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Hydrogen energy is considered to be the most potential “ultimate energy source” due to its high
combustion calorific value, cleanliness, and pollution-free characteristics. Furthermore, the production
of hydrogen via the electrolysis of water has the advantages of simplicity, high efficiency,
environmentally safe, and high-purity hydrogen. However, it is also associated with issues such as high-
power consumption for the reaction and limited large-scale application of noble metal catalysts. Metal-
organic frameworks (MOFs) are porous composite materials composed of metal ions and organic
functional groups through orderly coordination with large specific surface areas and large porosity.
Herein, we focus on the research status of MOFs and their transition metal derivatives for electrocatalytic
water splitting to produce hydrogen and briefly describe the reaction mechanism and evaluation
parameters of the electrocatalytic hydrogen evolution and oxygen evolution reactions. Furthermore, the
relationship between the catalytic behavior and catalytic activity of different MOF-based catalysts and
their morphology, elemental composition, and synthetic strategy is analyzed and discussed. The reasons

for the excellent activity and poor stability of the original MOF materials for the electrolysis of water
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Accepted 24th July 2023 reaction are shown through analysis, and using various means to improve the catalytic activity by
changing the electronic structure, active sites, and charge transfer rate, MOF-based catalysts were

DOI: 10.1039/d3ra04110g obtained. Finally, we present perspectives on the future development of MOFs for the electrocatalytic

rsc.li/rsc-advances decomposition of water.

production,® reforming methanol/methane”® and water elec-
trolysis.” However, although various hydrogen production

1 Introduction

(cc)

The search for alternative energy sources to alleviate the energy
and environmental crises caused by fossil fuels has led to
a focus on the development of clean and sustainable renewable
energy and its conversion, transport and storage
technologies. In this case, hydrogen energy has the advan-
tages of high energy density, recyclability, and zero carbon
emissions, making it a perfect substitute for fossil fuels.* Since
the 19th century, researchers have been exploring various
hydrogen energy conversion technologies and their application
for large-scale industrial production. At present, the main-
stream strategies for the industrial production of hydrogen
include reforming fossil fuels,” coke oven gas chemical
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methods including methanol reforming have advantages in
terms of production cost, they are accompanied by the
production of CO,." In contrast, water electrolysis is clean and
non-polluting hydrogen production technology, which has the
advantages of high hydrogen production efficiency and high
purity, but has the problem of high production cost.

Water electrolysis involves two half-reactions, the hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER).
Compared with the HER, the OER is a four-electron transfer
process. Consequently, the slow kinetics and large overpotential
of the OER need to be overcome for the electrochemical reaction
of water electrolysis, which inhibits the industrial application of
hydrogen production from water electrolysis."* Therefore, the
rational design of electrocatalysts is necessary to lower the
reaction energy barriers of the HER and OER. In this case, noble
metal-based materials with high catalytic activity, electrical
conductivity, and stability are considered to be the most effec-
tive catalysts for electrocatalytic water splitting. However, due to
the low abundance and high cost of precious metal elements,
they cannot solve the fundamental problem of hydrogen
production technology by the electrolysis of water.*> Therefore,

RSC Adv, 2023,13, 24393-24411 | 24393


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra04110g&domain=pdf&date_stamp=2023-08-14
http://orcid.org/0009-0002-5950-680X
http://orcid.org/0000-0001-7738-8566
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04110g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013035

Open Access Article. Published on 14 August 2023. Downloaded on 1/21/2026 7:54:28 AM.

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

(cc)

RSC Advances

the development of non-precious metal materials to replace
noble metal catalysts is of great significance for the commer-
cialization of hydrogen production from water electrolysis.

Thus far, through research on non-noble metal catalysts, it
has been found that transition metal element-based catalysts
such as Fe, Ni, and Co not only have high reserves in the Earth
and low cost, but also outstanding electrocatalytic performance
in water splitting reactions.”® The factors influencing high-
efficiency electrocatalytic materials have been determined
from the study of various catalysts, including large specific
surface area, high porosity, uniform distribution of active sites,
and high charge transfer ability."* These factors play an
important role in maximizing the electron transfer and facili-
tating the mass transport of reactants. Therefore, they can be
tuned to improve the electrocatalytic performance of materials.
For example, porous scaffold structures are formed to reduce
the overpotential,'® active sites are added to accelerate electron
conduction and proton transfer,'® and the electronic structure
of the catalyst is adjusted to improve its intrinsic activity by
alloying,"” defect engineering,'® interfacial coupling,’® and
formation of a heterostructure.?® Based on these methods, we
aim to explore electrolytic water catalysts with lower cost, higher
catalytic activity, and stability.

Metal-organic frameworks (MOFs) are a new type of lattice
porous structure crystals connected by organic linkers and
metal ions through coordination bonds, which have structural
advantages such as large specific surface area and high porosity.
To date, numerous MOFs have been discovered, which have
been applied in different fields according to their structural
properties, such as gas adsorption,* sensors,** catalysis,** and
drug delivery.> MOFs have the characteristics of homogeneous
and heterogeneous catalysts, which can be directly applied in
the field of electrocatalysis. Owing to their high surface area,
rich pore structure, diverse composition, and well-defined
metal centers, fast mass transfer and a high density of active
sites can be achieved for enhanced catalytic performances.>® To
improve the catalytic activity of MOFs and the stability of the
catalytic process, MOFs can be used as templates after the heat
treatment of various types of alloys, metal oxides, metal
sulfides, metal carbides, and metal phosphide under different
conditions, resulting in very strong electric catalytic perfor-
mances.”® These MOF derivatives retain the original porous
structure and other properties of their parent MOF and have
a high number of active sites, high electrical conductivity, and
high stability.

In recent years, through the selection of suitable metal ion
centers and functional ligands, a large number of derivative
catalysts composed of specifically designed and fabricated
nanostructured materials has emerged. Herein, we focus on
different strategies to enhance the electrocatalytic performance
of MOF-based materials and briefly summarize the reaction
mechanism of water electrolysis HER and OER, the evaluation
parameters of the electrocatalysts, and different synthetic
design methods for MOF materials. Given the wide range of
research on MOF-based materials, we only present the recent
research on MOF-based materials as electrocatalysts. Finally, we
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prospect the main challenges associated with MOF-based
materials in electrocatalysis.

2 Mechanisms and parameters
2.1 Hydrogen evolution reaction mechanism

The hydrogen evolution reaction (HER) in electrolyzed water
involves multi-step elementary reactions.”” A schematic
diagram of the hydrogen evolution reaction is shown in Fig. 1.
The first step is the Volmer reaction.”® The protons/water
molecules in the electrolyte combine with the free electrons
on the electrode surface to form adsorbed hydrogen atoms on
the catalyst surface. Subsequently, one of two steps occurs as
the catalytic properties of materials vary.> The hydrogen atoms
in the first adsorption state combine in pairs to generate
hydrogen gas, which is the Tafel reaction. Alternatively, the
hydrogen atoms in the second adsorption state continue to
combine with protons/water molecules in the electrolyte to
generate hydrogen gas, which is the Heyrovsky reaction.

The reaction formula under acidic conditions is as follows

(eqn (1)-(3)):

Volmer: M + H" + e~ — Hyqs + M (1)
Tafel: Hads + Hads i H2 (2)
Heyrovsky: Hyqs + H + e~ — H, (3)

The reaction formula under alkaline conditions is as follows

(eqn (4)-(6)):

Volmer: M + H,O + ¢~ — H,qs + OH™ + M (4)
Tafel: Hygs + Hags — Ho> (5)
Heyrovsky: H,4s + H,O + e~ — H, + OH™ (6)

where M is the catalyst, H,qs is the hydrogen atom in the
adsorption state, and b is the Tafel slope, which is an important
kinetic parameter in the water electrolysis reaction.

2.2 Oxygen evolution reaction mechanism

The kinetics of the oxygen evolution reaction is slow, which is
the key factor restricting the overall electrolysis water reaction.®
In general, the oxygen evolution reaction mechanism is the
conventional adsorption mechanism for the four-electron
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Fig. 1 Hydrogen evolution reaction mechanism. (a) Schematic
diagram of hydrogen evolution reaction in acidic solution. (b) Sche-
matic diagram of hydrogen evolution reaction in alkaline solution.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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transfer process (adsorbate evolution mechanism, AEM). This is
the adsorption and desorption process of intermediates in the
conversion process of OH,qs — O,gs — OOH,gs — Osags.™
Specifically, in this process, water molecules and hydroxyl ions
are used as the reactants in acidic and alkaline media, contin-
uously oxidized to OH,qs, Oads, and OOH 4, and finally oxidized
to oxygen molecules. The mechanism under acidic conditions is
as follows:

M + H,0 > MOH + H" + e~ (7)
MOH + OH™ — MO + H,O + ¢~ (8)
2MO — 2M + O, (9)

MO + H,O - MOOH + H" + ¢~ (10)
MOOH + H,O - M+ O, + H" + ¢~ (11)

The mechanism under alkaline conditions is as follows:

M + OH~ — MOH (12)

MOH + OH~ — MO + H,O (13)
2MO — 2M + O, (14)

MO + OH™ — MOOH + e~ (15)
MOOH + OH™ — M + O, + H,0 (16)

However, with the continuous development of various
oxygen evolution catalysts, it has been gradually found that
some catalysts have other mechanisms in the oxygen evolution
reaction. Therefore, researchers proposed the lattice oxygen
evolution mechanism (lattice oxygen-mediated mechanism,
LOM) to fully explain this phenomenon (Fig. 2).**> When the
solid phase oxide/hydroxide with high metal-oxygen covalent
bond properties undergoes the oxygen evolution reaction, the
lattice oxygen of the catalyst itself tends to be oxidized under the
OER potential and participates in the OER reaction to generate

oxygen.*

2.3 Free energy of hydrogen adsorption

According to the analysis of the above-mentioned hydrogen
evolution reaction mechanism, the chemical adsorption and
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Fig. 2 Oxygen evolution reaction mechanism. (a) Traditional
adsorption evolution mechanism. (b) Lattice oxygen precipitation
mechanism.
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Fig. 3 Hydrogen adsorption free energy correlation curve. (a) Lang-
muir adsorption model diagram. Reproduced from ref. 34 with
permission from John Wiley and Sons, Copyright 2014. (b) HER
volcano curve diagram on a metal electrode in an acidic medium.
Reproduced from ref. 37 with permission from the American Chemical
Society, Copyright 2010.

desorption of protons in the electrolyte on the electrode surface
are competitive processes.** According to the Sabatier prin-
ciple,® an ideal hydrogen evolution catalyst with high catalytic
performance and catalytic efficiency should form moderately
strong and weak chemical bonds with the adsorbed H,q4s. This
can speed up the proton-electron transfer process and make the
chemical bonds easy to break and generate gaseous H,. Density
function theory (DFT) was used to calculate the free energy
change (AGy+) value of H,q45 adsorption on the catalyst surface.®®
Fig. 3(a) presents a graph of the relationship between the
exchange current density and the hydrogen adsorption energy
depicted under the Langmuir adsorption model, where AGg+
can be used to interpret the degree of adsorption of H,qs and the
degree of H, desorption through the HER free energy diagram.
Based on the study of different metals as HER electrodes, the
relationship between the exchange current density of hydrogen
and the chemical adsorption energy of each metal hydrogen is
summarized in Fig. 3(b).*

2.4 Tafel slope and exchange current density

The Tafel slope and exchange current density are two closely
related important kinetic parameters in the field of electro-
chemistry. To study the quantitative relationship between the
overpotential and the exchange current density, Tafel proposed
the Tafel electrochemical equation, which reveals the kinetics of
electrocatalytic reactions, as follows:

n=a+blogj (17)
where 7 is the overpotential, a is a constant, b is the Tafel slope,
and j is the current density. The Tafel slope is an important
parameter to reveal the reaction mechanism. According to the
size of the Tafel slope, the kinetic rate of the electrocatalyst and
the rate-determining steps of the reaction can be determined.*®
When the Tafel slope is small, the charge transfer rate is fast,
and thus the reaction overpotential is small under the same
current density and the rate-determining step of the reaction is
the end of the electron transfer reaction. On the contrary, when
it is large, the charge transfer rate is slow and the reaction
overpotential is large under the same current density, and the
rate-determining step of the reaction is the initial step of
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electron transfer. The exchange current density j, is the corre-
sponding current density when the electrode reaction is
balanced. When the exchange current density of the electro-
catalytic reaction is larger, the electrocatalytic activity of the
catalyst is higher.

2.5 Overpotential

The overpotential is an important parameter to evaluate the
electrocatalytic performance of catalysts.*® Specifically, it is the
potential difference between the thermodynamically deter-
mined equilibrium potential for the hydrogen evolution or
oxygen evolution half-reaction and the actual potential that
drives the electrolytic water half-reaction. In the current
research on the electrolytic water reaction, there are mainly
three types of overpotentials, ie., activation overpotential,
concentration overpotential, and resistance overpotential.*
Generally, the overpotential at the current density of 10 mA
cm 2 is used as the standard to determine the electrocatalytic
performance of a catalyst.** Under the same current density, the
smaller the overpotential, the higher the catalytic performance.

2.6 Stability

Stability is a prerequisite for determining whether an electro-
catalyst can be used in actual production. At present, there are
three common stability testing methods in the field of electro-
chemistry, ie., linear sweep voltammetry (LSV) and
chronoamperometry/potential method.”” The voltage is
repeated periodically during the LSV method test, and the
magnitude of the change in the polarization curve after a large
number of cycles indicates the stability of the electrocatalyst,
where a catalyst with strong stability remains almost
unchanged after the test. The principle of chronoamperometry
is to measure the curve of the current as a function of time for
24 h, while keeping the applied voltage between the working
electrode and reference electrode constant. The stability of the
catalyst can be judged by observing the coincidence of the
curves, while the chrono-voltaic trend is the opposite.

2.7 Turnover frequency

The turnover frequency (TOF) is defined as the number of catalytic
reactions or target products generated on the active site per unit
time. By definition, the numerical value of the TOF can reflect the
intrinsic activity of a catalyst.*® Therefore, it has an important
reference value in evaluating the electrocatalytic activity of cata-
lysts. The TOF can be calculated using the following formula:

TOF = (J x A)/(a x N x F) (18)
where J is the current density (mA cm™?) at a given over-
potential, which can be obtained from the LSV curve. 4 is the
surface area of the electrode (mm?), « is the number of trans-
ferred electrons corresponding to the formation of one mole-
cule of the target product, F is the Faraday constant (96 485C
mol "), and N is the number of catalyst active sites (mol).
However, determining the number N of catalyst active sites
existing on the electrode surface is a key problem in accurately
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obtaining the TOF value of a catalyst. Although there are many
methods to calculate the number of active sites, such as redox
integration, UPD, and stripping voltammetry, there is no
specific method for the calculation of the number of active sites
in heterogeneous electrocatalytic reactions.* In this case, the
method adopted by many researchers assuming that 100% of
the catalyst participates in the reaction underestimates the real
TOF value, but it still has a certain reference value.*®

2.8 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is an electro-
chemical measurement method that applies a small-amplitude
sine wave electrical signal as interference.*® In electrochemical
impedance spectroscopy, the Nyquist plot is commonly used as
a means to evaluate the performance of electrocatalysts. An
abstract circuit diagram of the electrochemical reaction can be
constructed according to the typical electrochemical reaction
(Fig. 4). The three electrochemical components are the internal
resistance, R, of the electrolyte and the electrode, the electric
double layer capacitance, C, and the Faraday impedance, Z;. The
Faraday impedance, Z; is equivalent to the charge transfer
resistance, R, and Warburg impedance, Z,. The Nyquist
diagram shows a sloping straight line in the low-frequency
region, but in the high-frequency region, material transfer
does not occur in time, and thus it presents a semi-circular
curve. The size of the diameter reflecting the charge transfer
resistance can be obtained by fitting the high-frequency region,
which can be used as an important parameter to evaluate the
catalytic performance of electrocatalysts.

2.9 Electrochemically active surface area

To evaluate the real activity of catalysts, the concept of electro-
chemically active surface area (ECSA) was proposed by analysing

(a)

Z,

(b)
Mass
transfer
control

Charger
transfer
control

Zpe
Fig.4 Schematic of electrochemical impedance. (a) Equivalent circuit

diagram of electrolysis water reaction. (b) Nyquist curve analysis
diagram.
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the surface area of a catalyst that participates in electrochemical
reactions on the electrode surface.”” Presently, the electrochemical
active surface area testing methods are mainly divided into the
following categories: use of specific Faraday reactions such as
HUPD, metal underpotential deposition, etc.; redox peak area
integration; CV method to test Cyq; in Faraday; AFM atomic force
microscopy test; and BET test to approximate the size of the ECSA.
The calculation of the electrochemically active surface area using
the electric double-layer capacitance is the most common test
method, which can be calculated using the following formula:
ECSA = Cy/C; (19)
where Cs is the specific capacitance of the catalyst. In general,
a larger ECSA facilitates the adsorption of water molecules and
intermediates, thereby enhancing the contact with the electrolyte
and providing more active centres for electrocatalytic reactions.*®

2.10 Area-specific activity and mass-specific activity

Area-specific activity and mass-specific activity are two activity
parameters that can be employed to evaluate the inherent
performance of catalysts.*” The area-specific activity is the
current density normalized by the electrochemically active
surface area of the electrocatalyst. Given that the electrochem-
ically active area is related to the actual number of active sites
on the electrode surface, the area-specific activity is similar to
the TOF and can reflect the intrinsic activity of the catalyst. The
mass-specific activity is the current density normalized by the
loaded mass of the electrocatalyst. The definition of mass
activity assumes that all the atoms in each particle are electro-
catalytically active sites. However, in the case of surface chem-
ical processes, reactions only occur at/near the surface, and
electrode materials usually have better bulk structural stability,
and thus their mass activity does not represent their intrinsic
activity. Furthermore, the mass activity strongly depends on the
particle size of the reactive surface atomic fraction. Particles of
smaller size exhibit higher mass activity due to their larger ratio
of surface atoms to total atoms per unit mass.

2.11 Faraday efficiency

Faradaic efficiency refers to the percentage of actual formation
and theoretical formation. It is considered to be the ratio
between the experimental and theoretical hydrogen production
in the water electrolysis reaction. In practical applications, the
faradaic efficiency is an important parameter to evaluate the
electrocatalytic performance of catalysts. The experimental
hydrogen production can be measured by gas chromatography
or the conventional drainage method, while the theoretical
hydrogen production can be calculated by the integration of
galvanostatic or potentiostatic electrolysis.

3 MOFs and their derivatives
3.1 Research status of MOFs

In the mid-1990s, Yaghi first proposed the concept of MOFs in
an article published in Nature.*® The structures of the ZIF series

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Schematic diagram of the structure of ZIF series materials.
Reproduced from ref. 44 with permission from National Academy of
Sciences, Copyright 2006.

materials synthesized by a research group are shown in Fig. 5.>
MOFs are composed of metal ions and organic functional
groups through ordered coordination.” MOFs not only have
a larger specific surface area than traditional porous materials
but also the advantages of adjustable pore size, large porosity,
etc., showing considerable application prospects in various
areas. In the field of catalysis, using the mesoporous caged NH,-
MIL-101 as a precursor, the Fe SAC-MIL101-T catalyst with rich
accessible FeN, single atomic sites exhibited excellent oxygen
reduction activity through steps such as pyrolysis at different
temperatures and durability.*® It had a high peak power density
of 192.3 mW c¢cm™? and excellent energy density of up to 984.2
W h kgz,f1 for aqueous Zn-air batteries. MOF-808-CuNi con-
verted from Cu/Ni DMSP made key progress in the photocatalytic
reduction of CO, to improve the CH, conversion and activity.>*
The electron selectivity reached 99.4%, the product selectivity
was 97.5%, and its activity was as high as 158.7 umol g * h™™.
MOFs can also be used as adsorbents for CO, capture. An MOF,
Calgary Framework 20, had high adsorption capacity and CO,/N,
adsorption selectivity for CO,.* It had strong stability for steam
or wet acid gas, even in the flue gas of natural gas combustion for
a long time. In terms of adsorbing pollutants in water, CMC/
MOF/PEP three-dimensional porous aerogel materials were
successfully synthesized by loading polypeptides on cellulose/
metal-organic framework composites (CMC/MOF).** They
showed a good adsorption performance for perfluorooctanoic
acid in water, with the adsorption capacity reaching 27 mg g™,
which have practical application value. A breakthrough was
made in the study of MOFs for C,H,/CO, gas separation, where
the super-strong B based on relatively adjacent open metal sites
in MOFs showed a strong binding interaction with C,H,.>”
Record C,H,/CO, selectivity was achieved in C,H,/CO, mixtures
at 298 K and 1 bar. This made MOFs a new benchmark material
for C,H,/CO, separation. The pollution of PM particles in the
atmosphere is a serious hazard to human health. Therefore,
a PLA air filter membrane produced by mechanically poling ZIF-
8 crystals (PLA@ZIF8) grown on the surface of PLA fibers was
reported.*® The P-PLA@ZIF8-6 fiber membrane had a filtration
efficiency of 88% for PM 0.3 at a flow rate of 10 L min~", which
was significantly improved compared with that of the PLA fiber
membrane. Alternatively, the storage problem of hydrogen has
promoted the research on gas storage materials. Through the
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study of crystal shape and size characteristics of different
MOFs,* it was demonstrated that the strategy for the design of
the crystal size and crystal morphology of MOF-5 greatly
improves its volumetric hydrogen storage performance, which
can exceed the 25 g L™ volume and DOE volume target capacity
(30 g L") of a typical 700 bar compressed storage system. The
stability and degradation properties of MOFs in liquid media
determine their use in biomedicine. Compared with the widely
used antimicrobial agent ZnO, the zinc-based MOF ZIF-8
exhibited excellent antibacterial properties.® It had a larger
zone of inhibition, lower MBC value in PBS, and higher bacte-
ricidal effect in LB. In the aspect of cancer therapy, ICG-
CpG@MOF, which used specific MOFs (MIL101-NH,) as the
core carrier and was doubly modified with a fluorescence signal
donor (ICG) and immune adjuvant (CpG) under photoacoustic
conditions, could be passive targeted to tumor sites through the
EPR effect and achieved multi-modal imaging of tumors.** This
strategy utilizing multimodal imaging and synergistic cancer
photoimmunotherapy provided an effective strategy for cancer
diagnosis and treatment. Molecularly imprinted electrochemical
sensors based on nanomaterials/nanocomposites have been
widely used for the analysis of pesticides. New molecularly
imprinted electrochemical sensors based on Co;0, nanowires
and core-shell Co;0,@MOF-74 nanocomposites were applied
for the detection of pesticides.®” The sensor showed a sensitive
detection limit of 1.0 x 10™"" M and a highly selective signal,
which provided a detection method for pesticide analysis with
selectivity and sensitivity. The application of MOFs in energy
storage has been widely researched. Homogeneous MXene/MOF
composites prepared by co-precipitation reaction were further
transformed by ion conversion-exchange into hollow
Ti3C,T,/ZIF-67/CoV,0 composites.®® Their specific capacitance
of 285.5 F ¢ ' has opened new avenues for the design and
synthesis of MXene/MOF composites and complex hollow
structures.

3.2 Methods for the preparation of MOFs

The reported methods for the preparation of MOFs were mainly
divided into the conventional solution method,* diffusion
method,* solvothermal method,*® microwave method,*” ion
thermal synthesis method,*”® and mechanochemical synthesis
method.” The conventional solution method refers to the
method of reacting in a specific solution at a certain tempera-
ture. The diffusion method involves reacting at the contact
interface of two mutually insoluble substances.” In this case,
the reaction conditions are mild but the reaction time is long.
The solvothermal method, also known as the hydrothermal
method, refers to intermolecular contact and reaction under
higher temperatures or steam conditions. This method requires
simple equipment and produces a relatively high product yield
but requires the large consumption of organic solvents. The
microwave method involves ultrasonically dissolving metal
substances in organic solvents, and then performing microwave
heating reactions in a microwave. Microwaves can accelerate
the nucleation rate of MOF crystals, and the synthesis time is
extremely short. The ion thermal synthesis method uses an
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ionic liquid as both the solvent and template to participate in
the synthesis of MOF materials. Compared with common
organic solvents, ionic liquids will affect the structure of the
product due to their structure and hydrophilicity, thereby
improving the yield and structure regulation of MOF materials.
Mechanochemical synthesis involves grinding and extruding
substances to use mechanical energy to change their physical
and chemical properties, and then undergo chemical reactions.
This method is environmentally friendly, takes a short time,
and has a high yield, but it is difficult to detect the presence of
impurities. In addition to the above-mentioned common
synthesis methods, other synthesis methods have been re-
ported, such as co-crystallization,” deposition, and electro-
chemical methods.” Therefore, different methods should be
selected for different MOF materials according to the materials
and conditions required for their synthesis.

3.3 MOF derivatives

Although MOFs have rapidly developed in various fields such as
adsorption and gas storage, due to their limited catalytic
activity, thermal stability, and stability in chemical reactions,
MOF materials cannot be used in large-scale electrocatalysis.
Thus, to improve the stability and electrocatalytic performance
of MOFs, researchers explored their structure. By using MOFs as
template materials, MOF-derived materials were produced
under high-temperature and high-pressure conditions. The
resulting materials not only inherit the characteristics of super-
large specific surface area, multi-porosity, and other structural
features of MOFs, but also have a simple preparation method,
more material diversity, and solve the more important problem
of material stability. Therefore, they have been widely used in
the fields of batteries,” supercapacitors,” sensors,” adsorp-
tion”® and electrocatalytic reactions.” The common classifica-
tions of MOF derivatives used as electrocatalytic water
decomposition catalysts are metals,” alloys,” transition metal
carbides,®® transition metal oxides,®*! transition metal sulfides,?**
transition metal phosphides® and single-atom catalysts.?*

4 Direct use of MOFs as catalysts for
electrolysis of water

As organic-inorganic porous composite materials, MOFs can be
customized by different metal ions or organic ligands.
Compared with other electrolytic water catalysts such as non-
porous nanoparticles, the porous nature and large specific
surface area of MOFs can provide more active sites for catalytic
reactions.®® The synergistic effect between the metal elements
and carbon and nitrogen elements in the organic ligands of
MOFs also greatly promotes their electrocatalytic activity. These
characteristics of MOFs determine their inherent advantages in
homogeneous and heterogeneous catalytic reactions. As elec-
trocatalysts, they can often reduce the overpotential, accelerate
the reaction kinetics, and ensure energy conversion efficiency.
This determines the absolute potential of MOFs as electro-
catalysts. Recently, many MOF-based materials have been

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Year Catalyst Substrate Electrolyte Overpotential Tafel slope Stability Ref.
2017 AB&CTGU-5 (1:4) GCE 0.5 M H,SO, 18 mV@0.1 mA cm ™2 45 mV dec™* 96 h 98
2017 Co@C03;0,-NC RDE 1 M KOH 221 mV@10 mA cm > 77.3 mV dec™* 3000 cycles 135
2017 Ni,P-CoP GCE 0.5 M H,S0, 105 mV@10 mA cm > 64 mV dec ! 157
2018 AB&Cu-MOF GCE 0.5 M H,SO, 208 mV@10 mA cm 2 80 mV dec™* 18 h 99
2018 C-MoS, GCE 0.5 M H,SO, 200 mV@10 mA cm 2 53 mV dec* 16 h 111
2018 Mo0S,/NiCo0,S, cC 0.5 M H,S0, 139 mV@10 mA cm 2 37 mV dec™! 12h 114
2019 MFN-MOFs/NF NF 1 M KOH 79 mV@10 mA cm > 30.1 mV dec™* 100 h 105
2019 MoS-CoS-Zn GCE 0.5 M H,S0, 72.6 mV@10 mA cm 2 37.6 mV dec* 60 h 112
2019 Ni-Co-S GCE 1.0 M KOH 129 mV@10 mA cm > 96.1 mV dec™* 22 h 113
2019 Co-NC@Mo,C GCE 0.5 M H,SO, 143 mV@10 mA cm 2 60 mV dec™* 25h 142

1 M KOH 99 mV@10 mA cm > 65 mV dec™* 25h
2019 Ni,P/Ni@C GCE 0.5 M H,S0, 149 mV@10 mA cm 2 61.2 mV dec ! 8h 151
2019 CoP/Co-MOF cc 1 M PBS 49 mV@10 mA cm > 63 mV dec* 60 000 s 152

0.5 M H,S0, 27 mV@10 mA cm > 43 mV dec™* 60000 s

1 M KOH 34 mV@10 mA cm > 56 mV dec ' 60000 s
2020 FeNi;-Fe;0, GCE 1 M KOH 108 mV@10 mA cm 2 96.75 mV dec™* 20 h 123
2020 N-Mo,C CcC 0.5 M H,S0, 45 mV@10 mA cm 2 44 mV dec™? 12h 144

1 M KOH 36 mV@10 mA cm > 32 mV dec! 12h

1M PBS 80 mV@10 mA cm > 65 mV dec ™! 12h
2021 NiFe-MOF-74 Nickle foam 195 mV@10 mA cm 2 136 mV dec™* 15 h 89
2021 Fe(OH),@Cu-MOF cC 1 M KOH 112 mV@10 mA cm > 76 mV dec ! 30h 90
2021 ZnMo-MI-1000 GCE 0.5 M H,S0, 83.0 mV@10 mA cm > 53.1 mV dec™* 10h 96

1 M KOH 100.1 mV@10 mA cm > 88.2 mV dec ! 10 h
2021 Co-MOF-800 GCE 0.5 M H,S0, 290 mV@10 mA cm 2 112 mV dec™* 30000 s 97
2021 Fe-Co-0/Co@NC-mNS Nickle foam 1 M KOH 112 mV@10 mA cm 2 96 mV dec™* 50 h 126
2021 MOWN/MoWC@NACATS GCE 0.1 M KOH 170 mV@10 mA cm 2 73 mV dec™* 17000 s 145
2021 Ti,NT, @MOF-CoP GCE 1 M KOH 112 mV@10 mA cm 2 67.1 mV dec™! 12h 158
2022 CuzP@NiFe-MOF-4 Cu foam 1 M KOH 175 mV@10 mA cm ™2 39 mV dec™* 24 h 86
2022 S-NiFeP CcC 1 M KOH 56 mV@10 mA cm > 38 mV dec ! 25h 153
Table 2 A summary of the timeline of pristine MOF and MOF transition metal derivatives for electrocatalytic OER
Year Catalyst Substrate Electrolyte Overpotential Tafel slope Stability Ref.
2017 Co@C0;04-NC RDE 1 M KOH 391 mV@10 mA cm > 102.8 mV dec ! 3000 cycles 135
2017 Ni,P-CoP GCE 0.1 M KOH 320 mV@10 mA cm 2 69 mV dec™* 157
2018 NiCoS/Ti;C,Ty GCE 1 M KOH 365 mV@10 mA cm > 58.2 mV dec ! 20000 s 116
2019 MFN-MOFs Nickle foam 1 M KOH 235 mV@50 mA cm > 55.4 mV dec™* 100 h 105
2019 N-NiFe-S/C CC 1 M KOH 232 mV@10 mA cm > 58 mV dec™* 20 h 117
2019 Co-NC@Mo,C GCE 1 M KOH 347 mV@10 mA cm 2 61 mV dec™* 20 h 142
2020 FeNi;—Fe;0,4 GCE 1 M KOH 234 mV@10 mA cm > 37 mV dec™* 20 h 123
2021 NiFe-MOF-74 Nickle foam 1 M KOH 208 mV@10 mA cm 2 54 mV dec™* 15h 89
2021 Co-MOF GCE 0.1 M KOH 520 mV@10 mA cm > 75 mV dec ™! 80 h 97
2021 Fe-Co-O/Co@NC-mNS Nickle foam 1 M KOH 257 mV@10 mA cm 2 41.56 mV dec™* 50 h 126
2021 MOWN/MoWC@NACATS GCE 0.1 M KOH 380 mV@10 mA cm 2 90 mV dec ™! 17 000 s 145
2021 Ti,NT,@MOF-CoP GCE 1 M KOH 241 mV@50 mA cm 2 65.8 mV dec™* 12 h 158
2022 Cu;P@NiFe-MOF-4 Cu foam 1 M KOH 226 mV@10 mA cm > 39 mV dec™! 24 h 86
2022 S-NiFeP cC 1 M KOH 201 mV@10 mA cm 2 41.2 mV dec™* 25h 153
2023 GBCF40@Co-C GCE 1 M KOH 309 mV@10 mA cm > 86.88 mV dec ™’ 12 h 132

reported as HER and OER catalysts, which are presented in
Tables 1 and 2, respectively.

4.1 Direct use of MOFs as catalysts for the electrolysis of
water

At present, there are still many problems that need to be solved
urgently for the direct use of MOFs for electrocatalytic water
splitting. For example, the decomposition of some MOFs under
the applied potential in alkaline or acidic electrolyte and the

© 2023 The Author(s). Published by the Royal Society of Chemistry

poor conductivity of the original MOFs. In this case, to improve
the chemical stability of MOF materials, a series of Cu;P@NiFe-
MOF-x synthesized via the hydrothermal method was used as
bifunctional catalysts for hydrogen and oxygen evolution in the
electrolysis of water.*® The polarization curve after a thousand
cycle tests was very close to that in the first cycle, and the
catalyst maintained good catalytic activity after a 24 h stability
test. More importantly, in terms of OER performance, the as-
prepared Cuz;P@NiFe-MOF-4 provided an overpotential of
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226 mV at a current density of 10 mA cm 2, and it also had
a very low Tafel slope (39 mV dec™ ") and higher electric double
layer capacitance. In addition to the conductivity and stability
problems of MOF materials, the number of actual active centers
in MOFs decreases due to the saturated coordination mode of
some metal ions.*” Studies have proven that the electrocatalytic
performance of MOFs is related to many factors such as their
morphology, specific crystal structure, components and
substrates.®® Variations in these factors lead to many differences
in the lattice defects, number of active centers, coordination
environment, and electronic structure of the active sites in
MOFs. Accordingly, it is not difficult to infer that the catalytic
performance of MOFs can be optimized by controlling their
morphology during their, maintaining the original properties of
the material after surface modification, adding substances with
high electrical conductivity, and doping heteroatoms such as N.

The morphology of MOFs has a great influence on their
electrocatalytic performance. This is because the number of
active sites and the electronic structure of MOFs with different
morphologies are different due to their different exposed main
faces. Based on this, controlling the morphology of MOFs is
a reasonable solution to effectively improve their electro-
catalytic performance. Compared with traditional 3D bulk MOF
materials, two-dimensional (2D) materials with nanometer
thickness for efficient mass transfer and larger surface area
contain more available active metal sites. In this case, 2DNiFe-
MOF-74 nanosheets were grown on nickel foam via a one-step
solvothermal method an efficient bifunctional electro-
catalyst.*” NiFe-MOF-74 was characterized by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). As shown in Fig. 6(b), NiFe-MOF-74 formed an inter-
connected honeycomb network composed of thin sheets, which
was conducive to accelerating the mass transfer process in
catalytic reactions. The lamellar morphology of NiFe-MOF-74
can be observed in the TEM image in Fig. 6(c). This folded
ultra-thin nanosheet facilitated the exposure of more active
sites. The inset in Fig. 6(c) shows the circular selected area
electron diffraction (SAED) image, exhibiting that NiFe-MOF-74

(a) ® O
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Ni foam

Fig. 6 Synthesis and characterization of NiFe-MOF-74. (a) Schematic
illustration of the procedure for the fabrication of NiFe-MOF-74. (b)
SEM image of NiFe-MOF-74. (c) TEM image and insert is SAED image
for NiFe-MOF-74. Reproduced from ref. 89 with permission from
Elsevier, Copyright 2021.
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had poor crystallinity and a defect-rich structure. This could
increase the density of active sites, optimize the electron
transport environment and reduced the charge transfer resis-
tance of MOF-74 by utilizing the synergy between the Ni and Fe
bimetals. The optimized NiFe-MOF-74 nanosheet electrode
exhibited higher OER activity than MOF-74. Its OER and HER
performances showed overpotentials of 208 mV and 195 mV at
a current density of 10 mA cm 2, respectively, and its
morphology features remained largely unchanged after 5000 CV
cycle tests. The main reason for this was that the formation of
the MOF as ultrathin nanosheets helped to improve its mass
transfer and charge transfer capabilities. Meanwhile, the large
number of exposed coordinatively unsaturated metal centers on
the MOF nanosheets helped to improve the catalytic efficiency.

In recent years, it has been generally accepted that the
hollow nanostructures of transition metal oxides and hydrox-
ides can accommodate abundant active sites due to their high
specific surface area and robust structural properties. Based on
the above-mentioned concepts, the rational design of a hollow
nanostructure consisting of an ultrathin MOF outer skin and
a robust transition metal hydroxide will significantly improve
the electrical conductivity, electrocatalytic activity, and struc-
tural stability of MOFs. Electrocatalysts composed of nanoscale
conductive Cu-MOF layers fully supported on synergistic iron
hydroxide [Fe(OH),] nanoboxes exhibited a promising catalytic
performance.® The FESEM and TEM images in Fig. 7(b) and (d),
respectively, show that the MOF layer completely covered the
Cu,O surface in the Cu,0@Cu-MOF nano cubes after the sol-
vothermal reaction. As shown in Fig. 7(e), Cu,0@Cu-MOF was
transformed into Fe(OH),@Cu-MOF through the redox etching
process. The TEM image in Fig. 7(h) shows that the ultrathin
Cu-MOF layer was fully supported on the surface of each
Fe(OH), shell. The Fe(OH),@Cu-MOF nanobox exhibited
excellent catalytic activity and stability for the HER due to its
solid hollow nanostructure, extremely exposed active centers,

| Solvothermal |~ : Redox
- g 2 B
reaction etching reaction

¥

Cu,0
nanocube

Cu,0@Cu-MOF
nanocube

Fe(OH),@Cu-MOF
nanobox

100 nm

Fig. 7 Synthesis and characterization of Fe(OH),@Cu-MOF NBs. (a)
Schematic illustration of the synthetic process for Fe(OH),@Cu-MOF
NBs. (b and c¢) FESEM images of Cu,0@Cu-MOF NBs. (d and e) TEM
images of Cu,O@Cu-MOF NBs. (f and g) FESEM images of
Fe(OH),@Cu-MOF NBs. (h and i) TEM images of Fe(OH),@Cu-MOF
NBs. Reproduced from ref. 90 with permission from Amer Assoc
Advancement Science, Copyright 2021.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04110g

Open Access Article. Published on 14 August 2023. Downloaded on 1/21/2026 7:54:28 AM.

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

(cc)

Review

and accelerated charge transfer rate. After the electrochemical
tests, only an overpotential of 112 mV was required to reach
a current density of 10 mA cm™?, and the Tafel slope reached
76 mV dec '. Through X-ray absorption spectroscopy and
density functional theory calculations, it was proven that the
highly exposed Cu;-O, centers with coordinative unsaturation
could effectively accelerate the formation of the key H,q5 inter-
mediates and accelerate the HER reaction kinetics.

Carbon materials doped with heteroatoms or metal atoms,
including carbon nanotubes, graphite, graphene, and three-
dimensional porous carbon, have been extensively studied.
Different metal ions such as Fe**, Ni*", Mn?*, and Cr*" will act
on the electrons in the catalyst to change its charge distribution,
resulting in changes in the electrocatalytic performance of the
catalyst.”* Alternatively, metal ions may also have a synergistic
effect with the electrocatalytic reaction and promote the charge
transfer and electron transport rates, thereby improving the
electrocatalytic performance.”” In addition, the metal ions
doped in the catalyst may serve as additional active sites to
promote the electrocatalytic reaction. Studies have proven that
the doping of metal ions can play a role in the formation of the
structure of the catalytic material and the adjustment of the
shape and area of the catalyst.”® Heteroatoms mainly refer to
common non-metallic elements such as B, F, N, P, and S.
Because of the low cost of non-metallic elements and their
ability to promote the electrocatalytic performance, they are
expected to replace noble metal catalysts. In the case of carbon
materials with superior electrical conductivity, heteroatom
doping can change the electronic structure, vibration mode,
chemical activity, and mechanical properties of the carbon
substrate, thereby changing its catalytic performance. Given
that the atomic radius and electronegativity of heteroatoms are
somewhat different from that of carbon atoms, the replacement
of carbon atoms with heteroatoms may change the charge
distribution, and thereby alter the electrochemical perfor-
mance.”* In addition, studies have shown that the doping of
heteroatoms will endow the catalyst material with more active
sites and improve its catalytic effect.” Using the synthesized Zn-
MI as a template, ZnMo-MI-1000 obtained through sol-
vothermal reaction and heat treatment showed an excellent
HER performance.®® It exhibited good resistance in both acidic
and alkaline solutions. At a current density of 10 mA cm ™2, the
overpotentials in 0.5 M H,SO, and 1.0 M KOH were only
83.0 mV and 100.1 mV, and the Tafel slopes were 53.1 mV dec ™"
and 88.2 mV dec ', respectively. This was mainly due to the
synergy generated among the Mo,C nanoparticles, Mo nano-
particles, and N-doped graphitic carbon matrix present in
ZnMo-MI-1000. The porous nature of ZnMo-MI-1000 facilitated
continuous mass transfer with minimal diffusion resistance,
resulting in efficient electrocatalytic kinetics in both acidic and
alkaline media. Co-MOF-T based on Zn and Co doping synthe-
sized via the pyrolysis of ZIF-8 exhibited excellent catalytic
performances in the ORR, OER, and HER.” Its synthesis
process is shown in Fig. 8. Based on its trifunctional activity, Co-
MOF-800 had a lower overpotential of 520 mV and Tafel slope of
75 mV dec” ' in the OER at a current density of 10 mA cm > and
an overpotential of 290 mV and Tafel slope of 112 mV dec™ " in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Synthesis of ZnMo-MI and Co-MOF-T. (a) Schematic strategy
to synthesize ZnMo-MI. Reproduced from ref. 96 with permission
from Elsevier, Copyright 2021. (b) Schematic diagram of the synthesis
of porous Co-MOF-T. Reproduced from ref. 97 with permission from
Elsevier, Copyright 2021.

the HER. This was mainly due to the existence of metallic cobalt
on the surface of Co-MOF-800, in which the embedded
nitrogen-doped carbon provided highly active centers for cata-
Iytic reactions. In addition, pyridinic nitrogen and Co-N, could
provide certain active sites for electrocatalytic reactions.

Combining MOFs with materials with excellent electrical
conductivity is a common and effective strategy to improve their
electrical conductivity. For example, in a previous study by Wu
et al, two isomeric Co-MOFs synthesized with different
surfactants were named CTGU-5 and CTGU-6, respectively.”®
Through experimental research and analysis, it was shown that
CTGU-5 exhibited higher HER electrocatalytic activity due to its
more exposed cobalt active sites and coordination water. The
composite material AB&CTGU-5 (1:4) formed by CTGU-5 and
acetylene black exhibited the best electrocatalytic performance
among the reported MOF materials. Its onset potential was only
18 mV, its Tafel slope was only 45 mV dec ', and it had good
stability. Subsequently, this team synthesized a composite
material (AB&Cu-MOF) using two different methods.* Firstly,
the hydrothermal method was employed to react acetylene
black and the typical Cu-BTC. For comparison, the second
method was mechanical grinding. The experimental results
showed that the specific surface area of the composite material
prepared via the hydrothermal method was significantly lower
than that by mechanical grinding, whereas it was found that AB
and Cu-BTC were more uniformly combined via the hydro-
thermal method. Therefore, the electrical conductivity of the
composites prepared via the hydrothermal method was signif-
icantly improved. Electrochemical tests showed that AB&Cu-
BTC prepared via the hydrothermal method exhibited good
electrocatalytic performance in 0.5 M H,SO, solution. This was
mainly due to the combined effect of its abundant exposed
active centers, good electrical conductivity, and large co-contact
specific surface area.

In addition, supporting catalysts on electron collectors or
electrode substrates, which typically provide excellent electrical
conductivity and charge transfer capabilities, helps to further

RSC Adv, 2023, 13, 24393-24411 | 24401
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enhance their catalytic capabilities. Substrates such as glassy
carbon, carbon paper, carbon fabric, nickel foam, and copper
foam can be used as working electrodes for supporting cata-
lysts, where substrates with larger surface areas can have
a greater loading capacity. MOFs are generally loaded onto
substrates via drop casting or in situ growth. The in situ growth
of nanostructured electrocatalysts on 3D porous nickel foam
(NF) has been intensively studied in recent years. The advan-
tages of NF in providing conductive pathways,'*>*** improving
the catalyst adaptability,’”* maintaining the mechanical integ-
rity of the catalyst,'”® and positive synergistic effects between the
electrocatalyst and NF substrate'** enable NF-based composites
to be directly used as electrodes for water-splitting applications.
Mixed Fe-MOF and Ni-MOF in the form of dispersed meso-
porous interwoven nanosheets were in situ grown on nickel
foam via a one-step hydrothermal method to obtain MFN-MOF/
NF composites.” After experimental investigation, they
exhibited ultrahigh activity for the OER and HER at a high
current density in 1.0 M KOH, with ultra-low overpotentials of
235 mV and 79 mV at 50 mA cm™ 2 and 10 mA cm 2, respectively.
Simultaneously, their excellent long-term durability exhibited at
a high current density not only indicates the excellent electrical
conductivity brought by the conductive substrate NF, but the
MFN-MOF (2: 1)/NF electrodes also exhibited strong intermo-
lecular synergy compared with the NF electrodes based on
single-metal MOFs.

4.2 MOF derivatives as catalysts for electrolysis of water

Due to the poor conductivity and stability of MOF materials as
electrocatalysts in extreme acid-base electrolytes, their devel-
opment and application in the field of electrocatalysis are
severely limited. Critically, in the parent metal-organic frame-
works of MOF materials, the unsaturated active sites (i.e., metal
center ions) need to be coordinated by adsorbed oxygen species,
resulting in a decrease in their catalytic activity for the elec-
trolysis of water. The derivatives of MOFs can inherit the porous
structure and large specific surface area of the original MOFs,
while exhibiting an excellent electrocatalytic performance and
chemical stability. Based on this, a large number of experi-
mental studies has been carried out on MOF derivatives.

4.2.1 MOFs-derived transition metal sulfides. Transition
metal sulfides (TMSs), as compounds with unique physical and
chemical properties, have been extensively studied experimen-
tally in various fields. Compared with noble metal catalysts, the
advantage of transition metal sulfides as electrocatalysts is their
low cost, enabling their large-scale application. Researchers
have found that dichalcogenides (MX,) have efficient hydrogen
evolution properties,'* where M is a transition metal (Mo, Co,
Ni, Fe, W, etc.) and X is a chalcogen element. Due to the weak
van der Waals force connection between the layers of two-
dimensional layered disulfide compounds (MX,), methods can
be used to detach the multi-layer two-dimensional materials,
increase the specific surface area of the materials, and expose
more potential active surfaces to enhance their catalytic activity.
Among them, molybdenum disulfide (MoS,) has a typical
graphene-like two-dimensional layered structure'” and has
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become one of the most competitive and efficient catalysts to
replace the Pt noble metal due to its excellent electrocatalytic
activity and low cost.’®®'* Relevant studies have proven that
most of the active sites of MoS, are distributed on its edge.**
Therefore, its electrocatalytic performance can be improved by
increasing the number of edges, where the use of MOFs as
precursors to derive MoS, is conducive for the construction of
porous structures and the introduction of defects, thereby
increasing the number of edges in MoS,. C-MoS, composites
with different carbon contents synthesized from carbon poly-
hedra generated by the carbonization of zeolite imidazole
framework (ZIF-8) and MoS, precursors had strong catalytic
activity for the HER."* The tuned C-MoS, samples had a core-
shell structure, in which the carbon substrate was decorated by
vertically aligned MoS, nanosheets. This core-shell structure
greatly enhanced the HER activity, exposing a large number of
edge active sites in MoS,, while the carbon substrate at the
bottom improved the conductivity of the electrode. Its HER
activity in 0.5 M H,SO, electrolyte was significantly higher than
that of MoS, and C, and it was found that different carbon
contents had a certain influence on the structure and catalytic
effect of the catalyst. Therefore, the catalyst with the best cata-
Iytic activity had an overpotential of 200 mV and Tafel slope of
53 mV dec ' at 10 mA cm~ > and maintained good stability in
0.5 M H,SO,. Simultaneously, in the process of preparing MoS,
from MOFs, foreign atoms could be introduced into the inert
surface of MoS, to construct in-plane defects, thereby changing
the electronic structure of its adjacent atoms and stimulating
catalytic activity in its inert surface. Structure-guided in situ
reconstruction of MOFs from zinc-nitrogen-coordinated
silicon-molybdenum disulfides (MoS-CoS-Zn) was shown to
be a feasible strategy for the synthesis of hydrogen evolution
electrocatalysts,'> which achieved constituent-specific hetero-
atom coordination and surface ligand functionalization. As
shown in Fig. 9(a), the synthesis process involved using zinc
atoms in solution to replace some of the Co atoms in Co-MOF to
synthesize a cobalt zinc bimetallic organic framework, CogZn;-
MOF, connected by a methylimidazole ligand. Subsequently, it
was converted into MoS-CoS-Zn through two-step solvothermal
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Fig. 9 Synthesis and characterization of MoS—CoS—-Zn. (a) Schematic
diagram of the method for the synthesis of MoS—-CoS-Zn. (b) SEM
image of the bimetallic organic framework (CogZn;-MOF). (c) SEM and
(d) TEM images of MoS—-CoS-Zn. Reproduced from ref. 112 with
permission from John Wiley and Sons, Copyright 2019.
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conversion. Fig. 9(b) and (c) show that the CogZn;-MOF was
a solid rhombic dodecahedron nanostructure, which trans-
formed into a 3D nanosphere flower-like structure composed of
a large number of 2D nanosheets after vulcanization. Compre-
hensive experimental spectroscopic studies and first-principles
calculations demonstrated that the rationally designed
electron-rich centers ensured efficient charge injection into the
inert MoS, basal plane and increased the electronic structure of
the inactive sites. Zn-nitrogen coordinated cobalt disulfide-
molybdenum exhibited excellent catalytic activity and stability
for the hydrogen evolution reaction with a low overpotential of
72.6 mV and small Tafel slope of 37.6 mV dec™ " at 10 mA cm 2.

The combination of MoS, with binary transition metal
sulfides can change the valence electron orbitals of 3d metals
and the electron donating and accepting characteristics,
thereby enhancing the charge transfer and reducing the HER
reaction barrier. Among them, NiCo,S, has been confirmed to
have excellent electrocatalytic performance and stability, and
redox reactions can easily occur due to the combined effect of Ni
and Co ions. Furthermore, the rich structure of NiCo,S, opens
the possibility to build hierarchical configurations, which in
turn significantly enhances the HER performance. As shown in
Fig. 10, Ni-Co-BTC homogeneous solid spheres prepared by the
solvothermal method were subjected to a calcination and in situ
gas phase vulcanization process to obtain Ni-Co-S micro-
spheres."® Ni-Co-BTC was observed to possess a spherical
nanostructure with a smooth surface, as shown in Fig. 10(a),
and Ni-Co-O formed by calcination to lose moisture and gas
had a rough surface, as shown in Fig. 10(b). As shown in
Fig. 10(c), Ni-Co-S and Ni-Co-O obtained after vulcanization
also had a similar multi-shell hollow structure, indicating that
the structure and size had not been destroyed during the
vulcanization process. In the experiment, different nickel cobalt
bimetallic sulfides were controlled by controlling the sulfuri-
zation temperature and sulfur source dosage. Among them, Ni-
Co S-340 (60) exhibited the best HER performance, with an
overvoltage of 129 mV and the minimum Tafel slope (96.1 mV
dec™) at a current density of 10 mA cm™ 2. This was because on
the one hand, the porous characteristics and unique multi-shell
hollow structure of the precursor Ni-Co-BTC were retained,

(a)

Co @
N @ :lsmvmhennal

5":' reaction

in air

Fig. 10 Synthesis and characterization of Ni—Co-S. (a) Procedure for
the synthesis of the Ni-Co-S. (b—d) SEM images of Ni—-Co-BTC, Ni—
Co-0 and Ni-Co-S-340(60), respectively. Reproduced from ref. 113
with permission from Elsevier, Copyright 2019.
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while on the other hand, the strong interface effect generated by
the introduction of high electrocatalytic activity NiCo,S, in NiS,
improved its HER performance. Self-supporting MoS,/NiCo,S,
with a mace-like layered structure synthesized on carbon fiber
paper (CFP) also had a good electrocatalytic performance for the
HER."™* 3DCFP served as the structural framework of bimetallic
NiCo,S,;; meanwhile, the NiCo,S, nanowire array provided
a good platform for the growth of MoS,. In this layered struc-
ture, the restacking and excessive aggregation of the 2D MoS,
nanosheets was avoided. The MoS,/NiCo,S,/CFP layered
configuration provided a large number of exposed active sites,
faster electron transport pathways, and electrical contacts with
stronger active sites for the HER reaction. The synergy between
the hierarchical structural features and abundant nano-
interfaces contributed to the excellent HER performance with

a low overpotential of 139 mV, Tafel slope of only 37 mV dec ,

and good stability at a current density of 10 mA em 2.

In general, transition metal sulfides will generate oxides or
hydroxides on their surfaces when they undergo the OER in
alkaline media."™® Compared with directly generated oxides/
hydroxides, due to the controlled calcination and sulfidation
process, transition metal sulfides can be closely combined with
MOF-derived carbon substrates, improving the inherent activity
and conductivity of the converted oxides/hydroxides. Therefore,
transition metal sulfides are often used as a support to improve
the conductivity of catalysts. In addition, the externally trans-
formed oxides/hydroxides form a core-shell structure with
transition metal sulfides, resulting in a synergistic effect
between the components. A recently reported MOF derivative/
2D MXene hybrid was in situ nucleated by ZIF-67 on exfoliated
Ti;C,T, MXene sheets and transformed into hierarchically
porous NiCoS mixed metal sulfides."*® The analysis of the
catalytic process showed that during the OER process, the
catalyst undergoes chemical structural transformation, the
valence state of the metal ions increases, and nickel cobalt
oxyhydroxide/NiCoS is generated in situ on the Ti;C,T, MXene
sheet. The nickel-cobalt hydroxide oxide on the surface, as the
intrinsic active substance of OER, greatly improved the catalytic
activity of the hybrid, and more importantly, due to the specific
structure and strong interaction between NiCoS and the TizC, T,
sheets, it improved the electron transfer rate and active surface
area of the catalyst. In addition, the Ti;C,T, sheet as a substrate
also provided certain active sites for the catalyst.

The highly electronegative S atoms in transition metal
sulfides can extract electrons from transition metal atoms,
which makes transition metal sulfides have better electro-
catalytic activity for the OER. Bimetallic sulfides were prepared
as OER catalysts via a one-step carbonization/sulfurization
method, which greatly simplified the synthesis process.'"”
Specifically, a nitrogen-doped nickel-iron sulfide carbon hybrid
structure, N-NiFe-S/C@CC, was obtained by controlling the
nickel-iron ratio for carbonization and sulfidation using carbon
cloth as the substrate. The OER test was carried out in 1.0 M
KOH aqueous solution and the best sample N-NiFe-S/C-8/
2@CC exhibited a low overpotential of 232 mV and Tafel
slope of 58 mV dec™ " at a current density of 10 mA cm™?, and
also good stability. The main reason for this was that the
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electronic interaction among the S, Fe, and Ni atoms in the
catalyst improved its OER activity, and secondly, the doping of
nitrogen elements and the conductivity of the MOF-derived
carbon improved the conductivity of the catalyst. In addition,
direct growth on carbon cloth also achieved stronger mechan-
ical bonding and promoted its stability.

4.2.2 MOF-derived transition metal oxides. It is well known
that the OER electrocatalytic activity of transition metal oxides
(TMOs) without noble metals is inferior to that of noble metal
catalysts with excellent electrocatalytic activity such as RuO,
(ref. 118) and IrO,,"* but transition metal oxides are considered
promising electrocatalysts due to their low cost and strong
redox ability.”* In recent years, there have been many studies on
the use of transition metal oxides as oxygen evolution catalysts,
and transition metal oxides derived from MOFs are usually
obtained via heat treatment in the air."** Among them, iron
group metal (Fe, Co, and Ni) oxides have been studied as effi-
cient OER catalysts in alkaline media."* Heterogeneous struc-
ture oxides composed of two or more transition metals exhibit
better electrocatalytic performances compared with single
metal oxides. As shown in Fig. 11, FeNi;-Fe;0, heterostructure
nanoparticles uniformly anchored on MOF nanosheets and
carbon nanotube (CNT) substrates were synthesized via hydro-
thermal and partial pyrolysis strategies."* The electrocatalytic
performance of FeNi;-Fe;O,NPs/MOF-CNT in the OER excee-
ded that of FeNi;-Fe;O,NPs/MOF without the CNT matrix.
When the glassy carbon electrode test reached a current density
of 10 mA cm ™2, the overpotential was 234 mV, and the corre-
sponding Tafel slope reached 37 mV dec ™', and it did not show
obvious attenuation after 20 h of durability testing in 1.0 M
KOH solution. Firstly, the adopted controlled pyrolysis strategy
maintained the surface area and well-organized pore structure
of the MOF, which promoted the entry of chemical substances
into the active centers. Secondly, through the rational interface
design of MOFs with FeNi;, Fe;O,, and CNT, FeNiz;-Fe;0,
particles with excellent electronic properties were obtained on
the electrode surface, which reduced the aggregation of active
sites and provided a surface structure, endowing the catalyst
with a fast charge transfer performance. In addition, the CNT
loaded with Fe;0, could provide a certain electron density for
the corresponding active sites of metal FeNiz;, endowing the
catalyst with good stability.

::.:‘f. } ’
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Fig.11 Schematic diagram of the synthesis of FeNiz—FesO4NPs/MOF-
CNT. Reproduced from ref. 123 with permission from the American
Chemical Society, Copyright 2020.
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Alternatively, transition metal Co-based oxides such as
Co30, (ref. 124) and CoO* have been extensively studied due to
their high OER catalytic activity, low cost, and durability. In
addition, studies have shown that metallic Co has a low energy
barrier for hydrogen adsorption,* which has potential appli-
cation in the HER. Rationally designing composites of metal Co
and transition metal Co-based oxides with bifunctional elec-
trocatalytic properties has become a feasible research idea.
Based on this, the Fe-Co-O/Co@NC-mNS/NF heterostructure
electrocatalyst was obtained using a Co-MOF synthesized on
nickel foam and K; [Fe(CN),] solution after the initial treatment
in an argon atmosphere through a two-step heating method and
in situ oxidation.'”® In the electrochemical tests, the OER and
HER exhibited lower overpotentials of 257 mV and 112 mV at
a current density of 10 mA cm ™2, respectively, while for overall
water splitting, the electrolytic cell only needed a low cell
potential of 1.58 V to reach 10 mA cm ™ 2. Doping Fe into the host
Co-based material during the synthesis of the catalyst was
beneficial to generate defective active sites and improve the
electrical conductivity of the host material.** Furthermore, in
situ oxidation changed the micro-columnar structure of Fe-Co-
O/Co@NC/NF into a thin nanosheet structure, which intro-
duced structural defects and its larger electrochemical activity-
specific surface area exposed more active sites. Simultaneously,
the oxygen vacancies produced during the in situ oxidation
process accelerated the charge transfer, and thus exhibited
excellent electrocatalytic activity for the OER.**®

Among the transition metal oxides, ABO;-type perovskites
have attracted extensive attention due to their abundant
content, low element cost, high electrocatalytic activity, and
easy mass production.’**** However, the small specific surface
area and poor electrical conductivity of metal oxides have
become important factors restricting their catalytic perfor-
mance.”* The transition metal oxides derived from MOFs have
increased conductivity and specific surface due to the addition
of an external carbon source, thereby exhibiting the catalytic
properties of oxides. In addition, the oxygen vacancies in the
catalyst, as an important determinant in the catalytic process,
profoundly affect the OER catalytic activity and stability of the
catalyst. The carbon-cobalt/perovskite hybrid product
GBCF40@Co-C was used as an efficient and stable oxygen
evolution catalyst.’®* The Fe-doped perovskite oxide
GdBaCo,_,Fe,Os,s was surface modified, and PVP was used as
a surfactant to form the core-shell structure GBCF40@ZIF-67
with ZIF-67, and the GBCF40@Co-C catalyst was obtained by
controlling the pyrolysis temperature and the amount of ZIF-67.
The experimental results showed that the overpotential of the
modified GBCF40@Co-C slightly increased, which was 309 mV
at a current density of 10 mA cm 2, and its Tafel slope was
86.88 mV dec”'. Furthermore, its electrocatalytic stability
greatly improved, which was stronger than the noble metal
catalyst RuO, in the comprehensive performance test for 12 h.
Given that the B site coordinated with the O anion in perovskite
usually represents the active site of the oxygen intermediate, B
site doping can change the electronic structure of the metal
active site. The B-site doping of the Fe element affected the
valence state and electronic structure of Co and increased the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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oxygen vacancies, which improved the catalytic performance of
the catalyst. Simultaneously, the strong coupling between the
modified GBCF40@Co-C carbon and carbon was the key reason
for the good stability, and the combination with ZIF-67 also
improved the conductivity and electrocatalytic active area of the
material itself.

In addition, the transition metal oxides generated on the
electrode surface in the hydrogen evolution reaction can
enhance the electrocatalytic activity in an alkaline solution,**
greatly improving the slow hydrogen evolution reaction kinetics
in alkaline media."** A composite structure Co@Co03;0,-NC
hydrogen evolution catalyst was formed via the carbonization
and partial oxidation of ZIF-67 in an N, atmosphere.”*® The
structure anchored the partially oxidized Co nanoparticles in
the N-doped carbon positive dodecahedron framework, where
the Coz0, shell acted as an effective charge separation func-
tional layer, while the metal Co core immediately transferred
the separated charges to the N-C framework, improving the
electrocatalytic performance by accelerating the speed of charge
separation and transfer. When the current density of 1.0 M KOH
solution reached 10 mA cm 2, the overpotential for the HER was
221 mV, making Co@Co03;0,-NC a good HER electrocatalyst for
application in alkaline media.

4.2.3 MOF-derived transition metal carbides. Transition
metal carbides (TMCs) are often used as a substitute for noble
metal catalysts due to their low production cost, good electrical
conductivity, and stability. For example, metal carbides such as
WC"¢ and Mo,C"” have been proven to be good HER electro-
catalysts. At higher temperatures, transition metal carbides are
formed by introducing carbon atoms into the metal lattice,
which have catalytic properties and electronic structures similar
to noble metal Pt catalysts.**®*** Among them, Mo,C is a mate-
rial with a high melting point, which often requires higher
temperature annealing during the synthesis process.**
However, high temperatures will lead to aggregation or coars-
ening of the highly crystalline Mo,C,"" resulting in the loss of
a large number of its active sites and decrease in its HER cata-
lytic activity. Therefore, high-temperature annealing using the
corresponding MOF materials is an effective method to prepare
Mo,C. Mo precursors are dispersed or confined in the surface or
pores of MOFs and in situ carbonized into Mo,C@C nano-
particles during pyrolysis, and the presence of a carbon matrix
prevents the coalescence and aggregation of Mo,C. In addition,
the carbon matrix provides porous channels for mass transfer
and high conductivity for electron transfer. A method for
preparing Co-NC@Mo,C complexes based on MOFs was previ-
ously reported. ZIF-67 was prepared and ground with ammo-
nium molybdate tetrahydrate, carbonized under a pure argon
flow, and annealed at 700 °C for 3 h to obtain Co-NC@Mo,C."**
As shown in Fig. 12(b), the synthesized ZIF-67 exhibited
a rhombic dodecahedral structure with a smooth surface. After
grinding, its surface was covered by ammonium molybdate and
became rough, the Co ions in ZIF-67 were reduced to CoONPs
after carbonization under a high-temperature argon atmo-
sphere, carbonitrides were formed around the CoNPs, and
ammonium molybdate was converted to Mo,C. This complex
combined the advantages of Mo,C with Co-NC, and an
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grinding carbonization

»

Wrapped ZIF-67 g Co-NC@Mo,C

Fig. 12 Synthesis and characterization of Co-NC@Mo,C. (a) Diagram
of the process for the formation of Co-NC@Mo,C. (b—d) FESEM
images of the as-prepared ZIF-67, ammonium molybdate tetrahydrate
wrapped ZIF-67 and Co-NC@Mo,C, respectively. Reproduced from
ref. 142 with permission from Elsevier, Copyright 2019.

overpotential of 143 mV and 99 mV was required to achieve
a current density of 10 mA cm ™ during the HER in acidic and
alkaline media, respectively. The coating structure formed by
Mo,C in the composite protected the electrocatalytic reaction
sites of Co particles, provided more metal-active sites, and
enhanced the electrocatalytic performance of the catalyst.
However, this method will inevitably cause excessive carbon
deposition, which will block the surface active sites of Mo,C,
thereby reducing the mass activity of the electrode materials.
Simultaneously, Mo,C is limited by the high density of vacan-
cies in its structure, and strong H binding will inhibit the
desorption of H in the adsorbed state to produce H,"** and the
introduction of electron-rich heteroatoms such as N, S, and P
will reduce the hollow d-band density of Mo,C and weaken the
strength of Mo-H. Based on this, the topological trans-
formation method of nitrogen-doped porous Mo,C mesogens
(N-Mo,C/CFP) synthesized on carbon fiber paper using ZIF-67
as a nitrogen and carbon source in the gas-solid reaction
route was proposed for the first time.*** Firstly, MoO;-H,O was
conformally coated on the surface of CFP to form a core-shell
structure, and MoOj3-H,0 nanoparticles were converted into
MoO; nanosheets after calcination and dehydration in the air.
With an increase in the electrodeposition time, MoO; nano-
plates gradually accumulated and serious overlapping of the
nanoplates appeared in N-Mo,C/CFP-60. Also, the nanoplates
with a rough surface were well preserved after ZIF-67-assisted
non-contact carbonization by gas-solid reaction in N-Mo,C/
CFP-30 and N-Mo,C/CFP-45. Among them, N-Mo,C/CFP-45
exhibited the best electrocatalytic HER performance. An over-
potential of only 45 mV was needed to achieve the current
density of 10 mA em~? in 0.5 M H,SO, solution, and the Tafel
slope was 44 mV dec ', while overpotentials of 80 mV and
36 mV were required in neutral and alkaline media, and the
corresponding Tafel slopes were 65 and 32 mV dec ', respec-
tively. In addition, the excellent thermal stability of N-Mo,C/
CFP-45 endowed the catalyst with excellent stability and dura-
bility. Compared with the polycrystalline Mo,C that was re-
ported thus far, the as-prepared porous Mo,C mesogenic with
higher grain orientation had similar properties to single-crystal
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Mo,C, significantly enhancing the charge transfer rate in its
crystal framework. Simultaneously, its abundant porous char-
acteristics and carbon-free residues increased the exposed
active sites, and nitrogen doping also improved the catalytic
activity of Mo,C for the HER.

Based on the encapsulation and in situ carbonization reaction
of a copper-based metal-organic framework (NENU-5), the
porous nano-octahedral material MoWN/MoWC@NACATs ob-
tained via the strategy of MOF encapsulation-assisted synthesis
was used as an efficient hydrogen evolution catalyst for the
electrolysis of water."* By introducing hydrated phosphomolyb-
dic acid and hydrated phosphotungstic acid as precursors in
copper-based MOFs, combined with the vapor deposition
method, the nano-octahedral particles fixed the volatile nitrogen
generated by the pyrolysis of dicyandiamide, and thus tungsten-
molybdenum-based oxides and solid carbon were nitrided to
form MoWN/MoWC@NACATS. After electrochemical tests, the
HER overpotential of MoWN/MoWC@NACA800 was as low as
—0.17 V (vs. RHE) and its Tafel slope was about 73 mV dec ™,
which was slightly higher than that of commercial Pt/C catalysts.
Its excellent catalytic activity was derived from the unique porous
nano-octahedral Mo,N/MoC/W,N/WC heterogeneous material,
and the carbonization temperature and synergistic effect of the
multi-component heterogeneous structure greatly enhanced the
multifunctional performance of the material. The encapsulation
and vapor deposition methods used in the preparation process
effectively prevented the accumulation and loss of active mate-
rials and ensured the uniform distribution of active sites in the
catalyst, significantly improving its electrocatalytic performance.

4.2.4 MOF-derived transition metal phosphides. Transi-
tion metal phosphides (TMPs) have both semiconductor and
metal properties, and their special electronic structure endows
them with excellent conductivity, rapid charge transfer, and
improved reaction kinetics when used as electrocatalysts, and
thus they have high catalytic activity in the HER. According to
the study of nickel phosphide by Liu et al.,** it was found that
nickel phosphide exhibits a similar catalytic mechanism as
hydrogenase and excellent catalytic performance in the HER.
Various phosphides such as Ni,P,**” CoP,**® FeP,"** and MoP"**
have gradually been found to have good electrical conductivity
and catalytic activity, and their good HER catalytic performance
has also been experimentally proven. For example, Ni-MOF was
synthesized via a simple solvothermal method, and a well-
organized Ni,P/Ni@C hybrid with a carbon coating was ob-
tained through a stepwise carbonization and phosphating
process.” Compared with the RHE, the HER test in 0.5 M
H,SO, solution showed that the required overpotential at
a current density of 10 mA cm > was only 149 mV. The opti-
mized hierarchical micro-nano structure of the Ni,P material
provided more contact area between the electrode and the
electrolyte, and the carbon coating of the catalyst provided
better conductivity and avoided the agglomeration and pulver-
ization of the active material. More importantly, the synergistic
effect between Ni,P and Ni led to faster charge transfer and
enhanced catalytic activity in Ni,P/Ni@C. Generally, transition
metal phosphides derived from MOFs are generated by the
pyrolysis of MOFs and phosphorus sources under inert gas.
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However, when MOFs are used as precursors to be converted
into transition metal phosphides through high-temperature
calcination, problems such as destruction of the original MOF
material structure and aggregation of the metal active centers
often occur. Moreover, the unsaturated coordination centers of
MOFs have a stronger adsorption effect on oxygen-containing
substances than hydrogen-containing substances, resulting in
an unsatisfactory HER performance. Therefore, it is a serious
challenge to design hybrid catalysts integrating TMP and MOFs
to make AGy+ close to the optimal value. Co-MOF was prepared
via the hydrothermal deposition of Co(OH)F on carbon fiber
paper and reaction with imidazole vapor, which was subse-
quently partially phosphate by reaction with sodium hypo-
phosphite to obtain CoP/Co-MOF."*?> Among them, the Co-MOF
converted from Co(OH)F by gas phase reaction retained the
needle-like morphology, which enhanced the mass transfer
process in the catalytic process. The transfer of electrons from
CoP to Co-MOF through N-P and N-Co bonds increased the
adsorption energy of water and hydrogen. This enabled it to
achieve a current density of 10 mA cm > when performing the
HER in 1 M phosphate buffer solution (PBS, pH = 7.0) with an
overpotential of only 49 mvV, and it also exhibited similar
properties to Pt under acid-base conditions.

In transition metal phosphide systems, the positively
charged metal ions can serve as hydroxyl acceptors, while the
negatively charged phosphorus active sites play an important
role in promoting the desorption of O, molecules, and thus can
also be used as OER electrocatalysts. However, under the strong
oxidation conditions of the OER, due to the poorer thermal
stability of transition metal phosphides than oxides, similar
sulfides will be converted into oxides or hydroxides during OER
oxidation. Among them, the catalytic performance of transition
metal phosphide-converted oxides or hydroxides is often higher
than that synthesized by common methods. Therefore, taking
advantage of the fact that P and S are less electronegative than
oxygen in hydroxides, combining heteroatoms with different
atomic radii and electronegativities (P, S, etc.) in the lattice of
metal phosphides is an important way to increase the number
of active sites, optimize the formation energy of intermediates
and redistribute the electronic structure to improve the elec-
trocatalytic activity of the material. A series of S-doped NiFeP
catalysts with high catalytic activity was prepared by using
porous conductive carbon cloth (CC) and S-containing MOFs
(CPM-443-SH) as substrates and precursors, respectively, which
were in situ grown on the carbon cloth and subjected to mild
phosphating treatment.”® Density functional theory (DFT)
calculations showed that the doping of S elements led to the
formation of metal-sulfur bonds. The formed metal-sulfur
bond played an important role in regulating the electronic
structure of the catalyst, effectively lowering the energy barrier
during the adsorption and reaction pathways for the OER.
Moreover, S doping played a crucial role in promoting the
formation of OOH* and further releasing O, during the OER
process. The as-prepared S-NiFeP-10 sample exhibited an
excellent OER performance and outstanding durability in 1.0 M
KOH electrolyte. It yielded the highest OER activity at a current

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Schematic of the synthesis of Ti,NT,@MOF-CoP. Reproduced
from ref. 158 with permission from Elsevier, Copyright 2021.

density of 10 mA cm™? with an overpotential of 201 mV without
iR compensation.

Transition metal phosphides are often used as bifunctional
catalysts for water electrolysis due to their good electrocatalytic
performance in both the HER and OER. Also to improve the
electrocatalytic performance of transition metal phosphides,
doping with different transition elements,"* heteroatoms,'*
and organic ligands®® or using multiple phases as the active
center becomes an effective means of electrocatalytic activity
enhancement through the synergistic interactions between
elements. The Ni,P-CoP bifunctional catalyst was synthesized
from NiCo-MOF as a precursor via a low-temperature phos-
phating strategy.”” The OER and HER overpotentials of the
Ni,P-CoP catalyst at a current density of 10 mA ¢cm™ > were
320 mV and 105 mV, respectively. The strong synergistic effect
existing in Ni,P-CoP was demonstrated compared with the
significant advantages of the Ni,P or CoP catalyst alone.
Compared with the Ni,P + CoP catalyst obtained via mechanical
mixing, the stronger electrocatalytic performance of Ni,P-CoP
demonstrated its strong interfacial effect. Alternatively, heter-
ostructure catalysts based on transition metal phosphides are
heterostructures composed of two solid materials coupled
through interfacial interactions. These catalysts not only have
the inherent characteristics of the two materials, but also new
performance advantages due to the interfacial effects, and thus
heterostructures produced by designing different conductive
substrates can have various advantages such as improved
conductivity. As shown in Fig. 13, the Ti,NT,@MOF-CoP
composite material self-assembled by phosphating precursor
ZIF-67 and Ti,NT, MXene nanosheets had a strong hydrogen
evolution performance.'*® Especially under alkaline conditions,
when pH = 14, the overpotential of only 112 mV was needed to
reach the current density of 10 mA cm ™2, and it showed strong
stability after 20 h of cycle test. This was because MOF-CoP had
a large specific surface area and strong catalytic activity. The
introduction of Ti,NT, not only provided more active sites but
also made the heterostructure of the catalyst more stable.

5 Summary and outlook

Herein, we reviewed the recent research progress on MOFs as
catalysts for the electrolysis of water, including MOF materials,
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transition metal sulfides, transition metal oxides, transition
metal carbides, and transition metal phosphides derived from
MOFs. Simultaneously, the mechanism of the hydrogen evolu-
tion reaction and oxygen evolution reaction, the relevant eval-
uation parameters of electrocatalysts, the research status of
MOF-based materials, and the main synthesis methods were
explained, summarized and prospected.

In the case of pristine MOFs, their electrocatalytic properties
can be enhanced by controlling their morphology to expose
more active sites, designing their organic ligands, building two-
dimensional nanosheet structures, combining them with
conductive materials to enhance their conductivity, and doping
with the corresponding heteroatoms. The derivatives of MOFs
not only inherit the characteristics of the MOF precursors such
as porous structure, high-density active sites, and adjustable
pore size, but also have stronger chemical stability. To improve
the electrocatalytic performance of MOF materials, their struc-
tural design and electronic regulation through different
methods are indispensable. Herein, the following methods
were summarized: (1) shape control, MOF electrocatalysts with
special shapes such as nanosheets and nanowires were
prepared by direct synthesis using sacrificial templates and
orderly deposition. Different morphological structures will
change the catalyst reaction interface and provide a large
number of coordinatively unsaturated active centers and faster
charge transfer paths. (2) Constructing defects, generating
defects (oxygen vacancies and metal ion vacancies) in metal-
organic frameworks through ion-exchange synthesis, exposing
a large number of active sites and accelerating the charge
transfer rate. (3) Changing the electronic structure by doping
atoms. The electronic structure of MOF materials (such as
density of states, d-band centers of transition metals, and
charge polarization) can be adjusted by introducing vacancies,
heteroatoms, alloys, etc. (4) Through interfacial interaction,
synergistic functional systems, and protection of corrosion-
resistant components, MOFs composites have good charge
transfer ability, catalytic activity, and corrosion resistance
stability. (5) Obtaining the main surface-active components in
catalysis through surface modification such as partial surface
oxidation, high-energy crystal plane, and surface
reorganization.

Although there are many studies on MOFs in the electrolysis
of water, there are still many challenges in the application of
MOFs for industrial hydrogen production. Given the main
problems existing in MOFs at present, the future development
direction prospects are as follows: (1) development of more
types of MOFs for water electrolysis to produce hydrogen.
Currently, numerous MOF materials have been reported, but
only a few have been applied in electrocatalytic water splitting.
Given that the morphology of the MOF precursors usually
determines the electrocatalytic performance of MOF catalysts,
researching more types of MOF precursors is conducive to
discovering more types of active sites and increasing the
number of potential active sites. Among them, catalysts based
on atomic-level MOFs have become research hotspots, but it is
still challenging to prepare single-atom MOFs with more active
sites. (2) The preparation method and process mechanism of
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MOF-derived materials still need to be further explored. Most of
the MOF-derived materials used in the electrolysis of water are
formed by heat treatment methods such as pyrolysis and
calcination, but high temperature will lead to a reduction in the
catalytic active centers of MOF materials. Therefore, prepara-
tion methods under low-temperature conditions should
become the key direction of future research. Simultaneously,
the specific process for the change in MOF materials during
heat treatment is still unclear, and the development of deriva-
tive technologies for forming controllable morphology and
structure needs to be accelerated. (3) The design and synthesis
of MOFs with a smaller overpotential, stronger conductivity,
and stability. Firstly, the overpotential of the currently existing
MOFs is still not comparable to that of commercial noble metal
catalysts, and thus further development is still needed.
Secondly, the poor electrical conductivity of MOFs severely
limits the catalytic performance of MOF materials. Although
they can be combined with highly conductive materials to
improve their charge transfer efficiency, there is still interfacial
resistance between MOFs and conductive substrates. Therefore,
developing charge-conducting MOFs is a new challenge. Finally,
methods to maintain the stability of MOF materials during
electrocatalysis in acid-base solutions need to be studied
intensively.
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