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G R A P H I C A L A B S T R A C T
� Electrocatalysis and electrochemical
sensing with conductive MOFs are
introduced.

� The “structure–property relationship” of
conductive MOFs is summarized.

� Advances in using conductive MOFs for
catalysis and sensing are discussed.

� Future perspectives on designing
framework-based electrocatalysts and
sensors in different dimensions are
presented.
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Two-dimensional conductive metal–organic frameworks (2D-cMOFs) are a class of 2D layered MOFs with
excellent electrical conductivity and other electronic properties. In recent years, their porous structure and dense
active sites have been widely used in electrocatalysis and electrochemical sensing. The large electron delocal-
ization domains generated by an extended π-conjugated framework through the covalent bonding between metal
and organic ligand endow them with unique high conductivity. Yet despite a few promising applications, current
research rarely addresses their “structure–property relationship.” This review discusses the rational design of 2D-
cMOFs with extraordinary electrochemical performance. We introduce several representative 2D-cMOFs and
describe their applications, focusing on electrochemical catalysis and small molecule detection. By correlating the
performance of the current materials in these applications and the corresponding mechanisms, we aim to uncover
the key structural features that lead to their engineered properties and functions.
1. Introduction

With rapid human development, the world is now facing two major
problems: the fossil fuel shortage and the pollution generated by fossil fuel
combustion. On the one hand, non-renewable fossil fuel resources are
rapidly being depleted; on the other hand, their combustion continues to
create atmospheric pollution that causes global warming. The
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advancement of green, renewable energy systems is therefore essential for
human beings and the planet. Among various techniques, electrochemical
systems are very promising, as they are capable of precisely converting
chemical energy into electrical energy through mild reactions at the
electrode surface [1]. Since the electrochemical process does not require
combustion, it has a higher theoretical thermodynamic efficiency. In
addition, the process only generates water or economically useful
g).
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products, without releasing pollutants. Thus, a variety of electrochemical
systems, such as hydrolysis cells, are already part of our daily life [2].

The common electrochemical system usually contains water-splitting
reactions, CO2 reduction, and small molecule detection. (1) To generate
renewable energy during the electrochemical process, the hydrogen
evolution reaction (HER), oxygen evolution reaction (OER), and oxygen
reduction reaction (ORR) have been developed [3,4]. They are the core
reactions in electrocatalysis and have been thoroughly studied. The HER
utilizeswater as the substrate and converts it to hydrogen gas, the ultimate
clean energy [5]. The OER and ORR can provide combustion resources or
be incorporated into fuel battery systems. (2) To reduce greenhouse gases,
including CO2 and N2, electrocatalysts can be used to convert them into
alcohols or alkanes [6]. These reactions usually are conducted in mild,
low-energy-demanding conditions. (3) To detect potential pollutants,
drugs, and other small molecules, electrochemical systems are applied to
capture electrical signals. In the presence of external stimuli, electro-
catalysts convert small substrates into products, simultaneously gener-
ating electrical signals [7,8]. This method is widely used in industrial
processes, pharmaceuticals, and environmentalmonitoring because it can
be done online and is fast, sensitive, and inexpensive [9]. Hence, there is
high demand for well-designed high-performance electrocatalysts.
Fig. 1. Diagrams showing the structures of 2D-cMOFs conjugated with either (a) H
mechanism for electrocatalysis and electrochemical sensing.
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Using porous materials to immobilize noble metals as electro-
catalysts is a well-documented approach [10]. However, the low re-
serves and high prices of precious metals are constraints on the
large-scale commercial production of these electrocatalysts, so
cost-effective alternatives with high activity and stability are much
needed. Since their discovery in the 1990s, porous nanomaterials have
received increasing attention from scientists in many research fields,
including medicine, chemistry, physics, and especially nanotechnology
[11–13]. Metal–organic frameworks (MOFs) are long-range ordered
framework structures composed of organic ligand units and inexpensive
metal nodes [14]. MOFs with rich porosity and tunable active sites are
applied in batteries, supercapacitors, electrocatalysis, and electro-
chemical sensors [15–18]. Most of these applications rely on the open
redox sites of MOFs. However, during the actual reactions, their per-
formance is severely constrained by high activation potential barriers,
leading to high overpotentials that hinder efficiency and conversion, so
inducing low-energy intermediates in MOF electrocatalysts is crucial to
improving their performance [19]. In addition, the selectivity and
sensitivity of electrochemical sensors for small molecules are largely
dependent on the conductivity and redox sites of their electrode
materials.
XTP or (b) HXB. (c) Schematic illustration of 2D-cMOFs in the redox reaction
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To improve the electrical conductivity of MOF-based materials, a
pyrolytic annealing method is usually used to obtain MOF-derived metal
oxide carbon nanocomposites [20]. Although this method improves their
electrical conductivity, it dramatically reduces the specific surface area
and the intrinsic crystallinity of the MOFs. In addition, this process may
also increase the materials' hydrophobicity, which is not favorable for the
reaction in aqueous electrolytes [21]. Two-dimensional conductive
metal–organic frameworks (2D-cMOFs) are a class of 2D layered MOFs
with good electrical conductivity through tightly stacked π-π in-
teractions. 2D-cMOFs usually contain highly symmetrical conjugated
organic nuclei as redox non-innocent ligands and transition metals as
nodes (Fig. 1). As ordered microporous materials, they show extremely
high electrical conductivity [22,23]. There tends to be a strong electron
delocalization domain within the 2D layer that accounts for the high
conductivity, which is generated by the formation of extended π-conju-
gated frameworks through covalent bonds between the metal and the
ligand: (1) MOFs contain catecholate linkers that are highly oxidizable,
resulting in organic radicals; (2) the radicals are locally delocalized and
stabilized, thanks to full conjugation within the linker; (3) as the linker
orbitals match the metal frontier orbitals, the conjugated system extends
throughout the entire layer; in addition, the extended conjugation of the
π-systems depends on the material's overall geometry because coplanar
linkers create flat 2D layers [24]. During this review, we discuss and
summarize the applications of 2D-cMOFs in electrochemical catalysis and
sensors (Table 1) in which 2D-cMOF-mediated redox events occur at the
surface of the MOFs at certain potentials (Fig. 1c).

As an intrinsic property of crystalline materials, the topology of 2D-
cMOFs has an important influence on their electrochemical properties.
That pore size can be designed by adjusting the ligand size implies that a
larger pore facilitates mass transfer. Meanwhile, the metal centers
involved in coordination affect the layer spacing of the π-conjugated
structure, which directly impacts electron transfer and active site utili-
zation [25,26]. 2D-cMOFs are unsaturated and coordinated, with defects
and catalytic sites, so their stability in electrochemical processes is
determined by their tolerance to degradation and competition. Stability
comes from the strength of the ligand bonds, which can be roughly
evaluated based on the hard–soft acid–base theory for the aqueous
environment where the reaction takes place. The surface of 2D-cMOFs
attracts ions of opposite charge at a given voltage, and then the metal
Table 1
The performance of 2D-cMOFs for different electrochemical catalysis and sensors.

Reaction Material

HER Ni-BHT
Ni-THT
NiAT
NiIT
Ni3(Ni3⋅HAHATN)2
Ni3(Co3⋅HAHATN)2
Ni3(Cu3⋅HAHATN)2
Cu3(Cu3⋅HAHATN)2

OER NiPc-MOF
NiPc-NiFe0.09
NiPc-Ni
Co–HAB

ORR Ni3(HITP)2
Ni-CAT
Co-CAT
Co0.27Ni0.73-CAT

CRR Cu-DBC
Cu-HHTP

NRR Co3(HHTP)2
Electrochemical sensors for
inorganic probes and neurochemicals

Ni3(HITP)2
Cu3(HITP)2
Ni3(HHTP)2
Cu3(HHTP)2

Electrochemical sensor for H2O2 Cu-BHT
Electrochemical sensor for nitrite NiPc-MOF
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sites can be reduced or oxidized at a certain potential. This change in
metal valence affects the hardness and coordination conditions of the
metal nodes. Since the electrocatalytic process takes place on the surfa-
ce/interface, defects or coordination of unsaturated sites on 2D-cMOFs
can promote catalytic activity [27,28]. Tunable components provide
platforms for modulating the electronic structure and adsorption capacity
of the active sites. These electrochemical properties are superior to those
of conventional MOFs and reflect the significance of using 2D-cMOFs for
the development of electrocatalysis. As the study of 2D-cMOFs in elec-
trocatalysis and sensors is still in the initial stage, great opportunities lie
ahead.

2. Electrocatalysis

2.1. HER

Water electrolysis is the simplest and most effective method to
convert renewable resources into hydrogen energy for storage. Recently,
2D-cMOFs exhibited better electrocatalysis than carbon nanotube-loaded
molecular or heteroatom-doped graphene catalysts [29]. Nishihara's
group obtained a π-conjugated nanosheet (Compound 1) by a liquid
interface reaction with benzene hexathiol [30]. Compound 1 had semi-
conducting nickel bis(dithiolene) units (Fig. 2a) with thicknesses of a few
microns and exhibited powerful charge delocalization domains between
the metallodithiolene units in the mixed valent state through the phe-
nylene junction. Despite its highly developed π-conjugation, the material
had a very low conductivity at room temperature, 0.15 S cm�1. In
addition, Compound 1 showed reversible redox behavior, which is ex-
pected during catalytic cycles with many active sites.

Inspired by Ni-dithiolene as the active unit, Feng and co-workers
developed a 2D-cMOF (Fig. 2b) with a Ni-dithiolene active unit (Com-
pound 2) composed of 1,2,5,6,9,10-triphenylene hexathiol (THT) and Ni
ion [31]. This overcame the disadvantage of previous interfacial methods
that only yielded nanosheets with a small lateral dimension of 5 μm. In
contrast, Compound 2 had lateral dimensions in the square millimeters
range and thicknesses of 0.7–0.9 nm, and it could be completely trans-
ferred to many different types of substrates. Notably, the well-distributed
Ni-dithiolene fraction in Compound 2 was fully exposed, leading to an
efficient HER of 80.5 mV dec�1. Following this study, they synthesized a
Ligand Abbreviation Ref.

BHT Compound 1 [30]
THT Compound 2 [31]
1, 3, 5-triaminobenzene-2, 4,
6-trithiol

Compound 3
Compound 4

[33]

HATN Compound 5
Compound 6
Compound 7
Compound 8

[35]

NiPc-NH2 Compound 9 [38]
NiPc-OH Compound 10

Compound 11
[39,40]

HAB Compound 12 [41]
HITP Compound 13 [43]
HHTP Compound 14

Compound 15
Compound 16

[46]

8OH-DBC
HHTP

Compound 17
Compound 18

[53]

HHTP Compound 15 [59]
HITP Compound 13

Compound 19
Compound 14
Compound 18

[62]
HHTP

BHT Compound 20 [67]
NiPc-NH2 Compound 9 [70]



Fig. 2. (a) An illustration of the Compound 1 structure. Reprinted with permission from Ref. [30]. Copyright 2013, American Chemical Society. (b) The synthesis of
Compound 2. Reprinted with permission from Ref. [31]. Copyright 2015, Wiley-VCH. (c) Metal dithiolene-diamine coordination synthesis of THAT-M 2D MOFs
containing three moieties. Reprinted with permission from Ref. [32]. Copyright 2017, Wiley-VCH. (d) Synthesis and molecular structures of Compound 3 and
Compound 4. Reprinted with permission from Ref. [33]. Copyright 2017, Royal Society of Chemistry.
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series of 2D-cMOF solid electrocatalysts with three active centers
(Fig. 2c), using THT and 2,3,6,7,10,11-hexaiminotriphenylene (HITP) as
ligands with Co and Ni as metal centers [32]. Elemental analysis and
density functional theory (DFT) calculations indicated these 2D-cMOFs
had definite active sites for electrocatalytic hydrogen production. The
electrocatalytic activity of the above three active centers followed the
order metal bis(dithiolene)-diimine > metal bis(diimine) > metal bis(-
dithiolene), which provided a new idea for advancing 2D-cMOFs for
electrocatalysis. After 400 CV cycles, the overpotential increased by only
10 mV (10 mA cm�2), indicating that the material exhibited good elec-
trochemical stability in acidic electrolytes.

Based on the good conductivity of Compound 1, Nishihara's team
developed bis(aminothiolato)nickel (Compound 3), shown in Fig. 2d
[33]. Compound 3 formed flat crystalline sheets stacked in a staggered
arrangement with a Kagome lattice. The 2Hþ-2e– reaction allowed
Compound 3 to be reversibly converted into bis(iminothiolato)nickel
(Compound 4) nanosheets. Due to the difference in the energy band
structure, Compound 3 became less conductive and Compound 4 became
more conductive. In addition to having a high acid resistance and an
onset overpotential of �0.15 V, Compound 3 exhibited a Tafel slope of
128 mV dec�1 in HER electrocatalysis. Results from 500 HER cycles
indicated that NiAT is an efficient and durable electrocatalytic cathode
material for hydrogen production from water under acidic conditions.

Researchers are gradually finding 2D-cMOFs composed of N-conju-
gated ligands. In particular, excellent electrical conductivity is achieved
by their metal bonding and M–N4 conjugated organic ligands. Although
these conducting MOFs seem to have potential applications for
4

electrocatalysis due to their extraordinary structures, they are still not as
electrically active as for practical applications. Results have shown that
the metal ions of M–N4 exhibit little effective catalytic activity, as the
bonds remain in the original oxidation state during electrocatalysis [34].
Hence, it is crucial to design conjugated organic ligands equipped with
additional coordination sites. Hexaazatriphenylene (HATN) provides
extra sites for binding highly active metal centers for electrocatalysis.
Chen and co-workers used HATN with a bidentate tertiary amine coor-
dinated with Ni ion to form Compound 5 nanosheets (Fig. 3) with a
bidentate coordination part [35]. The results exhibited a small over-
potential of 115 mV at 10 mA cm�1, and a low Tafel slope (45.6 mV
dec�1). Compound 5 had a current density of 21.2 mA cm�2 at �0.15 V,
around four times higher than Compound 13. Compared with the series
of Compound 6, Compound 7, and Compound 8, M23 (M13⋅HAHATN)2
nanosheets had excellent electron transfer conductivity. The metal ion
fraction introduced in M1-N2 exhibited higher unsaturation than con-
ventional M2-N4. DFT calculations predicted that the main activity center
of the HER in M23 (M13⋅HAHATN)2 is the M1-N2 part rather than the
M2-N4 bond. After 1000 cycles, crystalline data and morphology indi-
cated that the rigid conjugated coordination structure gave Compound 5
excellent durability in HER processes.

As the HER is one of the most important semi-reactions of water
electrolysis, there are higher requirements for materials’ inherent elec-
tron transfer ability. The π-π stacking structure of a transition metal as a
node component gives 2D-cMOFs unique advantages in the HER, leading
to lower overpotential and better catalytic activity than a noble metal
catalyst.



Fig. 3. (a) Synthetic diagram of Compound 5 MOFs. (b) HER polarization curves of Compound 13 and Compound 5. (c) Polarization curves of the various M23
(M13⋅HAHATN)2 samples and (d) the corresponding Tafel plots. (e) Electrocatalytic scheme of Compound 5 nanosheets. Reprinted with permission from Ref. [35].
Copyright 2020, Wiley-VCH.
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2.2. OER

Aside from the HER, which occurs at the cathode, another important
half-reaction for brine electrolysis is the OER, which takes place at the
anode. The OER is a kinetically slow process involving 4-electron/proton
Fig. 4. (a) Synthetic strategy and structure of Compound 9. (b) LSV curves of NiPc–M
from Ref. [38]. Copyright 2018, Royal Society of Chemistry. (c) Chemical synthesis pr
for the OER. Reprinted with permission from Ref. [39]. Copyright 2021, Royal Soci
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transfer, which has different reaction mechanisms under different pH
conditions [36,37]. The Du group synthesized an innovative nickel
2D-cMOF (Compound 9) using 2,3,9,10,16,17,23,24-octaamino-phthalo-
cyaninato nickel (II) (NiPc-NH2) as a ligand (Fig. 4a) [38]. The NiPc part
acted as not only a linking unit but also an electrocatalytic active site with
OF, NiPc–NHTs, and FTO at 10 mV s�1 for the OER. Reprinted with permission
ocedure for NiPc-NiFex MOFs. (d) LSV curves using NiPc-NiFex MOFs as catalysts
ety of Chemistry.
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extremely low onset potential (< 1.48 V) and overpotential (< 0.25 V)
and high-quality activity (883.3 A g�1) for the OER at 350mV (Fig. 4b). It
also provided a high Faradaic efficiency (FE) (> 94% in 6000 s), showing
excellent catalytic durability during long-term chronopotentiometry
experimentation and a featureless UV–vis curve. They found that the
phthalocyanine moiety can adopt various kinds of active sites.

Later on, the Song group modified the electronic structure of 2D-
cMOFs by using phthalocyanine as a linker and additional metal sites
as building blocks (Fig. 4c) [39]. By replacing Ni–O4 in Compound 11
with Fe–O4, 2D-cMOFs (NiPc-NiFex) were cost-effectively constructed.
Electrochemical tests confirmed that Compound 10 had a small over-
potential of 300 mV (at 10 mA cm�2), a low Tafel slope of 55 mV dec�1,
and a remarkable TOF value of 1.943 s�1 (η ¼ 300 mV) (Fig. 4d). The
underlying activity of NiPc-NiFe was significantly enhanced by the
electronic interactions between Ni–O4 and Fe–O4. To investigate the
activity of Ni metal centers, the same research team characterized
Compound 11 prepared by using nickel phthalocyanine, which resulted
in a low onset overpotential of < 320 mV and a Tafel slope of 83 mV
dec�1 [40]. This indicated that the electrostatic interactions of O4–N4
could enhance the OER activity. The stability of NiPc-Ni was measured
using chronoamperometry testing and the Ni 2p XPS spectrum, which
indicated good durability during the OER test. DFT calculation proved
that electron modulation can be an effective method to design a bime-
tallic 2D-cMOF with excellent electrocatalytic reactivity. Not coinciden-
tally, Fu and co-workers constructed ultrathin 2D-cMOFs nanosheets
(Compound 12-NSs) by using hexaaminobenzene (HAB) as an organic
junction (Fig. 5a) [41]. Owing to highly delocalized electrons and the
strong π-d interaction of Co(II) with HAB, the conductivity of
Co-HAB-NSs was 0.2 S cm�1. Compound 12 displayed a uniform
flower-like shape and a diameter of 500 nm (Figs. 5b and c). There was a
Fig. 5. (a) Chemical synthesis procedure for Co-HAB-NSs. (b) SEM and (c) TEM imag
overpotentials of Compound 12-NP, Compound 12-S, Compound 12-HNs, and bulk C
Society of Chemistry.
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significant difference between the Tafel slopes of Compounds 12-NP,
12-S, and 12-HNs compared with that of Compound 12, which caused
poorer OER activity (Figs. 5d, e and f). Compound 12-NSs also possessed
a lower overpotential (310 mV) and Tafel slope (56 mV dec�1) through
the agglomeration of nanoparticles.

As the OER involves a kinetically slow process of 4-electron/proton
transfer, the structure of μ4-M greatly improves electron mobility.
Through this strategy, 2D-cMOFs with high conductivity can exhibit
excellent OER performance, which explains the electron transfer
pathway in the interface reaction.

2.3. ORR

As an important reaction, the ORR is an irreversible process and has a
sophisticated mechanism [42]. For oxygen and peroxide, the electrolyte
should be stable. Furthermore, the overpotential should be lower than
1.23 V (vs. the reversible hydrogen electrode, RHE). Considering these
factors, the Dinc�a group synthesized Compound 13 (Figs. 6a and b) using
HITP [43]. Without post-synthesis treatment or modification, Compound
13 possessed a high conductivity of 40 S cm�1. An onset potential (j ¼
�50 μA cm�2) of 0.82 V was obtained in an O2 atmosphere by using
Compound 13 films of 120 nm grown on glassy carbon rotating disk
electrodes. The ORR activity of the material was 88% of the initial cur-
rent density after 8 h. The results showed the same amount of Ni,
demonstrating its excellent cycling stability. Compared to the theoretical
Tafel slope of Compound 13 (�120 mV dec�1), its experimental value
was �128 mV dec�1. Inductively coupled plasma mass spectrometry and
atomic absorption spectrometry analysis of the film before and after
electrolysis showed the same amount of Ni, indicating that no part of the
catalyst was lost in the films during the catalytic process.
es of Compound 12. (d) LSV curves, (e) Tafel slopes, and (f) onset potential and
ompound 12. Reprinted with permission from Ref. [41]. Copyright 2020, Royal



Fig. 6. (a) Polarization curves of Compound 13 and the blank GCE. (b) Tafel plot derived from the Koutecky–Levich plots for Compound 13-based ORR. Reprinted
with permission from Ref. [43]. Copyright 2016, Nature. (c) LSV of Compound 15, Compound 14, and Compound 16. (d) Tafel plots and slopes for Compound 15,
Compound 14, and Compound 16. Reprinted with permission from Ref. [46]. Copyright 2019, Wiley-VCH.
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Although Compound 13 exhibited excellent ORR performance, its
active site is still unclear. To better investigate catalytic activity, OmarM.
Yaghi selected Compound 14 and Compound 15 (Figs. 6c and d), using
2,3,6,7,10,11-hexahydroxybenzophenol (HHTP) as the ligand [44,45].
Then, Hu's group systematically investigated the electrocatalytic ability
of those two 2D-cMOFs. Both Compound 14 and Compound 15 had
abundant nanopores and robust bimetallic doping [46]. Compared with
either of these monometallic MOFs, bimetallic MOFs showed higher ORR
activity by rationally regulating varied ratios of Co2þ and Ni2þ. Com-
pound 16 retained a larger diffusion-limited current density (jl@0.0 V ¼
�5.68 mA cm�2) than Compound 15, and a higher onset potential (0.46
V vs. Compound 14). After 10,000 s, the Ni-CAT maintained 83% ac-
tivity, and its EIS spectrum and PXRD patterns did not change signifi-
cantly. In addition, this research demonstrated that a convenient ball
milling method could be utilized to mass produce high-quality bimetallic
MOFs with excellent ORR activity.

In summary, electrocatalysis of the oxygen reduction reaction is an
important application of MOFs. A controllable bimetallic structure and
uniform distribution of active sites are key features for 2D-cMOFs to
deliver high ORR activity.

2.4. Other reduction reactions

Beyond the HER, OER, and ORR, other important reactions include
the CO2 reduction reaction (CRR) and the nitrogen reduction reaction
(NRR). The CRR electrocatalytic is a green, efficient, and scalable tech-
nology with the potential to convert CO2 while generating high-value
chemicals, thereby relieving some of the current global energy crisis.
Hence, developing the CRR is very important for this reason and to
address environmental contamination problems [47]. 2D-cMOFs have
made encouraging progress in early electrocatalytic CRR research to
obtain CO (Feng's group and Mirica's group), C2H6 (Chen's group), and
7

other chemicals [48–50]. Among the various CRR products, CH4 is a
particularly promising alternative to fossil fuel resources. However, the
selectivity of the CRR to yield CH4 is still at a very low level due to
interference from the competing HER and multiple-electron transmission
during the reaction process [51]. Cu-based electrocatalysts such as cop-
per oxides, copper metal, and copper-containing materials are useful for
facilitating the acquisition of hydrocarbon and alcohol products at
appropriate FE. However, the difficulty of confirming the active site still
hinders the selectivity of CRR electrocatalysts [52]. Lan's group investi-
gated Compound 17, consisting of highly conjugated dibenzo-[g,p]
chrysene-2,3,6,7,10,11,14,15-octanol (8OH-DBC) and Cu ion, for the
CRR (Fig. 7a) [53]. The good electrical conductivity (1.2 � 10�2 S m�1)
of Compound 17 and Cu–O4 sites facilitated a highly selective
CRR-to-CH4 process. The results indicated that the CH4 FE was ~80% at
�0.9 V, and the partial current density was �162.4 mA cm�2 relative to
RHE. Compound 18 with Cu–O4 sites was studied, as well as two other
COFs containing the most extensively studied Cu–N4 sites, metal por-
phyrins (Cu-TTCOF) and metal phthalocyanines (Cu–PPCOF). The FE of
Compound 18 for CH4 and C2H4 reached ~42.6% and ~40.9%, respec-
tively (Fig. 7b). Although the selectivity for CH4 was low, the compound
still yielded hydrocarbons with a maximum FE of ~83.5%. The electro-
chemical activity and structural morphology of the materials before and
after the reaction had not changed significantly, indicating the robust-
ness of the M–O coordination bond. The products generated by Cu–PP-
COF electrocatalysis were mainly H2, with small amounts of CH4 and CO.
The activation process was more easily reduced to the low valent state on
the Cu site. The presence of Cu–O4 in Compound 17, rather than
Cu-TTCOF and Cu–PPCOF, was favorable for the CRR.

Ammonia (NH3) is a common product in the petroleum industry and
an essential raw material, acting as a main basic precursor in the pro-
duction of industrial nitrogen fertilizers, chemical fibers, explosives, and
other chemical products [54]. Currently, the nitrogen reduction reaction

mailto:l@0.0


Fig. 7. (a) The synthesis and structure of Compound 17. (b) Overall ECR performance evaluation at �0.9 V vs. RHE. Reprinted with permission from Ref. [53].
Copyright 2021, Nature. (c) Corresponding NH3 Compound 15/CP at various potentials. Reprinted with permission from Ref. [59]. Copyright 2020, Springer-Verlag.
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(NRR) by the conventional Haber–Bosch process occurs under high
temperature and pressure conditions using N2 and H2 in the presence of a
catalyst such as iron or ruthenium [55,56]. Compared to photocatalytic
reactions that utilize renewable energy conversion for the NRR, elec-
trocatalysis has advantages: (1) elimination of fossil fuel consumption
and CO2 emissions; (2) easy modularization of the electrochemical plant;
and (3) sustainable ammonia production [57]. The Sun group explored
the effect of Mo-HAB on the NRR by DFT at the atomic level [58]. The
results indicated that Mo-HAB exhibits strong N2 adsorption capacity and
weak adsorption of H2O. In addition, its low overpotential (0.18 V) and
high stability make it a highly selective NRR catalyst in ambient condi-
tions. The 2D-cMOF Compound 15 is an efficient NRR electrocatalyst
studied by Xuping Sun and co-workers (Fig. 7c) [59], whose experi-
mental results showed that 3.34% FE at �0.40 V vs. RHE and very high
NH3 catalytic yields (22.14 μg h�1 mg�1) were obtained in 0.5 M LiClO4.
In addition to the above properties, it is essential to assess electro-
catalysts’ stability and durability in practical applications to ensure suf-
ficient working time at a certain potential. This is of great significance for
their subsequent development and commercialization [60].

The advent of 2D-cMOFs has added more possibilities for MOFs in the
field of electrocatalysis. The replaceable metal center and adjustable
structure play a key role in the preparation of high-value-added elec-
trocatalytic synthesis. Further, in the quest to understand the structur-
e–activity relationship of traditional materials in the field of
electrocatalysis, 2D-cMOFs have shown huge potential and achieved
gratifying results.

3. Electrochemical sensors

3.1. Neurochemical

As electrode materials for electrochemical sensors, 2D-cMOFs have
several significant advantages: (1) These materials are synthesized in one
step by a simple hydrothermal method. Structural control and
8

combinatorial modularity are easily achieved by adjusting the ligand and
metal centers, and the redox electrocatalytic integrations are uniformly
dispersed in the framework. (2) Permanently porous 2D-cMOFs can fully
expose potential redox-active sites for electrochemical driving, which is
essential to obtain the large current intensity required for enhancing the
sensitivity of electrochemical sensors. (3) Their good conductivity allows
2D-cMOFs to be used directly as working electrodes in devices, without
additional physicochemical modifications or the preparation of com-
posites [61]. Overall, it is feasible to develop 2D-cMOFs into multifunc-
tional integrated components for electroanalytical devices with
remarkable chemical sensing capacity.

To investigate the performance of themost commonly used 2D-cMOFs
in electrochemical sensors, Mirica's group designed 2D-cMOF-based
electrode films containing Compound 13, Compound 14, Compound 19,
and Compound 18 (Fig. 8a) [62]. The conductivities of the selected MOFs
were characterized by 4-point probe in the range of 0.02–2 S m�1. The
design of this work depends on the proven electrocatalytic performance of
metal centers for the redox-catalyzed conversion of neurochemical small
molecules. Organic junctions or hydrogen bonds can interact intermo-
lecularly with the target molecule. The inorganic probe is an essential
detection molecule commonly used to assess the electrochemical sensing
properties of materials. FeCl3 and K3Fe(CN)6 are typically used as
inner-domain probes with high sensitivity, while Ru(NH3)6Cl3 is an
outer-domain probe with typical insensitivity [63]. Therefore, FeCl3,
K3Fe(CN)6, andRu(NH3)6Cl3were selected to analyze the electrochemical
performance of the 2D-cMOFs. The results showed that the electroana-
lytical responses to the three inorganic probes were energetically affected
by the surface chemistry, stackingmorphology, and intrinsic conductivity
of the 2D-cMOFs. Compound 13 showed the greatest change in k0, with a
maximumrate constant fromRu(NH3)6Cl3 (6.41� 10�3 cm s�1), followed
by K3Fe(CN)6 (4.44� 10�3 cm s�1) and FeCl3 (9.05� 10�3 cm s�1) in the
irreversible redox process. The materials all had the fastest k0 for
Ru(NH3)6Cl3, probably because of its surface insensitivity, while the
surface-sensitive probes had different k0 ranges.



Fig. 8. (a) Schematic illustration of a 2D-cMOF structure and device mechanism. (b) CV curves of Compound 14 at different scan rates ranging from 5 to 1000 mV s�1

in PBS with three neurochemicals. Reprinted with permission from Ref. [62]. Copyright 2020, American Chemical Society.
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Electrochemical sensors can be used to detect biomolecules within a
corresponding electrochemical measurement window. The electrode ma-
terials should ideally exhibit infinitesimal or even no intrinsic activity for
interferents. It is necessary to avoid masking the electrochemical signal
generated by the analytes [64]. By ultrasonically treating and drop-casting
2D-cMOFs on a GCE, the Mirica group tested neurochemicals as organic
probes. Dopamine (DA), ascorbic acid (AA), uric acid (UA), and serotonin
(5-HT) were used to characterize the suitability of 2D-cMOF-based elec-
trodes for voltammetric detection in 0.1 M PBS as the base electrolyte
(Fig. 8b). Compound 13 and Compound 14 exhibited a large difference in
response potential, with XPS showing only one type of oxidation state for
Ni2þ. TodetectAA, two-electron- andone-proton-mediated oxidation could
occur on the GCE surface. The accumulation of oxidation products resulted
in an irreversible voltammetric response. Unexpectedly, the cyclic stability
of sensors was immensely improved bymodifying the 2D-cMOFs. Since the
oxidation of DA involved four steps, it responded with large differences on
various electrode surfaces. Thus, the voltammetric response had been
enhanced. In the UA assay, the unstable compound uric acid-4,5-diol was
generated, which could be decomposed into various byproducts in the
electrolyte, leading to electrode poisoning. Ni-based 2D-cMOFs exhibited
slower electron transfer kinetics than Cu-based 2D-cMOFs, suggesting that
the kinetics may have been influenced by the metal center. Because of the
difference in redox potentials of Compound 14 for DA (0.33 V) and UA
(0.47 V), selective detectionwas characterized in a 0.1MPBS solutionwith
amixture of three neurochemicals. Through combining UA and AA, the DA
peakswereeasily resolvedby thepotential difference. Thedetection limit of
DAwas quantified at 63� 11 nM by differential pulse voltammetry. It was
generally 36 and 11 times larger than that of an unmodified GCE electrode
for DA (2.31� 0.79 μM) and 5-HT (0.45� 0.17 μM), respectively. The peak
oxidation current increased linearly with analyte concentration (63
nM–200 μM). Stability testing of Compound 14 showed that the peak in-
tensity of DA remained essentially constant for up to 100 cycles at 0.29 V.

3.2. Medicine

Excess of the reactive oxygen species H2O2 in the human body is
associated with many diseases, including cardiac cancer, Parkinson's, and
Alzheimer's. Thus, it is vital to develop high-performance H2O2 detection
sensors [65]. Compound 20 has extremely high conductivity (2500 S
cm�1) [66]. Its sufficient active sites and competent electron transfer
capability as a film can help construct ultra-sensitive electrochemical
sensors. Compound 20 ultrathin films (16 nm thickness) with good
crystallinity and strong microcrystalline orientation were prepared by
Liu and co-workers (Fig. 9a) [67]. The results indicated that the outer
surface of the Compound 20 film had just (001) crystallographic planes.
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They designed a Compound 20-based micro-biosensor device (Fig. 9b) to
compare the H2O2 sensing property of Compound 20 films on their upper
surface (US-Compound 20) and lower surface (BS-Compound 20).
BS-Compound 20 and US-Compound 20 films all showed a very fast
response to H2O2, reaching a steady state in only 4 s. The detection range
was 0.0005–0.4 mM, with a limit of detection (LOD) of 0.08 μM and a
sensitivity of 257 μA mM�1 cm�2, which was better than many previ-
ously reported nanohybrid materials for non-enzymatic H2O2 sensors.
The relative current response was 91.34% of the initial value after 14
days of cycling, demonstrating the good electrochemical cycling stability
of the Compound 20 film. The interference immunity of BS-Compound
20 films was investigated in mixed systems (Fig. 9c) with biomolecules
such as UA, DA, glucose (GLU), AA, and L-cysteine (L-CySH). The absence
of significant amperometric current density changes demonstrated the
films' good selectivity to H2O2. XPS patterns and DFT computing
demonstrated that ts-Cu crystal defects (Cu bound to two S atoms) on
BS-Compound 20 films are important reactive sites affecting the H2O2

sensing performance. Compared to the smooth upper surface (27.46%
ts-Cu), the synaptic-like structure of the bottom surface (41.25% ts-Cu)
had superior H2O2 sensing performance.

3.3. Pollutants

Besides human disease detection, electrochemical sensors can be used
for environmental pollutant detection. Nitrite is a common pollutant
found widely in agriculture, the food industry, and environmental pro-
tection endeavors. Because ecosystems and community health are
severely damaged by the irresponsible utilization and disposal of nitrite,
accurately detecting nitrite in daily life is vital [68,69]. Gu and
co-workers synthesized nickel phthalocyanine-based 2D-cMOFs (Com-
pound 9) by a solvothermal method (Figs. 10a and b) [70]. Compound 9
nanosheets exhibited superb nitrite sensing activity with a large linear
range (0.01–11500 mM) and a 2.3 μM LOD (Fig. 10c). The materials still
showed good nitrite selectivity with the introduction of successive
interfering species at 0.9 V in 0.1 M PBS (Fig. 10d). The relative standard
deviation (RSD) value (1.65%) for reproducibility showed the enormous
potential of Compound 9 nanosheets for electroanalysis.

4. Summary and outlook

In conclusion, the high electrical conductivity, high surface area, and
abundant catalytic active sites of MOFs can result in high activity for
electrochemical catalysis (HER, ORR, OER, CRR, and NRR) and electro-
chemical sensors. In the last five years, exploring new structures for
conductive MOFs to obtain unique physical and chemical properties has



Fig. 9. (a) Illustration of Compound 20 film formation at the interface between water and organic matter. (b) Schematic of the Compound 20-based micro-biosensor
device. (c) Amperometric response of the BS-Compound 20. Reprinted with permission from Ref. [67]. Copyright 2021, Wiley-VCH.
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been an emerging research area. The overall advantages of conductive
MOFs can be summarized as follows: (1) High specific areas and dense
metal nodes create many open active sites in 2D-cMOFs, which enhance
their electrocatalytic activity. (2) Excellent conductivity leads to efficient
electron transfer throughout the catalyst and initiates charge transfer to
the substrates or probe molecules. As a result, the intrinsic activity comes
closer to the apparent activity, offering high sensitivity and accurate
electrochemical signals. (3) Tunable components enable modulation of
the electronic structure and adsorption capacity of active sites. With
electrochemical properties superior to conventional MOFs, conductive
MOFs hold significant promise for electrocatalysis and electrochemical
sensors.

However, challenges remain for conductive MOFs in both funda-
mental research and application. Fundamental research includes the
following obstacles: (1) The current ligands for constructing conductive
MOFs are limited to THT, HITP, etc., the organic synthesis of which re-
quires significant labor. Affordable and commercially available ligands
need to be applied in conductive MOFs to promote their broad-spectrum
use. (2) The crystallinity of conductive MOFs is difficult to maintain
during the electrocatalytic process. High crystallinity can improve a
material’s electrical conductivity and charge capacity, which is beneficial
for the study of structure–property relationships. However, the presence
of defects usually determines the number of catalytic sites and thus af-
fects the material’s catalytic performance. A new synthesis or modifica-
tion method must be developed to modulate crystallinity and precisely
construct defects to improve catalytic performance. (3) The catalytic
activity explored in existing studies mainly relies on a single type of metal
center. Conductive MOFs containing intrinsic mixed metals may show
unpredictable effects compared to those bearing single metals.
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Furthermore, the study of the catalytic activity of specific functional
groups in organic ligands is still limited.

In the application field remain the following problems: (1) Existing
studies have not deeply explored the connection between conductivity
and catalytic activity, which requires that a substantial number of samples
in a given system be investigated. (2) The electrochemical processes
occurring in theCRR are complicated, and the reactions usually generate a
wide range of products. Electrocatalysts’ selectivity for reaction products
needs to be investigated at the molecular level. (3) The selectivity of
conductive MOFs as electrochemical sensors has not yet been demon-
strated, and the catalytic effect of different targets has not been studied in
depth. The correlations between their conductivity and their sensitivity
and selectivityneed to be fully addressed. (4) The reactionmechanismstill
needs to be elucidated, including the correlations between different probe
types and materials, organic and inorganic probes, different charge
probes, and materials with different dimensions and morphological size,
surface functional groups, heteroatom content, and metal centers.

Since researchers still have only a vague understanding of the
mechanism and the “structure–property relationship” in conductive
MOFs for electrocatalysis and electrochemical sensors, a new approach is
required. In our view, the dimension of the current conductive MOFs
limits rational design and further creativity. Beyond 2D frameworks, the
dimension of the conductive complex could also be extended to three
dimensions (3D) or zero dimensions (0D) to explore high-performance
candidates for electrocatalysis and sensors. Although there are plenty
of reports about 3D conductive MOFs (3D-cMOFs) [71–77], their ad-
vantages have not been emphasized in comparison with 2D frameworks.
Because 2D-cMOFs possess the π-conjugated stacked structure, they
exhibit excellent electrical conductivity. However, due to the limited



Fig. 10. (a) The PXRD pattern and structure of Compound 9. (b) CV curves of Compound 9 electrode. (c) DPV curves of Compound 9 electrode (0.01–11500 mM). (d)
Amperometry curve of Compound 9 electrode at 0.9 V. Reprinted with permission from Ref. [70]. Copyright 2021, Royal Society of Chemistry.
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exposure of active centers and weak electronic interactions, some
2D-cMOFs have poor catalytic activity. In contrast, 3D structures not only
expose more active sites but also effectively prohibit aggregation.

Alternatively, a 0D structure can be more accurately tuned on a mo-
lecular level, and the reaction pathway can be elucidated. However, the
investigation of discrete porous materials for electrocatalysis is relatively
Scheme 1. 0D PCCs inherit 3D cavities and tunable r
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rare. For example, metallomacrocycles, multinuclear metal complexes,
and molecular cages can be applied as electrodes, electrocatalysts, and
electric sensors. As a sibling of the MOF, the porous coordination cage
(PCC), which exhibits a discrete 0D structure with multiple tunable 3D
cavities, permits fine tuning of the cavity function, cavity size, and redox
species, enabling one to study the relationship between the cage structure
edox activity from 3D-cMOFs for electrocatalysis.
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and the electrochemical performance [78–83]. PCCs can be viewed as a
“top-down” version of 3D-cMOFs, inheriting merits such as high redox
activity and high surface area from the networks and thus holding out
great promise for energy storage and electrochemical reaction purposes
(Scheme 1). It is expected that the redox metal centers of PCCs could
serve as active sites for catalysis, and the pores/cavities of PCCs could
allow for deep research on the structure–property relationship. We
envision a judiciously designed PCC being validated as a potential flex-
ible energy storage and electrocatalytic material that would pave the way
for designing high-performance energy storage devices by taking full
advantage of the large pool of metal–organic complexes.

As a result, although the current research on conductive MOFs in the
field of electrocatalysis and sensors is still in the initial exploration stage,
the fascinating structures and abundant properties of coordination
chemistry offer broad development prospects that could have far-
reaching significance for human society.
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