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Electrocatalytic technology opens a new path to solve the existing problems in fossil fuel consumption and
environmental pollution as well as efficient energy use. Metal-organic frameworks (MOFs), a class of
crystalline porous materials with high specific surface area, high porosity and customizable structures, have
emerged as promising electrocatalysts. However, their inherently low electrical conductivity and stability
greatly hinder their further applications. Therefore, strategies such as synthesizing two-dimensional
conductive MOFs, designing unsaturated metal sites, and building MOF nanoarrays have been developed
to enhance the conductivity and catalytic reaction transfer rates of MOFs, accompanied by the rational
designs of MOFs for improving their stability. In this review, the applications of MOF-based electrocatalysts
in the hydrogen evolution reaction (HER), hydrogen oxidation reaction (HOR), oxygen evolution reaction
(OER), oxygen reduction reaction (ORR) and nitrogen reduction reaction (NRR) are presented in detail with
the classification of monometallic MOFs, bimetallic MOFs, MOF-based composites and MOFs as supports.
In addition, the relationship between the structure and performance is discussed through DFT calculations
used in related work. Finally, future challenges and application prospects of MOFs in electrocatalysis are
highlighted.
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provide conduction sites for electrochemical reactions, thus
improving the rate and selectivity of the reactions. However,

1 Introduction

Energy and the environment have always been hot topics of
concern to countries around the world and are the basis of
national economic and social development.' In recent years,
with the rapid development of the economy, energy shortage
and environmental pollution problems have become more
and more serious. There is an increasing need to develop
sustainable and efficient clean energy to promote a new
energy revolution.”® Electrocatalysis, an efficient and clean
chemical energy conversion process, has the ability to convert
molecules with high atmospheric content (e.g. oxygen,
nitrogen and carbon dioxide) and water into products that
are beneficial to humans (e.g oxygenated compounds,
ammonia, hydrocarbons and hydrogen).* Electrocatalysts play
a crucial role in electrocatalytic processes because they
reduce the activation energy of electrocatalytic reactions and
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electrocatalysts for various types of electrocatalytic reactions
(hydrogen evolution reaction, hydrogen oxidation reaction,
oxygen reduction reaction, oxygen evolution reaction, and
nitrogen reduction reaction) are currently some distance
away from commercial applications due to the limitations of
expensive and scarce resources of precious metals and the
poor activity, selectivity, and stability of non-precious metal

Cha Li received his M.S. degree
from Tianjin Normal University
in 2022. He is currently a PhD
student at Nankai University
under  the  supervision  of
Professor  Jiandong Pang and
Professor ~ Xian-He Bu. His
current research focuses on the
applications of crystalline porous
materials in energy catalysis and
functional devices.

Cha Li

Ind. Chem. Mater, 2023,1,9-38 | 9


http://crossmark.crossref.org/dialog/?doi=10.1039/d2im00063f&domain=pdf&date_stamp=2023-02-21
http://orcid.org/0000-0001-7546-5580
http://orcid.org/0000-0002-2646-7974
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2im00063f
https://pubs.rsc.org/en/journals/journal/IM
https://pubs.rsc.org/en/journals/journal/IM?issueid=IM001001

Open Access Article. Published on 24 ianuarie 2023. Downloaded on 03.09.2025 21:11:37.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

catalysts. Therefore, it is crucial to develop advanced
electrocatalysts with high catalytic performance to cross this
gap.

Coordination polymers are compounds formed by the
assembly of metal ions or metal clusters with organic ligands
through coordination bonds.>® The more prominent of these
are porous coordination polymers with pore structures.
Porous coordination polymers formed from ligands with
metal ions/metal clusters are commonly referred to as metal-
organic frameworks.” Since the concept of metal-organic
frameworks (MOFs) was first introduced by Yaghi in 1995,% a
large number of MOFs have been reported in the last three
decades.” MOFs have attracted extensive interest and in-
depth research from chemical and materials scientists and
have been widely used in gas adsorption/separation, catalysis,
sensing, and drug delivery due to the following main
advantages: high crystallinity, large porosity and surface area,
structural diversity and designability.'®°

Meanwhile, MOFs have been applied to different types of
electrocatalytic reactions in different presence modes and
have obtained impressive catalytic activities. These include
the hydrogen evolution reaction (HER), hydrogen oxidation
reaction (HOR), oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER). These reactions are the core
reactions of the following devices or cells: metal-air cells,
renewable fuel cells, electrolytic water to hydrogen devices
and other important electrochemical energy conversion
devices. The electrocatalytic nitrogen reduction reaction to
ammonia also shows attractive application prospects in the
field of energy conversion. Several research groups have
reviewed the progress of MOF-based catalysts for the
electrocatalytic HER, OER and ORR.>'"*” However, the recent
advances in MOF-based electrocatalytic HOR and NRR
processes have rarely been summarized. Meanwhile, with the
continuous development, plentiful MOF electrocatalysts have
appeared recently. Hence it is necessary to summarize the
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literature reports in a timely manner, which is helpful for
researchers to design MOF-based electrocatalysts accurately
and deepen the understanding of the relevant reaction
mechanisms.

Here, we intend to summarize the progress of MOFs in
various electrocatalytic reactions, including the HER, HOR,
OER, ORR and NRR. The focus is on the design of MOF
materials, the solution to key problems in catalytic
reactions,  structure-property  relationships,  catalytic
performance and mechanisms. First, we list the evaluation
parameters for assessing various types of electrocatalytic
reactions. Then, we systematically summarize the research
progress of MOF-based electrocatalysts in recent years by
classifying monometallic MOFs, bimetallic MOFs, MOF-
based composites, and MOFs as supports, and initiate an
in-depth  discussion through the reported reaction
processes, reaction mechanisms, and modelling theory
calculations involved. Among them, we intersperse the
progress to cover the design strategies of general MOF-
based catalysts used to improve the activity, conductivity
and stability of electrocatalytic reactions, including the
synthesis of two-dimensional conducting MOFs, the design
of unsaturated metal sites, the construction of MOF
nanoarrays and the selection of highly stable MOFs. Finally,
we provide an outlook on the future opportunities and
challenges for MOF-based electrocatalysis and present the
prospects for future research.

2 Electrocatalytic performance
evaluation and measurement

In order to assess the performance of the above-mentioned
electrocatalytic reactions precisely, the following parameters
for the evaluation of important reactions are summarized in
this section.
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2.1 Cyclic voltammetric curves (CV) and linear polarization
curves (LSV)

Cyclic voltammetric curves (CV) and linear polarization
curves (LSV) are the most intuitive methods to evaluate the
activity of electrocatalysts. Generally, the system is saturated
with high purity hydrogen (for the HER)/high purity nitrogen
(for the NRR)/high purity oxygen (for the ORR)/high purity
argon (for the HER and OER) before the test. The system is
then subjected to a continuous CV scan to activate the
catalyst to reach a steady state, followed by an LSV test to
obtain a linear scan voltammetric curve. Different
information can be obtained from the LSV curves for
different electrocatalytic reactions, such as overpotential,
onset potential, half-wave potential, etc.

2.2 Tafel curve

The Tafel curve describes the dependence between the
steady-state current density and the individual overpotentials.
Typically, the logarithm of the current density and the
overpotential of the catalyst have a linear correlation. The
specific Tafel equation is # = a + blogj (i is the overpotential,
J is the current density, and b is the Tafel slope), where the
Tafel slope (b) and the exchange current density (j,) are two
important kinetic parameters to evaluate the catalyst
performance. The magnitude of the Tafel slope can reflect
the catalytic mechanism and reaction kinetics of the catalytic
reaction process. The exchange current density (j,) is the
current density when the overpotential of the catalyst is zero,
which reflects the intrinsic catalytic capacity of the electrode
material at equilibrium potential. In general, high-
performance electrocatalysts have both a low Tafel slope (b)
and a high exchange current density (j,).

2.3 Koutecky-Levich plot

For the hydrogen oxidation and oxygen reduction reactions,
the relationship between the magnitude of the total current
density (j) of the electroactive species and the electrode
rotational velocity (w) in the region jointly controlled by
diffusion and reaction kinetics in the rotating disk electrode
(RDE) process is known as the Koutecky-Levich equation:

1111 1
J Jx Ju NFkCo  0.62nFCo(Do)* v 1/6w1/?

where ji. is the kinetic current density, j;, is the diffusion

current density, n is the number of electrons transferred, F is
the Faraday constant, k is the electron transfer rate constant,
D, is the diffusivity of H,/O,, v is the kinematic viscosity, C,
is the solubility of H,/O, in the electrolyte and « is the
rotational speed. The K-L equation is based on the laminar
fluid dynamics of a smooth electrode surface. Therefore, as-
prepared catalyst films during the test must be as thin,
uniform and smooth as possible, and the amount of catalyst
added must be strictly controlled to ensure the accuracy of
the calculated kinetic currents. The electron transfer number

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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(n), the rate constant (k) and the kinetic current density are
the key parameters that can be calculated from the K-L
equation.

2.4 Electrochemically active surface area (ECSA)

The electrochemically active surface area is the active area of
the catalyst that is actually involved in the reaction during
the electrocatalytic reaction and is a concept relative to the
geometric area. It is not scientific to compare the
performance of different catalysts based only on the unit
geometric area of the electrode. This is because different
catalysts have different catalyst loading substrate roughness.
Therefore, the concept of electrochemically active surface
area is introduced and used as a benchmark to compare the
catalytic performance of different catalysts. The value of the
differential capacitance (Cqj) is generally measured by cyclic
voltammetry and impedance spectroscopy to obtain the
electrochemically active surface area of the catalyst.

2.5 Turnover frequency (TOF)

The turnover frequency (TOF) indicates the number of
converted reactant molecules into target products per catalyst
active site per unit time, showing the intrinsic catalytic
activity of a catalytically active site. It is difficult to obtain the
conversion frequency of heterogeneous catalysts, mainly
because the number of active sites actually participating in
the reaction is difficult to define.

2.6 Faraday efficiency (FE)

The Faraday efficiency is a common metric for
electrocatalytic systems and describes the utilization of
electrons in a particular electrocatalytic reaction process. For
a particular electrocatalytic reaction, it is generally the ratio
between the actual target product amount and the theoretical
target product amount. It can be tested using drainage
methods, oxygen sensors, gas chromatographs, etc.

2.7 Ammonia yield rate

For ammonia production by electrocatalytic nitrogen
reduction, the ammonia yield rate is critical and refers to the
amount of nitrogen to ammonia conversion achieved under a
nitrogen atmosphere. The ammonia content can be tested
with a UV spectrophotometer using Nessler's reagent,
indophenol  blue, nitrogen 15 gas labeling, ion
chromatography, etc.

2.8 Stability

For each electrocatalytic reaction, the stability of the catalyst
is as critical as the catalytic activity of the catalyst to achieve
further commercial applications. The stability of a catalyst is
not only related to the structural and compositional stability
of the catalyst itself, but also to the preparation process of
the electrode. There are several types of stability tests: one is
to test the potential versus time curve (I-t curve or V-t curve)

Ind. Chem. Mater., 2023,1,9-38 | N
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at a certain current density; another is to test the current
versus time at a constant overpotential; the other is to
perform successive CV tests on the catalyst in the potential
interval corresponding to the electrocatalytic reaction and
assess the stability of the catalyst by comparing the change
in the potential and current density between the first CV
curve and the last CV curve. In addition, for the hydrogen
oxidation reaction, the tolerance to carbon monoxide needs
to be evaluated.

There are many key factors affecting the electrocatalytic
performance, external factors including the temperature,
pressure, operating environment and errors, etc., and internal
factors including the structure and composition of the
catalyst, the choice of the substrate electrode carrier of the
catalyst, the defects on the catalyst surface, the form of
hybridization and the active species of the morphological
catalyst. Therefore, in the process of electrocatalytic
experimental testing, the external factors such as the
temperature, humidity and pressure of the environment need
to be controlled and unified. Moreover, different reference
electrodes are selected according to different acidic and
alkaline environments. For example, when the electrolyte is
alkaline, the Hg/HgO electrode (E(RHE) = E(Hg/HgO) + 0.0591
x pH + 0.098) should be selected as the reference electrode.
When the electrolyte is neutral, it is recommended to select
the saturated calomel electrode (E(RHE) = E(SCE) + 0.0591 x
pH + 0.244) or the Ag/AgCl electrode (E(RHE) = E(Ag/AgCl) +
0.0591 x pH + 0.197) as the reference electrode. For acid
electrolytes, the saturated calomel electrode or the Hg/Hg,-
SO, electrode (E(RHE) = E(Hg/Hg,S0,) + 0.0591 X pH + 0.656)
should be selected as the reference electrode. For uniform
comparison, they are generally converted to the reversible
hydrogen electrode (RHE).

3 MOF-based electrocatalysts for the
hydrogen evolution reaction

As fossil fuels continue to be depleted, it is critical to
develop clean and sustainable energy sources.*® Hydrogen
(H,) is a clean, carbon-free energy carrier and a promising
alternative for solving energy supply problems in the

future.>*® The rational and efficient use of hydrogen
energy is one of the most pressing issues today.
Continuous production of high-purity hydrogen by

electrochemical water splitting is a particularly attractive
route, but requires efficient and stable electrocatalysts to
drive the hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) in the water splitting process.*'
To date, platinum-based electrocatalysts remain the
benchmark catalysts for the HER due to their ultrafast
kinetics as well as low overpotential, but their high price
and scarce resources limit their large-scale application,
thus prompting the search for efficient and stable HER
electrocatalysts.®®> The electrocatalytic ~reaction occurs
between the solid-liquid interface of the electrode and the
electrolyte, and there are different reaction processes and

12 | Ind. Chem. Mater,, 2023, 1, 9-38
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different reaction mechanisms in each of the acid-base

electrolytes. The reaction processes of the hydrogen
evolution reaction in acidic and basic electrolytes are as
follows,** respectively.

Acidic:

Volmer step: H + ¢~ — H*
Heyrovsky step: H + H* + ¢ — H,
Tafel step: 2H* — H,
Alkaline:

Volmer step: H,O + e- — OH™ + H*

Heyrovsky step: H,O + H* + e- — OH + H,

Tafel step: 2H* — H,

The present hydrogen evolution reaction can be divided
into three primitive reactions. As an example of the hydrogen
evolution reaction in an alkaline medium: first, hydrated
protons adsorb onto the catalyst (*) surface and get an
electron, and a reduction reaction takes place to form
adsorbed H* and OH'. This process is called the
electrochemical step (Volmer step). Then, the adsorbed H
(H*) can form H, in two ways. One is the electrochemical
desorption step (Heyrovsky step), where H* binds to the
hydrated proton in solution and gets an electron from the
catalyst surface to form H,. The other is the complex
desorption step (Tafel step), where two H* combine directly
to form H,.

The reason why the HER is more favorable under acidic
conditions is that the energy required for the adsorption of
hydrated protons (H;0") in the Volmer step of the HER under
acidic conditions is much less than that required to break
the H-O-H bond of the water molecule under alkaline
conditions.** Also, the Volmer step is required for both acid
and alkaline media. Meanwhile, according to the above
reaction equations, both Volmer-Heyrovsky and Volmer-Tafel
pathways involve the formation of intermediate H¥*.
Therefore, the free energy change of H adsorption (AGyx) is
an important indicator for predicting/estimating the activity
of HER catalysts.”® AGy~ is highly dependent on the
electronic structure and the intrinsic surface chemistry of the
material. In general, according to the Butler-Volmer equation
and Sabatier's principle, the hydrogen adsorption energy
(HBE) of an ideal electrocatalyst should not be too high nor
too low, that is, with an optimal HBE.*® Therefore, it is
desirable to have a near-zero AGy~ in the design of the
electrocatalyst.

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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Metal-organic frameworks have the advantages of uniform
pore size distribution, abundant porous structure and high
specific surface area. Therefore, the synthesis of MOFs with
predictable structures and high stability has been an
important goal in the field of metal-organic framework
research. A clear strategy to guide the design of ligands and
metals will help to develop novel functionalized MOFs and
provide a fire-new reference for various fields. Synthesis with
the same reactants may lead to MOFs with different
topologies and properties, and the reaction time, method
and temperature of synthesis will also affect the crystal
structure, morphology and pore environment of MOFs, which
further affect the performance of the materials. There are two
common adjustment directions for the synthesis of MOF-
based electrocatalysts, i.e., tuning the size of MOFs and
modulating the conductivity of MOFs. For regulating the size
of MOFs, specific synthesis methods include chemical/
physical exfoliation, solvothermal, hydrothermal, surfactant-
assisted, microwave heating, ultrasonic, and electrochemical
in situ synthesis methods to make the MOFs possess
nanoscale size, which can maximize the exposure of
catalytically active sites while accelerating the electron
transport; for improving the conductivity of MOFs, specific
synthesis methods include in situ growth of MOFs on
conducting  substrates, self-assembly  methods, etc.
Furthermore, based on the diversity of metal ions and
ligands, specific metal centers and ligands containing
specific organic functional groups can be selected to design
and synthesize MOFs with high stability under a catalytic
environment and applied to the study of electrocatalysis. To
make MOFs with high stability, researchers generally choose
to construct frameworks using carboxylate-based ligands
(hard Lewis bases) and high-valent metal ions (hard Lewis
acids, such as AI**, Cr**, Fe**, Ti**, and zr*") or azo-based
ligands (soft Lewis bases) and low-valent transition metal
ions (soft Lewis acids, such as Co>', Ni**, Cu®*", and zn*")
based on hard-soft-acid-base (HSAB) theory.?”

Meanwhile, catalytically active ligands such as porphyrins
can be introduced into MOFs, as well as modulating the pore
environment and pore structure to regulate the catalytic
performance of monometallic MOFs. In addition, to enhance
the electrocatalytic activity of MOFs, the formation of MOFs
with bimetallic active sites using binuclear metal clusters/
ions is an effective strategy because the synergistic effect
between different metal centers can modulate the electronic
structure and surface states of metal centers for the purpose
of optimizing the catalytic performance. Thanks to their
unique pores and abundant functional groups, MOFs are
good supports for loading metal nanoparticles or metal
monoatoms. Compounding with inorganic active materials
with catalytic activity is also an efficient strategy to enhance
catalytic activity. In recent years, based on the most
prominent weaknesses of MOFs for electrocatalysis
applications: stability, conductivity and mass transfer rate,
researchers have made breakthroughs through several design
strategies, including mono-/bimetallic MOFs, MOFs as

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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supports and MOF-based composite catalysts, which are
categorized in this section and the following sections to
highlight representative research results.

3.1 Mono/bimetallic MOFs

In order to solve the key problem of insulating MOFs
themselves, a common approach to improve the conductivity
of MOFs is to design conductive MOFs, which will be
mentioned several times in this section and in the following
sections for example generalization. Among them, the
strategies for designing conductive MOFs generally include:
1. introduction of conductive guest molecules in the pore
channels of MOFs, 2. electron energy off-domain in the
lattice, 3. charge transfer between planes through interlayer
n-n stacking to improve energy matching and orbital overlap
between metals and ligands, and 4. Design of constant
electron transfer between metals and ligands. The more
common method is to design two-dimensional conductive
nanosheets, and the synthesis methods are generally top-
down (peeling effect is achieved by applying external forces
to disrupt the weak interlayer interaction forces) and bottom-
up (direct synthesis of two-dimensional MOFs by designing
metals and ligands). In 2017, Bu and co-workers reported two
new Co MOFs with different coordination and lattice patterns
in two- and three-dimensional structures: CTGU-5 and CTGU-
6 (Fig. 1a).*® After physical doping with some acetylene black,
AB&CTGU-5 (1:4) exhibited optimal HER catalytic
performance in 0.5 M H,SO, with an onset potential of 18
mV (Fig. 1b), an overpotential of only 44 mV required to
reach 10 mA ecm™>, and a low Tafel slope of 45 mV dec?,
making this Co-MOF one of the best 2D MOFs known for its
performance.

Both Qiao and Zhang's groups summarized the unique
advantages of 2D materials,>>*® which include the
construction of 2D conducting MOFs as an important
strategy for electrocatalytic applications. Meanwhile, the
addition of a metal to monometallic MOFs can significantly
enhance the overall HER catalytic activity. Currently,
transition metal-based MOFs are the main research targets of
bimetallic MOF electrocatalysts, among which Ni-based and
Fe-based MOFs are more prominent. However, in general
bimetallic MOF catalysts usually have better HER catalytic
activity only in alkaline media, while bimetallic MOFs in
acidic media are less reported. In 2021, Chen et al. formed a
two-dimensional hexagonal lattice by crystallizing Cu-CAT
(catecholate) in the triangular space group P3c¢1 and Cu ions
coordinated to 2,3,6,7,10,11-hexahydroxytriphenylene,
creating a two-dimensional structure with excellent electrical
conductivity."* Then, Co was introduced into Cu-CAT in an
alternating structure (Fig. 1c), and CuCo-CAT/CC was
obtained by in situ growth on carbon cloth. When the
electrolyte is 1.0 M KOH, CuCo-CAT/CC requires only 52 mV
overpotential to reach 10 mA cm™, which is superior to
monometallic nanorod arrays (Fig. 1d). DFT calculations
demonstrate that the introduction of Co greatly enhances the

Ind. Chem. Mater., 2023,1,9-38 | 13
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Fig.1 MOF-based HER electrocatalysts. (a) Crystal structure diagrams of two isomeric Co MOFs (CTGU-5 and CTGU-6); (b) LSV curves of CTGU-
5, CTGU-6 and other comparison samples for HER tests in 0.5 M H,SO,4. Reproduced with permission.*® Copyright 2017, Wiley-VCH; (c) the
structure of CuCo-CAT; (d) LSV curves of CuCo-CAT/CC and other comparison samples for HER tests in 1.0 M KOH; (e) calculated hydrogen
adsorption free energy diagram for Cu and Co sites in CuCo-CAT, Cu-CAT and Pt(111). Reproduced with permission.** Copyright 2021, Wiley-VCH;
(f) crystal structure of Ni-NKU-101. Reproduced with permission.** Copyright 2022, Wiley-VCH.

hydrogen adsorption energy (AGy»+), which in turn accelerates
the Volmer step of the HER (Fig. 1e). Therefore, the design
of MOF-based hydrogen evolution reaction electrocatalysts
can first calculate the hydrogen adsorption energy, Gibbs
free energy of the key steps of the HER and synergistic
effects based on DFT, and then guide the synthesis of
potential mono- or bimetallic MOF electrocatalysts from the
perspective of the reaction mechanism, which will largely
facilitate the exploration of excellent catalysts. Also as a
transition metal, Fe-MOFs exhibit promising electrocatalytic
hydrogen evolution activity, Chen and co-workers
investigated the hydrolysis performance of different divalent
metals with Fe-based bimetallic MOFs by a one-pot
hydrothermal method in 2022.*> The highest ECSA of the
optimal CdFe-MOF was obtained to be 3.02 mF cm™?, with a
TOF value of 0.325 s™' at 280 mV, with an overpotential of
only 148 mV required to reach 10 mA em™. Also based on
DFT calculations, it was revealed that the introduction of Cd
atoms greatly reduces the hydrogen adsorption energy. This
work provides guidance for the design of transition metal-
based bimetallic MOFs.

14 | Ind. Chem. Mater., 2023, 1, 9-38

Precise design of tetracarboxylic acid groups of 3,3',5,5'-
biphenyltetracarboxylic acid ligands can enhance the metal
center-ligand ratio, thus optimizing the density of metal
active sites in MOFs and enabling more efficient utilization
of active sites. In 2022, Cheng and co-workers used trinuclear
and octanuclear nickel clusters as secondary building blocks,
which were interconnected by 4-connected ligands to prepare
bimetallic cage-based MOFs (size 12.4 and 19.3 A,
respectively) (Fig. 1f).*> Thanks to the synergistic catalytic
utility between the two metals, Cu,Ni;_,-NKU-101 exhibited
HER electrocatalytic performance superior to other M,Ni;_,-
NKU-101 catalysts in acidic media. As-prepared Cug ;9Nig g1-
NKU-101 reached an overpotential of 324 mV at 10 mA cm™>
and a Tafel slope of 131 mV dec™*, while having the smallest
charge transfer rate and the largest exchange current density

Uo)-

3.2 MOF-based composites

MOF composites with inorganic reactive materials are one of
the effective ways to enhance performance and have been

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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Fig. 2 MOF-based HER electrocatalysts. (a) FESEM images of sample Fe(OH),@Cu-MOF NBs; (b) LSV curves of Pt/C, Fe(OH), NBs, Cu-MOF NPs,
Fe(OH), + Cu-MOF, and Fe(OH),@Cu-MOF NBs in 1.0 M KOH; (c) crystal structure of unsaturated Cu-MOF[Cuz(HHTP),] observed along the c-axis; (d)
AG of adsorbed *H calculated at the Cu sites of Cu;—O,4 and Cu,—O, centers. Reproduced with permission.** Copyright 2021, American Association for
the Advancement of Science; (e) wavelet transform plots of k*-weighted EXAFS signals for CoO, CoBDC and CoBDC/MXene; (f) LSV curves of Pt/C,
MXene, CoBDC and CoBDC/MXene for HER tests in 1.0 M KOH. Reproduced with permission.*> Copyright 2022, Wiley-VCH; (g) schematic diagram of
the basic HER catalytic mechanism of the Co-BDC/MoS, composite. Reproduced with permission.*® Copyright 2019, Wiley-VCH.

extensively investigated. In 2021, Lou et al. cleverly designed
ultrathin tetragonal composites of a conductive copper-based
MOF (Cu-MOF) with high carrier mobility and excellent
conductivity loaded on the surface of iron hydroxide
[Fe(OH),] nanoboxes by a simple template-based
solvothermal reaction and redox post-processing strategy
(Fig. 2a).** As-prepared Fe(OH),@Cu-MOF exhibited
satisfactory HER catalytic activity, with an overpotential of
112 mV at a current density of 10 mA ecm™ (Fig. 2b), along
with a small Tafel slope of 76 mV dec™. The authors modeled
the crystal structure of the unsaturated Cu MOF (Fig. 2¢) and
found by DFT theoretical calculations combined with
synchrotron radiation tests that a highly efficient and

© 2023 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

optimized HER was achieved due to the highly exposed
ligand unsaturated Cu;-O, center that greatly reduced the
hydrogen adsorption energy (AGy+) (Fig. 2d).

MXenes show promising applications in electrocatalysis
because of their excellent electrical conductivity and the
abundance of functional groups (-F, -O, -OH, etc.) on their
surface. Peng and co-workers constructed novel 2D/2D
CoBDC/MXene (BDC stands for 1,4-benzenedicarboxylate,
CgH,0,) composites using in situ growth methods in 2022.*
The wavelet transform spectroscopy revealed strong
interactions at the interface resulting in a change in the
electronic structure (Fig. 2e). The overpotentials required to
reach 10 mA cm™ current density for the CoBDC/MXene

Ind. Chem. Mater., 2023,1,9-38 | 15
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Table 1 List of some recently reported MOF-based electrocatalysts for different electrocatalytic reactions

HER electrocatalysts Overpotential (mV) at 10 mA cm™> Tafel slope (mV dec™) Electrolyte Ref.
D-Ni-MOF 101 50.9 1.0 M KOH 53
Fe-Co-Ni MOF 116 56 1.0 M KOH 54
Fe,Zn-MOF 221 174 0.1 M KOH 55
HUST-200 131 51 Acidic aqueous medium 56
Mnyg_s,Fe 7, Ni-MOF-74 99 103.8 1.0 M KOH 57
NiRuy ;5-BDC 34 32 1.0 M KOH 52
2DCo-BDC/MoS, 248 86 1.0 M KOH 46
Ni-MOF@Pt 43 30 0.5 M H,SO, 48
Ni-MOF@Pt 102 88 1.0 M KOH 48
Fe(OH),@Cu-MOF 112 76 1.0 M KOH 44
CoBDC@MXene 29 46 1.0 M KOH 45
NiFe-MOF 134 — 0.1 M KOH 58
OER electrocatalysts Overpotential (mV) at 10 mA cm™> Tafel slope (mV dec™) Electrolyte Ref.
Fe-Co-Ni MOF 254 51.3 1.0 M KOH 54
NiCo-UMOFNs 180 42 1.0 M KOH 73
MIL-53(Fe)-20H 215 45.4 1.0 M KOH 70
Ni,Fe, Sq-zbr-MOFs 230 37.7 1.0 M KOH 74
NiFe-MOF/G 258 49 1.0 M KOH 77
Ni-BDC-1R 225 83 1.0 M KOH 81
FN-2 electrocatalyst 275 56.7 1.0 M KOH 82
Co-MOF-NK 324 77.5 1.0 M KOH 72
Co-MOF/NF 270 75 1.0 M KOH 71
FeNi-MOF 239@50 mA cm™ 52.4 1.0 M KOH 75
D-Ni-MOF 219 48.2 1.0 M KOH 53
Ti;C,T,~CoBDC hybrid 410 48.2 0.1 M KOH 78
M-PCNB/CC 232 32 1.0 M KOH 80
CoClL,@Th-BPYDC 388 94 0.1 M HCIO, 79
A, ;B-MOF-FeCo, ¢ 288 39 1.0 M KOH 83
ORR electrocatalysts Ey (Vvs. RHE) Tafel slope (mV dec ) Electrolyte Ref.
Co3(HADQ), MOF 0.825 79 0.5 M H,SO0, 88
Pt/C 0.835 76 0.5 M H,SO, 88
PCN-226 0.75 58.9 0.1 M KOH 89
NiZn MOFs — 76 0.1 M KOH 90
Ni,;Fe,-MOF@GC 0.676 — 0.1 M KOH 91
PcCu-Og-Co/CNT 0.83 61 0.1 M KOH 95
Pt/C 0.85 68 0.1 M KOH 95
MCCF/NiMn-MOFs 0.73 86 0.1 M KOH 94
CoNiMOF/rGO — 67 0.1 M KOH 96
1@ZIF-8 0.79 53 0.1 M KOH 98
1@ZIF-67 0.79 56.2 0.1 M KOH 98
4.3%-NiFe-MOF 0.83 70 0.1 M KOH 99
NRR electrocatalysts NH; yield rate (ug h™ mge, ") FE (%) Electrolyte Ref.
MOF(Fe) 2.12x10° mol s cm™> 1.43 2.0 M KOH 114
HKUST-1 46.63 2.45 0.1 M Na,SO, 105
Defective UiO-66-NH, 52.81 85.21 0.1 M Na,SO, 115
In-MOF 24.70 6.72 pH=1 116
In-MOF 64.73 12.23 pH=7 116
In-MOF 79.2 14.98 pH =12 116
NiFe-MOF 9.3 11.5 0.1 M NaHCO;3 107
HT Au@MOF 49.5 60.9 0.1 M Na,SO, 112
OPA-PCN-222(Fe) 49.7 17.2 0.1 M HCI 106
NH,-MIL-88B-Fe 1.205 x 10 " mol s * em ™2 12.45 0.1 M Na,SO, 104
ZIF-67@Ti;C, 6.52 umol h™ em™ 20.2 0.1 M KOH 109
MIL-101(Fe)/MoS; 25.7 36.71 0.1 M HCI 111
NPG@ZIF-8 28.7 44 0.1 M Na,SO, 113
CNT@UIO-66 3.811 15.14 0.05 M H,SO, 110
NCNT@UIO-66 6.081 18.13 0.05 M H,SO, 110
NCNT@MIL-101(Fe) 5.514 25.15 0.05 M H,SO, 110
CNT@MIL-101(Fe) 6.97 37.28 0.05 M H,SO,4 110
CozFe-MOF 8.79 25.64 0.1 M KOH 108
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composite in 1.0 M KOH are 29 mV (Fig. 2f), respectively,
achieving HER performance close to Pt/C, which is of great
significance  for the development of MOF-based
electrocatalysts for the hydrogen evolution reaction (Table 1).
Moreover, Qiao et al. also employed a Co-BDC MOF with the
two-dimensional material MoS, to make a Co-BDC/MoS,
composite,*® where Co-BDC acts as an electron donor and
enables partial phase transfer from 2H-MoS, to 1T-MoS, by
coupling Co-BDC with MoS,, which activates the otherwise
inert substrate while enhancing the electrical conductivity
and thus accelerating the basic hydrolysis step of the decisive
step in the HER (Fig. 2g). Therefore, compositing MOFs with
inorganic functional catalytic materials is currently a
promising strategy for designing HER electrocatalysts, which
is not only limited to the HER but also can be extended to
other electrocatalytic fields.
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3.3 MOFs as supports

The pore size of MOFs can be tuned to support
nanoparticles/single atoms to optimize the electron transfer
in electrocatalysis, while the active MOF can interact with the
nanoparticles/single atoms to further improve the catalytic
activity/selectivity. In 2021, Peng and co-workers cleverly
anchored a series of metal nanopa