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The shortage of conventional energy is a major challenge today. Electrocatalytic water splitting producing
hydrogen has been widely recognized as the sustainable mode to address the energy crisis. However, its
catalysts suffer from inefficiency. Metal—organic frameworks (MOFs) are a class of novel porous materials
with tunable porosity and adjustable structure, which serve as valuable catalysts for electrocatalytic water
splitting. Herein, the latest research progress of MOF-based materials towards efficient electrolysis of
water is presented, including the design and preparation strategies of catalysts as well as the challenges
faced. Firstly, the mechanism of water splitting is succinctly explicated. Subsequently, the synthesis prin-
ciple and electrochemical property enhancement strategy of MOFs and their derivatives are emphatically
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spectives for future investigation directions.

1. Introduction

In the past century, fossil fuels, including coal, oil, and gas,
have been the central sources of energy for production tech-
niques and rapid improvements in quality of life, which have
caused serious greenhouse gas emissions and climate change.
Refining our energy system to a sustainable and eco-friendly
one is the sole approach to guarantee a habitable planet for
future generations.'™ Moreover, due to the depletion of non-
renewable resources, there has been significant interest in the
development of renewable energy technologies.® In particu-
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lar, hydrogen has garnered much attention because of its high
energy density, utilization ratio and eco-friendliness.
Currently, the typical industrial technology for producing
hydrogen includes natural gas reforming,'® gasification,
biomass conversion,'' and electrochemical water splitting
from fossil fuels, biomass, and water. Among these, electro-
catalytic water splitting is a promising and sustainable solu-
tion for producing green hydrogen because it is clean,
pollution-free and can be coupled with renewable energy (e.g.
solar and wind power).

Electrolytic water splitting typically involves two simul-
taneous half-reactions: the anode produces oxygen (oxygen
evolution reaction, OER), while the hydrogen evolution reac-
tion (HER) occurs at the cathode.'"? As a promising approach
to producing low-cost and high purity hydrogen gas, it has
emerged as a focal point in energy-conversion technologies.
Up to now, IrO,, RuO,, Pt and other precious metals are recog-
nized as the most efficient electrocatalysts due to their unique
electronic structure, leading to fast dynamics and low overpo-
tentials."* With the development of technology, transition
metal-based materials, such as layered dihydroxides (LDHs)"
and metal-organic frameworks (MOFs), have been proven to
be more effective than precious metals as catalysts for the OER
in alkaline solutions. However, in an alkaline environment,
there are scarcely any HER catalyst that exhibit catalytic
efficiency surpassing that of Pt. It is urgent to develop a highly
efficient and cost-effective catalyst.

MOFs, as a class of emerging porous crystalline materials,
with a variety of organic ligands and metal centers are able to cus-
tomize highly ordered derived carbon materials with hierarchical
pores. This customization facilitates mass transfer in energy
storage or conversion processes.'®?° Meanwhile, their unique
framework allows substance molecules from the exterior to the
interior to efficiently access high-density active sites.”*
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Recently, MOF-based materials have been demonstrated as
electrocatalysts with remarkable catalytic activity for water elec-
trolysis. Countless researchers have devoted unremitting
efforts and made great progress in this field.>**® Herein, the
research progress of MOFs in electrocatalytic water splitting in
recent years is summarized, and this review aims to provide a
comprehensive understanding of the synthesis principles and
strategies for enhancing the electrochemical properties of
MOF-based materials.

2. Electrochemistry of water splitting

As mentioned above, electrocatalytic water splitting consists of
two half-reactions:

2H" (aq) +2€~ — Hayg) &)
2H,0() — Oy(y) +4H" (o) + 4~ (2)

The HER is a two-electron process as described in eqn (1),>
while for the OER in eqn (2),% it is more complicated involving
a four-electron process. The total reaction of electrolytic water
splitting can be expressed using the following formula:

ZHzo — H2 + 02 (3)

A theoretical energy difference for this reaction is AG =
237.1 k] mol™" at a thermodynamic potential of 1.23 V.*%?°
The detailed introduction of the HER and OER is provided
below.

2.1 Hydrogen evolution reaction

The electrochemical HER process consists of several basic
steps, which are dependent on the pH of the electrolyte.
Generally, the HER is more favourable under acidic conditions
due to the abundance of protons present. The multi-step reac-
tion can be summarized as a two-step reaction.? In the initial
stage, hydrogen ions are absorbed on the electrode surface
while electrons are provided to form adsorbed hydrogen
(Hags), which is also known as the Volmer reaction (4):

H" (4q) + € — Hags (4)
biv = 2.303RT/pF (5)

where R represents the ideal gas constant, T represents the
absolute temperature, F represents Faraday’s constant, and f
represents the symmetry factor. The first step is contingent
upon the capacity for proton adsorption.

The second step is either the Heyrovsky reaction (6) or the
Tafel reaction (8). If the coverage rate of H,qs is low and active
sites are abundant on the electrode surface, H,qs will combine
with hydrogen atoms and electrons to generate hydrogen mole-
cule H,.**

Hags + H (aq) + €7 — Hyg (6)

byy = 2.303RT/(1 + p)F 7)

This journal is © the Partner Organisations 2023
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If the coverage rate of H,q4s is high, the two neighbouring
H.qs will chemically combine with each other and then
produce hydrogen molecules (8):

Hads + Hads — Ha(g) (8)
b1y = 2.303RT/2F (9)

Based on the Butler-Volmer equation, the Tafel slopes b, v
calculated using the above three formulas (5), (7) and (9) in
different stages are 0.118 V dec™, 0.039 V dec™ and 0.029 V
dec™", respectively. For example, if Tafel slope of the reaction
is 0.045, the reaction mechanism is the Volmer-Heyrovsky
reaction, and the reaction rate is determined by the electro-
chemical desorption step.

In the alkaline solution environment, the kinetics of the
HER is not as fast as that in the acidic environment. The
required protons for the cathode are generated through the
deprotonation of hydroxide, thus affecting the kinetic process
of the HER.***® Under alkaline conditions, the cathode reac-
tions proceed as follows (10):

4e” 4 4H,0() — 40H™ + 2H, (g (10)

2.2 Oxygen evolution reaction

The oxygen evolution process is much more complex involving
multi-step four-electron transfer with slower reaction kinetics.**?”
In an acidic or alkaline environments, different catalysts exhibit
distinct kinetic processes for the OER. Noble metal catalysts (such
as Ru and Ir) and their compounds have higher catalytic efficiency
under acidic conditions than alkaline ones,*® while transition
metals such as Fe, Co and Ni have higher catalytic efficiency in
alkaline environments. The M-O bond interaction has a signifi-
cant effect on the stability of intermediates over the catalyst
surface, and the significant difference may be a reason for the
different catalytic mechanisms of the two kinds of catalysts.*”
One of the widely accepted OER mechanisms, known as the
adsorbate evolution mechanism, AEM, involves the adsorption
and desorption of intermediates on the metal centres, namely the
Opads = Oads = OOHags — Osags process. The first step in all
mechanisms involves the binding of hydroxide to the active site.
Then the superposition of energy barriers in different steps
increases the overpotential of the total reaction. The mechanisms
generally agreed upon in alkalinity and acidity are as follows:
Acidic solution:

M+ H,0 - M-OH +H" +e” (11)
M-OH + OH™ — M-O+ H,0 + e~ (12)
2M-0 — 2M + O, (13)
M-O + H,O — MOOH + H + e~ (14)
MOOH +H,0 =M+ 0, +H+e” (15)
Alkaline solution:
M + OH™ — M-OH (16)
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M-OH + OH™ — MO + H,0 (17)
2M-0 — 2M + O, (18)

M-O + OH™ — M-OOH + e~ (19)
M-OOH + OH™ — M + O, + H,0 (20)

2.3 Evaluation of water splitting electrocatalysts

For the purpose of comprehensively evaluating the activity of
catalysts in the water splitting process, several important para-
meters need to be compared, including overvoltage (1), Tafel
slope, onset potential (Eonset), €xchange current density (o),
electrochemically active surface area (ECSA), turnover fre-
quency (TOF) and mass or specific activity (MA or SA)."®3>39741
In the practice of electrocatalytic water splitting, the most
common way to compare the activities of different electrocata-
lysts is to use similar loadings of active materials and compare
their associated overpotentials at a given current density, such
as 10 mA cm™>, which has practical application values.*?
Beyond that, other factors such as tolerance to a wide pH
range, capacity to operate at high current densities, long-term
stability, the material preparation method and cost-effective-
ness should also be considered.*® In fact, 100% faradaic
efficiency (FE) cannot be achieved by any catalyst because of
the existence of different thermodynamic and kinetic barriers.
As mentioned above, the best catalyst for the HER is platinum,
while the best catalyst for the OER is rhodium, iridium or their
compounds. However, it is impractical to use these expensive
and scarce materials as catalysts, which will greatly increase
the cost of electrolysis of water to produce hydrogen and is
unrealistic in large-scale production. To improve the cost effec-
tiveness and commercial viability of electrolytic water splitting,
catalysts should be more efficient, affordable and stable for
the OER and HER, simultaneously.

3. MOF-based materials for
electrocatalytic water splitting

As a kind of porous catalyst for electrocatalytic water splitting,
MOFs can be optimized by adjusting their chemical structure
and morphology to enhance electrocatalytic performance.**
The preparation methods and strategies of MOFs have been
continuously developed. Simultaneously, the comprehension
of MOF-based electrocatalytic water splitting has been
enhanced through advancements in in situ spectroscopy and
theoretical calculations.”” Furthermore, by employing direc-
tional design for carbonized MOF materials, electrical conduc-
tivity can be significantly enhanced and more catalytic sites
can be exposed, ultimately leading to improved performance
in water electrolysis. In general, a significant breakthrough in
the field of electrocatalytic water splitting has been achieved,
and the results summarized in Table 1 show that MOFs and
their derivatives offer a novel direction and concept for study-
ing sustainable water splitting technology. The main design

Inorg. Chem. Front., 2023, 10, 6489-6505 | 6491
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Table 1 Overall water splitting performance of MOF-based/derived catalysts
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Catalyst Electrolyte Overpotential (mV) Tafel slope (mV dec™) Ref.
LM-160-12 1 M KOH OER 7110: 274 46.7 60
AB&CTGU-5 (1:4) 0.5 M H,SO, HER 750: 44 45 61
CoBDC-Fc/NF 1 M KOH OER 710: 178 51 66
D-Ni-MOF/NF 1M KOH HER 7754: 101 50.9 67
OER 7;: 219 48.2
OWS 740: 1.50 V —
Ir@Ni-NDC 1 M KOH HER 7;: 19 28.2 71
OER 7;: 210 44.7
OWS 7730: 1.46 V —
Ir@Ni-NDC 0.5 M H,SO, HER 70: 41 11.1 71
OER 7;: 219 113.0
OWS 710: 1.54 V —
Ir@Ni-NDC 1M PBS HER 744: 31 46.9 71
OER #0: 296 89.3
OWS 110: 1.59 V —
NiRug,5-BDC 1 M KOH HER 77,0 34 32 72
1M HCl HER 7, 13 —
1 M PBS HER 710: 36 32
RuCo-CAT 1 M KOH HER 714: 38 32.1 73
OER 150: 315 45.7
OWS 7750: 1.62 V —
Mnyg 5,Fe, 7, Ni-MOF74 1 M KOH HER 7100: 190 103.8 75
OER 71001 267 36.7
OWS 77100: 1.692 V —
CoCu-ZIF@GDY 1 M KOH HER 7,4: 446 88 76
OER #0: 250 57
OWS 110: 1.52 V —
Ni-MOF@Fe-MOF 1M KOH OER 74¢: 265 82 70
Fe;0,/Ru0,-C 1 M KOH HER 77,: 94 68 82
OER 10: 268 55
OWS 710 1.595 V —
Ru0,/Co;0, 1 M KOH HER 77,0 89 91 83
OER #10: 305 78
OWS 110 1.645 V —
(Ru-Co)0, 1M KOH HER 7;: 44.1 23.5 84
OER 710: 171.2 60.8
OWS 7730: 1.488 V —
Ni-250-2@NF 1M KOH HER 7714: 56 77.43 85
OER 17;: 289 95.63
OWS 710: 1.58 V —
NiO/C0;0, 1 M KOH HER 7;: 169.5 119 86
OER #0: 290 73
OWS 710: 1.63 V —
CoS,/NF 1 M KOH HER 77,0: 196 113 88
OER 1;: 298 94
OWS 740: 1.65V —
C0,Ss@COoS@COO@C NPs 1 M KOH OER #10: 28 81 89
CoP/NF 1M KOH HER 710: 41.1 65.3 91
OER 150: 317 65.6
OWS 540: 1.54V —
COP/NF 1M PBS HER 7;0: 55.2 68.7 91
CoP/NF 0.5 M H,S0, HER 77,0: 83.9 55 91
C0,P/M0,C/M0;Co;C@C 1 M KOH HER 7, 182 65 92
OER #0: 362 82
OWS 7710: 1.74 V —
FeNi,P-NPs 1M KOH HER 71: 170 70 93
OER 17;: 286 66
OWS 740: 1.63 V —
FeNiP/NCH 1 M KOH HER 7,4: 216 125 94
OER 73t 250 68
OWS 7730: 1.59 V —
CoPO 1 M KOH HER 70: 105 48 95
OER #10: 275 52
OWS 7410: 1.62V —
Co-Zn/PNC 1 M KOH HER 7,4: 180 100 96
OER 7, 348 84
OWS 710: 1.63 V —
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Table 1 (Contd.)

Catalyst Electrolyte Overpotential (mV) Tafel slope (mV dec™) Ref.

Co-Mo,N 1 M KOH HER 710: 76 47 97
OER #1¢: 302 90
OWS 110: 1.57 V —

Co-NC/CF 1 M KOH HER 7,¢: 157 72 98
OER 7;0: 246 109
OWS 110 1.647 V —

Fe,Co,Ni,Se-MOF 1M KOH OER 71¢: 260 54.3 99
HER #,0: 160 96.2

Fe; ,(CoNi), sSeq 1 M KOH HER 710: 66 66 100
OER 70: 216 49

OWS 710t 1.55 V —

HER: hydrogen evolution reaction; OER: oxygen evolution reaction; and OWS: overall water splitting.

o Co defect __ Missing
sites linker

Ligand
FeCl,-4H,0
MnCl, 4H,0

Sulfur
—

powders Q

Ru0,/Co,0, |

SIADEALIDP JOIN

aH,PO,-H20

Co-MOF/NF CoP/NF

Scheme 1 lllustration of the main design strategies and types of MOFs and MOF derivatives in water splitting. Reproduced with
permission,6%-66758388.91 cqpyright 2019, RSC. Copyright 2019, Springer Nature. Copyright 2020, Wiley-VCH. Copyright 2017, RSC. Copyright 2017,

RSC. Copyright 2020, RSC.

strategies and types of MOFs and MOF derivatives for water
splitting are illustrated in Scheme 1.

3.1 Intrinsic MOFs

Intrinsic MOFs, which are an emerging porous compound
family,*>*” exhibit scientific and technical possibilities in
many fields*®*>' since they combine the advantages of both
organic ligands and inorganic metal nodes. MOFs are highly
controllable porous materials, and their electrocatalytic per-
formance can be adjusted by designing and regulating the
structure, morphology, chemical composition and composite

This journal is © the Partner Organisations 2023

of MOFs with other materials. In terms of structure, physical
properties such as surface area and pore size can be adjusted
by manipulating the topological structure of MOFs.
Meanwhile, in terms of morphology, the catalytic performance
of MOFs can be influenced by the activity of the crystal face.*?
In terms of the chemical composition, new active sites can be
introduced by adjusting the chemical structure and surface
functional groups of MOFs, thus improving the catalytic per-
formance of MOFs. In the aspect of composites, MOFs can be
further improved and optimized by combining MOFs with
other catalytic materials or electrode materials. In summary,

Inorg. Chem. Front,, 2023, 10, 6489-6505 | 6493
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the diverse design strategies of MOF materials provide a
variety of possibilities for achieving more efficient and stable
MOF catalysts, exploring new avenues for perfection of the
application and development of electrocatalytic water splitting.

3.1.1 Plane design. At the beginning of building a MOF for
water splitting, the overall frame structure needs to be deter-
mined. The tortuous channels in three-dimensional MOFs can
hinder the exposure and electron transport of the active sites,
thus reducing the probability of contact between the active
centers and reactants, leading to a decrease in catalytic
activity.>®>* Compared with three-dimensional (3D) MOFs, 2D
MOF nanosheets have more lateral dimensions and abundant
unsaturated metal active sites, which are beneficial for the
combination of H,O molecules and improve electrocatalytic
performance.>>>® In addition, when the thickness of 2D MOF
nanosheets is reduced to the nanoscale, the electrical conduc-
tivity is significantly increased, which is beneficial for their
electrocatalytic performance.”” 1D MOFs, possess exceptional
physical and chemical properties such as a high length-dia-
meter ratio, abundant active sites, and remarkable flexibility.
Moreover, they exhibit unique geometric and electronic charac-
teristics that facilitate the design of promising electrocatalysts.
However, direct utilization of 1D MOFs as electrocatalysts is
limited due to their poor conductivity and low crystallinity.
Consequently, most studies involve their combination with
nanoparticles or polymer nanofibers and their derivatives to
enhance conductivity and stability for achieving superior per-
formance in water splitting.>®>° Besides, 2D MOF crystals with
adjustable pore size, morphology and thickness can be
obtained by adjusting conditions of coordination and compo-
sitions from abundant transition metal (Fe, Co, Ni, etc.) ions
and organic ligands. For example, our group presents a novel
method of converting 2D LDHs into 2D MOFs with the assist-
ance of the ligand (Fig. 1a).®° The release of the metal source
from the CoFe-LDH precursor is involved in the heterogeneous
nucleation process of 2D MOFs for the synthesis of CoFe bi-
metallic MOFs. In particular, CoFe-LDH has an adjustable and

Convert LDH into MOF

Plane ﬂ
designs

View Article Online

Inorganic Chemistry Frontiers

reasonable layer spacing that facilitates ligands to attack the
inner metals Co and Fe, thereby promoting the facile for-
mation of 2D MOFs. Under alkaline conditions, the as-syn-
thesized electrocatalyst exhibits a low overpotential of 274 mV
at 10 mA cm™ > and high stable activity. Furthermore, Wu et al.
have documented the synthesis of two novel Co-MOFs, [CoL
(bib)(H,0)] (CTGU-5) and [CoL(bib)]-H,O (CTGU-6) obtained in
a one-pot reaction by heating a mixture of Co(CIO,),-6H,0,
naphthalene-1,4-dicarboxylic acid (L), which display distinctive
coordination and lattice patterns in both 2D and 3D structures
with different types of surfactant used (anionic or neutral), as
illustrated in Fig. 1b.®® CTGU-5 and CTGU-6 modified with
glassy carbon (GC) exhibit an overpotential of 388 and 425 mV
at 10 mA cm > Through systematic manipulation of the stoi-
chiometric ratio between MOFs and acetylene black (AB), the
optimized catalyst AB&CTGU-5 (1:4) exhibited the best HER
performance in 0.5 M H,SO,, which can approach a current
density of 10 mA cm™> with an overpotential of only 44 mV
corresponding to a Tafel slope of 45 mV dec ™. The rich topo-
logical structure of MOFs can be formed by assembling dis-
tinct metal clusters such as trinuclear, octa-nuclear, and het-
erostructural ligands. In addition, multiple metal ions, ligand
scaffolds and coordination solvent molecules can be modu-
lated to optimize the metal center-ligand ratio, thus enabling
more efficient utilization of active sites in space.®*®?

3.1.2 Structural modification. Having determined the basic
framework of the MOF building, it is necessary to refine the struc-
ture and construct different functional sites to enable them to
perform their designated tasks with optimal efficiency. The elec-
tronic structure of metal centers in MOF materials can be effec-
tively regulated and the intrinsic activity of MOF materials can be
optimized through structural modification using extraneous
organic ligands.®* Supplementary ligands can also be used to
improve the conductivity of MOF nanosheets, so as to accelerate
electron transfer and improve their electrocatalytic activity.®’
Furthermore, the absence of the original linkers within the frame-
work may result in the formation of defective MOFs.%°

-
e 2

CTGU-5
2D or 3D MOF

Fig. 1 Illustration of the plane design strategies of MOF-based materials in electrocatalytic water splitting (a) convert LDH into MOF and (b) 2D or
3D MOF. Reproduced with permission-°%-¢* Copyright 2020, RSC. Copyright 2017, Wiley-VCH.
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Although structural defects may cause damage to the orig-
inal frame of MOFs, an appropriate degree of defects can
enhance their electrochemical performance by exposing unsa-
turated sites and optimizing the electronic structure of active
centers.

For instance, our group reported a missing-linker strategy
to create unsaturated active sites, modulating the electronic
structure of MOFs for improving the OER performance. In
MOFs, the ligand carboxyl ferrocene (Fc) partially replaces the
coordinated BDC ligand, thus changing the coordination
environment of the metal center, defining the newly formed
MOF as CoBDC-Fc.®® The nanosheet morphology can be main-
tained in the process of ligand replacement. Fourier
Transform Extended X-ray absorption fine structure (EXAFS)
spectroscopy is used to study the local coordination of Co
nodes in CoBDC and CoBDC-Fc. The coordination number of
Co-0 in CoBDC is 6.2, whereas that of Co-O in CoBDC-Fc is
4.4, which indicates that unsaturated Co sites are produced in
CoBDC-Fc (Fig. 2a). The density functional theory (DFT) calcu-
lation shows that the binding energy between reaction inter-
mediates and metal centers in CoBDC-Fc is optimized.
CoBDC-Fc-NF requires an overpotential of only 178 mvV at
10 mA ecm ™2, much smaller than those of COBDC-NF (252 mV)
and RuO,-NF (235 mV). Hence, the manipulation of ligands in
MOFs can serve as a potent strategy for modulating the elec-
tronic structure of metal centers, thereby establishing a solid
foundation for potential electrocatalytic applications.

Zhou et al. reported an ultra-thin array of defection-rich Ni
(u)-MOF nanosheets, which was prepared by an alkali etching
technique to adjust the electrocatalytic properties of overall
water splitting (Fig. 2b).%” Its Ni-O bonds were broken while
introducing off-frame K cations in the process of alkali
etching, which helps to create highly active open metal sites
and greatly improves electrical conductivity. In addition, K" as
conduction electrons contribute to the transfer of charge, and

Missing-linker strategy
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increase the alkalinity of the Ni center, which can enhance the
adsorption and activation of water molecules, promoting the
formation of reaction intermediates, leading to high activity of
overall water splitting. Therefore, the assembly of a defect-Ni-
MOF||defect-Ni-MOF electrolyte cell is able to achieve a high
current density water splitting reaction at a lower voltage in an
alkaline medium with long-term stability.

3.1.3 Synergetic composite system. When the frame and
structure of the MOF building have been settled, MOFs can
also cooperate with other materials to construct a synergetic
composite system in a well-laid-out way, optimizing the intrin-
sic activity of catalysts, enhancing the reaction kinetics,
leading to an improvement of electrocatalytic activity.®® By
selectively combining MOF with other functional materials,
MOF-based hybrid materials with optimized structures can be
obtained, such as MOF-noble metal nanoparticles,®® multi-
metal collaboration, MOF-conductive substrates,”® and
MOF@MOFs.”°

For instance, our team developed a novel electrocatalyst
Ir@Ni-NDC by anchoring Ir nanoparticles on nickel-based
MOF Ni-NDC (NDC: 2,6-naphthalene dicarboxylic acid).”*
Ir@Ni-NDC exhibits excellent electrocatalytic properties for the
HER, the OER, and overall water splitting over a wide pH range
due to the strong synergistic interaction between Ir and Ni-
NDC via the Ni-O-Ir interface bond. In this work, DFT calcu-
lations show that the charge redistribution of the Ni-O-Ir
bridge leads to the adsorption optimization of H,O, OH*, and
H*, resulting in the electrochemical kinetic acceleration of the
HER and OER (Fig. 3a). The Ir@Ni-NDC electrode drives
10 mA cm ™ at low battery voltages in all-pH media, which is
superior to the commercial Pt/C||RuO,.

Replacing noble metal nanoparticles with atomically dis-
persed metals can enhance atomic utilization and reduce
costs. On the basis of this concept, we constructed an excellent
MOF-based electrocatalyst by introducing atomically dispersed

b

AlKkali etching strategy

Fig. 2 Illustration of the structural modification strategies of MOF-based materials in electrocatalytic water splitting, (a) missing-linker strategy and
(b) alkali etching strategy. Reproduced with permission.®¢%” Copyright 2020, Wiley-VCH. Copyright 2019 Springer Nature.
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Wiley-VCH. Copyright 2020, Wiley-VCH. Copyright 2020 Elsevier. Copyright 2018, Wiley-VCH.

Ru into Ni-BDC MOFs.”” The optimized NiRu, 13-BDC exhibi-
ted excellent HER performance at all pH values, especially in
neutral media with an overpotential as low as 36 mV at 10 mA
cm 2, Through X-ray absorption fine structure (XAFS) and DFT
calculations, it is shown that the introduction of a Ru single
atom can adjust the electronic states of Ni in MOFs, thereby
optimizing the binding strength of H,O and H* and improving
the HER performance. Chen’s group also produces a double
site in co-catecholate (Co-CAT) for overall water splitting by
doping Ru.”® The addition of a Ru atom can greatly improve
the conductivity and water adsorption capacity of Co-CAT, and
synergically improve the bifunctional activity.

MOFs can also be an excellent platform for integrating
multi-metal collaboration.”* Our group developed a trimetallic
Mn,Fe Ni-MOF-74 film material grown in situ on nickel foam
(Fig. 3b).”” This film serves as a bifunctional electrocatalyst for
overall electrocatalytic water splitting in alkaline media. The
Mn, 5,Fe, 71 Ni-MOF-74 thin film electrode exhibits excellent per-
formance, with overpotentials of 245 and 462 mV at 10 mA cm >
and 100 mA ecm™, respectively. The exceptional properties of the
material can be attributed to the incorporation of Mn, which not
only adjusts the morphology of MOF-74 to form a uniform film
but also modifies the electronic structure of Fe to generate more
Fe(1)-O-Fe(u1) motifs, thereby promoting active site exposure and
enhancing the stability of the metal site.

The catalytic capacity of MOFs can also be enhanced by
assembling MOF/carbon-based functional materials. For
example, Fang and colleagues have synthesized a hierarchical
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electrocatalyst CoCu-ZIF@GDY with a 2D/1D nanostructure
constructed using ultrathin CoCu-ZIF nanosheets with a thick-
ness of 2 nm graphdiyne nanowires (Fig. 3c).”® The composite
possesses the advantages of high conductivity and exposed
active sites, while its porous structure and synergistic effect
between Co and Cu contribute to fast reaction kinetics. CoCu-
ZIF@GDY as a bifunctional overall water-splitting catalyst has
a cell voltage of 1.52 V at 10 mA cm ™2 in an alkaline electrolytic
cell.

For the MOF@MOF synergetic composite system, Sun’s
group synthesized 2D Ni-MOF nanosheets modified with Fe-
MOFs and demonstrated significant enhancement of catalytic
activity by introducing electrochemically inert Fe-MOFs onto
active Ni-MOF nanosheets (Fig. 3d).”® The as synthesized Ni-
MOF@Fe-MOF exhibits an overpotential of 265 mV at a current
density of 10 mA cm™ in 1 M KOH. After hybridization, the
overpotential experiences a reduction of approximately 100 mV
owing to the distinctive morphology of 2D nanosheets and the
synergistic interplay between Ni active centers and Fe.

In general, the synergistic effects of MOFs encompass the
interactions among metals, ligands, and guests, which adhere
to the principle of complementary advantages and collectively
enhance electrocatalytic activity. During water electrolysis,
several pivotal steps are involved. Initially, water molecules
adsorb onto the catalyst surface and subsequently undergo
cracking facilitated by the catalyst to generate an active inter-
mediate. This intermediate then forms new molecular bonds
of hydrogen and oxygen before detaching from the catalyst
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surface and diffusing away. Within this catalytic cycle,
different components assume distinct roles; for example,
MOFs provide reaction space while accelerating material trans-
port, incorporating conductive substrates to promote electron
transport as well as introducing catalytic centers that facilitate
H,0 molecule cracking and the formation of hydrogen or
oxygen bonds.

3.2 MOF derivatives

Efficient electrocatalysts can be prepared using MOFs as sacri-
ficial templates. Under controlled temperature and atmo-
sphere, the metal center of MOFs can be converted into
oxides, phosphates, sulfides and other compounds, while
organic ligands can be converted into heteroatomic-doped
carbon materials. During the derivatization process, the car-
bonization and collapse of the MOF framework lead to the
transformation of its structure into corresponding derivatives.
This transformation is influenced by factors such as the initial
MOF frame structure, the annealing atmosphere (e.g., sulfur
source, phosphorus source, nitrogen, air and argon) and the
annealing procedure including the heating rate, holding temp-
erature, annealing time and cooling rate, and they play a
crucial role in determining both the graphitization degree and
the derivation efficiency. Achieving high-performance derived
materials necessitates the targeted design of structural compo-
sition along with precise control over annealing conditions. By
manipulating the composition of precursor and applying
annealing treatments, the structure of MOF derivatives can be
controlled, thereby effectively enhancing their catalytic per-
formance. Transition metal dichalcogenides (TMDCs) are
innovative materials with a simple 2D structure that can rival
graphene, which is typically composed of a transition metal
element M (such as tungsten, molybdenum, tantalum,
niobium, etc.) and a chalcogen element X (such as sulfur, sel-
enium, tellurium, etc.) with the chemical formula MX,, known
as ideal materials for optoelectronics due to their relatively low
cost, ease of production into extremely thin and stable layers,
and semiconductor properties.

There are many kinds of MOF derivatives, MOF precursors
with special coordination environments were constructed by
selecting different metals and ligands, and heteroatoms (N, S,
P, O, etc.) were introduced into the calcination atmosphere
during the derivation process involving the carbonization, oxi-
dation or dissolution of ligands. For example, based on the
electrocatalytic volcano diagram, it can be found that MoS,
has excellent ability in electrolytic hydrogen evolution, and
NiFeO, has efficient catalytic ability in oxygen production.””””°
Therefore, in terms of collocation, we can get a rough research
model for electrolytic water splitting by selecting suitable
metal ions, bridging ligands and calcination atmospheres (Ar,
air, H,, S, P, etc.), and then a more efficient catalyst can be
obtained through the modification and adjustment of the
MOF structure to accurately build a specific coordination
environment active center for achieving water electrolysis with
high-efficiency. In practical applications, catalyst cost, prepa-
ration difficulty, stability, and performance need to be taken
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into consideration. As mentioned above, carbides come from a
wide range of sources, oxides are easy to prepare, nitrides
exhibit good electrical conductivity, and sulfides have excellent
catalytic properties. Exploring how to integrate various advan-
tages into a catalyst is what we need to focus on.

3.2.1 Transition metal oxides. Transition metal oxides
(TMO, M = Fe, Co, Ni) with low cost, high activity and high
thermodynamic stability are one of the most promising elec-
trocatalysts in alkaline media, which was considered as the
alternative to noble metals, but their low conductivity limits
their further application in the field of electrocatalysis. Using
MOFs as precursors, TMO loaded on conductive carbon
materials can be prepared, effectively improving the conduc-
tivity of the catalyst and the dispersion of the active site. The
electrochemical performance of MOF-derived oxide catalysts
can be effectively improved by introducing oxygen vacancy
defects® or constructing high-valence transition metal active
sites.®!

Coincidentally, Shekhawat et al. prepared an interface-rich
Fe;0,/Ru0,-C electrocatalyst from the MOF material,®* the
catalyst exhibited exceptional stability in water splitting,
demonstrating an overpotential of 1.595 V at a current density
of 10 mA ecm™2 with long-term durability. The high catalytic
activity of Fe;0,4/Ru0,-C in alkaline media may be due to the
strong synergistic interaction between Fe;0,, RuO, and C com-
ponents. It is proved that Fe;0,/RuO,-C has higher catalytic
activity and lower charge transfer resistance by comparing the
HER, OER and Nyquist diagrams of these components. At the
same time, during the heating process, Fe;O, and RuO,
undergo growth while ligand carbonization, resulting in the
formation of a Fe;0,/Ru0O,-C composite with a rich interface.
The presence of both the interface and the porous structure
formed after carbonization facilitates the improvement of
electrocatalytic performance.

Liu and his colleagues developed a RuO,/Co3;0, catalyst
through annealing a cobalt-ruthenium complex derived from
MOFs in an air atmosphere,® the synthetic mode is shown in
Fig. 4a. Bifunctional RuO,/Co;0, was further investigated on
both electrodes to evaluate its performance in overall water
splitting in 1 M KOH solution, corresponding to a voltage of
1.645 V at 10 mA cm > for the RuO,/Co;0,||Ru0O,/Co;0,
system. Furthermore, Qi and colleagues used MOFs as tem-
plates to prepare [(Ru-Co)O,] nanosheet arrays with unique
structures by in situ transformation.®* The resulting (Ru-Co)O,
catalyst showed excellent electrocatalytic activity in both the
HER and the OER. The catalyst has a unique structure, opti-
mized chemical composition, and heteroatom doping, as well
as heterogeneous nanointerfaces, which contribute to its
exceptional electrocatalytic activity. Specifically, the catalyst
showed an overpotential of only 44.1 mV at 10 mA cm™> and a
Tafel slope (23.5 mV dec™") for the HER, and an overpotential
of only 171.2 mV at 10 mA cm™> for the OER. (Ru-Co)O, also
required a low cell voltage of 1.488 V at 10 mA cm > when
applied to alkaline electrolysis of water.

For Ni-based TMOs, Wang et al. used Ni-MOF@NF as the
precursor, calcining under a mild H, atmosphere at 250 °C to
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synthesize the loose-filled nanoparticles Ni-250-2@NF struc-
ture with residual HCOO ligands.®> The presence of unique
organic ligands not only facilitates electron transfer, but also
optimizes the hydrophilicity and oxygen phobicity of the cata-
lyst. As a bifunctional catalyst for overall water splitting reac-
tion, Ni-250-2@NF produces a cell voltage of 1.58 V at 10 mA
cm 2. Mixed oxides can be formed in bimetallic MOF systems.
For example, Wei et al. successfully developed carbon-coated
NiO/Co3;0, concave surface microcubes (NCMC) from Ni;[Co
(CN)g]. precursors,®® which showed good electrocatalytic
activity and own good long cycle life for HER and OER in KOH
solution, reaching 10 mA ¢cm™ at 169.5 mV for HER and
290 mV for OER, respectively.

3.2.2 Transition metal sulphides. Recently, transition
metal sulfides (TMSs) have emerged as a promising class of
electrocatalysts for water splitting reactions. The strong electro-
negativity of sulfur atoms facilitates the regulation of elec-
tronic states in metal centers and optimizes the adsorption
energy of reaction intermediates on the surface of the catalyst,
resulting in good catalytic activity and fast kinetics.®” MOF-
derived metal sulfides can combine the conductivity of metal
sulfides with the porosity of MOFs, thus synergistically pro-
moting the electrocatalytic properties. On this basis, TMSs
derived from MOFs as precursors have been widely studied in
electrocatalytic hydrogen and oxygen precipitation reactions.

For instance, Joo et al. controlled vulcanization annealing
of a cobalt Prussian blue analogue (Co-PBA) as a porous tem-
plate for synthesizing CoS, nanoparticles (Fig. 4b).*® The cata-
lytic overpotentials of the OER and the HER reached 298 and
—196 mV at 10 mA cm™>, respectively. According to the electro-
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chemical characterization, CoS, electrodes driven from Co-PBA
as bifunctional electrocatalysts exhibit high electrocatalytic
performance for overall water splitting due to their porous
structure containing nanopores, which has been confirmed by
an all-battery system. More complex CoSg@CoS@CoO@C NPs
were fabricated using Co(H,L),(H,0),:2DMF (H3L = 2-thio-
barbituric acid) as precursors via a one-step low-temperature
annealing method.®® The superior synergistic effect on electro-
catalytic activity at a potential of 1.38 V vs. RHE at 10 mA cm >
is attributed to the strong electron coupling interactions
among different crystalline Co compounds and amorphous
carbon, while the connection of amorphous carbon can
prevent the aggregation of immobilized cobalt compounds
and provide conductive channels for OH™ and active sites.

3.2.3 Transition metal phosphides. Transition metal phos-
phides (TMPs) are promising electrocatalysts with excellent
electrical conductivity and metal-like properties. Phosphide-
based materials are an important class of compounds with
excellent electrocatalytic activity towards the HER. The phos-
phorylation of MOFs resulted in the formation of a carbon
layer structure with uniformly dispersed phosphorylated nano-
particles. The encapsulated carbon layer not only improved the
electrical conductivity of the MOF derived material, but also
effectively prevented the agglomeration of phosphide particles
under high currents and the reduction of catalytically active
surface areas, which was beneficial for catalyst stability.

TMPs derived from MOFs are usually obtained by adding a
phosphorus source during the annealing process.”® For
instance, Liu et al. have reported the production of ultrathin
CoP nanosheets on nickel foam (NF) through direct phosphi-
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dation of MOF-derived Co(OH), nanosheets.”* The utilization
of a MOF precursor facilitates the formation of a distinctive
porous ultra-thin nanosheet catalyst, characterized by the
abundance of exposed active sites and boundary defects, a
shortened ion diffusion path, and excellent conductivity. The
obtained CoP/NF electrode demonstrates outstanding electro-
catalytic performance towards the HER, exhibiting remarkable
overpotentials of 41.1, 55.2, and 83.9 mV at a current density
of 10 mA cm™2 in alkaline, neutral, and acidic solutions,
respectively. Additionally, it displays small Tafel slopes of 65.3,
68.7, and 55 mV dec ™" in the respective solutions. At the same
time, the catalyst also shows good performance towards the
OER. When incorporated into a two-electrode alkaline water
electrolyzer, the battery requires an exceptionally low voltage of
only 1.54 V to achieve a current density of 10 mA cm 2.

If the MOF system is bimetallic, it is easy to obtain a variety
of phosphating phases during the phosphating process. Li
et al. reported that two kinds of bimetallic MOFs (CoMo-MOFs
and NiMo-MOFs) were annealed and phosphated to synthesize
two porous graphene shell coated nanoparticles (Co,P/Mo,C/
Mo;Co;C@C and Ni/Ni,P/Mo,C@C).°> The synergy of multi-
component electrochemical active sites, uniform distribution,
mesoporous structure, and carbon coating facilitates charge
transfer in the catalytic process under alkaline conditions.
Co,P/M0,C/Mo03;Co3C@C acts as a bifunctional catalyst in the
anode and cathode presenting a voltage of 1.74 V at 10 mA
ecm ™2 in a self-made electrolytic cell with an alkaline electro-
lyte. Li et al. also prepared a series of Fe-Ni bimetallic phos-
phides with adjustable composition as efficient electrocata-
lysts.”® By controlling the phosphating temperature, the elec-
trocatalyst with a tubular or porous nanostructure can be selec-
tively obtained, and the crystallinity, morphology and compo-
sition of the electrocatalysts can be well regulated. It is found
that the samples with high crystallization can be obtained
during the phosphating process to reduce the charge transfer
resistance.

The multi-stage pores of MOFs can also be used to encapsu-
late the phosphorus source, and then phosphorization takes
place to obtain TMPs with special configurations. Wei and col-
leagues have proposed a novel single-crystal capsular-MOF via
crystal structure conversion. This open-capsule MOF exhibits
high capacity for sulfur and iodine adsorption. Furthermore,
the resulting capsular-MOF can be transformed into a nitro-
gen-doped carbon-based framework loaded with FeNi phos-
phide nanoparticles and numerous carbon nanotube connec-
tions through thermal -cleavage-phosphorylation of mela-
mine.’® Thanks to the synergistic effect between the carbon
skeleton and highly surface-exposed phosphide sites, FeNiP/
NCH exhibited efficient multifunctional electrocatalytic activity
of the OER and the HER achieving a low potential of 1.59 V at
10 mA cm™> for overall water splitting (Fig. 4c). A MOF-derived
CoPO hollow polyhedron nanostructure was conducted by
Chen et al. by subjecting the in situ synthesized MOF to high-
temperature annealing and Ar-N, radio frequency plasma
treatment.”®> The MOF was then filled with P and cooled in a
tubular furnace, by adjusting the flow rate of Ar-N, gas, the
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Co-N bond inside the MOF was cut off, which allowed for the
recombination of Co and P valence bond. The precise regu-
lation of the P/O ratio significantly enhanced the electro-
catalytic activity and stability of the catalyst. The filling of the
P element also ensured the uniform distribution of catalytic
active sites and effectively changed the electronic structure of
the catalyst. In the test of the electrocatalytic activity for the
catalyst, when the current density reaches 10 mA cm™2, the
overpotentials of the HER and OER are 105 and 275 mV,
respectively. Additionally, the Tafel slopes were 48 and 52 mV
dec™, indicating the outstanding electrocatalytic activity and
stability of the catalyst, making it a promising candidate for
electrochemical applications.

3.2.4 Other derivatives. In addition to the oxides, sulfides
and phosphates, other derivatives of MOFs, such as nitrides,
fluorides, selenides and metal-carbon complexes, have also
been applied in the field of electrocatalytic water splitting.
Metal nitrides are the most common and readily available
among them.

For example, Co-Zn/PNC was easily obtained through
annealing and carbonizing a nitrogen-containing MOF coordi-
nation skeleton.’® Shi et al. developed a Co-Mo,N tube based
on “MOFs + MOFs” strategy. Firstly, ZIF-67 was grown on one-
dimensional Mo-MOFs to form ZIF-67/Mo-MOFs by the solid-
state assembly method due to the similarity of ligands, ZIF-67
derived into Co metal nanoparticles and Mo-MOF turns into
Mo,N during nitriding, forming a hollow Co-Mo,N hybrid
with Co outer layer on the inner core of Mo,N.?” The tests indi-
cated that the intimate effect between Co and Mo,N is ben-
eficial for optimizing intermediate adsorption, the tubular
structure of Mo,N is convenient for mass transfer, and Mo,N
has good electrical conductivity, which is conducive to charge
transfer, so the HER performance of the material is signifi-
cantly improved. For Co-Mo,N, the overpotential of the HER is
only 76 mV and when the current density is 10 mA cm ™2, it
also has great OER activity. Therefore, Co-Mo,N can be used
as both the anode and the cathode in an integrated water split-
ting battery with a cell voltage of 1.576 V.

It is worth mentioning that Yu, Dai, Qiu and co-workers
have proposed an ultra-fast and energy-saving microwave pyrol-
ysis method for the preparation of MOF-derived electrocatalyst
Co NC/CF, which achieved significant improvements in the
catalyst yield, pyrolysis time and energy consumption.’® The
Co-NC/CF catalyst has the optimized surface bonding ability
of the reaction intermediate because the metal nanoparticles
in the cobalt layer are able to form a good bond with the
embedded graphite layer when electrons are rapidly trans-
ferred from the cobalt layer to the surface carbon layer. Due to
this optimized structure and electron transfer process, Co-NC/
CF catalysts exhibit high catalytic activity in both the HER and
the OER. They found that the C atoms at the para- and adja-
cent positions of the N dopant in the graphite layer are the
HER and OER active sites, respectively. Co-NC/CF exhibited
excellent catalytic performance with overpotentials of only 157
and 246 mV for the HER and the OER, and its long-term stabi-
lity was better than most non-precious metal electrocatalysts.
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DFT calculations showed that electron transfer from Co to gra-
phitic carbon layers occurred in Co-NC/CF, significantly
enhancing the surface binding of key reaction intermediates
and leading to significant catalytic activity. The two collabora-
tive active sites for the OER or HER process have been identi-
fied, providing insight into the mechanism of the catalyst’s
excellent performance. The outstanding overall water splitting
performance of Co-NC/CF makes it a promising candidate for
practical applications in electrochemical energy conversion
and storage.

In alkaline electrolytes, Zhang et al. reported selenoid-
MOF-74 nanocomposites Fe;Co,Ni;Se-MOFs prepared by a
one-step solvothermal method.’® Selenization not only adjusts
the MOF-74 morphology to form rod-like MOFs, but also
couples selenides to MOFs. At the same time, the formation of
transition metal selenides anchored on MOF-74 will promote
the activity of the OER because of the excellent electron con-
ductivity of selenides and the remodelling effect. The electro-
catalyst was compared with commercial RuO, and other
control samples, and the overpotential of the OER test at
10 mA cm? was only 260 mV, indicating the effectiveness of
selenization.  Furthermore, @ Meng’s group  prepared
Fe, ,(CoNi), ¢ medium-entropy nanoparticles by selenization of
MOF precursors (Fig. 4d)." The best Fe; ,(CoNi), sSe, showed
excellent electrocatalytic properties in alkaline media.
Compared with MOF precursors, the formation of medium-
entropy nanoparticles increased the surface charge density
and brought the D-band center closer to the Fermi level.
Overall, the proposed mesentropic material strategy provides a
low-cost method for manufacturing energy storage and conver-
sion devices.

The combination of abundant MOF structures and
additional nonmetallic sources yields a diverse array of metal
derivatives.'”'% In terms of composition, (1) carbide, the
carbon-based ligands comprising the MOF framework facili-
tate facile formation of metal carbides, which possess high
porosity and specific surface area, but it is easily oxidized at
high temperatures;'®>'** (2) oxide. Most ligands currently
employed are carboxyl groups coordinating with metals,
enabling the straightforward generation of metal oxides
through strong electron transfer between oxygen and metals.
Therefore, metal oxides are both economical and highly active
as well as thermodynamic stability, but the chemical stability
is not satisfactory in the electrochemical process.'® (3) In con-
trast, sulfides, selenides or phosphates necessitate supplemen-
tary sulfur, seleniferous or phosphorus sources during anneal-
ing to replace original oxygen coordination, rendering metal
oxides more advantageous in terms of cost and safety.'*®
However, in terms of performance, electron conduction in
phosphides, selenides or sulfides is faster, and the extensive
surface area and excellent conductivity offered by them
provide ample sites for ion adsorption via electrostatic fields
while facilitating high double electric layer capacitance for-
mation, thereby favoring electrocatalytic reactions.'®”'®
Consequently, future endeavors should focus on developing
multi-component composite materials that exhibit both
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superior performance and cost advantages by considering
comprehensive aspects such as preparation processes and
material compositions.

4. Conclusion and outlook

In summary, MOF-based electrocatalysts have made great pro-
gress in the field of electrocatalytic water splitting. The strat-
egies for improving the electrocatalytic activity from plane
design, structural modification, composite synergistic system
and corresponding derivative materials have been introduced
here. With the development of MOF materials, the emergence
of new categories, such as MOF glass and MOF gels, has
further enriched the MOF-based electrocatalytic system with
excellent processing capability, which accelerates the industri-
alization process. However, there are some challenges remain-
ing to be solved before practical applications.

The first challenge is maintaining stability. MOF-based
materials encounter challenges, such as active metal centre
dissolution during the electrocatalysis process, especially at
high current density. Moreover, the catalyst must be adaptable
to various practical environments (such as seawater electroly-
sis), necessitating stability in electrolytes with varying pH
levels and resistance to saltwater corrosion. Therefore, expand-
ing the applicable pH range of MOFs, and developing efficient
and stable MOF catalyst materials are necessary on the way to
future applications.

The second challenge is economy. Because the ultimate
challenge that electrolytic water splitting faces is to enter the
market, its economic feasibility must be taken into consider-
ation. When the cost of water electrolysis for hydrogen pro-
duction is lower than those of other current hydrogen pro-
duction technologies, it can be popularized on a large scale.
Therefore, when designing and selecting the catalyst structure,
the first consideration should be the cost of the electrocatalyst,
followed by the complexity of the preparation process.
Although some general and scalable MOFs have been achieved
for water splitting in the laboratory, industrial production
requires the realization of large-scale synthesis methods with
controlled morphology, precise composition, and cost-effective
and environmentally friendly nature, which makes the large-
scale replication of MOFs synthesized as electrode materials
for industrial electrocatalytic applications still a challenge.

The final challenge is the mechanism. The electrocatalytic
system is complex, and MOF-based catalysts may undergo
structural changes to form hydroxyl oxides during the electro-
catalytic process, which brings challenges to determine the
real active sites and explore the catalytic process. The elec-
tronic and geometric structures of MOFs and their interaction
with water molecules play an important role in determining
their catalytic activity, and the theoretical study of MOFs and
their derivatives should be deepened to understand the reac-
tion mechanism. In situ tests, such as in situ synchrotron radi-
ation, infrared spectroscopy, and XRD, are helpful for us to
clarify the mechanism. With the continuous progress of artifi-

This journal is © the Partner Organisations 2023


https://doi.org/10.1039/d3qi01468a

Published on 21 September 2023. Downloaded on 2/6/2026 6:54:31 PM.

Inorganic Chemistry Frontiers

cial intelligence since chaptGPT is available, it may bring revo-
lutionary breakthroughs in elucidating the catalytic mecha-
nism process in the future.
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