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The anodic oxygen evolution reaction (OER) can be combined with various cathodic reactions to enable the electrochemical
synthesis of diverse chemicals and fuels, particularly in water electrolysis for hydrogen production. It is however exhibiting a
high overpotential due to the sluggish four-electron transfer process, which is considered the decisive reaction in energy
conversion systems. In recent years, metal-organic frameworks (MOFs) have emerged as the ideal catalysts for accelerating
OER. This is primarily because of their orderly porous architecture, structural tailorability, and compositional diversity. This
review systematically summarizes the recent research progress in pristine MOF electrocatalysts for OER, which covers the
construction strategies and electrocatalytic performance of more than eight types of MOFs. Additionally, the partial/complete
structural reconstructions and their effects on MOF-based OER electrocatalysts are highlighted. In particular, the development
process of “discovery, explanation, and utilization” for the structural reconstructions of MOF electrocatalysts is outlined.
Furthermore, the catalytic mechanisms are elaborated in detail, aiming to provide insight into the rational design and perfor-
mance optimization of MOF-based OER electrocatalysts. The challenges and future perspectives of MOF-based OER elec-

trocatalysts for industrial applications are also discussed.
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1 Introduction

Developing efficient, low-cost, green, and sustainable energy
systems is crucial for addressing the global energy crisis and
related environmental issues [1-3]. Hydrogen energy, as a
kind of secondary energy, has emerged as a potential driving
force behind the global energy transition that possesses
abundant sources, low-carbon emissions, high combustion
calorific value (142 kJ/g), and wide applications [4—6].
Currently, traditional processes of hydrogen production,
which rely on fossil fuels, have dominated the field due to
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their low cost. But their reliance on non-renewable resources
and the resulting environmental pollution is incompatible
with the concept of sustainable development [7]. In this
context, electrocatalytic water splitting has become the key
to the green and efficient production of hydrogen, offering
significant advantages such as simple operation, high reac-
tion efficiency, and pollution-free preparation process [8,9].
The water-splitting process involves two half-reactions,
namely, the hydrogen evolution reaction (HER) at the cath-
ode and the oxygen evolution reaction (OER) at the anode of
the hydrolysis electrolyzer. Compared to the HER, the OER
encounters challenges due to the multi-step proton-coupled
electron transfer processes, resulting in slow kinetics and
large overpotential, which hampers the overall efficiency of
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water splitting [10,11]. The existing noble metal-based cat-
alysts like RuO, and IrO, feature high costs and poor stabi-
lity, which limits the commercialization of hydrogen
production through the water-splitting process [12,13].
Therefore, constructing new low-cost and high-efficiency
OER electrocatalysts has become highly sought after.

Elucidating the catalytic mechanism of OER at the atomic/
molecular levels as well as investigating the influence of
various factors on the reaction kinetics is essential for the
rational design of high-efficiency electrocatalysts [14].
Several crucial aspects should be considered. Firstly, the
Sabatier principle emphasizes that the interaction between
catalytic active centers and adsorbed intermediates in cata-
lytic reactions plays a vital role in determining catalytic
performance. This interaction hinges largely on the bonding
and antibonding orbitals of the catalytic active centers and
adsorbed intermediates. Thus, the electronic structure of the
active centers in electrocatalysis is fundamental to achieving
high OER activity. Secondly, fast and efficient charge
transport is a cornerstone of excellent electrocatalytic ac-
tivity. Thirdly, the presence of a suitable pore environment is
another critical factor that affects catalyst performance. An
ideal level of porosity in structure facilitates the adsorption/
diffusion of reactive species, leading to improved utilization
of active sites and accelerated mass transfer processes,
thereby enhancing the catalytic activity. Fourthly, a well-
defined structure helps in revealing the structural evolution
process and structure-property relationships of active sites,
which facilitates the rational construction of highly efficient
OER electrocatalysts [15,16].

Metal-organic frameworks (MOFs) are ordered porous
materials, assembled from metal nodes and organic ligands
through coordination bonds, and have gained attention as
promising candidates for electrochemical energy storage and
conversion due to their modular design, molecular/atomic
scale tunability, well-defined structure, large specific surface
area, and variable pore environment [17-21]. However, such
materials tend to feature high charge transfer energy barriers,
resulting in poor electrical conductivity, thereby hindering
their application in electrochemistry. To overcome this lim-
itation, MOF materials are frequently used as template pre-
cursors to produce carbon-based composites for OER
electrocatalysts [1,22,23]. Whilst some advances have been
achieved using this approach, it still encounters certain
limitations. For example, the carbonization process can ea-
sily destroy the pore structures of pristine MOFs, leading to
the collapse of the ordered architecture. The aggregation of
metal centers during calcination tends to yield multiphase
catalysts, which greatly reduces the density of active sites
over the product and hinders the establishment of structure-
property relationships. Additionally, pyrolysis treatment of-
ten requires substantial energy consumption and generates
gas pollution and organic ligand waste, thereby leading to a
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high industrial cost [24-26]. In contrast, an increasing
number of pristine MOF materials have been developed as
OER electrocatalysts. Versatile strategies have been pro-
posed to enhance their OER activity, including the optimi-
zation of the metal-centered electronic structure via multi-
metal coordination, increse of the density of active centers
through controlled crystallinity, improvement of MOF con-
ductivity through the design of conjugated organic ligands,
and achievement of functional synergy through multi-com-
ponent composites. Sequentially, a series of MOF-based
electrocatalysts with satisfactory performance have been
achieved [27-29].

Although there are some recent reviews on the progress of
MOF-based electrocatalysis, their attention focuses on
MOF-derived carbon-based materials, two-dimensional
MOFs, multimetallic MOFs, and composite MOFs, efc., and
the directions of the application are also focused on different
electrocatalytic reactions [10,19-21]. There is a lack of re-
views on pristine MOF electrocatalysts, especially OER
electrocatalysts, while the systematic analysis of their cata-
lytic mechanisms usually follows those of inorganic cata-
lysts, and intrinsic catalytic mechanisms are often neglected.
Particularly, the specificity of OER carried out in strongly
alkaline oxidizing environments may cause the catalyst un-
dergoing a certain degree of structural change, thereby
leading to a more elusive catalytic mechanism. Therefore, it
is urgent for a focused and comprehensive review regarding
the structural properties, compositional modulation, mor-
phological design, electrocatalytic performance, and cataly-
tic mechanism of MOF OER electrocatalysts. Especially
importantly, a systematic elucidation of the catalytic me-
chanism is imminent to provide strong guidance for the de-
sign and construction of MOF OER electrocatalysts.

Herein, we focus on the most recent advances in pristine
MOF electrocatalysts for OER with emphasis on new con-
struction strategies and OER performance, especially un-
derstanding their structure-property relationship. Firstly, the
design and construction of MOF electrocatalysts, including
the design of metal centers, ligand modification, morphology
modulation, crystallinity regulation, functional composites,
and array assembly of conducting substrates, are summarized
in detail, and especially, the performance of representative
MOF-based OER electrocatalysts in the last 2-3 years are
analyzed. Most importantly, the partial/complete structural
reconstruction processes of MOF-based OER electro-
catalysts are carefully outlined, whilst delving into the cat-
alytic mechanisms to clarify some existing ambiguities in the
field. Lastly, the main challenges associated with designing
and preparing MOF-based OER electrocatalysts are also
discussed (Scheme 1). This progress report aims to open up
new avenues for the structural design, electrocatalytic me-
chanisms, and practical applications of MOF OER electro-
catalysts.
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Scheme 1 [Illustration of designing advanced MOF electrocatalysts for
OER (color online).

2 Oxygen evolution

2.1 Reaction mechanism

The OER undergoes four-electron transfer steps with mul-
tiple oxygen-containing reactive intermediates. The theore-
tical Gibbs free energy change (AG) of each step is 1.23 eV.
However, in the actual OER reaction process, the Gibbs free
energy of each step may change owing to the uncontrollable
factors of intermediates generated in each step (i.e., AG >
1.23 eV or AG < 1.23 V) [30]. Therefore, among the four
electron steps, the step with the largest AG is considered the
rate-determining step in OER. This indicates that the highest
energy barrier is required to be overcome to drive the cata-
lytic reaction. The difference between the Gibbs free energy
of the rate-determining step and the theoretical step de-
termines the overpotential of the entire OER reaction. In the
past decade, researchers have developed various descriptors
based on theoretical calculations, such as d-band center, p-
band center, and e, electron orbital filling, for predicting the
OER performance [31-33]. Taking e, as an example, Shao-
Horn et al. [31] constructed a volcano diagram of the B-site
metal, e, electron filling, and reactivity from a large number
of ABO; perovskite oxides and indicated that the adsorption
is optimal. The best performance can be obtained when the e,
electron filling was 1. The e, electron filling was less than 1,
and the adsorption of oxygen intermediates became stronger,
which was unfavorable for the desorption of reactants; as e,
electron filling was greater than 1, the adsorption of oxygen
intermediates became weaker. However, €, electron filling
also has some limitations. For example, €, electron filling
cannot be used to elucidate LaMnO;, LaCoO;, and LaNiO,

catalysts with the same e, orbital occupancy but different
OER activities. This was mainly limited by the fact that the
e, orbital filling theory based on an ionic model failed to
reflect the covalency of the metal-oxygen bond [34].
Therefore, a single descriptor is insufficient but in combi-
nation with multiple descriptors can accurately predict cat-
alytic activities. As a guide, the oriented optimization of the
catalysts in terms of d-band center, €, electron filling, and
coordinatively unsaturated metal cations through various
strategies, including structural modulation, component
compounding, and ion doping, is expected to deliver high
OER electrocatalytic activities.

In addition, several parameters, including overpotential,
Tafel slope, turnover frequency, electrochemically active
area, mass activity, stability, and faraday efficiency, have
been used to evaluate the electrocatalytic performance of
OER. Overpotential refers to the difference between the
externally applied potential and the theoretical potential, and
the overpotential with a current density of 10 mA cm s
usually chosen as an evaluation indicator; Tafel slope in-
dicates the kinetic properties of the catalyst; turnover fre-
quency indicates the intrinsic catalytic activity of the
catalyst; electrochemically active area can only indicates the
area of the active area with the potential of catalytic activity,
not the area where the catalytic reaction actually occurs;
mass activity refers to the current density normalized to the
loading of the target catalyst at a specific overpotential;
stability is employed to evaluate the cycling durability of the
catalyst; faraday efficiency is performed to analyze the ef-
ficiency of energy conversion in the catalytic process.

Currently, the two widely recognized reaction mechanisms
are the conventional adsorbate evolution mechanism (AEM)
and the lattice oxygen-mediated mechanism (LOM), re-
spectively (Figure 1) [35,36]. In AEM, the single metal
center works as the active site, and the reaction involves
three oxygen-containing intermediates, namely, 0, OH*,
and OOH*, which are formed from adsorbed water molecules
or hydroxyl radicals. The study showed that some correla-
tions existed between the Gibbs free energy of different in-
termediates. The difference between Gibbs free energy of
OH and OOH" was an approximate constant of around 3.2
eV, and this linear correlation property corresponded to the
similar M—O bond adsorption conformation of M-OH" and
M-OOH" [33]. Nerskov et al. [30] revealed a volcanic re-
lationship between the theoretical overpotential of oxide
catalysts and the difference between AGJ and AGJy. Hence,
(AGS—AGSy) can be considered a generic descriptor for the
OER activity. However, this thermodynamic constraint
makes it possible to optimize the adsorption of intermediates
only to a small extent, with a theoretical minimum over-
potential of only 370 mV, which can hardly be further en-
hanced.

For LOM, the oxygen atoms as the active site in the cat-
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Figure 1 Schematic diagram of (a) AEM mechanism and LOM of (b)
OVSM, (c¢) SMSM, and (d) DMSM mechanism for OER (color online).

alyst lattice participate in the OER and form oxygen va-
cancies during the reaction process [11,37]. First, OH was
adsorbed on the surface of the catalyst, and a deprotonation
reaction occurred, forming two adjacent O intermediates.
Subsequently, these two adjacent intermediates directly re-
acted and coupled to form O-O intermediates, giving rise to
0O, (Figure 1b). Unlike AEM, LOM involves the migration,
and coupling of lattice oxygen, as well as the generation of
oxygen vacancies. Moreover, oxygen as the active site can
break the linear limitation of AEM, avoiding the generation
of high-energy barriers "OOH, further achieving enhanced
performance. The rate of oxygen production in the presence
of LOM is closely correlated to the electronic structure of the
catalysts and depends on the covalent bond strength of metal-
oxygen species. In addition, the d-band center theory is
amenable to establishing a dependency between the elec-
tronic structure of d orbitals of transition metal elements and
the adsorption strength of OER intermediates, thus serving to
predict the theoretical activity of catalysts [38]. However, the
fatal drawback of LOM occurring during the reaction is its
structural instability, which is caused by the involvement of
lattice oxygen in OER. Therefore, the balance of the high
structural stability and low activity of AEMas well as the low
structural stability and high activity of LOM has become the
focus of this field.

Further, LOM has also developed into an oxygen-vacancy-
sitte mechanism (OVSM), single-metal-site mechanism
(SMSM), and dual-metal-site mechanism (DMSM) de-
pending on the different active sites (Figure lc, d) [39].
Other mechanisms, including coupled oxygen evolution
mechanism and oxide path mechanism, have also been de-
veloped and used to design efficient OER electrocatalysts
[40,41].
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2.2 MOFs as OER electrocatalysts

Electrocatalysts stand at the heart and are the key to
achieving efficient electrocatalytic reactions. Although a
large variety of transition metal compounds have been ex-
plored as OER electrocatalysts, their industrial application is
still limited by the catalyst activity and stability. Therefore, it
is urgent to develop efficient OER electrocatalysts. MOFs
are a family of porous crystalline materials with flexible
chemical and structural adjustability. Owing to their long-
range order, synthetic diversity, innate porosity, and host-
guest chemistry, MOFs are desirable platforms for con-
structing advanced OER electrocatalysts [42-44]. The
modular nature of MOFs endows them with high synthetic
tunability, providing precise compositional and structural
control. The dominant natures of pristine MOFs for the OER
process, including porosity, stability, conductivity, and
morphology, can be tuned using synthetic designs. The nat-
ure of the long-range order of MOFs provides abundant re-
dox-active metal centers and functionalized organic ligands,
which facilitates electron transfer during OER, thereby sig-
nificantly enhancing the utilization of atoms and intrinsic
activity of the material. The crystalline nature of MOFs fa-
cilitates the identification of active centers and the elucida-
tion of structure-property relationships. The innate porosity
of MOFs is also highly vital for guest introduction and
electron/ion transfer. This allows for the encapsulation of
active species to improve the OER activity and provide
significant interfacial contact with the electrolyte solution to
facilitate mass transport. Both electron and mass transport
are essential for the OER process and directly affect the
overpotential and efficiency of OER catalysts. Furthermore,
the excellent stability of the MOFs further promotes cycling
capabilities. Notably, most MOFs feature inherently low
conductivity owing to the blockage of their active centers by
the surrounding organic ligands and poor electron interac-
tions between the organic ligands and the metal centers,
which limits their electrocatalytic OER performance. The
direct use of pristine MOFs as electrocatalysts for OER re-
mains in the infancy stage. Recently, significant research
efforts are aimed at tailoring the properties of MOFs to im-
prove the conductivity and OER activity of pristine MOFs,
while numerous MOF OER catalysts with different proper-
ties have been developed, facilitating the targeted construc-
tion of high-performance OER electrocatalysts (Figure 2)
[45-53].

3 Design concepts of pristine MOFs
MOFs have been widely studied and explored as efficient

OER electrocatalysts. In the past decades, several rational
design concepts have been proposed to construct MOFs for
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improving OER catalytic performance. In this chapter, we
introduced design concepts to improve the OER catalytic
performance of different types of MOFs. Furthermore, some
representative performances of MOF OER electrocatalysts in
the last 23 years are listed at the end of this section (Table

1.

3.1 Monometallic MOFs

For MOFs based on only single metal, the metal site is ty-
pically a transition metal with 3d unoccupied orbitals, which
can accommodate foreign electrons and reduce the binding
energy of oxygen-containing intermediates such as 0" and
OOH’ [81]. Single metal sites as active centers can often be
modified using ligands and structural designs to improve
their OER electrocatalytic performance [82-85]. For ex-
ample, the coordination of different organic ligands can in-
duce the optimization of the electronic structure of the metal
active centers, while the post-treatment can also change the
coordination configuration of the metal active centers and
optimize the binding energy of the oxygen-containing reac-
tion intermediates for enhancing the electrocatalytic activity.

The coordination environment of the metal active centers
often determines the electrocatalytic activity. Li et al. [86]
prepared a Co-based MOF, [Co,(u-Cl),(bbta)] (MAF-X27-Cl,
H,bbta = 1H,5H-benzo-(1,2-d:4,5-d")bistriazole) with high
stability as the OER candidate material. Then the iso-
structural MAF-X27-OH was obtained by complete sub-
stitution of CI" on MAF-X27-Cl by OH via linear sweep
voltammetry (LSV) activation treatment. Under neutral

conditions, MAF-X27-OH exhibited superior OER activity
and a larger electrochemical surface area than MAF-X27-Cl.
Isotope tracking experiments suggested that the p-OH li-
gand participated in the OER process, thereby reducing the
reaction energy barrier. In 2022, Hou et al. [57] constructed a
CoBDC FcCA (H,BDC = terephthalic acid) catalyst com-
prised of two kinds of different metal sites and ferrocene
carboxylic acid (FcCA). This catalyst featured an ultrathin
nanosheet structure and displayed excellent OER perfor-
mance with a low overpotential of 280 mV at 10 mA cm 2. It
was shown that the introduction of FcCA induced the for-
mation of two types of Co sites (Figure 3a). One active site
was directly coordinated to FcCA and the other was an un-
saturated site, the former achieved enhanced OH' adsorption
energy of the metal sites, while the latter reduced the spin
state of the Co sites and the formation energy of the key
reaction intermediate OOH*, thus improving the catalytic
activity. Rational modification of organic ligands can change
the coordination environments of metal centers to optimize
the electronic structure, thus achieving significant improve-
ment in electrocatalytic performance (Figure 3b, ¢). Zhu et
al. [53] developed a versatile system of Ni-MOF electro-
catalysts by utilizing a thiol-functionalized 2,6-dimercaptan-
benzene-1,4-dicarboxylate (DMBD) linker, in which Ni—-S
was integrated into the coordination chains to functionalize
the MOF scaffolds (Figure 3d, e). Theoretical calculations
and experimental results showed that Ni(DMBD)-MOF
displayed metallic electronic band structure due to the Ni—S
coordination, which enhanced the conductivity compared
with non-thiol (e.g., 1,4-benzenedicarboxylic acid) analogs
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Table 1 Summary of different types of MOF electrocatalysts used in OER in recent years
Catalyst (n?\\,/e@rr:r?fr:rflz) (1;?1%;1 ;;(?Ple) Binder El(elzt(r)(;lgte Substrate c]\e/[:ttt;arls Modification strategy Stability
Co-BTC-IMI [54] 360@10 88 Nafion 0.1 M RDE ” Co Coordination environment 12,000 s@5 mA cm’’
MOF3_A [55] 425@10 99 Nafion 0.5M GCE © Co Coordination environment N/A
[Cos(t-ca)4(H,0),] [56] 361@10 28 Nafion 0.1 M GCE Co Structural modulation 10,000 s@10 mA cm’?
CoBDC FcCA [57] 280@10 53 NA® 1.0M N/A Co Coordination environment 40,000 ISQCI@{]lgé Vs
Rbf-Ni-MOF [58] 220@10 52 Nafion 1.0 M GCE Ni Coordination environment 24 h@10 mA cm >
NiFc-MOF/NF [59] 195@10 44.1 None 1.0M NF ¢ Ni  Coordination environment 40 h@10 mA cm
CSMCRI-19 [60] 350@10 354 Nafion 1.0 M cc? Ni Coordination environment N/A
NiFe(dobpdc) [61] 207@10 40 None 1.0 M NF Ni, Fe Topography regulation 30 h@10 mA cm’
Co,4Ce -BTC [62] 308@10 107 Nafion 1.0 M GCE Co, Ce Multimetallic synergy 25 h@10 mA cm >
CoCu-MOF NBs [63] 271@10 63.5 None 1.0 M NF Co, Cu Multimetallic synergy 100 h@N/A
Fe-Co-Ni MOF [64] 254@10 51.3 N/A 1.0 M RDE Fe, Co, Ni  Multimetallic synergy 48 h@100 mA cm’
Fe,V-MOF [65] 314w10 58 None 1.0 M NF Fe, V Multimetallic synergy 12 h@10 mA cm’
Fe-CoNi MOFs [66] 230@10 53.7 None 1.0 M NF Fe, Co, Ni Multimetallic synergy 100 h@10 mA cm
NiFe-btz films [67] 239@10 443 None 1.0 M NF Fe, Ni Multimetallic synergy 12 h@~9 mA cm’’
ZIF-62-(Co)-Fe-CC [28] 335@10 N/A None 0.1 M CccC Fe, Co Multimetallic synergy 200 h@10 mA cm’?
NiFe-MOF [68] 240@10 73.44 Nafion 1.0M GCE Fe, Ni Topography regulation 16 h@10 mA cm
Fe'dggggg%?m/ 210@15 50 None 1.0 M NF Fe,Ni  Multicomponent synergy 120 h@10 mA cm >
NiFe-MOF//G [52] 106@10 55 None 1.0 M Graphite foil Fe, Ni  Conductivity optimization 150 h@10 mA cm’?
BaTiO;@MOF-Fe/Co [70] 247@10 38.4 Nafion 1.0M GCE Fe, Co  Multicomponent synergy 10 h@247 mV
CeO,@NiFe-MOFs [71] 248@?20 46 N/A 1.0 M GCE Ce, Fe, Co Multicomponent synergy 40 h@20 mA cm’
MTV-MOFs [72] 286@10 453 Nafion 1.0 M  Carbon paper Fe, Ni  Coordination environment 16,000 s@10 mA cm’’
Ni(DMBD)-MOF/NF [53] 295@10 32 None 1.0 M NF Ni Coordination environment 100 h@100 mA cm’
NiYCe-MOF/NF [73] 245@10 65 None 1.OM NF Ni, Y, Ce  Multimetallic synergy 100 h@200 mA cm
V.00Nip o MOF/NF [74] 235@10 303 None 1.0 M NF V, Ni Multimetallic synergy 80 h@400 mA cm’
Ni-BDC/Fe [75] 279@100 52.1 None 1.0M IF " Ni, Fe  Multimetallic synergy 100 h@400 mA cm °
Fe-B/Fe-MOF/IF [76] 210@10 38 None 1.0M IF Fe Multicomponent synergy 100 h@500 mA cm
FeNi-MOF [77] 239@50 52.4 None 1.0M NF Fe, Ni Multimetallic synergy 200 h@500 mA cm™
MFN-MOFs/NF [78] 235@50 55.4 None 1.0 M NF Fe, Ni Multimetallic synergy 100 h@500 mA cm’
Fepmors-SO5 [79] 218@10 36.2 N/A 1.0 M NF Fe Coordination environment 100 h@1,000 mA cm’
FCN-MOF/NF [80] 196@10 29.5 None 1.0 M NF Fe, Co, Ni  Multimetallic synergy 50 h@1,000 mA cm’

a) N/A means not available; b) RDE means rotating disk electrode; ¢) GCE means glassy carbon electrode; d) NF means Ni foam; ¢) CC means carbon

cloth; f) IF means Fe foam.

(BDC)-MOF. This optimized structure facilitated the gen-
eration of O intermediates, leading to satisfactory electro-
catalytic activity for the OER (Figure 3f-h).

As a classical MOF material, zeolitic imidazolate frame-
work-67 (ZIF-67) was widely applied due to its facile
synthesis and structural stability. However, the OER per-
formance of this material is undesirable because the com-
plete coordination of Co ions in ZIF-67 leads to the scarcity
of active sites. In order to activate the Co ions and convert

them into catalytic active sites, Wang et al. [87] constructed
metal centers with coordination unsaturation in ZIF-67
(CUMSs-ZIF-67) by plasma etching and removing integrant
organic ligands. The CUMSs-ZIF-67 exhibited significantly
enhanced OER activity compared with the pristine ZIF-67 in
near-neutral (0.5 M KBi) and basic (1.0 M KOH) electro-
lytes. Density functional theory (DFT) calculations con-
firmed that the high activity caused by unsaturated metal
sites was attributed to the strong interaction of the highly
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positively charged metal component with oxygen, which
optimized the adsorption of oxygen-containing intermediates
and activated the OER active centers.

3.2 Multi-metallic MOFs

Compared with monometallic MOF materials, multi-metallic
MOFs have attracted great research interest. According to
the active volcano diagram of different metals, a single metal
features stronger or weaker binding energies toward a reac-
tion intermediate, which makes it impossible to achieve the
perfect combination of low overpotential and fast kinetics
[88,89]. Therefore, the rational synergy between dual or
multi-metals can not only effectively improve the electrical
conductivity, but also modulate the electronic structure of
active centers to optimize the adsorption energy, thus im-
proving the electrocatalytic activity. Currently, the metal
centers of common multi-metallic MOF catalysts are mainly
based on transition metals, such as NiFe-MOFs, CoFe-
MOFs, CoNi-MOFs, NiMn-MOFs, FeCoNi-MOFs, WCoFe-
MOFs, CoNiMn-MOFs, FeCoMnNi-MOFs, and FeCo-
NiMnCu-MOFs [64,89-92].

Lan et al. [93] designed and synthesized a series of iso-
morphic MOFs (NNU-21-24) based on Fe,M(;-O)(CHs-
COO)(H,0); (Feo,M, M = Fe, Co, Ni, Zn) clusters. The six

CH;COO  groups in the clusters have been entirely replaced
by COO of biphenyl-3,4',5-tricarboxylic acid (H,BPTC)
ligands in NNU-21-24 (Figure 4a). Through structural opti-
mization, NNU-23 showed the optimal OER activity with the
overpotential of 365 mV at 10 mA cm . According to both
DFT calculations and experimental results, incorporating a
second metal resulted in the d-band center close to the Fermi
level, thus improving the OER performance. In 2020, Lou
et al. [94] grew NiMn-based bimetallic MOF nanosheets on
multi-channel carbon fibers (MCCF/NiMn-MOFs) and then
used them as OER electrocatalysts. According to both DFT
calculations and X-ray absorption fine structure (XAFS)
spectroscopy, the strong interactions of the adjacent Ni and
Mn sites in MCCF/NiMn-MOFs effectively promoted the
proton coupling, resulting in the overpotential of 280 mV at
10 mA cm 2. In addition, a novel CoCu-based bimetallic
MOF nanobox (CoCu-MOF NB) was also synthesized via
chemical etching reaction and successive cation and ligand
exchange processes [63]. The LSV curves demonstrated that
CoCu-MOF NBs required only a minimal overpotential of
271 mV for 10 mA cm °. Notably, Co-MOF NBs and Cu-
MOF NBs have similar nanobox architectures and Cy, values,
but CoCu-MOF has better OER performance, indicating that
the synergistic effect between Co and Cu sites has a positive
effect on promoting OER activity. Additional theoretical
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simulations revealed the effective regulation of the electronic
structure of active sites was achieved by the strong electronic
coupling between Co and adjacent Cu atoms, which sub-
stantially enhanced the overall reaction kinetics toward OER.
In 2022, Mohamed Eddaoudi ef al. [95] synthesized a series
of chemically robust bimetallic squarate-based MOFs (Sq-
MOFs) with zbr topology by adjusting the Ni*" content in the
bimetallic MOF system. Due to their open pore structure,
strong affinity for water and catalytically capable one-
dimensional metal hydroxide chains (Figure 4c), Sq-MOFs
were considered as ideal candidates for OER catalysts. By
testing catalysts with different metal ratios, it was demon-
strated that Ni;Fe, and Ni,Fe, Sq-zbr-MOFs have superior
OER electrocatalytic performance and good structural sta-
bility (Figure 4d).

The coupling effects among multiple metals in multi-
metallic MOFs have been found to enhance the electronic
occupancy status, leading to improved electrocatalytic ac-
tivity compared with monometallic MOFs. Thus, more ef-
forts have been made to develop an increasing number of
multimetallic MOFs. In 2022, Mousavi ef al. [64] reported a
controllable reductive electrosynthesis method to in-situ
grow a layer-by-layer assembled trimetallic Fe-Co-Ni MOF.

The Fe, Co, and Ni MOF layers were arranged in an orderly
and sequential manner, forming a trimetallic MOF stack
(Figure 4b). Owning to the similarity towards ionic radius
and electronegativities of different transition metals, Fe, Co,
and Ni MOF layers have the same crystal structure. Ad-
ditionally, Fe-Co-Ni MOF exhibited better electrochemical
properties than monometallic Fe, Co, and Ni MOFs, bime-
tallic Fe-Co, Co-Fe, Fe-Ni, Ni-Fe, Co-Ni, and Ni-Co MOFs,
indicating that the synergistic effect between Fe, Co, and Ni
nodes had a positive effect on promoting OER activity.

3.3 Metal-doped MOFs

Recent studies have demonstrated that regulating the surface
electrical structure of MOFs via metal doping is a highly
effective method for enhancing their OER performance and
stability. The doping of metals can enrich active sites, pro-
mote charge carrier migration, and optimize electrocatalytic
kinetics. The similarity between metal-doped MOFs and
multi-metallic MOFs is their ability to optimize the elec-
tronic structure of the metal active centers through the sy-
nergistic effect between metals, thereby improving the
electrocatalytic performance. The metal-doped MOFs fea-
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ture a low content of metal sites compared with the arbitrary
ratio of multiple metals in multi-metallic MOFs, which
usually have a positive contribution to the catalytic activity
of the native metal sites in MOFs. In 2022, Jin et al. [73]
prepared ultrathin MOF nanosheet array electrocatalysts
doped with Y and Ce (NiYCe-MOF/NF) via a straightfor-
ward hydrothermal method, with Ni-MOF as the template.
NiYCe-MOF/NF exhibited excellent OER performance and
a small Tafel slope. Additionally, the electrochemical mea-
surements of the samples showed that NiYCe-MOF/NF had
a smaller polarization resistance due to the rich active cata-
lytic sites and synergistic effects between different metal
centers. Theoretical calculations and experimental results
indicated that the doping of Y and Ce increased the electron
transfer rate of Ni MOF/NF, resulting in excellent OER
performance.

In 2022, an efficient electrocatalyst (NiRu,o;-MOF) was
constructed by optimizing the electronic structure of Ni-
MOF with minor, atomically dispersed Ru [96]. The LSV
curves demonstrated that Ni-MOF exhibited poor OER
performance, requiring an overpotential of 252 mV to
achieve a current density of 10 mA cm . After a small
amount of Ru atoms were doped into the Ni-MOF, the OER
performance significantly improved. NiRu, ;s-MOF required
only a minimal overpotential of 187 mV to achieve a current
density of 10 mA cm . The DFT calculation results in-
dicated that Ru doping increased the conductivity and re-
duced the OER intermediate adsorption energy of NiRuy os-
MOF, resulting in satisfactory OER electrocatalytic activity.
Drawing inspiration from the desirable features of 3D hollow
spherical NiCo-MOFs and the high OER activity of Ru, Du
et al. [97] developed an innovative electrocatalyst based on
Ru-doped NiCo-MOF hollow porous nanospheres (Ru@
NiCo-MOF HPNs). In this catalyst, Ni, Co, and O were
homogeneously dispersed across the bulk of the hollow na-
nospheres, while Ru was uniformly distributed over the
shell. Taking advantage of the high porosity and large surface
area of MOFs and the optimized electronic properties re-
sulting from Ru doping, the Ru@NiCo-MOF HPNs de-
monstrated superior water oxidation performance, with an
overpotential of only 284 mV at 10 mA cm in 1.0 M KOH,
as well as a small Tafel slope of 78.8 mV dec”". The ex-
perimental results indicated that the ultra-low amount of Ru
not only increased the active surface area of the catalyst but
also modified the electronic structure of Ni and Co, resulting
in superior OER performance. Yang et al. [74] designed and
fabricated a vanadium-doped nickel organic framework
(V,--Ni,MOF) array on nickel foam (NF) using a facile two-
step solvothermal method. The OER activity of V,_-Ni,MOF
was significantly improved by doping V, showing better
performance than corresponding single metallic Ni-MOF,
NiV-MOF, and RuO, catalysts at high current density
(>400 mA cmfz). The experimental results indicated that the
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V doping not only offered more efficient catalytic active sites
for the OER process but also adjusted the binding energy
between the active sites and the intermediates, resulting in an
outstanding OER activity and excellent stability of
V,_-Ni,MOF in the alkaline electrolyte.

3.4 Composite MOFs

The integration of different functional materials with MOFs
can synergistically exploit their respective advantages and
avoid their disadvantages, endowing the composites with
rich pore structures, large specific surface areas, excellent
electrical conductivity, and rich active sites, thereby im-
proving the electrocatalytic performance. Notably, the for-
mation of heterostructures in composites can also generate
highly reactive surfaces/interfaces between two different
phases, thereby inducing lattice distortion or unsaturated
defective active sites and further enhancing the electro-
catalytic activity [98—101]. Therefore, numerous functional
materials, such as metal oxides/hydroxides, carbon materi-
als, and noble metal materials, are being used to composite
with MOF materials to enhance their electrocatalytic per-
formance.

Metal oxide/hydroxide nanomaterials have been ex-
tensively studied and shown promising results due to their
low cost and excellent redox capability. Embedding them
with MOFs could achieve further improvement in their
physicochemical properties. For example, Zhou et al. [98]
utilized the lattice of a monolayered Co-based MOF to em-
bed CoFeO, nanoparticles (Figure 5a), creating highly active
sites at the interfaces between two phases. According to
structural characterization and analysis, compared with the
CoN, site, interface Co exhibited higher valence states and
electronic configurations, which resulted in higher OER
activity (Figure 5b, c). In 2022, Li et al. [69] fabricated Fe-
doped-(Ni-MOFs)/FeOOH by Fe doping and interfacial
FeOOH engineering. Based on the advantages of the for-
mation of Fe—O—Ni—O-Fe bonding, Fe-doped-(Ni-MOFs)/
FeOOH exhibited excellent OER electrocatalytic activity
and the overpotential of only 210 mV at 15 mA cm ~. The
theoretical calculations showed that the Fe-doped-(Ni-
MOFs)/FeOOH was doubly regulated through Fe doping and
interfacial FeOOH effect via Fe—O—Ni—O—Fe bonding,
which delivered a moderate but relatively stronger oxygen
binding strength (EOH* = —0.32 eV and EO* = —0.01 eV),
optimizing the adsorption/desorption process of oxygen in-
termediates during OER, resulting in lower overpotential and
small Tafel slope.

Integrating noble metal with MOFs can lead to MOFs with
more exposed metal sites and an enriched electron environ-
ment, which can effectively improve the electrocatalytic
performance. Qiao et al. [102] demonstrated an interfacial-
bond-induced modulation of reaction intermediates for ac-
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Figure S (a) Synthesis procedure of catalysts. (b) LSV curves and (c) corresponding Tafel plots of M-PCBN/CC and control samples. Reproduced with
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celerated OER by creating a heterostructure of Pt nanocrystal
and 2D (two-dimensional) nickel MOFs (Pt-NC/Ni-MOF).
In the heterostructure of Pt-NC/Ni-MOF, the 2D Ni-MOF
and Pt-NC were chemically coupled in an atomically mat-
ched mode to lead to a distinctive interface with Ni—O—Pt
bonds, which resulted in charge relocation. This charge re-
location in turn gave rise to an increased electron density for
Pt and a high-energy Ni 3d state of Ni-MOF, thus promoting
the OER reaction. Carbon materials have been considered
excellent conductive substrates and highly dispersible car-
riers. Combining MOF with carbon materials is expected to
further enhance the electrical conductivity and catalytic ac-
tivity of the material. In 2022, Wang ef al. [103] employed a
one-step “bottom-up” synthesis strategy at room tempera-
ture, using carboxylated carbon quantum dots (CQDs-
COOH) to induce the in-situ formation of 2D NiFe-MOF
NSs (Figure 5d). Based on DFT calculations, it has been
confirmed that the layer spacing of NiFe-MOF was enlarged
by the introduction of CQDs-COOH (Figure 5e). Ad-
ditionally, CQDs-COOH enhanced the positive charge on the
active sites, thereby improving the OER activity of NiFe-
MOF. The optimized catalyst showed amazing OER per-
formance with an overpotential of 261 mV at 10 mA cm
and a very small Tafel slope of 56 mV dec”". Hou et al. [52]
proposed a strategy to improve the OER activity of low-
conductivity NiFe-MOFs by confining them between mul-

tilayered graphene sheets (NiFe-BTC//G) (Figure 5f). The
NiFe-BTC//G exhibited a remarkable OER performance,
with a record-low overpotential of 106 mV to achieve 10
mA cm °, and maintained its activity for over 150 h. This
was in stark contrast to the pristine NiFe-BTC, which needed
an overpotential of 399 mV at the same current density.
Additionally, the DFT calculation and XAFS confirmed that
the nanoconfinement provided by graphene multilayers not
only created highly reactive NiO4-FeOjs distorted octahedral
species in the MOF structure but also reduced the limiting
potential for the water oxidation reaction.

MXenes, as an emerging material, possess high electro-
conductivity, hydrophilicity, and excellent stability. In addi-
tion, thanks to the ultra-low work function and electro-
negative surface, it can modulate the electrophilicity of the
active sites to improve the catalytic performance of the
multicomponent catalyst. Based on this, Huang et al. [47]
prepared a new MXene-MOF composite (Ti;C,T,-CoBDC)
by an interdiffusion reaction. CoBDC was perfectly affixed
to the surface of Ti;C,T, nanosheets. The resulting composite
exhibited excellent OER electrocatalytic activity (Figure 5g).

3.5 Conductive MOFs

Although the traditional MOFs have been widely applied in
OER, they mostly exhibit insulation and low conductivity,
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which significantly limits their availability in OER. The 2D
conductive MOFs (2D ¢-MOFs), as an emerging crystalline
material composed of metal nodes and conjugated organic
linkers, can provide great scopes for constructing high-per-
formance MOF-based OER electrocatalysts. Their con-
ductive mechanisms include hopping, through-space, and
through-bond mechanisms (Figure 6a) [104]. To date, tre-
mendous efforts have been devoted to the synthesis and
characterization of new MOFs with excellent electrical
conductivity, while a large number of theoretical studies
have confirmed the potential of 2D ¢-MOFs for OER ap-
plications (Figure 7) [105,106]. This class of material in-
herits the advantages of traditional MOFs, such as high
specific surface area, versatile structures, high porosity, and
abundant exposed active sites, which endows them with
great potential in OER. Particularly, the hybrid of frontier
orbits of conjugated ligands and d-orbits of the transition
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metals featured a strong d-m interaction, which promotes the
delocalization of electrons in the 2D plane, thereby endow-
ing them with a narrow bandgap and high intrinsic electrical
conductivity. Furthermore, the structures and electronic
features of MOF catalysts can be regulated via a rational
design strategy at the molecular and atomic levels based on
demands [104,107]. The design of high-performance 2D c-
MOF electrocatalysts accounted for several key factors,
mainly including active metal sites, conductivity, and porous
architectures.

The metal nodes have been proven as the dominant active
centers and are directly related to the intrinsic activity of the
2D ¢-MOFs as OER electrocatalysts, which promotes the
generation/conversion of intermediates (OH*, OOH*, and
O*) and charge transfer during the OER process. Hence,
immobilization of transition metals into the backbone of 2D
¢-MOFs has been widely regarded as a general strategy to
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Figure 6 (a) Schematic illustration of charge transport in 2D ¢-MOFs. Reproduced with permission from Ref. [104], Copyright©2018 Royal Society of
Chemistry. (b) Scheme for the synthesis of NiPc-MOF and its structural schematic diagrams. Reproduced with permission from Ref. [108], Copyright©2018
Royal Society of Chemistry. (c) The chemical structure and PXRD pattern of MPc-M’. Reproduced with permission from Ref. [109], Copyright©2021 Royal
Society of Chemistry. (d) Strategy for constructing 2D Niy(HITP),. Reproduced with permission from Ref. [110], Copyright©2020 American Chemical

Society (color online).
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construct OER electrocatalysts with high utilization of cat-
alytic sites. Recent demonstrations of this design strategy
were reported in a series of 2D ¢-MOFs with diverse 3d
transition metal sites, including MO, and MN, (M: Fe, Co,
Ni, Cu, Mn, efc). For example, Du et al. [108] synthesized a
2D ¢-MOF composed of 2,3,9,10,16,17,23,24-octa-amino-
phthalocyaninato nickel-(I) and NiCl,-6H,0O (NiPc-MOF)
(Figure 6b). The NiPc-MOF film with NiNj sites on fluorine-
doped tin oxide (FTO) showed prominent OER activity with
an overpotential of 350 mV and a Tafel slope of 74 mV dec ',
as well as stability over 50 h in alkaline electrolytes. The
Cos(HITP), (HITP = 2,3,6,7,10,11-hexaiminotriphenylene)
with high loading of Co-Nj sites (23.44 wt% of Co element)
was also investigated for OER [111]. The as-prepared
Cos(HITP), exhibited an electrical conductivity of 1,150 S m'
at 300 K. By combining the experimental and DFT theore-
tical calculation, it was verified that the synergistic effects of

high conductivity, porous structure, and the high loading of
active Co-Nj sites resulted in an excellent catalytic activity
with an overpotential of 254 mV at 10 mA cm ~ and a Tafel
slope of 86.5 mV dec .

For 2D ¢-MOFs, the regulation of electronic structure at
the molecular or atomic level by tailoring the organic ligand
and metal types makes them possess high inherent catalytic
activity and selectivity. In this regard, introducing the extra
metal atoms and varying the substitutional groups of the
ligands were employed as two main strategies to modulate
the electronic structure. To date, a series of 2D ¢-MOFs with
distinct coordination environments of metal active sites have
been exploited for electrocatalytic OER, and the crucial role
of different metal centers was also illustrated. For example,
Song et al. [112] successfully achieved a series of bimetallic
conductive MOFs (denoted as NiPc-NiFe,) by replacing
sectional Ni-O, sites with Fe-O, sites. Owing to the elec-
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tronic interaction between Ni and Fe sites, the optimal NiPc-
NiFe;, showed remarkable OER performance with an
overpotential of 300 mV at 10 mA cm > and an excellent
TOF value of 1.943 s . Additionally, the incorporation of
highly conjugated ligands in 2D ¢-MOFs can also effectively
optimize the electronic structure of active sites and improve
catalytic performance. For example, an NiPc-Ni with NiN,
and NiQ, sites has been demonstrated as an effective OER
catalyst with enhanced OER performance [109]. It was re-
vealed that the synergistic interactions of bimetallic sites
modulated the electronic structure of the active centers,
while the d-band center was nearer to the Fermi level,
thereby enhancing the binding ability of oxygen inter-
mediates (OH*, OOH’, and O*) and promoting the intrinsic
OER activity. The prepared NiPc-Ni exhibited higher OER
performance with a low onset overpotential and a Tafel slope
of 83 mV dec ' (Figure 6c¢).

In addition to the vital role of metal nodes, the archi-
tectures (including pore structure, morphology, and thick-
ness) of 2D ¢-MOFs significantly affect the OER catalytic
activity as well [113]. Wang et al. [110] prepared a 3-layer
Niz(HITP), film electrode with good OER performance
(Figure 6d). It was revealed that the OER performance of
Niy(HITP), film was dependent on the layer of this film on
the electrode. The research in this area is currently very
limited and a great deal of work should be invested in re-
vealing the influence of the above characteristics on the OER
properties. In parallel, the corresponding relationships be-
tween structure and properties should also be discovered to
optimize the construction strategy of 2D ¢-MOF electro-
catalysts with excellent OER activity.

3.6  Substrate-grown MOFs

Currently, most prepared MOF catalysts usually acted as
nanoscale powder samples, which are immobilized on glassy
carbon electrodes with a binder before electrocatalytic tests.
However, the partial active catalyst sites of electrodes pre-
pared via this method can be covered, and the use of binder
also increased the internal charge transfer resistance. In ad-
dition, the persistent generation of bubbles can affect catalyst
adhesion toward the electrode surface in the OER test,
leading to partial detachment and potentially affecting the
catalyst performance [114,115]. Therefore, selecting suitable
conductive substrates for the in-situ growth of MOFs is
highly desirable. The conductive substrates can significantly
enhance the conductivity of catalysts and enable faster ki-
netics. The array structure of MOFs obtained by in-situ
growth can achieve a high-density dispersion of catalysts and
facilitate the exposure of active sites. Recently, conductive
substrates represented by NF have been widely investigated
due to their significant advantages in providing conductive
pathways, catalyst carrying, bubble aggregation drainage,
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mechanical stability, and positive synergistic effects between
electrocatalysts and substrates [78]. Moreover, the properties
exhibited by such MOF complexes grown on substrates
make them one of the most promising materials to meet
industrialization requirements.

Zhao et al. [26] demonstrated a general chemical deposi-
tion method to prepare ultrathin MOF nanosheet arrays with
different metal-oxygen units (MOg units; M = Ni, Fe or Cu),
using NF as a self-supporting substrate (Figure 8a, b). The
nanoarrays exhibited excellent electrocatalytic OER activity
with a low overpotential of 240 mV at 10 mA cm ~ and
negligible activity decay over 20,000 s of stable operation
(Figure 8c). Lin et al. [114] showed an innovative approach
for synthesizing a 3D electrode using a self-templating route,
whereby MIL-53(FeNi) nanosheets were grown on the sur-
face of NF via a one-step solvothermal method. The prepared
MILS53(FeNi)/NF electrode exhibited excellent OER per-
formance with an overpotential of 233 mV at 50 mA cm ’,a
mass activity of 19.02 A gfl, and a Tafel slope of 31.3 mV
dec”', which was attributed to the advantages of the in-situ
growth method. DFT calculations and experiments con-
firmed that the introduction of Fe enhanced the electro-
chemically active sites of the MIL-53, accelerated electron
transfer, and regulated the electronic structure of active sites,
thereby improving the intrinsic activity. Lu et al. [78] de-
veloped an efficient and durable bifunctional electrocatalyst
by in-situ growing homogeneously mixed and distributed Fe-
and Ni-MOFs on NF (MFN-MOFs) using a simple one-step
solvothermal strategy. The as-prepared materials exhibited
inter-molecular synergistic interactions, which not only fa-
cilitated the vital charge transfer process of redox reactions
but also achieved a high dispersion of the active metal sites,
thus increasing the active site density and achieving out-
standing OER performance. In addition, the binder-free also
greatly enhanced the mechanical adhesion and effective
bonding between MOF and NF, endowing the optimized
MFN-MOF (2:1)/NF electrode with excellent OER perfor-
mance. The Cu foam (CF) was also used as a conductive
substrate for the direct growth of MOFs. Gu ef al. [116] have
developed a liquid-phase epitaxial layer-by-layer growth
approach to produce oriented thin films of 3D MOF
Co/Ni(BDC),TED (TED = triethylenediamine) nanosheet
arrays on CF. The Co/Ni(BDC),TED thin film electrode was
found to exhibit high activity for the OER, and the OER
activity can be further improved by adjusting the thicknesses
and Co/Ni ratios. DFT calculations have shown that the en-
hanced electrocatalytic activity was attributed to the sy-
nergistic effect of Co/Ni and the abundance metal sites.
Growing MOFs in-situ on hydrophobic carbon substrates
such as graphite foam (GF), carbon cloth, and carbon paper
was also considered an effective strategy to enhance OER
performance. Feng et al. [117] utilized a hydrothermal
method to synthesize an efficient OER electrocatalyst by in-



Liu et al.  Sci China Chem  October (2023) Vol.66 No.10 2767

S ————

MOF array on substrate

Metal-oxygen layer

ok
o O
O O

Hydrocarbon layer "

e
Organic ligand ' MOs
o O b
.o X
>

M = metal ions
[ e e
I
1
1
1 ()
1
1
1
1
1
1
1
1 1) Liquid N, CoCl,, bpde
1 _— » —
: 2) Ethanol 120°C, 8h
i
: Graphite foil
1
e e e s B

Macropores™

TN

(9
© —— NiFe-MOF array /
4501 —— Ni-MOF amay /i

§ —— Bulk NiFe-MOF s

= 300 LS 2

g §

2 150 g

§ 7N &

8 L J ~

12 14 16 1,000

Potontal (V vorsus RHE)

1 —o—Graphite foam
—o—Co-MOF

q —o—uc
145V, [

14 16 18 20
Potential (V vs. RHE)

Figure 8 (a) Scheme of the synthesis and structural model NiFe-MOF nanosheet array on the substrate. (b) The optical image and SEM image of NiFe-
MOF electrodes. (c) LSV curves and corresponding Tafel plots of samples. Reproduced with permission from Ref. [26], Copyright©2017 Springer Nature.
(d) Schematic illustration for the synthesis procedure of the Co-MOF/Graphite foam. (¢) SEM image of the Co-MOF/GF. (f) LSV curves of Co-MOF/GF and
control samples. Reproduced with permission from Ref. [117], Copyright©2018 John Wiley & Sons, Inc. (color online).

situ growing Co(bpdc)(H,0), (Co-MOF, H,bpdc = biphenyl-
4,4'-dicarboxylic acid) arrays on a three-dimensional GF
(Figure 8d, ¢). The obtained Co MOF/GF exhibited a low
overpotential, approximately 220 mV at 10 mA cm ~. The
experiment also showed that the CoOOH nanosheets in-situ
obtained from the Co-MOF were essential to drive the OER
process (Figure 8f).

3.7 Amorphous MOFs

In addition to the regulation of the morphological structure
and compositions, tailoring the crystallinity of catalysts via
the optimization of preparation methods is also vital for
improving their electrocatalytic performance. A variation in
crystallinity can affect the lattice-ordered structure and
atomic arrangement, leading to an increase in the external
active sites of the catalyst and conductivity. Generally, MOFs
exhibit ordered atomic arrangement and high crystallinity,
which might result in sluggish electron transfer and exposed
active sites, hindering their electrocatalytic OER activity to
some extent [118,119]. Conversely, amorphous MOFs are
characterized by diverse morphology, rich pores, numerous
active sites, and high conductivity, which provides new op-
portunities for improving the OER activities of MOF elec-

trocatalysts.

It is shown that the crystallinity of MOF materials can be
effectively modified by tuning the species and ratios of metal
combinations. Mai et al. [120] presented a simple approach
for synthesizing low-crystalline bimetallic MOF nano-
particles (Fe,Ni,-BDC) via regulation of the coprecipitation
process between Fe/Ni ions and BDC’". The monometallic
Fe-BDC exhibited high crystallinity, while the crystallinity
of Fe,Ni,-BDC deteriorated as the Fe/Ni ratio decreased. The
LSV curves demonstrated that Fe,Ni,-BDC required only a
minimal overpotential of 260 mV at 10 mA cm . In addi-
tion, Fe;Ni,-BDC exhibited the highest TOF value, it was
indicated that introducing an appropriate proportion of Ni**
into Fe-BDC can obtain highly active sites. According to
both experimental and theoretical analysis, the low-crystal-
line Fe;Ni,-BDC showed better catalytic OER performance
mainly benefiting from its abundant active sites, faster
charge transfer, and enhanced reaction kinetics. Huang et al.
[121] have achieved the transition from a crystalline to an
amorphous state of Co,Fe,MOFs by tuning the ratio of Co/Fe
to coordinate with the H,BDC. According to DFT calcula-
tions, it was found that the defect formation energies of
Co,Fe,-MOFs decreased significantly with the reduction in
the Co/Fe ratio, resulting in the formation of long-range
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disordered structures and a large number of defects within
the MOFs. This structure allowed the bimetallic Co,Fe, -
MOFs abundant active sites and fast charge transfer. In ad-
dition, introducing Fe ions into Co-MOF can adjust the
electronic structure of Co sites, which promoted the adsorption/
desorption of OER oxygen-containing intermediates, thereby
improving the electrocatalytic performance of OER.

Also, amorphous structures can be obtained by external
physical stimulation. In 2022, Wang et al. [122] transformed
the crystalline material Co-MOF into the amorphous mate-
rial Fe@Co-MOF by grinding, exfoliating, and doping Fe.
This process effectively modulated the electronic structure of
the metal active sites, resulting in excellent electrocatalytic
performance. Controllable preparation of crystalline trans-
formation of Co-MOF was achieved by varying the amount
of Fe doping, which produced an amorphous structure with
adequate defects Fe@Co-MOF-3. The introduction of lattice
distortion and interface results in a significant improvement
in the catalytic activity of Co-MOF, which exhibited an ultra-
low overpotential of 248 mV for OER at a current density of
50 mA cm . In 2022, Meng et al. [123] synthesized a series
of highly efficient and stable Fe (NiCu),_,-MOF catalysts for
the OER using an ultrasonic method. The prepared ternary
Fe (NiCu);_,-MOFs exhibited an amorphous structure with
more exposed active sites and rapid charge transfer. The
optimal FeNiCu-MOF catalyst has an overpotential of only
260 mV at 10 mA cm °. The outstanding performance was
due to the amorphous MOF structure and the synergistic
effect of the multi-metal sites. Furthermore, DFT calcula-
tions demonstrated that the Fe sites of the FeNiCu-MOF
played a vital role during the OER process.

3.8 2D MOFs

The reduction of catalyst sizes and the preparation of ultra-
thin 2D materials are considered keys for achieving high
catalytic performance. Most MOFs feature limited mass
transport, poor electrical conductivity, and low density of
metal active sites. 2D MOF nanosheets have received in-
creasing research attention owing to their ultrathin thickness
and large surface areas [107]. Similar to amorphous MOFs
containing richer active sites, 2D MOF nanosheets not only
provide abundant active sites, but also exhibit fast mass and
electron transfer. In addition, owing to high mechanical
flexibility and optical transparency, ultrathin 2D MOFs have
been considered a promising alternative for developing
flexible electronic devices [124].

For example, Tang et al. [46] successfully synthesized
ultrathin 2D bimetal-organic framework nanosheets (NiCo-
UMOFNs) with coordinatively unsaturated metal sites using
a facile ultrasonic method at room temperature. NiCo-
UMOFNSs possessed a uniform thickness of approximately
3.1 nm, which corresponded to either four metal coordina-
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tion layers or three coordination structural layers (2.9 nm).
When loaded onto copper foam, the NiCo-UMOFNSs catalyst
displayed remarkable OER activity with a very small over-
potential of 189 mV at 10 mA cm ~ under alkaline condi-
tions. The ultrathin 2D nanosheets generated numerous
coordination unsaturated active sites, which can serve as
active centers to enhance the OER activity. Additionally, the
coupling effect between Co and Ni further enhanced the
electrocatalytic OER performance. In addition, a bottom-up
solvothermal method was employed to synthesize hetero-
metallic Ni-M-MOF (M = Fe, Al, Co, Mn, Zn, and Cd)
nanosheets with a thickness of only a few atomic layers
(Figure 9a) [125]. The ultrathin MOF nanosheets were di-
rectly utilized as efficient electrocatalysts for OER, ex-
hibiting a low overpotential of 221 mV at 10 mA cm “anda
small Tafel slope of 56.0 mV dec™". Additionally, they ex-
hibited excellent stability, maintaining their activity without
any noticeable decay for at least 20 h.

He et al. [126] successfully synthesized a series of
(Fe(Il),Fe(1ll),),/NMOF-Co electrocatalysts with con-
trollable molar ratios. The atomic force microscopy (AFM)
measurements revealed that the thickness of nanosheets was
approximately 4.0 nm. Notably, the 2D (Fe(Il),Fe(IIl),), ¢/
NMOF-Co exhibited outstanding OER performance, dis-
playing an overpotential of 297 mV at 10 mA cm °, which
was significantly worse than that of (Fe(Il),Fe(Ill),), «/Bulk-
MOF-Co. The experimental results indicated that the
(Fe(Il),Fe(11I),),/NMOF-Co provided abundant active sites to
enhance the electron transfer rate, leading to the improve-
ment of catalytic performance. Wang et al. [127] synthesized
NiFe-bimetal 2D ultrathin MOFs nanosheets (NiFe-UMN5s)
using a simple ultrasonic oscillation method. The thickness
of NiFe-UMNSs was approximately 10 nm, corresponding to
ten coordination layers, indicating their ultrathin feature. The
NiFe-UMNSs exhibited satisfactory OER electrocatalytic
performance with an onset potential of 1.450 V (vs. RHE)
and an overpotential of 260 mV at 10 mA cm >, The high
catalytic activity was attributed to the fact that 2D structures
can expose richly active sites and give a synergistic effect
between the bimetallic Ni and Fe.

Generally, a single strategy often fails to achieve the de-
sired catalytic performance. Hence, multiple strategies are
often utilized in the hope of simultaneously achieving mul-
tidimensional modulation of material conductivity, active
site density, and active site electronic structure, thereby
achieving satisfactory OER activity. For example, Ma et al.
[128] introduced a new method to immobilize pepsin (PEP)
on zeolitic imidazolate framework-8 (ZIF-8) via surface
modification. ZIF-8 can coordinate with Ni’" via electro-
static interaction, thereby changing the inherent hydro-
phobicity of ZIF-8 (Figure 9b). In addition, the
immobilization of PEP on ZIF-8 is also favorable for en-
hancing its stability and maintaining its excellent con-
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ductivity and electrochemical properties. As a result, ZIF-
8@PEP-Ni exhibited excellent OER performance in neutral
aqueous solutions. Zhu et al. [67] prepared a class of ionic
bimetallic MOF films as OER catalysts, which featured an
overpotential of 239 mV at a current density of 10 mA cm
(Figure 9c). The excellent electrocatalytic performance of
the OER catalyst was mainly attributed to the following as-
pects: the NF substrate with high electrical conductivity
improved the overall electrical conductivity of the material
and the contact area between the catalyst and the electrolyte;
the synergistic effect between Ni and Fe bimetals enhanced
the catalytic capacity of the active sites, and the positive
effect of Cl ion on the charge density near the Fermi energy
level. In 2022, Zhao et al. [72] prepared a series of mixed
metal and ligand multivariate MOFs (MTV-MOFs). The
presence of mixed ligands resulted in uniform lattice strain,
which weakened some of the coordination bonds in the
prepared materials (Figure 9d). These coordination bonds
can be selectively split through moderate heat treatment,
resulting in ligand-unsaturated metal sites, conductive
Ni@C, and multilevel pore structures, which are favorable
for electrocatalytic OER processes. This phenomenon was

precisely analyzed via low-dose integrated differential phase
contrast scanning transmission electron microscopy (iDPC-
STEM) technique.

4  Structural reconstruction of MOFs

The well-defined structure and active center are vital for
elucidating the catalytic mechanism of OER catalysts, and
the clarification of catalytic mechanisms can also be fed back
to the directed construction of targeted catalysts. Previous
extensive reports have confirmed that the partial or complete
reconstruction of conventional inorganic catalysts occurred
in-situ on the surface during OER to form metal oxides or
hydroxides layer as the true reactive sites [129-131]. For
MOF-based OER electrocatalysts, in which the coordination
bonds feature weaker stability than the ionic bonds in in-
organic materials, partial or complete structural reconstruc-
tion of MOF-based catalysts may also be inevitable in the
test environment (pH 13, 14) [24,132]. In most previous
studies, researchers only simply assumed that the MOF
materials could remain stable in the OER test environment,
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thus the pristine MOF was regarded as the catalytically ac-
tive phase. However, this viewpoint is actually unreasonable.
Although certain MOFs can maintain a degree of stability in
alkaline solutions, the chemical stability of a catalyst does
not guarantee its electrochemical stability. Notably, most
transition metal-based (Fe, Co, Ni, and Cu) materials used as
OER catalysts feature redox potentials around the theoretical
voltage of OER, and variations in metal valence states ac-
companying the OER process also affect the coordination
environment of metal nodes, resulting in the change of the
initial structure [50]. In addition, since the structural re-
construction process of the MOFs can occur after immersing
the electrolyte and before the occurrence of OER, and the
reconstruction does not necessarily cause significant changes
in the morphology of the pristine MOFs, it is also debatable
to determine the stability of catalysts only from a single
aspect such as stability curves and morphological char-
acteristics before and after cycling.

Regarding the above analysis, numerous researchers have
assumed that most OER catalyst-based MOF, particularly
carboxylic acid-based MOF and imidazole-based ZIF ma-
terials with excellent OER electrocatalytic activities, will
undergo partially/completely structural reconstruction in the
experimental environment or during the reaction process.
Moreover, more than one structural reconstruction process
may occur, resulting in the generation of metal hydroxides/
hydroxyl oxides with high catalytic activity. Therefore, such
unstable MOFs are usually considered as pre-catalysts rather
than true catalysts [49,133,134]. In addition, the structural
properties (topology, porosity, size, composition, efc.) of
such MOF catalysts can affect the reconstruction process,
thereby triggering changes in the active species and the
catalytic activity [135]. In this section, we focused on four
aspects of MOF-based OER catalysts, including partial re-
construction, complete reconstruction, reconstruction ef-
fects, and reconstruction strategies, to discuss their catalyti-
cally active phases and catalytic mechanisms in detail.

4.1 Partial reconstruction

Similar to inorganic catalysts, some MOF-based catalysts
underwent partial surface reconstruction in the OER test
environment owing to the formation of amorphous metal
hydroxide films on the surface of large-size MOF materials
after self-reconstruction, which can protect the internal
MOFs structure [136,137]. Thus, a heterogeneous structure
would be formed and the synergistic effect of the two com-
ponents could enhance the catalytic efficiency of OER. Chen
et al. [138] prepared two samples of dehydrated Ni-BDC-3
and hydrated Ni-BDC-1 with the presence of weak hydrogen
bonds generated by coordinated water molecules, respec-
tively (Figure 10a). Both MOFs were first activated as pre-
catalysts by electrochemical cyclic voltammetry (CV). It was
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found that the dehydrated Ni-BDC-3 was rapidly and com-
pletely reconstructed to NiOOH. In contrast, the weak hy-
drogen bonding in the hydrated Ni-BDC-1 had a significant
inhibitory effect on its structural reconstruction, which led to
a partial phase transition of Ni-BDC-1 to obtain a hetero-
junction structure of NiOOH and MOF. The MOF hetero-
junction obtained an ultra-low overpotential of 225 mV at a
current density of 10 mA cm °, which was significantly su-
perior to the single-phase NiOOH (332 mV) obtained after
complete reconstruction by Ni-BDC-3. Theoretical calcula-
tions confirmed that a strong planar electrostatic potential
was established between the internal structure of MOF and
the surface self-reconstructed NiOOH. This suggested that
the pristine MOF structure could serve as an electron-ab-
sorbing trimmer to modulate the electronic configuration of
the Ni active sites, thus degrading the reaction energy barrier
of the OER.

Our group prepared Fe-MOF octahedra and Ni-MOF na-
nosheets with positive and negative surface charges, re-
spectively. Benefiting from the differences in the
morphological properties and surface charges of Fe-MOF
and Ni-MOF, FeNi-based MOF composites based on two
types of metals can be obtained via simple sonication, which
reached an overpotential of only 275 mV at a current density
of 10 mA cm ~ without significant property degradation after
continuous electrolysis for 100 h [25]. The transmission
electron microscopy (TEM) and powder X-ray diffraction
(PXRD) tests revealed that the exchange of hydroxyl radicals
with ligands occurred when the MOFs were immersed in the
OER test system (1.0 M KOH). The in-situ reconstruction of
FeNi-based MOF composites can form metal hydroxides on
the surface. The origin of the catalytic activity from metal
hydroxides was further confirmed by comparative experi-
ments. The excellent catalytic activity was mainly due to the
following results: (1) the low crystallinity of metal hydro-
xides provided abundant defective sites, thus exposing more
active sites; (2) the octahedral structure of Fe-MOF could be
well maintained, providing excellent dispersion of the metal
hydroxides while effectively preventing agglomeration of
active species during the long cycling test.

An in-depth understanding of the reconstruction mechan-
ism, clarification of the activity origin, and exploitation of
in-situ characterization techniques are necessary for the de-
velopment of MOF-based OER electrocatalysts. Tang et al.
[50] employed in-situ XAFS to elucidate the origin of OER
catalytic activity at the atomic level (Figure 10b). The
Nij 5C0ys-MOF-74 with a one-dimensional hexagonal pore
was chosen as the object of study, and it was found that the
metal junction of NijsCoys-MOF-74 underwent two suc-
cessive structural reconstructions during the OER process
(Figure 10c—h). The first structural phase transition occurred
in the low-potential region to form Ni, sCo, s(OH),, and then
the second structural phase transition occurred in the high-
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potential region to form the catalytically active species
Niy 5CoysOOH,, ;5. The main contribution to the excellent
catalytic activity of Ni, sCoys-MOF-74 was due to the gen-
eration of NijsCo,sO0OH, s active species with enriched
oxygen vacancies at high applied voltages, which enhanced
0 adsorption. The authors also observed a “self-healing”
phenomenon that Ni, sCo, s-MOF-74 could return to its ori-
ginal structure after 15 days in the air, suggesting that the
reconstruction process in the OER process occurred locally
at the metal nodes rather than in the dissociation of the MOF
crystal structure.

It is noteworthy that although some of the MOF materials
undergo partial reconstruction, the origin of catalytic activity
is usually attributed to the metal hydroxides or hydroxyl
oxides formed on the surface as well. Whether there are
interactions between the metal hydroxides or hydroxyl oxi-
des obtained from the reconstructions and the inner MOF
structure without phase transformation, which affects the
catalytic activity, has been rarely reported. Despite the oc-
currence of a partial phase change at the beginning of cata-
lysis, a complete reconstruction of the catalyst may occur

after continuous cycling tests [77].

4.2 Complete reconstruction

For catalysts where surface partial reconstructions occur,
mostly based on large-size MOF structures, the active spe-
cies generated by the surface reconstructions provide a de-
gree of protection to the internal MOF structure. However,
the general design principle of electrocatalysts shows that
catalysts with smaller sizes or ultra-thin structures tend to
expose more active sites and are therefore more sought after
by researchers [139,140]. Subsequently, such MOF-based
OER catalysts usually undergo complete reconstructions. In
addition, previous studies have revealed that most MOF
materials, particularly MOF based on carboxylic acid co-
ordination, undergo reactions in alkaline solutions to dis-
sociate ligands and in-situ form metal hydroxides [141].
Therefore, MOF-based OER catalysts may undergo partial
surface reconstruction or complete in-situ reconstruction
before the catalytic reaction occurred, which is often over-
looked.
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The Prussian blue analogue (PBA) and ZIF materials
based on metal-nitrogen coordination are also widely used as
OER catalysts due to their flexible adjustable metal centers
and macroscopic structures. Zhang et al. [142] reported a
novel NiFe PBA (NF-PBA) electrocatalyst. The electro-
chemical measurements showed that its performance stabi-
lized after continuous electrolysis over 10 h activation,
forming amorphous Ni(OH), as active species (Figure 11a,
b). In-situ XAFS was employed to precisely characterize the
changes in Ni coordination number and Ni—O bond length
during OER. In the low potential interval, some of the hy-
drogen atoms were removed from the hydroxyl groups in
Ni(OH),, and some Ni*" were oxidized to Ni** (NiO,H,_,). In
the higher potential interval, NiO,H,_, containing Ni*" was
formed as the real active sites by the occurrence of succes-
sive deprotonation. These transition processes are reversible
(Figure 11c). The excellent OER activity of this catalyst was
mainly due to the fact that nickel ions in the amorphous
system were more easily oxidized to higher valence states
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than that of the crystalline system, thereby exhibiting higher
reactivity. Similarly, the Co/Mn-ZIF@Fe-Co-Mn PBA with a
core-shell structure underwent complete structural re-
construction during the test, and the amorphous hydroxide
obtained via in-situ translation drove the electrocatalytic
process [143].

Fischer et al. [134] used a simple layer-by-layer deposition
method to obtain a series of mixed-metal heterostructured
MOFs. Those MOFs underwent the dissolution of organic
ligands in alkaline solutions. The CV test further exacerbated
their structural reconstruction to boost the formation of dis-
ordered NiFe hydroxides, whose abundant active site density
drove efficient OER processes. The CV cycling tests mat-
ched with corresponding structural characterizations (PXRD,
Fourier transform infrared, Raman, efc.) was used to de-
termine the reconstruction process and extent (Figure 11d, e).
Zhang et al. [144] synthesized a class of tri-metallic MOF
materials at room temperature. Based on the flexible tun-
ability of metals, the (Ni,Co,)g9,5F€(075-MOF-NF delivered
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a low overpotential of 257 mV at 10 mA cm °. The structural
evolution was investigated by observing the structures of
intermediates after CV cycles. After 10 CV cycles, it was
found that the LSV curves of (Ni,Co,)g9:5F€0075-MOF-NF
stabilized, and PXRD patterns and Raman spectra confirmed
the transformation of the electrode materials from the initial
MOF structure to the metal hydroxides active phase (Figure
11f-h).

4.3 Reconstruction effect

The reconstruction process mentioned above confirms that
when MOFs were used as OER catalysts, most of them un-
derwent partial or complete structural reconstructions to
form the corresponding metal hydroxides that serve as the
active driving phase during OER. However, these hydroxide/
hydroxyl oxides usually exhibited distinguishable electro-
catalytic properties. This was mainly owing to the re-
construction effects facilitated by different MOF structures
and activation environments. Multiple factors can affect the
nature (the structural composition, morphology, size, crys-
tallinity, etc.) of the reconstructed products, such as the
morphological properties of MOFs, the coordination en-
vironment of the metal, the preparation process of the
working electrode, and the electrochemical activation mode
and time, all of which in turn lead to different OER activities.

Lee et al. [49] first provided a systematic and compre-
hensive analysis regarding the effects of two typical elec-
trochemical treatments (CV and amperometry methods) on
the morphology and structure of the catalyst during the OER
process. The ZIF-67 was selected as an object of study,
combining in-situ UV-Vis spectroscopy, in-situ Raman
spectroscopy, ex-situ transmission electron microscopy,
PXRD, and other characterization tools. It was confirmed
that ZIF-67 underwent several successive structural phase
transitions during the OER process, which was mainly
manifested by the conversion of ZIF-67 into a-Co(OH), first,
then p-Co(OH),, and finally further oxidation to form
CoOOH as the active species. Among them, a-Co(OH), can
also be directly converted to CoOOH which has higher ac-
tivity than CoOOH converted from f-Co(OH), (Figure 12a,
b). In addition, it was found that CV activation led to rapid
dissociation of ZIF-67, while the amperometry provided a
relatively stable state where the reconstruction proceeded
steadily from the surface to the interior. Our group also
prepared Co-MOF materials with different morphologies for
OER electrocatalysts, which also underwent a multi-step
reconstruction process from Co-MOF to Co(OH), and then
to CoOOH [145]. It was found that the binder (Nafion) used
in the preparation of the working electrode had an important
influence on the reconstruction process of Co-MOF. When
the ultrathin Co-MOF with nanosheet structure was directly
immersed into the alkaline solution, the highly crystalline
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alkaline decomposition product Co(OH), was obtained as the
active species. While the space site-block effect generated by
the 3D structure of Nafion slowed down the alkaline de-
composition process of Co-MOF, making the alkaline de-
composition product Co(OH), small size and low
crystallinity, which delivered more active centers and con-
sequently improved OER catalytic activity (Figure 12¢). At
the same time, activation by externally applied voltage also
caused the reconstituted metal hydroxides with lower crys-
tallinity, which was more prone to oxidation into high metal
valence active centers.

Most of the dissociated organic ligands during structural
reconstruction will be free in the electrolyte and can be re-
claimed and reused by recrystallization. However, small
amounts of dissociated ligands may be adsorbed on the
surface or interlayer of the reconstructed product metal hy-
droxides due to charge or coordination interactions, which
will affect the resulting OER activity. Li et al. [51] found that
NiFe-MOFs underwent a structural reconstruction to form
bimetallic hydroxides (NiFe LDHs) when used as OER
catalysts, and some carboxylic acid ligands were adsorbed on
the surface of NiFe LDHs, which played a crucial role in the
enhancement of OER activity. As a Lewis base site, the
carboxylic acid ligand can deliver the transport, activation,
and dissociation of OH, which in turn optimized the ad-
sorption strength of the reaction intermediates and promoted
the reaction kinetics and catalytic activity of OER (Figure
12d). Our team and Sun’s team [146,147] have similarly
demonstrated the structural reconstruction of carboxylic
acid-based MOF materials in the OER test system. The re-
sidual carboxylic acid ligands can act as proton relays to
promote proton transfer in the electrocatalytic process,
thereby reducing the OER reaction barrier.

4.4 Reconstruction as a reaction process

With in-depth research, the electrocatalysts structural re-
construction process of MOFs in alkaline electrolytes has
been widely recognized. In addition to further study of the
reconstruction effects, researchers have speculated that the
structural transformation between MOFs and metal hydro-
xides can act as a promising strategy for preparing efficient
OER electrocatalysts. First, the structures, metal types, and
ligand components of MOFs are flexible and adjustable.
Hence, MOFs can be used as a self-sacrificing template to
achieve the directional regulation of morphology and struc-
tural composition of reconstructed products using a struc-
tural reconstruction strategy. Second, the structural
reconstruction process of MOFs in alkaline electrolytes is
simple and fast, which can be directly achieved in the elec-
trocatalytic process. Furthermore, the MOF-derived metal
hydroxides exhibit a large number of defects and abundant
active sites, thereby giving rise to featured excellent elec-
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Figure 12 (a) Structural schematic diagrams of pristine ZIF-67. (b) Illustration of the evolution of ZIF-67 in alkaline electrolyte. Reproduced with
permission from Ref. [49], Copyright©2019 American Chemical Society. (¢) Schematic illustration of Nafion controlling the alkaline hydrolysis process.

Reproduced with permission from Ref. [145], Copyright©2021 Springer Nature.
hydroxides. Reproduced with permission from Ref. [51], Copyright©2021 John

(d) Schematic illustration of carboxylate promoting OER activity of metal
Wiley & Sons, Inc. (¢) Schematic illustration of in-sifu hydrolysis of bulk

MOF into ultra-thin MOOH nanosheets using electric field assistance. Reproduced with permission from Ref. [148], Copyright©2020 John Wiley & Sons,
Inc. (f) Schematic illustration of LDH formation through the ion exchange mechanism. Reproduced with permission from Ref. [149], Copyright©2022 Royal

Society of Chemistry (color online).

trocatalytic activities. Finally, modulating the electronic
structure of metal-active centers with residual ligand effects
during the reconstruction of MOFs is an effective strategy to
improve the activity of OER.

Therefore, the direct use of MOFs as OER catalysts in a
strong alkaline electrolyte to obtain highly active catalytic
species has been considered one of the most common
methods for constructing efficient OER catalysts. Hong et al.
[148] developed a new strategy for the rapid conversion of
bulk MOF into ultrathin metal hydroxide nanosheets. An
Fe-MOF (FJI-H25Fe), assembled from metal -clusters
[Fes(13-O)(CH3COO)4] and  2,5-bis(1H-1,2,4-triazol-1-yl)
terephthalic acid ligands, was prepared, and the sub-stable
FJI-H25FeCo was obtained by partial Co substitution with
Fe, where the weaker Co—O made FJI-H25FeCo rapid hy-
drolysis due to the attack of OH in the electrolyte. When two

MOFs were immersed in KOH, they underwent some degree
of hydrolysis, but the overall morphology remained un-
changed. After being assisted with an applied electric field,
the metastable FJI-H25FeCo was reconstructed from bulk
structure to nanoflower assembled by nanosheets with a
thickness of about 3 nm, and the active phases were com-
posed of FeOOH, CoOOH, (Fe;4,Cog33)O0H, which ex-
hibited excellent OER electrocatalytic activity (Figure 12¢).
The ligands initially coordinated with metals can also be
recycled. This work also provided an interesting strategy to
prepare metal hydroxides using MOF as a precursor tem-
plate. Meanwhile, Liu et al. [149] first prepared lamellar Ni-
MOFs with a negatively charged surface, followed by Fe
cation-modified Ni-MOFs as OER pre-catalyst materials
(Ni-MOFs-Fe) via electrostatic interactions. Based on the
structural reconstruction effect of MOFs, Ni-Fe hydroxides
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generated by the in-situ alkaline decomposition of Ni-MOFs-
Fe in an alkaline solution were considered as the real active
species, which gave the overpotential of 280 mV at
50 mA cm  (Figure 121).

The role of ligands cannot be ignored regardless of whe-
ther structural reconstruction occurs. Fischer et al. [150]
synthesized a series of bimetallic MOF materials ligated by
carboxylic acid ligands with different functional groups.
These MOFs could be converted into NiFe-based hydrogen
oxide films by a simple one-step alkaline treatment. The
organic ligands were partially retained within the NiFe-based
hydrogen oxides. The different functional group modifica-
tions in the residual ligands stimulated the defect strain and
modulated the reaction binding energy, and the catalyst
containing amino-modified terephthalic acid ligands showed
optimal OER activity, achieving a current density of
200 mA cm  at the low overpotential of only 210 mV.

Briefly, the structural reconstruction of MOF-based OER
electrocatalysts mainly occurs in common carboxylic acid-
based MOF, ZIF, and PBA materials. And the “discovery”,
“explanation”, and “utilization” refer to the development
process of the structural reconstruction mechanism, includ-
ing the process from being detected, to being probed in
depth, and then to being utilized as a strategy for the pre-
paration of materials, respectively. Specifically, large num-
bers of developed MOF-based OER catalysts with excellent
catalytic activities were identified as pre-catalysts for ob-
taining metal hydroxide/hydroxyl oxides to drive the OER
process via one-step or multi-step structural reconstructions,
which is referred to as “discovery” of structural reconstruc-
tion. Then, regarding the mechanism of the structural re-
construction of MOF-based OER catalysts into metal
hydroxides, researchers have systematically investigated the
factors influencing the structures of such metal hydroxides. It
was confirmed that the metal hydroxides derived from al-
kaline reactions exhibited enhanced OER activities com-
pared with conventional hydroxides, which can be attributed
to the ligand effects and structural defects, referred to as the
“explanation” of structural reconstruction. Finally, the
structural reconstruction process was used as a promising
method to prepare metal hydroxide catalysts using MOF
materials with characteristic structures, compositions, and
morphologies as self-sacrificing templates. Moreover, the
design and performance optimizations of the target electro-
catalysts can be achieved via modulating the alkaline de-
composition process, which is referred to as the “utilization”
of structural reconstruction.

5 Conclusions and perspectives

Benefiting from their flexible and adjustable nature in terms
of compositions, pore environments, and distinct structural
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characteristics, various pristine MOF materials have been
purposefully designed as excellent electrocatalysts for the
OER process. This review focuses on the research progress
of MOF materials utilized for efficient electrocatalytic OER
and provides an updated assessment regarding their recent
developments. Several common design strategies employed
for MOF OER electrocatalysts are summarized, including
the single metal MOFs with adjustable active centers, bi-
metallic/multi-metallic MOFs with intermetallic synergistic
effects, conductive MOFs and substrate in-situ growth MOFs
with excellent electron transfer abilities, amorphous MOFs
and two-dimensional MOFs with rich active sites, as well as
composite MOFs with multi-component functional integra-
tion. The optimization of OER performance in pristine
MOFs has been achieved through atomic/molecular scale
regulation. Particularly, the structural reconstruction of MOF
materials during the electrocatalytic process is fully dis-
cussed, especially for those with weak alkali stability, in-
cluding partial/complete structural reconstruction, factors
influencing structural reconstruction, and the correlations
among reconstruction products, pristine MOFs, and elec-
trocatalytic activity. Last but not least, the reconstruction
process can be employed as a strategy to prepare metal hy-
droxides with high OER activity using MOFs as precursors.
Whilst significant efforts have been made and promising
progress has been achieved in the engineering design of ef-
ficient and durable MOF electrocatalysts, there are still
several challenges and opportunities that need to be ad-
dressed as follows:

(1) High stability. The well-defined structural properties of
MOFs can facilitate the systematic analysis of their catalytic
mechanisms and the establishment of structure-property re-
lationships. Most reported MOF materials, which carboxylic
acid-based MOFs in particular, exhibit poor stability under
basic conditions. Consequently, they undergo multiple phase
transitions either before or after the OER process. This lack
of structural stability hampers the correlation between the
original structural properties of MOFs and their electro-
catalytic activity, making it challenging to analyze the cata-
lytic mechanism effectively. Therefore, it becomes crucial to
design rational ligands as well as coordination configurations
to construct MOF catalysts with high alkali resistance sta-
bility. By leveraging the flexible coordination environment
of metal centers and the tunable pore structure of MOF
materials, the electronic structure of the active centers can be
further optimized, thereby significantly improving the elec-
trocatalytic performance.

(2) High conductivity. Achieving efficient electrocatalysis
heavily relies on excellent charge transfer capability. How-
ever, the overall poor conductivity of MOF materials has
always posed huge challenges, which therefore lead to the
difficulty in constructing highly conductive MOF OER
electrocatalysts. Designing conjugated ligands that bonded
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to transition metals is a key strategy in enhancing the elec-
trical conductivity of MOF materials. Conjugated ligands,
such as hexa-aminobenzene, hexa-hydroxybenzene, hexa-
mercaptobenzene, and hexa-hydroxytriphenylene, are com-
monly employed to coordinate with transition metals. The
strong d-m interaction derived from the hybridization of the
frontier orbitals of conjugated ligands and the d-orbitals of
transition metals promotes the electron delocalization within
the 2D plane, thus endowing the MOFs with narrow band-
gaps and high intrinsic electrical conductivity. To date, only a
few classic conjugated organic linkers and transition metals
have been applied in constructing high-conductivity MOFs,
which greatly limits the range and diversity of the research in
this field. Hence, future efforts should focus on developing
novel linkers and active sites with various coordination en-
vironments. Additionally, applying conductive substrates,
such as NF, conductive carbon cloth, and titanium sheets, can
also compensate for the defects caused by the low con-
ductivity of MOFs.

(3) High current density and electrocatalytic activity. Ac-
cording to the International Energy Agency, hydrogen pro-
duction by water electrolysis is predicted to hold a market
share of approximately 22% by 2050. To achieve the in-
dustrial applications of electrocatalytic hydrolysis, a high
current density (exceeding 1,000 mA cmfz) with low over-
potential is necessary. Generating a stable output of high
current density necessitates the synergy of multiple aspects.
Firstly, attaining high intrinsic activity primarily relies on the
modulation of the electronic structure of the active centers.
Secondly, employing suitable collectors is essential to fa-
cilitate efficient charge and mass transfer whilst minimizing
secondary resistance caused by the binder. Moreover, those
catalysts must exhibit substantial chemical and physical
stabilities to prevent deactivation and detachment at elevated
current densities, which leads to a decline in OER activity.
Further, the cost of catalyst preparation should not be ne-
glected, which encompasses both the expenses associated
with raw materials as well as the processes involved in cat-
alyst synthesis.

(4) Catalytic mechanism elucidation. MOF-based OER
electrocatalysts can usually undergo partial or complete
structural reconstructions. The metal active centers are sus-
ceptible to further oxidation during the OER process, which
not only affects the catalytic performance but also makes the
identification of active sites challenging. In particular, partial
reconstruction can result in composite catalysts with more
complicated structures and significant interfacial effects.
Therefore, there is an urgent need to explore in-situ char-
acterization techniques that can track those dynamic changes
during the catalytic process. It is worth noting that each in-
situ technique has its own working mechanism and appli-
cation scope, which may limit the accuracy of the elucidated
reaction mechanism. The integration of multiple advanced
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detection techniques (e.g., in-situ TEM, Raman spectro-
scopy, Fourier transform infrared spectroscopy (FTIR),
XAFS) is necessary to obtain more precise information on
the morphological and electronic structure evolution of the
catalysts. In addition, using DFT calculations to develop an
accurate catalyst model can be immensely helpful in resol-
ving the catalytic mechanism and clarifying the structure-
property relationships, particularly for the reconstruction
depth and multi-component synergy. These insights are es-
sential for guiding the further design and optimization of
OER electrocatalysts.

(5) Neutral electrolytic water. The main test environments
for OER typically involve strong acids (pH 0, 1) or bases (pH
13, 14), and such electrolytes typically exhibit faster reaction
kinetics to ensure low overpotential output at high current
densities. However, working with such strong corrosive so-
lutions imposes higher requirements on catalysts and col-
lectors, which also greatly lifts the manufacturing cost.
Therefore, it is vital yet challenging to develop catalysts with
excellent activity under neutral electrolyte conditions. Fur-
thermore, regarding the current condition of global fresh-
water scarcity, the development of highly
electrocatalysts for electrolytic seawater is of greater prac-
tical importance. The abundant Cl in seawater can accel-
erate the etching of catalysts and lead to poor stability, while
the chlorine evolution reaction, as a competing reaction of
OER, leads to the generation of toxic gases during the
electrocatalytic process. Therefore, it is vital to develop C1°
corrosion-resistant electrocatalysts. Furthermore, the im-
provement of OER selectivity through rational structural
design is the key to realizing efficient seawater electrolysis.
Such optimized catalysts are assembled into a two-electrode
electrolyzer to obtain high current density, allowing for the
assessment of their application potential under a neutral test
environment.

Overall, despite numerous challenges, researchers have
made considerable progress in the design and synthesis of
MOF materials with efficient electrocatalytic OER perfor-
mance. The inherent structural advantages of pristine MOFs,
along with their structural reconstruction processes during
OER, have provided new possibilities for enhancing OER
performance. This present review provides great opportu-
nities for further advances in the development of MOF ma-
terials for electrocatalysis, and hopefully serves as a
comprehensive source to facilitate the industrialization of
electrolytic water for hydrogen production.
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