Full
PIBs constructed using dipotassium terephthalate as the anode
and sql-Cu-TBA-MOF as the cathode, deliver a reversible
discharge specific capacity of 146.6 mAh g~ " at 0.1 Ag™~ ", which
in series can charge the smart phone. Moreover, sql-Cu-TBA-
MOF exhibited good performance at a low temperature of —20
°C. The reversible redox reactions of C=0/C-O-K and Cu®*/Cu*
were verified as K' storage mechanisms. This work sticks out
the importance of topological structures and conjugation for 2D
¢-MOFs in energy storage devices.

Multiple active sites from the coordination units and
unsaturated bonds of ligands can be integrated into 2D ¢-MOFs
with promising electrochemical performance for PIBs. The Zhu
group reported the first application of a 2D ¢-MOF (Cu-HATNH)
with dual active centers combined with carbon nanotubes (Cu-
HATNH@CNT) as a cathode material for PIBs.'* Cu-
HATNH@CNT shows a core-shell structure with Cu-HATNH
grown in situ on CNTs, as shown in Fig. 11a and b. Carbon
nanotubes can not only improve the conductivity but also
enlarge the layer space and pore size, accelerating the electron
transfer and K' migration and diffusion. Cu-HATNH@CNT
displays a high initial capacity of 3175 mAh g " at 0.1 Ag ",
remarkable rate capacity of 147.1 mA h g~ " at 10 A g, and
outstanding long-term cycling durability. Moreover, Cu-
HATNH®@CNT displayed a high invertible capacity of
290.4 mA h ¢~ " and capacity retention of 91.6% after 180 cycles
(Fig. 11c). The unsaturated bonds of C=N were verified as the
active sites that bind K'. The [CuO,] units can also store K"
through redox reactions (Fig. 11d and e). The abundant C=N
sites from HATNH and unsaturated [CuO,] units act synergis-
tically to store K ions at a high utilization rate. This study
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(a) Schematic of the synthesis of Cu-HATNH@CNT. (b) TEM

Fig. 11
images of Cu-HATNH@CNT. (c) Cycling performance of Cu-
HATNH@CNT at 0.1 A g% (d) Schematic of the K* storage process in
the HATNH units. (e) Schematic of the K* storage process in the
[CuOy4] units. Adapted with permission from ref. 100. Copyright 2024
Wiley.
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proposes a novel strategy to design 2D c-MOFs with high
capacity as organic cathode materials in secondary batteries.

2D ¢-MOFs can also be used as anode electrode materials in
PIBs, such as the HAN-Cu-MOF reported by the Li group.’® The
nitrogen-rich ligands and CuO, nodes with 7-d conjugation
endow the HAN-Cu-MOF with multiple redox-active sites and
robust stability to efficiently store potassium ions at high
temperatures. At 60 °C, the HAN-Cu-MOF delivered a high
initial capacity of 455 mA h g and extraordinary cyclability
with 96.7% capacity retention after 1600 cycles. The CuO, units
and C=N functional groups contribute the majority of redox-
active sites, which are responsible for the high reversible
capacity. The characteristics of periodic porous conjugated
frameworks guarantee fast charge transport and excellent cycle
durability. This study provides a new perspective for designing
highly efficient battery electrode materials under high-
temperature conditions based on coordination chemistry
strategies.

4.2.5 Magnesium/ammonium ion batteries and lithium-
sulfur batteries. Magnesium ion batteries (MIBs) present
promising alternatives to lithium-ion batteries due to the
abundant availability of magnesium and its high theoretical
capacity (up to 3833 mA h cm™*). However, a significant chal-
lenge remains in identifying suitable cathode materials,
primarily due to the high diffusion energy barriers of Mg>* in
most crystalline materials. This issue can be addressed by
utilizing redox-active materials as conversion-type cathodes. 2D
¢-MOFs, with their rich redox-active components derived from
metal nodes and ligands, can be ingeniously designed for use as
cathode materials in MIBs. Wang et al. reported a sulfur-
functionalized 2D ¢-MOF, Cu-S;HHTP, as a cathode material
for Mg®" storage.’® Cu-SsHHTP exhibits a high capacity of
approximately 500 mA h g~ " and superior cyclability. Following
the insertion and extraction of Mg>*, Cu-S;HHTP undergoes
structural transformation, resulting in disrupted long-range
order while maintaining its 2D crumpled sheet structure. The
sulfur functionality enhances the capacity by generating abun-
dant redox-active sites.

Ammonium ion batteries (AIBs) represent a promising
segment of low-cost energy storage systems, offering advantages
such as environmental sustainability and extended lifespan.
However, they face the challenge of slow diffusion kinetics. 2D
¢-MOFs can facilitate rapid reaction kinetics, alongside high
electrical conductivity and abundant redox-active components,
making them strong candidates for cathode materials in AIBs.
Utilizing a heterogeneous ligand approach, Xu and colleagues
synthesized the 2D Cu-HHTP-THBQ.'” Through electron delo-
calization regulated by the heteroligand and a hydrogen bond
cage mechanism, the full battery demonstrates a high specific
energy density of 211.84 W h kg™ '. The presence of double
redox-active sites from Cu cations and heteroligand anions
contributes to a significant specific capacity.

Lithium-sulfur batteries (LSBs) are regarded as one of the
most promising next-generation battery technologies due to
their high theoretical energy density and the abundance of
sulfur. However, the insulating nature of sulfur, coupled with
the notorious shuttle effect and volume strain of the electrode

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structure, significantly limits the practical applications of LSBs.
2D ¢-MOFs, with their excellent intrinsic electrical conductivity,
can serve as ideal modified separator layers in LSBs. The Zhu
group employed the smallest w-conjugated hexaaminobenzene
(HAB) ligand to construct the 2D ¢-MOF Ni-HAB, which was
further hybridized with carbon nanotubes (CNT) to create Ni-
HAB@CNT.'® As a modified separator, Ni-HAB@CNT achieves
an areal capacity of 6.29 mA h cm ™2 at a high sulfur loading of
6.5 mg cm 2, at an electrolyte-to-sulfur ratio of 5 uL mg~*. The
Ni-N, chemisorption sites, combined with micropores, effec-
tively enhance sulfur affinity and mitigate the shuttle effect.

5. Summary and outlook

In this review, we summarize the recent key progress of 2D c-
MOFs in electrochemical energy conversion and storage
systems, including electrocatalysis (ORR, OER, HER, CO,RR,
and NRR), supercapacitors, and metal-ion batteries (Li, Na, Zn
and K). The synergistic effect of the metal nodes and ligands
with redox-active sites was the focus of this article. Incorporated
with redox ligands, 2D c¢c-MOFs can achieve the maximum
number of active sites, mainly involving unsaturated covalent
bonds, such as C=0 and C=N, etc. The intrinsic electrical
conductivity, high porosity with regular channels, and rich
active components make 2D c-MOF multifunctional materials
suitable for gas sensing, electronics, electrochemical energy
conversion, and storage applications. Considering the booming
background of 2D ¢-MOFs, the remaining challenges must be
addressed for their practical application.

First, more diverse novel redox ligands are expected to be
introduced into 2D c¢-MOFs. Organic ligands can usually
determine the topology, pore structures, and redox activity of 2D
¢-MOFs, which influence the functions of specific structures
based on structure-function relationships. The rational design
of innovative organic ligands can establish perfect synergy
between various components, thereby significantly improving
the performance of electrochemical devices. Meanwhile, more
metal ions, such as Ti, V, Cr and Mo, need to be introduced in
2D ¢-MOFs to explore more intriguing applications. Further-
more, machine learning and DFT calculations can be used to
screen and evaluate the properties of 2D c¢-MOFs using
systematic models, which can aid the design and synthesis of
tailor-made 2D ¢-MOFs.

Second, the crystallinity of 2D ¢-MOFs should be improved
for large single crystals or single-crystalline thin films. Poly-
crystalline powders are commonly used and show inferior
activity compared to theoretical expectations, in which the
disordered structures largely influence the long-range pathways
of charge and mass transport. However, structure-property
relationships cannot be elucidated at the molecular level. The
use of nonplanar ligands to construct 2D ¢-MOFs is a straight-
forward and accessible strategy for obtaining high-quality
crystals with multiple functions.

Third, the applications of 2D ¢-MOFs in new fields should be
developed. For example, there have been few reports of biomass
catalysis and sensing.’**** The application of 2D c-MOFs in
interdisciplinary fields is promising but remains less exploited.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Incorporating guest molecules such as carbon nanotubes,
cationic clusters, and polyoxometalates to construct 2D ¢-MOF-
based hybrids can offer more intriguing functions for various
applications. For example, a 2D ¢-MOF (Cu-HATNH) with dual-
active centers was anchored on carbon nanotubes, which was
used as a cathode material for PIBs.'**

Fourth, the real active sites of 2D c-MOFs in electrocatalytic
reactions should be investigated in detail. In particular, high-
valence metal oxides or hydroxides, such as MOOH derived
from metal nodes, are considered as the real active sites for
oxidation reactions. Defects and grain boundaries, which can
be introduced through chemical modification, are confirmed to
be highly active sites. For example, peripheral defects in Cu-
HHTP are related to the enhanced catalytic performance of the
CO,RR." Advanced in situ characteristic techniques should be
developed to monitor the transformation of active components
during the dynamic catalytic process and understand the
mechanism of structural reconstruction.

Last but not least, for practical applications, economic
feasibility must be considered and assessed to achieve mass
production. Low-cost raw materials and advanced synthetic
techniques for industrial scalability are prerequisites for prac-
tical applications that should be widely studied in the future. In
general, 2D c-MOFs with multiple functions are still in their
infancy with various emerging applications. This review is ex-
pected to arouse more research interest regarding the
maximum utilization of the active components in 2D ¢-MOFs.
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