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Towards green production and efficient utilization of hydrogen, developing renewable clean energy
technologies based on hydrogen and oxygen electrocatalysis, especially water electrolysis, zinc—air
batteries, and fuel cells, is of vital significance. To promote their energy conversion efficiency, low-cost
and high-efficiency electrocatalysts are highly desired to accelerate the sluggish kinetics of hydrogen
and oxygen electrocatalytic reactions. The emergence of metal-organic frameworks (MOFs) provides
new opportunities to obtain high-performance hydrogen and oxygen electrocatalysts with desired
composition and structures. However, most of these MOF-based electrocatalysts are powders, resulting
in limited active sites, blocked mass/charge transport, and insufficient stability. In this context, we
present an up-to-date investigation of self-supporting MOF-based hydrogen and oxygen electrocatalysts
with a focus on the synthesis strategy and application. Finally, some personal insights into the current
challenges and potential solutions are presented, aiming at providing some guidance for the design and
synthesis of advanced self-supporting MOF-based materials in hydrogen/oxygen-related energy
technologies.
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1. Introduction

The aggravating energy crisis and environmental pollution
initiated by the consumption of limited fossil fuels are incred-
ibly detrimental to the sustainable development of society.' A
compelling vision is the development of renewable clean energy
technologies as alternatives to fossil fuels, such as overall water
splitting (OWS), zinc-air batteries (ZABs), and fuel cells (FCs).**
As illustrated in Fig. 1, to improve the energy conversion effi-
ciency of OWS, ZABs, and FCs, developing high-performance
hydrogen and oxygen electrocatalysts to accelerate the slug-
gish kinetics of the hydrogen evolution reaction (HER),
hydrogen oxidation reaction (HOR), oxygen evolution reaction
(OER), and oxygen reduction reaction (ORR) is highly desired.”
Currently, Pt-based metals are recognized as state-of-the-art
catalysts for the HER, HOR, and ORR, while Ir- and Ru-based
oxides show a favorable performance for the OER."*™
However, the scarcity, high price, and inferior durability of
these noble metals hinder their widespread applications in the
above electrochemical redox reactions.*®® Therefore, it is
urgent to develop effective strategies to improve the utilization
and stability of precious metal electrocatalysts. In addition,
transition metal-based catalysts (transition metal alloys, oxides,
sulfides, phosphides, hydroxides, etc.) and carbon-based cata-
lysts have attracted extensive attention in recent years.”’~>*
However, due to limited active sites, poor intrinsic activity and
stability, and slow mass transfer, their electrocatalytic perfor-
mance needs to be further improved.

Metal-organic frameworks (MOFs), as a class of coordina-
tion compounds with high crystallinity and long-range order,
are interconnected by the coordination of metal ions/clusters
and organic ligands.” The periodic structure of MOFs provides
active sites that are uniformly dispersed throughout the porous
framework, which is a typical feature of homogeneous catalysts,
while the nano/microscale solid nature makes MOFs promising
heterogeneous catalysts.”> When MOFs act as carriers or
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reaction chambers and precious metals act as active sites, the
utilization rate and stability of precious metals can be
improved. In addition, benefiting from abundant active sites,
fast mass transfer, tunable and abundant pores, and well-
defined metal nodes/organic ligands, MOFs stand out among
non-precious metal electrocatalysts. However, their poor
chemical stability and insufficient electrical conductivity limit
their wide application in the field of electrocatalysis. To over-
come these shortcomings, through direct carbonization or
indirect post-treatments, the researchers converted MOFs into
functional inorganic materials, namely MOF derivatives. With
various compositions (carbon, metal/carbon, metal compound/
carbon, metal compounds, etc.) and structures (hollow, porous,
framework, hierarchical, yolk-shell, etc.), MOF derivatives
usually exhibit enhanced electrical conductivity, robust chem-
ical stability, and high surface area. However, most MOF-based
electrocatalysts are reported in powder form, requiring the aid
of polymer binders and conductive additives for practical
energy devices, which inevitably lead to uneven catalyst distri-
bution and poor charge/mass transport inside the electrode
(Fig. 2a).**?° Fortunately, self-supporting electrodes, in which
electrocatalysts are grown directly on the surface of the current
collector (Fig. 2b), have attracted considerable attention as they
are characterized by the following advantages. Firstly, the in situ
growth of catalysts avoids using polymer binders and conduc-
tive additives, which can efficiently promote the exposure of
active sites and simplify electrode processing.*® Secondly, the
close contact between catalysts and current collectors can not
only effectively promote the transfer of electrons between the
two but also prevent the agglomeration or shedding of the
catalyst.””?® Thirdly, the gap between the catalysts can provide
rich solid-liquid-gas three-phase reaction interfaces to facili-
tate mass transfer, especially at high current densities.”*?*°
Regarding these fantastic qualities, self-supporting MOF-based
electrocatalysts hold great potential in practical energy tech-
nologies and thus deserve attention.
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Fig.1 A green cycle between hydrogen and electricity, hydrogen electrocatalyst reaction type and mechanism under acidic/alkaline conditions
(* represents the catalytic active site), oxygen electrocatalyst reaction type and mechanism under alkaline conditions, and schematic illustrations

of OWS, ZABs, and FCs.

In recent years, many excellent reviews on MOF-based elec-
trocatalysts have been published. However, these reviews focus
on a certain type of MOF-based electrocatalyst (i.e., pristine
MOFs, MOF compositions, and their derivatives) or a certain
catalytic reaction (i.e., the HER, OER, and ORR) and energy
conversion technology (i.e., OWS, ZABs, and FCs), and the
content mostly revolves around MOF-based powdery
electrocatalysts.”>*'** Reviews on self-supporting MOF-based
electrocatalysts are rarely reported. Recently, Wei et al. gave
a critical review of the structural characteristics and fabrication
techniques of freestanding MOF-based electrodes for electro-
chemical energy storage and conversion devices.* Li et al. pre-
sented the latest research progress in developing MOF-based
nanoarrays for electrocatalysis.*” However, these two reviews
about self-supporting MOF-based materials involve too many
applications, one from energy storage devices to conversion
devices and the other covers almost all catalytic reactions
(except the HOR). An up-to-date review of self-supporting MOF-
based hydrogen-oxygen electrocatalysts has not been reported.
Regarding this, we herein highlight the latest advances focusing
on the synthesis strategies of self-supporting MOF-based elec-
trocatalysts and their applications in four types of specific
hydrogen/oxygen electrocatalytic reactions, as well as three
types of energy devices based on these reactions. Finally, the
review concludes with some personal insights into the current
challenges and potential solutions, aiming to provide some
guidance for advancing self-supporting MOF-based materials in
hydrogen/oxygen-related energy technologies.

This journal is © The Royal Society of Chemistry 2023

2. Synthesis strategies

An updated perspective on existing synthetic strategies has far-
reaching significance, which points out universal general
methods for specific catalysts, stimulates the exploration of
emerging strategies, and provides a theoretical basis for the
design and synthesis of catalysts. For example, by summarizing
synthesis strategies of self-supporting transition metal-based
electrodes, Sun et al. pointed out the future application pros-
pects of self-supporting electrocatalysts in the HER and OER.>®
By summarizing the controllable derivation strategies of MOFs
into hollow structure materials, Cai et al. provided valuable
guidance and inspiration for the preparation of advanced
electrocatalysts with ideal structures and compositions.** Here,
we will summarize the synthesis strategies of self-supporting
structures into two categories: pristine MOFs and MOF
derivatives.

2.1 Synthesis strategies of self-supporting MOFs

The prerequisite for pristine MOFs to exhibit excellent catalytic
performance under harsh electrochemical conditions is to
overcome poor electrical conductivity and chemical stability.*
Recently, active site microenvironment engineering has shown
advantages in regulating the physicochemical properties of
pristine MOFs.** Apart from grafting active catalytic ingredients
into MOFs as linkers,* many strategies (ie., defect engi-
neering,* ultrathin engineerings,*® and interface engineering®’)

J. Mater. Chem. A, 2023, 11, 13089-13106 | 13091
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Fig. 2 Schematic of the internal structure of (a) powdery electrode, in which electrocatalysts are coated on the current collector with the aid of
a polymer binder and conductive additives, and (b) self-supporting electrode, in which electrocatalysts are grown directly on the current

collector.

have been reported to design advanced electrocatalysts. In
addition, a self-supporting structure can also effectively shorten
the mass/electron transport distance, thereby improving the
conductivity of MOFs and delaying the collapse of the struc-
ture.”®* Around these two points, we will focus on the latest
progress of active site microenvironment engineering in
preparing self-supporting pristine MOFs in this section.

2.1.1 One-step synthesis. The hydro/solvothermal method
is one of the most common preparation methods for self-
supporting MOFs with high crystallinity and various morphol-
ogies in an autoclave over a wide temperature range (100-200 °©
C).*® Surface oxygen groups and defects on the surface of
conductive substrates favor MOF's nucleation and conformal
growth, which facilitates the uniform deposition and solid
bonding of MOFs on conductive substrates. Yang et al. reported
self-supporting Co/Zn-based ZIF (ZIF = zeolitic imidazolate
framework) nanosheets on Ni foam (NF) through a facile
hydrothermal method (Fig. 3a).” In the subsequent heat treat-
ment, linker defects were introduced to increase the intrinsic
activity of metal sites and electrical conductivity while main-
taining structural integrity. Starting with Ni-BDC (BDC = 1,4-
benzenedicarboxylate) on NF synthesized via a hydrothermal
method, Sun et al. prepared self-supporting NiRu, 13-BDC by
introducing atomically dispersed Ru.*?> These two studies
related to defect engineering have established an effective

13092 | J Mater. Chem. A, 2023, 1, 13089-13106

method for regulating the electronic structure of MOFs at the
atomic level.

Compared with hydro/solvothermal synthesis, chemical
bath deposition is a simpler strategy for fabricating self-
supporting MOFs, which occurs under milder conditions (low
temperatures and ambient atmosphere).”* Duan et al. fabricated
self-supporting ultrathin two-dimensional (2D) NiFe-MOF/NF
nanosheets with high flexibility and rich porosity by a one-
step chemical bath deposition strategy (Fig. 3b).** This work
proposed a universal strategy for self-supporting ultrathin
MOFs, which is also applicable to other metal-based 2D MOFs,
such as titanium, cobalt, molybdenum, and manganese. Shi
et al. reported a self-supporting 2D Ni-CAT (CAT = catecholate)
nanowire grown on carbon nanofibers (CNFs).® Due to its
hierarchical porous structure and core-shell morphology, the
self-supporting Ni-CAT nanowire/CNFs provided an efficient
transfer pathway for fast electron/ion transport and achieved
high-performance actuation behavior. Furthermore, through
a general self-dissociation-assembly strategy, Huang et al.
synthesized self-supporting well-defined ultrathin CoNi-MOF
nanosheets using CoNi alloy foam as substrates and metal ion
sources.*® This work proposed a strategy for preparing self-
supporting bimetallic MOFs with highly controllable
morphology, providing a new way to prepare excellent non-
noble metal electrocatalysts.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Synthesis strategies of self-supporting MOFs. (a) Structure illustration of the ZIFs (left) and ZIFs with linker-deficient (right) prepared by the
hydrothermal method. Reproduced with permission from ref. 51. Copyright 2021, WILEY-VCH. (b) Schematic illustration of the chemical bath
deposition procedures for ultrathin NiFe-MOF nanosheets. Reproduced with permission from ref. 54. Copyright 2017, Nature Publishing Group.
(c) The overall (left) and detailed (right) face-to-face inner tube system setup of chemical vapor deposition for Cuz(CgOg),. Reproduced with
permission from ref. 58. Copyright 2022, American Chemical Society. (d) Schematic illustration of the synthesis procedures of a Cu-BTC film by
H,0O,-assisted cathodic electrodeposition. Reproduced with permission from ref. 60. Copyright 2021, Wiley-VCH. (e) Illustration of the synthetic
process of hierarchical porous MOF/LDH heteronanotubes by the template-assisted strategy. Reproduced with permission from ref. 61.
Copyright 2021, Wiley-VCH (f) Schematic diagram for the synthesis of MIL-100 (Fe) nanoarrays by the soft nanobrush-directed strategy.
Reproduced with permission from ref. 63. Copyright 2022, Nature Publishing Group.

It is worth noting that MOF films have achieved irreplaceable
status in practical applications due to their rich topological
structure, abundant catalytic active sites, and rapid charge
transfer.”” Chemical vapor deposition (CVD) is a common
strategy for preparing low-dimensional materials and MOF
films. However, the vapor-solid serial reaction or homo-
polymerization restricts the application of CVD. Based on this,
Choe et al. reported a conductive 2D Cuz(CgOg), thin film on
a Si0,/Si substrate by all-vapor-phase CVD in a face-to-face
inner tube setup (Fig. 3c).® The strategy breaks the limita-
tions of the traditional CVD technology and enriches the types
of conductive MOF thin films. Furthermore, it is worth
mentioning the merits of the electrochemical method, such as
mild conditions (normal temperature and pressure), high
reaction efficiency, controllable synthesis, environmental
protection, and even the most promising to realize the indus-
trial production of MOFs. Most typically, electrodeposition,

This journal is © The Royal Society of Chemistry 2023

which uses a three-electrode/two-electrode electrochemical cell
(in which a conductive substrate serves as the working elec-
trode), is a novel method for preparing MOF films.* Compared
with anode electrodeposition, which relies heavily on the
dissolution of the substrate to provide metal ions, cathode
deposition is more widely used. Xie et al. proposed a hydrogen
peroxide-assisted cathode deposition strategy to trigger the
deprotonation of MOF ligands at ultra-high potentials
(Fig. 3d).*® This strategy proposes a universal strategy for
preparing high-purity MOF thin films, such as Cu-BTC (BTC =
benzene-1,3,5-tricarboxylate), Fe-BDC, and Zn-BDC films, which
effectively avoids the problem of impurity co-deposition in
cathode deposition. Based on the above studies, these strategies
related to ultrathin engineering endow MOFs with large specific
surface areas and unique quantum properties, showing
promise in designing high-performance electrocatalysts.

J. Mater. Chem. A, 2023, 11, 13089-13106 | 13093
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2.1.2 Template-assisted strategies. Considering the differ-
ences in the inherent physical properties of MOFs and the
limited nucleation sites on substrates, some MOFs still cannot
be directly grown on substrates. In this case, template-assisted
strategies (including hard templates and soft templates) offer
the possibility of preparing a variety of self-supporting MOFs.

In the hard template-assisted synthesis process, these
templates typically undergo three forms of transformation,
including complete transformation, partial transformation, and
non-conversion; the former often results in a hollow structure and
the latter two mostly produce a core-shell structure. For example,
by reasonably regulating the synthesis reaction time, Wang et al.
demonstrated the process of trimetallic CoNiFe layered double
hydroxide (LDH) nanowires as internal templates from partial
conversion to complete conversion (Fig. 3e).** Conductive MOF
(cMOF) nanotubes with a hollow structure were obtained through
the complete transformation of the template, while cMOF/LDH
heteronanotube arrays with a core-shell structure were obtained
through the partial transformation of the template. In a different
case, using NizS, nanosheets as templates, Wu et al. obtained
a Ni;S,/MIL-53(Fe) (MIL = Material from Institut Lavoisier) hybrid
array grown on NF, in which an MIL-53(Fe) layer was assembled
on the surface of NisS, nanosheets.®” Benefiting from ingenious
coupling, the obtained self-supporting Ni;S,/MIL-53(Fe)
composites integrate the advantages of MIL-53(Fe) and Ni;S,
and showed excellent OER properties in alkaline solutions.

Except for those mentioned above, a novel way to construct
self-supporting MOFs with high aspect ratios and controllable
heights is the soft nanobrush-oriented synthesis strategy. Soft
nanobrushes are constructed via surface-initiated living
crystallization-driven self-assembly. They can capture abundant
metal cations through coordination interactions for rapid
heterogeneous growth of self-supporting MOFs on various
substrates. The synthesis process is divided into two steps: (1)
Introducing soft nanobrushes into various substrates through
self-assembly driven by surface active living crystals. (2)
Synthesizing uniform self-supporting MOFs by alternately
immersing the substrate in a metal ion and a ligand solution.
Recently, Wang et al. synthesized highly controllable HKUST-1
[Cu3(BTC),(H,0)3], MIL-100 (Fe), and CUT-8 (Cu) nanoarrays
with constant diameter and controllable height within a specific
range on various substrates by the soft nanobrush-oriented
synthesis strategy (Fig. 3f).* The soft nanobrush-oriented
synthesis strategy compensates for the harsh reaction condi-
tions of one-step synthesis and breaks through strict restric-
tions on the composition and shape of hard templates. Besides,
it has the advantages of mild experimental conditions, adjust-
able morphology, and flexible pore size. Notably, it is facile to
finely construct hybrid structures with cooperative properties by
incorporating additional functional components into self-
supporting MOFs. However, the soft nanobrush-oriented
synthesis strategy is still restricted to the synthesis of
a limited category of MOFs. It is thus necessary to deeply
understand the mechanisms of soft nanobrush self-assembly
and induction of MOF growth, thereby developing more
ligand- or metal-extensible MOFs.

13094 | J Mater. Chem. A, 2023, 11, 13089-13106
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2.1.3 Others. In addition to the above common synthetic
strategies, some innovative synthesis methods, such as 3D
printing,** film forming technology (e.g., microcontact printing,
filtration, and liquid-phase epitaxy pump strategy),*** and
Langmuir-Blodgett techniques,®® are also developed for self-
supporting MOFs. These strategies will expand the gene pool
of self-supporting MOFs and have significant potential for
industrial production. In addition, it should be noted that the
actual synthesis of self-supporting MOFs often involves the
combination of multiple methods, especially in the template-
assisted strategy.®””* Exploring innovative and general
methods and designing rational preparation routes makes it
possible to obtain electrocatalysts with desired structures and
compositions.

2.2 Derivative strategies of self-supporting MOFs

According to specific conversion methods, MOF precursors can
be converted into numerous classes of derivatives (carbon,
metal-based compounds, and their composites), inheriting the
advantages of MOF precursors and obtaining the desired
composition, morphology, and structure. In addition, consid-
ering the advantages of self-supporting materials mentioned
above, the rational derivative strategies of self-supporting MOFs
are also crucial for carrying out a variety of electrochemical
reactions. Thus, this section focuses on the latest progress in
self-supporting MOF derivative strategies.

2.2.1 Thermal annealing. The thermal annealing strategy is
convenient and practical for preparing MOF derivatives with
porous structures. Different pyrolysis temperatures and reac-
tion atmospheres usually mean different self-supporting MOF
derivatives. Generally speaking, metal oxides are obtained at
low temperatures and in an air/oxygen atmosphere; metal
carbides can be prepared by self-pyrolysis at high temperatures
in an inert atmosphere, while metal sulfides and metal phos-
phates require additional raw materials to provide sulfur and
phosphorus in thermal annealing. In addition, the pyrolysis
procedure also significantly impacts the structure of materials.
The material may explode when the temperature increases too
fast, while when the temperature increases too slowly, the
material structure is prone to collapse and damage its integrity.

As a typical example, Zhou et al. fabricated a series of layered
structured Co;0,@X (X = CoS, CoP, C, and Co;0,) composites
on a Ni substrate by the sulfurization, phosphorization,
carbonization, and oxidation of cobalt carbonate
hydroxide@ZIF-67 (Fig. 4a).”> This work fully demonstrates the
impact of reaction conditions on thermal annealing products
and is expected to be extended to preparing other composite
electrocatalysts with hierarchical structures. Starting with NiCo-
MOF microrod arrays, Xu et al. fabricated carbon-confined
NiCo@NiCoO, core@shell nanoparticle arrays by reductive
carbonization and subsequently controlled oxidation.” The
two-step continuous pyrolysis opens a new avenue for designing
MOF-derived novel porous bimetallic composite
electrocatalysts.

However, traditional pyrolysis strategies usually face prob-
lems, such as severe aggregation of metal particles, generation

This journal is © The Royal Society of Chemistry 2023
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of harmful gases, and consumption of a lot of time and effort.
Tang et al. introduced a laser-induced annealing strategy to
carbonize MOFs on conductive substrates under ambient
conditions to overcome these issues.” On account of high local
heating temperatures (over 2500 °C) induced by the laser, 12
different MOFs on 8 types of conductive substrates were
carbonized rapidly, resulting in core-shell structure derivatives,
of which porous carbon shells coated metal nanoparticles
(Fig. 4b). The efficient and economic strategy has good potential
for the large-scale carbonization of self-supporting MOFs and
even other functional materials.

2.2.2 Wet chemical methods. Wet chemical methods
involve chemical reactions in the solution phase and are widely
used to prepare materials with specific compositions,
morphologies, and structures, especially as derivatization
strategies for MOFs. Transition metal chalcogenides are typical
products obtained by wet chemical methods.*® For example, Lee
et al. realized the transformation of ZIF-67 into amorphous
hollow CoS, nanoarrays on NF (Fig. 4c) through the reaction of
Co™" released by ZIF-67 reacted with the S*~ released by the
hydrolysis of acetamide.” NiFe LDH was subsequently electro-
deposited on the hollow CoS, surface, and the synthesized
hierarchical heterostructured H-CoS,@NiFeLDH/NF exhibited
excellent bifunctional catalytic activity for OWS. In addition,
Song et al. performed a mild hydrothermal vulcanization

This journal is © The Royal Society of Chemistry 2023

treatment on the obtained ZIF-67-Ni(OH),/NF hybrid, where
ZIF-67 was decomposed and gradually released Co*>*, and OH~
was replaced by S>~ to produce Ni;S,.”® The final product of Co-
doped Ni;S, showed good catalytic performance for both the
HER and OER under alkaline conditions.

As another typical wet chemical method, the ion exchange
method has attracted extensive attention due to its high
adjustability toward the structure and morphology of mate-
rials.”” In an interesting report by Gu et al., the H" produced by
reversible hydrolysis of Fe*" promotes the release of Zn>" and
Co”" of Zn/Co-MOF and simultaneously reacts with the hydro-
lyzed product ferric hydroxide (Fig. 4d).” In this ion exchange
process, the conversion of bimetallic MOF to amorphous tri-
metallic Zn/Co-Fe hydroxide-based hollow nanowall arrays on
carbon cloth (CC) is achieved. This work presents a simple and
energy-saving method for preparing multi-element catalysts
with hollow structures and provides valuable ideas for
designing high-performance catalysts.

2.2.3 Electrochemical transformation.
transformation, another effective strategy to prepare self-
supporting MOF derivatives, concerns the removal of organic
ligands from pre-synthesized MOFs by cyclic voltammetry (CV)
treatment in an alkaline solution.” For example, Cao et al. used
Ni-MOF nanosheet arrays on NF (Ni-NF) as precursors and ob-
tained 2D MOF-derived electrodes (named Ni-NF-Af) by CV

Electrochemical
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scanning in Ar-saturated 1.0 M KOH (Fig. 4e).** When the
structure changes from Ni-MOFs to Ni(OH),, the actual active
site Ni'" (NiOOH) for the methanol oxidation reaction is
generated. Starting with ZIF-L (leaf-like ZIF) on NF, Ding et al.
obtain amorphous Co(OH),-ZIF-L/NF by activating the revers-
ible redox of metal ions through a finely controlled electro-
chemical transformation process.” The experimental results
and density functional theory (DFT) calculations confirmed that
the defective metal oxy(hydroxide) species formed in electro-
chemical processes are the real active species of the OER.
Electrochemical transformation derivative strategies are
commonly used to generate metal hydroxide nanoarrays,
providing valuable insights into the design of highly active
electrocatalysts.

2.2.4 Others. Although there are many derivative strategies,
actual cases often involve the systematic and comprehensive
application of these methods. For example, Wu et al. obtained
Mo,~Cu nanocomposites by annealing Cu-based MOF con-
taining a Mo source at 800 °C. They then selectively etched Cu
species with a FeCl; solution to obtain MoC, octahedra
composed of small nanocrystals.* Postchemical etching is
often used to modify the structure and composition of self-
supporting MOF derivatives to remove unwanted components
selectively.?” Moreover, Wang et al. converted solid Co-MOF into
hollow Ru-Co MOF derivatives by simple Ru** exchange and
ultimately obtained heterogeneous self-supporting (Ru-Co)O,
nanosheets by subsequent pyrolysis.*® Using Co-MOF as the
precursor, Guan et al. obtained hollow Ni-Co LDH through ion
exchange and etching methods and finally obtained hollow
porous NiCo,0O, through pyrolysis at 350 °C in air.** These
studies demonstrate that desirable chemical compositions and
physical properties can be obtained through the deliberate
control of the derivatization process, thus providing opportu-
nities for the rational design of flexible and high-performance
electrocatalysts.

3. Self-supporting MOF-based
hydrogen electrocatalysts

As a clean and sustainable energy carrier, hydrogen is one of the
most promising alternatives to traditional fossil fuels in the
future. Efficient production and conversion of hydrogen energy
are crucial for energy transformation in the future. Therefore,
the development of high-performance HER and HOR electro-
catalysts has become an attractive research topic in recent years.

3.1 HER

As a cathode reaction of OWS, the HER has received ever-
increasing attention in recent years, as its product has the
advantages of no pollution, high energy density, and renew-
ability. However, as can be seen from Fig. 1, the HER involves
complex multiple proton-coupled reactions, and the slow
kinetic reaction often leads to obvious overpotential. Therefore,
high-performance electrocatalysts need to be developed to
energy efficiency. Recently, the

improve conversion

13096 | J. Mater. Chem. A, 2023, 11, 13089-13106

View Article Online

Review

construction of self-supporting MOF-based electrocatalysts has
become an effective strategy for solving the above problems.

Pristine MOFs with saturated symmetric coordination metal
nodes are not favorable for the Volmer reaction, and their slow
water activation kinetics severely hinder HER activity. There-
fore, it is essential to regulate metal sites and organic ligands at
the atomic level to break the spatial symmetry structure of
pristine MOFs. Through ligand regulation strategies, Cheng
et al. created a unique active region in well-arranged self-
supporting Ni-BDC nanosheets with S atoms introduced
(Fig. 5a and b).** The obtained S-NiBDC with an asymmetric
configuration only requires an overpotential of 310 mV to ach-
ieve a current density of 10 mA cm ™2, along with a Tafel slope of
75 mV dec™ ! in the alkaline electrolyte (Fig. 5¢). Experimental
and theoretical studies showed that the improvement of HER
performance comes from the acceleration of water activation
kinetics by the S-modified Ni site, while the S site in the trian-
gular Ni,-S; structure acts as the active center for subsequent
H, generation. By carbonizing 2D Co-MOF nanosheets and
subsequently phosphating, Hou et al. synthesized a 3D super-
structure (CoP,@CNS) consisting of well-arranged 2D carbon
nanosheets immobilized with ultrafine CoP, on NF (Fig. 5d and
e).** CoP,@CNS exhibited excellent HER performance, only
requiring an overpotential of 91 mV to achieve 10 mA ecm 2,
along with a small Tafel slope of 129 mV dec™ ' in 1.0 M KOH
(Fig. 5f and g). The porous 3D superstructure with excellent
transport properties of mass/electrons and catalytically active
CoP, nanoparticles with ultrasmall sizes, ultimately boost the
HER activities.

Along with those for alkaline conditions, there is a small
amount of self-supporting MOF-based HER electrocatalysts
under acidic conditions.?”*® For example, Cai et al. reported the
synthesis of Pd-CoS,-MoS,/C-600 with excellent HER activity
and stability under acidic conditions.?® Using MoO;@ZIF-6 as
a template and precursor, uniform Pd-doped CoS,-MoS,/C was
obtained through calcination and the hydrothermal reaction.
Benefiting from highly exposed active sites on a unique hollow
structure, uniform Pd doping, and fast charge transport, the
optimized Pd—-CoS,-MoS,/C-600 delivered high catalytic activity
with a low overpotential of 144 mV at 10 mA cm ™~ and a small
Tafel slope of 59.9 mV dec ' in 0.5 M H,SO,.

Despite the tremendous excellent HER catalysts that have
been developed, there is still a critical bottleneck: most HER
catalysts usually operate under acidic or alkaline conditions,
which makes it hard to adapt to complex variations of electro-
Iyte concentrations during electrolysis. Thus, developing high-
performance HER catalysts over the entire pH range is imper-
ative. For instance, Wang et al. reported a 2D/2D hetero-
structure electrocatalyst composed of an MXene and Co-BDC
(Co-BDC/MXene) by a facile ultrasound-assisted strategy
(Fig. 5h).* Benefiting from the stable 2D/2D heterostructures
and Co-O-Ti bond bridging at the interface, Co-BDC/MXene
showed superior pH-universal HER activity (Fig. 5i and j).
Theoretical studies showed that Co-BDC/MXene heterogeneous
catalysts with Co-O-Ti interfacial bridging contribute to opti-
mized Gibbs free energy. This work provides valuable guidance
for modulating the electronic configuration of hybrid

This journal is © The Royal Society of Chemistry 2023
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catalysis. (a) Schematic of the synthesis process, (b) scanning electron

microscope (SEM) image of S-NiBDC, and (c) polarization curves of different samples for the HER. Reproduced with permission from ref. 85.

Copyright 2022, Nature Publishing Group. (d) Schematic diagram, (e) SE

M image of CoP,@CNS, (f) polarization curves, and (g) Tafel slopes of

different samples for the HER. Reproduced with permission from ref. 86. Copyright 2020, Wiley-VCH. (h) Schematic diagram of the synthesis of
Co-BDC/MXene and the linear sweep voltammetry (LSV) polarization curves of different samples in (i) 1.0 M KOH and (j) 0.5 M H,SO4 for the HER.

Reproduced with permission from ref. 89. Copyright 2022, Wiley-VCH. (
700, and (n) polarization curves of Ni/NiO/C-X samples for the HOR. Rep
The alkaline HOR mechanism, (p) HAADF-STEM image of Ni@O;-Ni, and

k) Schematic diagram, () SEM image, (m) HRTEM image of Ni/NiO/C-
roduced with permission from ref. 90. Copyright 2019, Wiley-VCH. (o)
(g) polarization curves of different samples for the HOR. Reproduced

with permission from ref. 91. Copyright 2022, American Chemical Society.

electrocatalysts, contributing to the rational design of highly
active catalytic systems.

3.2 HOR

The efficient utilization of hydrogen energy is an integral part of
the hydrogen-based energy system, which is significant in alle-

viating energy and environmental crises. Low-temperature

This journal is © The Royal Society of Chemistry 2023

hydrogen fuel cells, including proton exchange membrane
fuel cells (PEMFCs) and anion exchange membrane fuel cells
(AEMFCs), are considered the primary way of hydrogen utili-
zation technologies. With the development of platinum-group
metal (PGM)-free ORR electrocatalysts with high performance
in the alkaline electrolyte, AEMFCs have attracted wide atten-
tion because they are more cost-effective and scalable than
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PEMFCs. However, the low kinetics of the HOR process in the
alkaline electrolyte makes it a noticeable bottleneck. Therefore,
there is an urgent need to find high-performance, low-cost, and
earth-abundant HOR electrocatalysts for AEMFCs. Due to their
intriguing features of adjustable chemical composition and
physical structure, MOFs have also been approved as promising
HOR electrocatalysts.

By direct-calcinating Ni-BTC under the protection of gra-
phene layers, Yang et al. synthesized a low-cost Ni/NiO/C cata-
lyst with abundant Ni/NiO interfacial sites, which can be
observed clearly in the high-resolution transmission electron
microscope (HRTEM) image (Fig. 5k-m).*® Benefiting from
interfaces between NiO and Ni (Fig. 51 and m), the rod-like Ni/
NiO/C-700 obtained at 700 °C annealing temperature exhibi-
ted higher current density than other samples (Fig. 5n). Exper-
imental and theoretical studies revealed that interfacing Ni and
NiO in Ni/NiO/C and the presence of highly conductive gra-
phene layers contribute to optimal binding energies of
hydrogen and hydroxide species, ultimately boosting the HOR
performance in alkaline electrolytes. Men et al. proposed Ni
core nanoparticles coated with oxygen-inserted two atomic-layer
Ni shells (Ni@O;-Ni) formed by the low-temperature pyrolysis of
Ni-based MOF (Fig. 50).°* Uniform distribution of bright Ni
nanoparticles can be observed in low magnification high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images (Fig. 5p). The resulting Ni@O;-Ni cata-
lyst showed excellent HOR properties, superior to those of the
most advanced Pt/C catalysts (Fig. 5q). Theoretical calculation
results showed that the adjustment of the Ni coordination
environment contributes to the optimal adsorption/desorption
of intermediate species (*OH/*H), which is beneficial to
enhance the alkaline HOR performance. By adjusting the
atmosphere of pyrolytic Niz(BTC),, Ni et al. obtained Ni nano-
particles embedded in N-doped carbon supports (Ni-H,-NHj),
showing excellent activity and robustness to the HOR.*> Based
on Ni-based MOF derivatives, these studies optimize the
binding energy of hydrogen and hydroxide by regulating the
electronic structure, laying the foundation for developing
excellent HOR electrocatalysts. However, the research on HOR
electrocatalysts is mainly based on PGMs, and the development
of MOF-based HOR electrocatalysts is still in the initial stage.
Considering the many advantages of MOFs (regular periodic
arrangement structure, ligand functionalization, high specific
surface area, and accurately controllable pore structure), we
boldly predict that MOFs have great potential for the HOR.

4. Self-supporting MOF-based
oxygen electrocatalysts

Oxygen electrocatalysts play a significant role in green energy
technologies (i.e., OWS, ZABs, and FCs). However, the kinetics
of the OER and ORR is extremely slow, which dramatically
limits their application in these devices. Therefore, it is neces-
sary to design oxygen electrocatalysts with high performance to
improve their efficiency in energy technologies. As an ideal and
promising candidate electrocatalyst, the emergence of self-
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supporting MOF-based materials provides a feasible solution
to the above problems.

4.1 OER

The OER is an integral component of various electrochemical
techniques but is hampered by the slow process involving
multiple proton-coupled electron transfer processes. Even
noble metal-based electrocatalysts, such as IrO, and RuO,,
remain impediments in practical application due to their high
price and poor durability. Recently, increasing research efforts
have been engaged in constructing self-supporting MOF-based
OER electrocatalysts.

For example, using ferrocene dicarboxylic acids as organic
ligands, Liang et al. synthesized NiFc-MOF (Fc = ferrocene) on
NF by the solvothermal method (Fig. 6a and b).>* With their
unique 2D electronic structure and electron-rich group ferro-
cene, NiFc-MOF/NF nanosheets exhibited excellent OER prop-
erties, with an overpotential of 195 mV at 10 mA cm™> and a low
Tafel slope of 48.5 mV dec™ ' (Fig. 6¢). DFT calculations revealed
that the Fc units within the MOF crystalline structure enhance
the overall electron transfer capacity, which contributes to the
enhancement of the OER performance. In addition, by intro-
ducing Fc into Co-BDC, self-supporting CoBDC-Fc-NF with
a missing linker was obtained by Xue et al. and exhibited
excellent activity and robust durability for the OER.** These two
studies emphasize the importance of regulating the electronic
structure in constructing highly efficient self-supporting MOF-
electrocatalysts. Starting with two Ni-based MOFs (Ni-BDC-1
and Ni-BDC-3) with different topological and morphologies on
NF, Zhang et al. obtained the corresponding products (Ni-BDC-
1R and Ni-BDC-3R) by electrochemical CV experiments (Fig. 6d-
2).” As expected, the MOF heterojunction Ni-BDC-1R with
steady and partial reconstruction showed excellent OER
performance, significantly better than fully reconstructed Ni-
BDC-3R and even comparable to the benchmark IrO,
(Fig. 6h). Theoretical calculation results revealed that the
internal electric field formed in the MOF heterojunction opti-
mizes the ad/desorption free energy of the active Ni sites, thus
remarkably enhancing the OER performance. This work
provides a good model for developing highly efficient OER
electrocatalysts through the MOF topology strategy.

Using an in situ coupling strategy, Hong et al. constructed
unique heterogeneous composites (Co-ZIF/CDs/CC) by insert-
ing carbon dots (CDs) into self-supporting Co-ZIF nanosheets
on CC by a one-pot co-precipitation method.”® The high
coverage of active sites and good conductivity provide the Co-
ZIF/CDs/CC an ultralow overpotential of 226 mV at 10 mA
cm 2. Benefiting from sophisticated architectures and func-
tional materials, self-supporting MOF composites show great
advantages in enhancing electrical conductivity and chemical
stability.

Using MOF-74-Co/Fe on NF as precursors, Lu et al. prepared
porous NF@PANI@CoFe,0,/C with excellent OER -catalytic
performance by direct pyrolysis in an N, atmosphere.”
Compared with previously complicated processes, this work
provided a simple method for preparing metal oxide/carbon

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Self-supporting MOF-based electrocatalysts for oxygen electrocatalysis. (a) Illustration of the synthesis, (b) SEM of NiFc-MOF, and (c) LSV
curves of different samples for the OER. Reproduced with permission from ref. 93. Copyright 2021, Wiley-VCH. (d) Schematic illustration of the
self-reconstruction of an MOF heterojunction and the crystal structures of Ni-BDC-1 (e) and Ni-BDC-3 (f) viewed from an axis, (g) SEM image of
Ni-BDC-1R and (h) Tafel plots of different samples for the OER. Reproduced with permission from ref. 95. Copyright 2022, Wiley-VCH. (i)
Illustration of the synthesis, (j) top-view SEM image of Ni@N-HCGHF (inset shows a digital image of Ni@N-HCGHF), and (k) LSV curves of different
samples for alkaline ORR. Reproduced with permission from ref. 102. Copyright 2020, Wiley-VCH.

composites. In another study on MOF derivations, Li et al.
converted NiFe-BDC surface-mounted MOFs (SURMOFs) into
NiFe-based oxyhydroxide films (SURMOFD) by a simple one-
step alkali treatment, in which functional groups such as -Br,
-OCHj3;, and -NH, were introduced into ligands for stimulating
defect strain.”® Among them, NiFe-BDC (NH,) SURMOFD
showed remarkable OER activity and durability. This work
highlights the importance of lattice strain in enhancing the
activity of self-supporting MOF electrocatalysts.

4.2 ORR

As one of the core processes of renewable energy technology, the
cathodic ORR will directly affect the conversion efficiency of FCs
and ZABs."® The ORR occurs primarily through two different
reaction pathways, depending on the nature of the catalysts. In
the two-electron pathway, O, can be converted to H,O, (acidic
medium) and HO,  (alkaline medium), which can be further
converted to H,O by another subsequent two-electron reaction
or to O, by a chemical disproportionation reaction. In the four-
electron pathway, O, is converted directly to H,O (acidic
medium) and OH™ (alkaline medium). When both cost and
efficiency are considered in the search for ideal ORR

This journal is © The Royal Society of Chemistry 2023

electrocatalysts, self-supporting MOF-based electrocatalysts
stand out for their excellent activity, durability, and methanol
resistance among numerous ORR electrocatalysts.

At present, there are only a few reports on MOF-based
materials as two-electron ORR electrocatalysts, especially for
self-supporting MOF-based materials. Recently, Zhang et al
reported ZnCo-ZIFs with an optimized Zn/Co ratio and
predominant {001} facets by finely controlling MOFs at the
atomic and nano-scale.®® Experimental results and DFT calcu-
lations indicated that the generation of electron insufficient Co
active sites and exposure to the {001} surface are favorable for
H,0, desorption and the two-electron ORR. This work opens
a new way for the development of advanced MOF-based elec-
trocatalysts for the two-electron ORR.

Compared to the two-electron transfer ORR, the four-
electron transfer ORR is more fulfilling for energy technolo-
gies. For example, Cheng et al. developed a series of lattice
strain NiFe MOFs through photoinduced lattice strain.'*® In
particular, the current density of 4.3%-MOF (4.3% represents
the corresponding lattice expansion ratios) in the potential
range 0.5-0.8 V is 5-10 times that of pristine MOFs, even
superior to that of commercial Pt/C. This work realizes
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controllable electronic structure modulation for self-supporting
MOFs via lattice strain, which provides a new way to design
efficient and low-cost ORR catalysts.

Self-supporting MOF derivatives are more widely used in the
ORR than MOFs and their composites, as they are usually
endowed with desirable physicochemical properties during the
conversion process. Metallic compound/carbon hybrids, a type
of MOF derivative in which the derived carbon matrix prevents
metallic nanoparticles aggregation and protects them from
acid/alkali corrosion. The unique structure and composition
facilitate the regulation of the electronic structure and expose
abundant active sites, which offers a new paradigm for
designing PGM-free electrocatalysts. Co and its compounds
with unsaturated electronic structures generally show great
potential toward the electrocatalytic ORR. For example, through
the carbonization-hydrolysis route, Li et al. embedded CeO,/Co
heterostructures in Co-MOF derived N-doped carbon nanosheet
arrays (NCNAs) to fabricate self-supporting Co/CeO,-NCNA@CC
for efficient ORR.* Theoretical calculation results showed that
the Co with unpaired electrons in the Co/CeO, heterojunction
enhances the oxygen adsorption, thus accelerating the ORR
process in the alkaline medium. Apart from self-supporting
MOF derived Co-based electrocatalysts, Ni-based materials are
another promising ORR electrocatalysts. By pyrolyzing Ni-BTC
hollow microspheres/graphene oxide, Wang et al. synthesized
flexible, freestanding 3D films (Ni@N-HCGHEF) stitched from
1D carbon nanotubes and 2D reduced graphene oxide sheets
(Fig. 6i and j).'** Benefitting from the uniform distribution of Ni
nanoparticles on an N-doped carbon shell, Ni@N-HCGHF
exhibited excellent ORR performance with a half-wave poten-
tial of 0.875 V, ranked among the top PGM-free electrocatalysts
(Fig. 6k). Experimental and theoretical studies revealed that the
N-doped carbon shell coupled with Ni nanoparticles leads to an
optimized film with excellent ORR performance.

When the metals in metallic compound/carbon hybrids are
controlled from the molecular scale to the atomic scale, another
class of MOF derivatives is produced: metal single-atom (SA)-
doped carbon materials. Especially transition metal atoms
(i.e., Fe, Co, and Ni) coordinated with N-doped carbon mate-
rials, typically represented by M-N-C (also known as single-
atom catalysts, SACs), usually exhibit excellent ORR activity
due to atomically dispersed active sites and highly heteroge-
neous structures. For example, using ZIFs and electrospun
nanofibers as precursors, Ji et al. prepared a self-supporting Co
SA-anchored N-doped carbon flake on CNFs (Co SA@NCF/
CNFs) for highly efficient ORR.'* Using Co-MOF as a precursor,
Zang et al. removed Co clusters through the carbonization-
acidification process and obtained Co SA anchored in a porous
N-doped carbon nanoflake (NC-Co SA). Benefiting from the
abundant SA active sites and layered porous structure, the self-
supporting SACs derived from MOFs exhibited excellent activity
and stability toward the ORR.

5. Energy technologies

Compared with rotating disk electrode (RDE) performance
recorded under relatively ideal conditions, membrane electrode
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assembly (MEA) performance is much worse due to the difficult
mass transfer, insufficient exposure of active sites, low
concentration of reaction atmospheres, complex test equip-
ment, and high test temperatures. Therefore, the MEA perfor-
mance of electrocatalysts must be further improved to realize
their practical application. Advanced self-supporting electro-
catalysts not only effectively simplify the preparation process
and cost of MEAs but also facilitate the integrated construction
of the structure and composition of the MEA. With the versa-
tility of MOFs in components, morphology, and structure, self-
supporting MOFs are very attractive for constructing high-
performance MEAs for energy technologies.

51 OWS

Based on the abundance and availability of water resources,
OWS contributes to achieving sustainable hydrogen produc-
tion. Fig. 7a shows the configuration and schematic diagram of
a typical OWS. Involving the HER and OER, the actual potential
of OWS is usually in the range of 1.8-2.2 V, much higher than
the theoretical potential (1.23 V). Although some progress has
been made in the development of noble metal-free electro-
catalysts for OWS, there is still an urgent need to develop elec-
trocatalysts that can maintain high stability and high activity at
high current densities.

For self-supporting pristine MOFs, Zhou et al. reported
preparing an ultrathin self-supporting defect-Ni-MOF nano-
sheet array (D-Ni-MOF NSA) with abundant defects by alkali
etching (Fig. 7b).'"®* The formed unsaturated Ni sites are
conducive to exposing more abundant active sites and
improving electrical conductivity. When served as both the
anode and the cathode for OWS, the D-Ni-MOF NSA only needs
a lower and stable voltage of 1.50 V to realize a current density of
10 mA cm™?, which is better than commercial IrO,/C (+)||Pt/C
(—) (Fig. 7c). Mechanism analysis showed that the formation
of open metal sites with high valence states and oxygen vacan-
cies promotes the reduction of rate-determining energy barriers
in the OER and HER, while the introduction of K contributes to
the rapid charge transfer capability, ultimately boosting the
water decomposition activity.

Apart from pristine MOFs, self-supporting MOF composites
also show feasibility and prospects for rational construction of
OWS device electrodes. Through a controllable grafted-growth
strategy, Wang et al. obtained a heterogeneous nanotree array
catalyst (CoNiRu-NT) by coupling monodisperse Ru metal sites
with conductive ¢cMOF/LDH.'” As expected, the voltage of
CoNiRu-NT as a bifunctional OWS electrocatalyst is 1.47 V at
a current density of 10 mA cm 2. Research on self-supporting
MOF electrocatalysts with monodisperse metal active sites
opens up a way for the rational design of bifunctional
electrocatalysts.

By electrodepositing NiFe LDH nanosheets onto a hollow
CoS; (H-CoS,) nanoarray derived from ZIF-67, Lee et al. ob-
tained self-supporting H-CoS,@NiFe LDH/NF.” Specifically, the
OWS device assembled by using H-CoS,@NiFe LDH/NF as both
the anode and cathode exhibited a cell voltage of 1.98 V to
obtain 300 mA cm ™ In addition, Guo et al reported the

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Self-supporting MOF-based electrocatalysts for energy devices. (a) Schematic illustration of OWS devices. (b) Schematic illustration of
fabricating a D-Ni-MOF NSA and (c) its LSV plots in water electrolysis. Reproduced with permission from ref. 104. Copyright 2020, Wiley-VCH. (d)
Schematic illustration of ZABs. (e) Schematic illustration of trilayer Fe—Co—Ni MOF and (f) its charge—discharge profiles and power density curves
of representative Fe—Co—-Ni MOF and Pt/C + RuO; air-cathodes of ZABs. Reproduced with permission from ref. 109. Copyright 2022, American
Chemical Society. (g) Schematic illustration of H,—O, FCs. (h) Schematic diagram of LP@PF catalysts and (i) its current—voltage polarization and
power density for H,—O, FCs of LP@PF-1 (black stars), LP@PF-2 (red diamonds), PF-2 (green), 3% PtsCo/ZC (blue spheres), and commercial 47%
Pt/C (magenta squares). Reproduced with permission from ref. 114. Copyright 2018, American Association for the Advancement of Science.

preparation of Co-NC@Ni,Fe-LDH by electrodeposition of
ultrathin defect-rich Ni,Fe-LDH nanoarrays onto Co-ZIF-L
derived Co-NC microarrays.’ The electrolyzer based on Co-
NC@Ni,Fe-LDH demonstrates a low cell voltage of 1.55 V at
a current density of 10 mA cm™ > in OWS application. These two
studies provide a good model for constructing heterogeneous
catalysts derived from self-supporting MOFs.

5.2 ZABs

ZABs have been known as one of the most promising next-
generation energy storage systems because of their high
energy density, non-polluting emissions, and low cost.'*” Fig. 7d
shows the charging and discharging process of ZABs, in which
the OER and ORR occur respectively at the air cathode. Given
the challenges of slow kinetics and limited mass transfer at air
cathodes, the full potential of ZABs has not yet been realized.
Considering this, there is an urgent need to develop bifunc-
tional electrocatalysts to effectively solve the issues mentioned
above, where self-supporting MOF-based catalysts show
tremendous potential.

This journal is © The Royal Society of Chemistry 2023

For example, Jiang et al. obtained Co-Zn heterometallic ZIF
(BHZ-48) with hierarchical pores and ligand vacancies by Co"
substitution treatment on Zn-based ZIF arrays for 48 h.'*® The
ZAB with the BHZ-48 cathode has a discharge-charge voltage
gap of 0.8 V and outstanding durability for 760 h at 15 mA cm 2,
which surpasses noble-metal benchmarks. This work provides
a new prospect to improve ZABs performance by tuning the
ligand environment and heterometallic alliance. By a reduction
electrosynthesis method, Farahani prepared layer-by-layer
assembled trimetallic Fe-Co-Ni MOF on NF (Fig. 7e).'*®
Benefiting from the synergistic effect of Fe, Co, and Ni, rapid
mass transfer, and even distribution of abundant active sites,
when serving as a bifunctional air cathode electrocatalyst, the
Fe-Co-Ni MOF-based ZABs possessed an excellent power
density of 161 mW em™> and outstanding specific energy of
~945 W h kgz, ", along with long-term stability (Fig. 7f).

Using CoZn-based MOFs grown on a GF (GF = graphene
framework) as precursors, Liu et al. obtained a mesoporous
CoNC nanocrystal-coated GF by subsequent high-temperature
thermal treatment.* This work provides insight into the
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reaction mechanism of heteroatom-doped carbon materials in
ZABs. In addition, through a facile carbonization-acidification
process, Zang et al. fabricated self-supporting Co SA electro-
catalysts anchored in porous N-doped carbon flakes derived
from Co-MOF precursors.'® With the high density of Co-N,
active sites, the NC-Co single-atom electrocatalyst demonstrates
a high open circuit potential with excellent cycling stabilities
when serving as a binder-free air cathode for ZABs.

5.3 FCs

PEMFCs are promising energy conversion systems expected to
completely solve the problems of the energy crisis and envi-
ronmental pollution in the future. In light of different anode
fuels, PEMFCs can be divided into H,—-O, FCs, direct ethanol
FCs, direct methanol FCs, and direct formic acid FCs."" Fig. 7g
shows the typical configuration of H,-O, FC devices. However,
their widespread use is severely limited by the slow cathodic
ORR process and the scarcity of PGM. As introduced in the ORR
section, self-supporting MOF-derived metallic compound/
carbon hybrids have attracted much attention due to their
excellent ORR performance and have thus also been explored as
promising PGM-free electrocatalysts to improve the ORR in H,-
0, FCs.

For example, adopting MOF-5 as the precursor and an Fe(u)-
phenanthroline complex as the Fe source, Xie et al. constructed
novel Fe SAC-MOF-5 for the ORR in H,-O, FCs."” Compared
with other carbon supports, an MOF-5-derived carbon matrix is
more accessible to provide abundant active sites, rendering Fe
SAC-MOF-5 promising for potential application in H,-O, FCs.
Not limited to single metals, metal alloys/carbon hybrids
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derived from MOFs also have superior electrocatalytic
activity."® In a study by Chong et al, PGM-free catalyst
substrates PF-1 and PF-2 (PF = PGM-free) were first obtained
through thermal activation and controlled acid treatment using
ZIF-67 and ZIF-8@ZIF-67 as precursors, respectively. Subse-
quently, the Pt precursor was introduced into PF-1 and PF-2,
and uniformly dispersed PtCo alloys over a substrate of dense
Co-N,~C, sites and onion-like graphitic layers encapsulating Co
nanocrystals (named LP@PF-1 and LP@PF-2, respectively) were
obtained (Fig. 7h)."** LP@PF-1 and LP@PF-2 both exhibited
excellent catalytic activity and durability in H,-O, FCs when
incorporated in the cathode of the MEA (Fig. 7i). DFT calcula-
tions suggested that the interaction between Pt-Co nano-
particles and PGM-free sites improved ORR activity and
durability.

In addition to being used as a cathode for FCs, MOFs can
also act as a proton exchange membrane (PEM), which is the
core component of PEMFCs because of its essential role in
transporting protons, separating the reactants, and blocking
the direct electron paths within the cells. For example, Zhang
et al. mixed MOF-801 and a poly(vinylidene fluoride)-poly(-
vinylpyrrolidone) matrix (PP-X) to obtain composite
membranes, which exhibited high proton conductivity in H,-O,
FCs."*® Apart from single MOF filled PEMs, dual MOF co-filled
hybrid membranes have also been reported. By incorporating
acid and basic isomorphic MOFs, namely UiO-66 (SOs;H)
(abbreviated as A) and UiO-66(NH,) (abbreviated as B) in a chi-
tosan (CS) polymer, Dong et al. reported a low-cost strategy for
synthesizing a proton-conducting hybrid membrane (denoted
as CS/A + B)."® CS/A + B possessed excellent proton conductivity
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Fig. 8 Proposed future directions of self-supporting MOF-based hydrogen and oxygen electrocatalysts.

13102 | J Mater. Chem. A, 2023, 11, 13089-13106

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3ta01903a

Published on 18 May 2023. Downloaded on 6/7/2026 2:02:16 AM.

Review

at high temperatures benefiting from the synergistic effects
between the CS matrix and two isomorphic MOFs. These two
studies provide new impetus for the practical application of
MOF-based hybrid membranes for PEMs in FCs.

6. Summary and perspectives

In summary, we have thoroughly outlined up-to-date investi-
gations of self-supporting MOF-based hydrogen and oxygen
electrocatalysts, with special emphasis on the synthesis strategy
and application. Compared with conventional slurry-casting
electrodes, self-supporting electrodes skip the requirement of
binders and conducting agents, simplify the electrode prepa-
ration process, improve mass/charge transport and mechanical
stability, and reduce interface resistance. Integrating the supe-
riority of abundant active sites, highly tunable porosity, and
large specific surface area, self-supporting MOFs provide an
excellent choice for obtaining various advanced hydrogen and
oxygen electrocatalysts. However, there is still a long way to go
before their practical applications in hydrogen/oxygen-related
energy technologies. Herein, several current challenges and
potential solutions are described as follows (Fig. 8).

6.1 Precise control of well-defined structures

Firstly, only a handful of the more than 20 000 reported MOFs
can be used as self-supporting electrodes, thus rational
component engineering is urgently needed to develop more
types of self-supporting MOF-based materials for various elec-
trocatalytic reactions. Secondly, MOF derivatives usually
undergo severe and irreversible aggregation, shrinkage, fusion,
and pulverization during post-processing, thus losing their
inherent high specific surface area and porosity. In this case,
nanostructure engineering, including the construction of
porous, hollow, yolk-shell, frame, hierarchical, and other
structures, is an effective strategy to solve these problems.
Thirdly, self-supporting MOF-based electrocatalysts are gener-
ally unable to exert their advantages due to a lack of effective
physicochemical properties. From this point of view, it is
essential to adopt surface and interface engineering techniques,
such as defect introduction, heterostructure construction,
surface functionalization, etc.

6.2 Establishment of measurement and evaluation
standards

Due to numerous influencing factors, the measurement and
evaluation standards of self-supporting MOF-based electrodes
have not been unified yet. From the viewpoint of external
factors, test conditions, including temperature, pressure, pH,
and humidity, obviously influence the activity and stability of
self-supporting MOF-based electrodes. For example, the choice
of the reference electrode depends significantly on the pH of the
electrolyte. Generally, the saturated calomel electrode (SCE) or
Hg/Hg,SO, electrode is usually used as the reference electrode
in acidic solutions. In neutral solutions, the SCE or Ag/AgCl is
recommended as the reference electrode, while Hg/HgO is used
in alkaline solutions. From the viewpoint of internal factors, the

This journal is © The Royal Society of Chemistry 2023
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composition and structure of the catalysts, the choice of
substrates, mass load, and binding force also affect the evalu-
ation of self-supporting MOF-based electrodes. For example, the
geometric and actual surface areas of many substrates often
differ significantly, making it difficult to fairly and objectively
compare and evaluate performance parameters related to the
surface area. Therefore, unifying experimental test conditions
and establishing the corresponding performance evaluation
standards is imminent.

6.3 Long-term stability

On the one hand, under the harsh conditions of electrocatalysis
(high potential and strong acid/alkaline media), unstable MOFs
will undergo structural collapse and even evolve into new pha-
ses. On the premise of not blocking active sites and effective
mass transfer pore size, further modification and coating
treatment can be carried out to improve long-term stability. On
the other hand, the choice of advanced substrates is also crucial
for the construction of self-supporting MOF-based electro-
catalysts. Thus, modifying the substrate surface or developing
high-performance conductive substrates is a feasible strategy.

6.4 Reaction mechanism and structure-activity relationship

A thorough understanding of the reaction mechanism is helpful
for the rational design of electrocatalysts. Using in situ/operando
characterization techniques to capture reaction intermediates
and identify active sites is an indispensable approach to
studying the reaction mechanism. It is also the prerequisite for
accurately establishing theoretical models in three-phase solu-
tions, thus achieving advanced DFT calculations. In addition,
machine learning has also shown strength in analyzing complex
chemical processes and modeling materials.

6.5 Practical applications

Considering that the existing synthesis strategies for self-
supporting MOF-based electrodes are implemented in the
laboratory, it is urgent to achieve industrial scale-up of
production technologies. In addition, electrocatalysts face
complex working conditions in energy devices, and their effi-
ciency, stability, and selectivity need to be further improved.
Therefore, there is an urgent need to develop novel production
technologies to meet the demands of practical energy devices.
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