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Chapter 1
Nano/Micro MOF-Based Materials

Huan Pang and Yijian Tang

1.1 Introduction

Metal–organic frameworks (MOFs) are the structures of highly ordered polymer
connected by coordination bonds. Due to the diversity of organic ligands and metal
ions, as well as the principles of some successful crystal engineering, MOFs are
famous for their modular design capabilities to construct framework topology, the
size/shape of pore and the characteristics of pore surface as needed. In addition to their
structures and applications, MOFs are also known for the response of their flexible
structures to external stimuli (object changes, light irradiation, temperature change
and mechanical forces) [1–4]. For most MOFs, the host framework of different parts
can rotate around a single bond in an organic ligand or can rotate between an organic
ligand and a metal ion. The reversible nature of coordination bonds and weaker
supramolecular interactions also enables the internal connections within the MOF
crystals to reversibly break and reform. These structural features give rise tomultiple,
easily accessible thermodynamicmetastable states. Consequently, flexibleMOFs can
show diverse types and magnitudes of structural dynamism. Importantly, many of
the structure changes occur with the retention of the periodicity and even the single-
crystallinity, which enable the transformed structures and host–guest interactions
to be visualized at the atomic level by crystallography techniques including the
convenient inhouse single-crystal X-ray diffraction [5].

MOFs are a novel type of crystalline porous material with a periodic network
structure, which consists of inorganic vertices and organic linkers that are coupled
to each other through coordination bonds [6]. There are now more than 20,000
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2 H. Pang and Y. Tang

MOFs with various compositions, morphologies and crystal structures. Owing to the
unique advantages such as porous crystal structure, highly dispersed metal compo-
nents, adjustable pore size, MOFs have excellent application performance in energy
storage, drug delivery, catalysis. As a new electrode material, MOFs have unique
advantages such as high specific surface area, low density, controllable pore size and
great thermal stability, which can be used as the electrodes of batteries and super-
capacitors. MOFs materials introduce design concepts and concepts in crystal engi-
neering into supramolecular disciplines, which is an emerging cross-field that spans
inorganic chemistry, organic chemistry, crystal engineering, and materials science.
Through nearly two decades of research and development, MOFs materials have
made a series of progress in synthesis and preparation, design, performance, and theo-
retical research. Compared with traditional materials, MOF materials have obvious
advantages. Firstly, the structure of the MOFs material has certain adjustability. The
size and shape of the crystal pores can be adjusted by selecting the size of the organic
ligand. At the same time, the surface of the pores of the MOFs material can be modi-
fied to achieve the target performance. Secondly, the composition ofMOFsmaterials
is highly diverse. By choosing different organic ligands and metals, MOF materials
with different structures can be constructed to achieve different target properties.
Thirdly, the method for synthesizing MOFs is simple. Fourthly, MOFmaterials have
porous characteristics, and a high specific surface area can be obtained through
reasonable design. Fifthly, as a kind of organic–inorganic hybrid materials linked
by coordination bonds, MOFs materials have high thermal and chemical stability
[7–10].

In 1995, Yaghi and coworkers [11] reported a two-dimensional (2D) structure
material, which is connected by rigid organic ligand trimesic acid (BTC) and transi-
tionmetal Co. In 1999, Yaghi’team [12] reported that a three-dimensional (3D)metal
organic framework material with a simple cubic structure-MOF-5, constructed with
rigid organic ligand terephthalic acid (BDC) and transition metal Zn, is composed of
benzene-containingmetal nodes at the eight vertices of the cube. The uniquemerits of
crystalline porous structure, highly dispersed metal components and adjustable pore
size of MOFs grant them outstanding performances in a variety of applications,16
for example, energy storage. In 2004 and 2005, Gérard Férey of the University of
Versailles in France successively reported two molecular sieve-like MOFs with the
characteristics of super-large pores-MIL-100 and MIL-101 [13, 14]. It combines
target chemistry and computer simulation methods, and uses conventional organic
ligands BTC and BDC and trivalent metal Cr to construct a MOF with a super-
large cage MTN-type molecular sieve topology. They both have two mesoporous
cages with sizes of 25 Å, 29 Å and 29 Å, 34 Å. The specific surface area is as high
as 3100 m2 g−1 and 5900 m2 g−1. This contribution of Férey’s research not only
solves the problem that single-crystal X-ray diffraction methods are unable to solve
the huge unit cell volume when analyzing the crystal structure, but also proposes
a new strategy for designing and synthesizing the target structure with the aid of
computer simulation, which can be said to be MOF materials. The development has
revealed a new page. In 2006, Yaghi’s research team [5] turned their attention to tradi-
tional molecular sieve materials with superior stability and reported that they had
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synthesized 12 molecular sieve-like imidazole framework materials with 7 typical
silica-alumina molecular sieve topologies-ZIF-1 to ZIF-12, these materials exhibit
superior thermal and chemical stability, among which ZIF-8 and ZIF-11 can not
only be stable to 550 °C, but also remain stable in boiling alkaline aqueous solu-
tions and organic solvents. Later, it was favored by many scientific researchers and
developed many applications. Subsequently, from 2007 to 2008, the Yaghi research
team successively reported on ZIF-20 to ZIF-23, ZIF-68, ZIF-69, ZIF-70, ZIF-95
and ZIF-100 structures have greatly expanded the ZIF family [5, 15].

In addition, the materials with hybrid micro/nanostructure play an important role
in energy storage and conversion applications (rechargeable batteries, supercapaci-
tors and fuel cells) with high performance. Although they are complex, these multi-
component structures have the potential to overcome the weaknesses of a single
counterpart. The unique characteristics of this hybrid structural material, as well as
the unlimited selection of components having various properties, provides methods
to optimize application performance. To date, various kinds of micro/nano hybrid
structures have been obtained through a variety of synthesis methods, which usually
require precursors and sacrificial templates to construct complex hybrid structures.
This is because the thermodynamic and kinetic processes of various reactions occur-
ring at the interface of micro/nanocrystals are affected by the surface energy, so the
design and control of various morphologies of MOF nanocrystals has become a hot
topic in recent years [16, 17].

MOFs can be designed into specific geometrical micro/nano structures (one
dimension, two dimensions and three dimensions) to be partially eliminated. These
morphological strategies give new functions and properties to traditional MOFmate-
rials. For example, compared with bulk MOF counterparts, ultrathin size MOF
nanosheets have great conductivity and stability in electrocatalysis. Mass transfer
limitations are weakened by increasing the texture porosity and exposed specific
surface area.

The economic development and increasing prosperity of the last few decades have
been supported by increasingly large energy consumption that has led to the sacrifice
of natural environment because of the blind exploitation and abuse of fossil energy. It
will be difficult for mankind to deal with the consequence of the further deterioration
of the environment in the future, and hence, the exploration and development of
renewable energy sources are especially important. Progress has also been made in
the past few decades by exploiting renewable energy sources such as solar, tide and
wind. However, in most cases, due to their intermittent characteristics, it is difficult
for these energy source to consistently provide sufficient power as needed. As a
result, it is necessary to either develop some more controllable and flexible energy
forms or more efficient energy storage technology [18].

MOFs as awell-established class of crystalline porousmaterials, constructed from
metal ions or clusters, which are interconnected by organic ligand molecules based
on amodular principle and form 3D frameworks with various topologies. This results
in the formation of the precisely defined pore system, which differentiateMOFs from
less ordered activated carbons, porous metal oxides and silica’s. Well-defined crystal
structure ofMOFs opens unique functionalization possibilities, which in turns further
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expand their application potential ranging from catalysis, capture of the greenhouse
gases and even fabrication of electronic devices etc. Among the broad application
field for MOFs, energy-related applications are connected with energy storage and
transformation. The use of redox-active metals provides improved charge transfer
between the ligand and metal nodes and therefore makes them prospective as active
materials for electrochemical energy applications.

Recently, due to the high specific surface area, controllable morphology, abun-
dant pores and versatility, MOFs have become a research hotspot in the field of
electrochemistry. The growing number of publications on energy-related applica-
tions of MOFs in the recent 2 years indicates a great progress in this field. For
example, through a review of previous studies, some researchers have outlined
various synthesis methods for MOFs and synthesized various morphologies of nano-
materials with MOFs as precursors, such as nanosheets, nanoparticles, nanospheres,
nanorods, and so on.

Among the various applications of MOFs, the electrochemical sensor based on
MOF is a potential application. In recent years, several researchers have outlined
MOFs and their derivatives applications in the field of sensors. In recent years, with
the development of nanotechnology and nanoscience, important progress has been
made in the application of nanostructured MOFs in electrochemical sensors. MOFs
are endowed with electrochemical sensing capabilities through the introduction of
redox and catalytic active sites using active metal ions and/or ligands Therefore,
MOFs have made outstanding achievements in the latest progress of electrochemical
sensing detection of H2O2, glucose, heavy metal ions, etc. ZIF-67 crystallites with
porous {1 10} plane were synthesized through a simple and rapid method by Zhao
and co-workers, and weres used for the determination of glutathione (GSH) [19].
The prepared ZIF-67-modified electrode can significantly increase the GSH signal
during testing. Additionally, Co-MOFs can also be used for the high efficiency H2O2

sensors as the active substance. The modified electrode has the advantages of low
detection limit, wide linear range and high sensitivity for the detection of H2O2 [20].

At present, the study of pure MOFs in electrochemical sensors has not made
historical progress, so people try to study some MOF composites to improve the
performance of H2O2 and glucose sensitivity. A non-enzyme sensor used a unique
flower-like solvothermal reduction graphene oxide (SGO)@HKUST-1 as a substrate
for the detection of H2O2 was designed by Wang and co-workers. As an effective
structural guiding agent, all the octahedral HKUST-1 particles changed into layered
flowers SGO@HKUST-1 when the addition amount of GO reached 0.13 mg mL−1.
The synergistic effect between SGO and HKUST-1 improves the electrochemical
properties of the composites [21].

In addition to decarbonizing our energy, the world energy needs can be met
sustainably through energy efficiency and conservation [22]. By introducing abun-
dant renewable energy sources, such as solar, wind and hydropower, these needs can
be met without damaging the environment, diversifying the global energy mix. By
converting and storing renewable energy sources in chemical bonds, the intermittent
nature of renewable energy sources can be reduced and dependence on traditional
fossil fuels in the transport and industrial sectors reduced. The stored energy can
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be converted into electricity, used as feedstock for the production of high-value
industrial-related chemicals, or used directly for the transportation sector as liquid
fuel. The splitting of water into O2 and H2 is an attractive strategy for the sustain-
able production of H2, which has received significant attention as an energy carrier
that can be utilized in fuel cell technology to convert chemical energy into electrical
energy [23]. The design and implementation of catalysts to facilitate these transfor-
mations is necessary for reducing the activation barrier for the energy conversions
of interest.

In recent years, MOF-based materials (original MOFs, MOF composite materials
andMOF-derived materials) have attracted extensive attention in the terms of energy
storage and conversion [24, 25].

Compared with conventional rechargeable batteries, supercapacitors have
attractedmore andmore attention because of their higher power density, faster charge
and discharge rates and longer cycling life. Compared with the porosity of conven-
tional MOFs, which is often associated with poor electrical conductivity and struc-
tural stability, the high porosity ofMOFs andMOF compositesmakes the composites
have great potential in the field of supercapacitors, especially in the field of electro-
chemical double layer capacitors (EDLCs) [26]. Since the activated carbon widely
used at present can only provide limited theoretical capacitance for EDLCs, it is
of great significance to overcome these inherent shortcomings and make full use of
the high specific surface area of the original MOFs in the electrochemical process.
A composite composed of 10% reduced graphene oxide (rGO) and HKUST-1 was
synthesized bySawangphruk and co-workers to enhance the electrical conductivity of
pure HKUST-1. In addition, the introduction of rGO contributes to the distribution of
micropores andmesopores with an average pore size of 8.2 nm,which is conducive to
the absorption and release of ions from the electrolyte.When tested in three-electrode
confguration with 0.5 M Na2SO4 as electrolyte, the resulting composite exhibited
a desirable specifc capacitance of 385 F g−1, whereas the pure HKUST-1 without
rGO stored very limited charges. CNT is another carbon material used to improve
the conductivity of the MOF composites [27]. Lin and co-workers synthesized a
composite material of CNTs and Mn-MOF (Mn(C2H4O2)2(H2O)4). The addition of
CNTs increased the capacitance of Mn-MOF/CNT composites from 43.2 F g−1 of
pure Mn-MOF to 203.1 F g−1 of Mn-MOF/CNT composites in 1 M Na2SO4 [28].

MOFs can also be used as an effective activematerial and substrate for supercapac-
itor composites. For example, Chen et al. have successfully prepared a double-layer
composite material (NiHCF@MnO2) composed of a MOF structure (NiHCF) and
MnO2 as the electrode material for supercapacitors [29]. The CV and galvanostatic
charging-discharge curves of the composite show that the specific capacitance of
NiHCF@MnO2 composite is larger than that of NiHCF and MnO2 alone due to
the synergistic effect of NiHCF and MnO2. The capacitance of this composite from
three-electrode test can reach 224 F g−1 at 50 mV s−1 in 0.5MNa2SO4, much higher
than those of individual NiHCF (177.5 F g−1) and MnO2 (172 F g−1).

Because of the limited resources of fossil fuels on one hand, and constantly
increasing energy demand on another hand, fuel cells could be a reasonable alter-
native for environmentally unfriendly internal combustion engines. Additionally,
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many researchers have summarized the latest research on the applications of nanos-
tructured MOFs and MOF-derived materials in batteries. Recently, new types of
rechargeable batteries have been introduced, such as lithiumsulfur (Li–S) batteries,
lithium-ion batteries (LIBs), sodium-ion batteries (SIBs) and metal–air batteries,
which are emerging as promising candidates for post-lithium-ion batteries [7, 30–33].
LIBs have become popular power supplies, not only for various portable electronic
devices, but also for EVs, due to their unique advantages, such as high energy and high
power density, environmental benignity, long lifetime, and no memory effects. Apart
from the direct use of pristine MOFs as electrode materials for LIBs, a large number
of MOF-derived nanostructures with desirable electrochemical properties have been
designed and synthesized by using various MOFs as sacrificial templates. Xu et al.
first encapsulated sulfur in the porous carbon nanoplates obtained by one-step pyrol-
ysis of MOF-5. The obtained C–S composite cathode displayed good cycling perfor-
mance and a high specific capacity of 730 mAh g−1 after 50 cycles charge/discharge
at a current density of 837.5 mA g−1 [34]. Later on, Wu et al. reported ZIF-8
derived microporous carbon polyhedrons as carbon host to form C–S composites.
Well-prepared carbonic polyhedrons that have sufficient and unvarying micropores
were later on used as carbon host for preparation of carbon/sulfur mixtures [35].
Their research showed that the temperature for sulfur loading, sulfur content and the
electrolyte affected the performance of Li–S batteries.

Recently, SIBs have gained great attention as a promising alternative to LIBs due
to the abundance of sodium, low cost, and appropriate redox potential. Nevertheless,
as compared to lithium, insertion/extraction of sodium ions lead to much larger
volume change in the electrode due to its larger ionic radius. Therefore, exploring
high-performance electrode materials is of great importance for the advancement of
SIBs [36, 37].

MOFs as versatile precursors to produce various porous nanomaterials, including
porous carbons,metal oxides,metal sulfides,metal phosphides, andmetal carbides, as
well as newmultifunctional hybridmaterials. Fang et al. reported 2Dbimetallic oxide
(Co3O4/ZnO) nanosheets using bimetallic MOF as the precursor. The Co3O4/ZnO
hybrid nanosheets with rich oxygen vacancies have abundant porosity and high
surface areas.When used as anode of SIBs, the Co3O4/ZnO hybrid nanosheets exhib-
ited high rate capability with a specific capacity of 242 mAh g−1 at a current density
as high as 2000 mA g−1. In addition, it delivered a capacity retention of 91% after
1000 cycles charge/discharge [38]. The enhanced performance is believed to be due
to its 2D structure and synergistic effect of the hybrid materials.

Developing advanced electrode materials is of great importance for next-
generation rechargeable batteries. Recently, MOFs have been utilized as precursors
or sacrificial templates to prepare various nanostructured materials, such as porous
carbon, metal oxides, other metal compounds and their composites. MOF-derived
materials have large surface area, narrow distributed pore size, abundant porosity
and designable structures, which made them potential candidates as the electrode of
high-performance post-lithium-ion batteries.
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1.2 1D MOFs

In consideration of the unique anisotropic characteristics of 1D nanostructures, the
fabrication of 1DMOF nanomaterials for specific applications has greatly increased.
By selecting organic ligands and inorganicmetal ions, 1D nanoscaledMOFmaterials
with attractive properties and customizable configurations can be realized, such as
nanowires [39], nanorods [40, 41] and nanofibers [42, 43]. So far, the most common
method to fabricate these structures is the self-assembly of organic ligands and inor-
ganic metal ions through a one-pot approach. However, it is more challenging to
produce micro/nanoscaled 1D MOFs with controllable morphology and structure
compared with 0D nanoparticles.

1.2.1 Template Strategy

Among all nanostructured materials, nanotubes are particularly attractive because
these fascinating tubular nanostructures offer access to three different contact regions,
namely inner, outer surfaces and both ends [44, 45]. Therefore, unique properties
for applications in adsorption, catalysis, sensing, and nanodevices are presented.
Although various technologies have been used to make a variety of nanotubes from
different kinds of materials, the strategies for designing MOF nanotubes (MOFNTs)
remain largely unexplored. In 2012, Qiu and co-workers reported a rational self-
sacrificing template strategy toobtain tubular nanostructures by combining the advan-
tages of ultrasonic synthesis and vapor diffusion technique [46]. The cadmium ion
and benzene-1,3,5-tricarboxylate (btc3−) were chosen as the metal connector and the
bridging ligand to illustrate such a self-sacrificing template strategy. Ultrasound irra-
diationwas employed as an energy source, because it not only facilitates the structural
transformation of MOFs and shortens the reaction time, but also accelerates disso-
lution of the initially formed thermodynamically unstable nanorod template. Using
triethylamine (TEA) as a deprotonation agent, MOF nanorod templates for forming
MOF nanotubes (MOFNTs) were firstly synthetized by ultrasonic and vapor-phase
diffusion technique, as shown in Fig. 1.1a. After removing the excess TEA, contin-
uous ultrasonic irradiation caused the dissolution of the initial MOF nanorods and
the formation of a newMOF phase, thus resulting in the formation of MOFNTs. The
scanning electron microscopy (SEM) images showed that an initial rodlike product
was formed at 5 min under ultrasonic conditions in the presence of TEA vapor. A
large number of MOFNTs with inner diameters of 50–150 nm and outer diameters
of 100–300 nm were obtained at 20 min after removing the small vial containing
TEA. The ultrasonic irradiation effect and removal of TEA are the reasons that cause
the initial nanorods to grow into the final nanotubes. The removal of TEA prevented
continued growth of the kinetic phase. The ultrasonic treatment caused an equilibra-
tion to generate themore thermodynamically stable phase as a tubular coating, aswell
as simultaneous dissolving of unstable nanorod templates. Figure 1.1b showed the
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Fig. 1.1 a Illustration of the fabrication process of MOFNTs by the self-sacrificing template
strategy. b Close-up SEM image of open-ended MOFNTs. Transmission electron microscopy
(TEM) images of ZIF8-100-N (c), ZIF8-100-A (d), and ZIF8-30-N (e). f Scheme of synthesis
of MOF-74-Rod. g SEM images of MOF-74-Rod showing the formation of uniform rod-shaped
MOFs. a and b Adapted with permission [46]. Copyright 2012, WILEY–VCH. c–e Adapted with
permission [47]. Copyright 2018, WILEY–VCH. f and g Adapted with permission [48]. Copyright
2016, Nature Publishing Group

unprecedented success of this synthesis. The growth mechanism of MOFNTs helps
us understand the crystal growth and self-assembly process of nanostructured MOF
materials. By selecting suitablemetal ions, organic ligands and deprotonation agents,
this simple strategy can also be extended to the synthesis of other novel MOF-based
nanostructures, such as hollow MOF spheres and MOF core–shell structures.

In subsequent research, Qin et al. discovered controlled growth mechanisms of
1D MOF nanotubes (Fig. 1.1c), nanorods (Fig. 1.1d), and nanowires (Fig. 1.1e)
under size-confinement and surface directing effects [47]. Through employing inter-
facial synthesis templated by tracketched polycarbonate (PCTE)membranes, zeolitic
imidazolate framework-8 (ZIF-8) 1D nano- and super-structures can be tailored by
changing the size of template pores and type/concentration of reactants, resulting in
different morphologies. In order to impart hydrophilicity, the pore walls of PCTE
membranes are coatedwith a thin layer of poly(N-vinylpyrrolidinone) (PVP). During
the initially interfacial synthesis, PVP acted as anchors for the initially formed ZIF-8
seed crystals that induce further growth from the pore wall inward, gradually forming
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hollow tubes and solid rods. It was found that polycrystalline ZIF-8 solid nanorods
and hollow nanotubes were formed within 100 nm membrane pores, while single
crystallineZIF-8 nanowires grew inside 30nmpores. TheBrunauer−Emmett–Teller
(BET) surface area existed discrepancies, which may be caused by the difference in
ZIF-8 crystal quality. ZIF8-100-Apossesses theworst crystal quality since the growth
of nanotubes is stopped at early stage. ZIF8-30-N was displayed to be single crys-
talline and thus showed the highest porosity, while the polycrystalline ZIF8-100-N
sample fall somewhere in between. Result demonstrated the MOF nanostructure can
be controllably incorporated into the porous polymer templates, so that the composite
membranes possessed assessible nanopore surfaces, thereby rendering them poten-
tially useful in gas/liquid separation applications. Although the template strategy is
prone to control the morphology of the MOFs, the length and diameter of the prod-
ucts are restrained by the pore shape and template thickness, so it is not suitable
for manufacturing large-length MOFs. This discovery provides a general method for
controlling size, morphology, and lattice orientation of MOF nanomaterials.

1.2.2 Modulation Method

Modulation method can effectively control the morphologies/sizes and functionali-
ties of MOFs by using modulators. The modulators can not only control the kinetics
of various processes such as nucleation, but also induce the growth process of MOF
crystals along a specific direction, thereby forming MOFs with distinct morpholo-
gies and sizes. Kitagawa et al. developed a strategy to modulate the coordination
equilibria simply by adding capping reagents with the same chemical functionality
as the linkers [41]. The rate of framework extension and crystal growth is regulated
by impeding the coordination interaction between the metal ions and the organic
linkers. The [{Cu2(ndc)2(dabco)}n] (ndc = 1,4-naphthalene dicarboxylate; dabco =
1,4-diazabicyclo[2.2.2]octane) with tetragonal crystal system was selected to inves-
tigate the crystal growth mechanisms of porous coordination polymers (PCPs). Its
anisotropic framework characteristics were dominated by two coordination modes
(ndc-copper and dabco-copper). By adding monocarboxylic acid as a modulator,
one coordination mode (ndc-copper) can be selectively adjusted. The modulator can
also physically prevent crystal aggregation, thereby leading to anisotropic growth.
In this research, acetic acid was used to directly influence the coordination equi-
libria. The increase in the concentration of acetic acid significantly reduced the
growth rate of crystals, and promoted the formation of high aspect ratio nanorods
by inhibiting the growth in the [99] direction. The presence of acetic acid as a
modulator hindered the ndc-copper interaction that forms the two-dimensional layer
because both ndc and acetate had the same carboxylate functionality. The selective
coordination modulation method enhanced the relative crystal growth in the [001]
direction. In addition, the correlation between the adsorption properties and crys-
tallinity of the nanorods suggested that the coordination modulation method can
produce nanorods with high porosity and high crystallinity, which was equivalent
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to bulk crystals synthesized by conventional solvothermal methods. As a result, it
is proved that coordination modulation method can control the crystal growth of
nanosized PCP crystals [{Cu2(ndc)2(dabco)}n]. In another report, a self-templated
and catalyst-free strategy for the fabrication of 1D carbon nanorods by morphology-
maintained thermal transformation of rod-shaped MOFs was presented [48]. By
selecting salicylic acid as a modulator, the room-temperature reaction of zinc acetate
and 2,5-dihydroxyterephthalic acid formed rod-shaped MOF-74 with a width of 30–
60 nm and a length of 200–500 nm, as shown in Fig. 1.1 g. The corresponding
synthesis process of MOF-74-Rod is shown in Fig. 1.1f. The addition of the salicylic
acid modulator stabilizes the active metal sites on the surface of the MOF crystal,
resulting in MOF growth in a rod-shaped morphology. In addition, non-hollow 1D
carbon nanorods with moderate aspect ratio was achieved by thermal transforma-
tion of MOF-74. This approach is readily scalable and can be employed to generate
carbon nanorods and graphene nanoribbons on industrial levels.

1.2.3 Recrystallization Process

The kinetic control of crystallization has a significant impact on the crystal
morphology and crystallinity, and the low reaction rate is conducive to the forma-
tion of anisotropic nanostructures and single crystals. The kinetics of crystallization
can be controlled by using different precursors with different solubility in specific
solvents. Xu and co-workers reported the fabrication of the first single-crystal MOF
nanotubes [49]. They successfully synthesized superlong single-crystal Co-MOF
nanotubes with a diameter of ∼70 nm and length of 20 − 35 μm via an amorphous
MOF-mediated recrystallization approach.The reaction of cobalt acetate tetrahydrate
and 2,5-dihydroxyterephthalic acid at room temperature first given amorphousMOF-
74 nanoparticles, which then recrystallized into superlong single-crystal Co-MOF
nanotubes in water at 175 °C. The growth process of these nanotubes was analyzed
by changing the solvent, acidity/basicity, reaction time, and temperature. Results
indicated the water solvent was beneficial to the formation of the 1D anisotropic
nanostructure of Co-MOF-74. Moreover, both the length and the crystallinity of
Co-MOF-74 nanotubes increased with the concentration of water in the reaction
solvent. By studying the pH values of the original mixture solution, the superlong
Co-MOF-74 nanotubes were obtained at a pH value ranging from 6 to 10. MOF
rods were achieved at pH ≤ 5 and pH = 11. At the reaction time of 12 h, uniform
MOF nanotubes can be synthesized above 150 °C, whereas only gel-like products
were obtained at 100 °C. The synthesized uniform and monodisperse morphology of
MOF nanotubes can be employed as a nanocolumn for separating large molecules. In
addition, the MOF nanotubes were excellent precursors for synthesizing 1D carbon
nano-fibers. In an argon atmosphere, carbonization of the Co-MOF nanotubes main-
tained the 1D morphology, providing long carbon nano-fibers. Using dicyandiamide
as a nitrogen and a secondary carbon source, a hierarchical architecture composed
of carbon nanofibers wrapped by carbon nanotubes with cobalt nano-particles on the
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top was formed. The resulting hierarchical dendrites with carbon nanofiber trunks
and carbon nanotube branches not only have excellent electrocatalytic activity for
oxygen reduction reaction, but also have special applications in rechargeable Zn-
air batteries. In general, this work demonstrates a new strategy to fabricate MOF
nanotubes and related 1D nanostructures.

1.2.4 Microemulsion Strategy

The microemulsion strategy is also an effective way to regulate the growth of MOF
in a specific direction. Lin et al. developed a general reverse microemulsion-based
methodology for the fabrication of uniform MOF nanorods (Gd(BDC)1.5(H2O)2,
BDC = 1,4-benzenedicarboxylate) with a length of 100–125 nm and diameter of
40 nm in a water-in-oil microemulsion system [40]. In addition, the morphologies
and sizes of the nanorods were influenced by the water/surfactant molar ratio of
the microemulsion systems. In order to explore the generality of nanoscale MOF
synthesis in reverse microemulsions, they also carried out the reactions of GdCl3
and 1,2,4-BTC (tri-(methylammonium)benzene-1,2,4-tricarboxylate). As a result,
irregularly shaped and crystalline nanoplates of [Gd(1,2,4-BTC)(H2O)3]·H2O with
a diameter of∼100 nm and an average thickness of 35 nm were successfully synthe-
sized in awater/surfactantmolar ratio of 15. Luminescent nanorodswere successfully
synthesized by using Eu3+ or Tb3+ dopants. The ethanol dispersions of these doped
nanorods were highly luminescent under ultraviolet excitation with characteristic red
and green luminescence from Eu3+ and Tb3+, respectively. These results suggest that
nanoscale MOFs can be used as potential contrast agents for multimodal imaging.

1.2.5 Lab-On-A-Chip Approach

Microfluidic synthesis is another charming method to synthesize nanomaterials with
controllable morphology and size. Compared with traditional methods, excellent and
unique properties appear when shrinking dimensions inside amicroreactor. The pres-
ence of laminar flow makes microfluidic technologies ideal synthetic and assembly
tools. Under laminar flow conditions, a stable interface can be established between
two reactive streams, while mixing happens only by diffusion. The reaction time can
be adjusted by changing the flow rate.Maspoch and co-workers reported the first case
of coordination polymer nanofibers assembled using microfluidic technologies [42].
Unlike common synthetic procedures, this approach enabled parallel synthesis and
facilitated the formation of 1D coordination polymer assemblies at the nanometer
length scale. They demonstrated that microfluidic synthesis can control the assembly
of metal ions and organic building blocks, thus resulting in the formation of 1D
coordination polymer nanostructures. Two aqueous solutions were first added in the
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microfluidic platform that has four input channels through a syringe pump system to
synthesize Cu(II)-Asp (amino acid aspartate) nanofibers. As a result, the formation
of bundles of well-aligned nanofibers with diameters ranging from 50 to 200 nm can
be found. Furthermore, this synthesis strategy can be extended to design other 1D
nanostructures, such as Ag(I)-Cys (cysteine) nanofibers and Zn(II)-4,4’-bipyridine
nanofibers with rather a uniform diameter below 100 nm.

1.2.6 Hydrothermal/Solvothermal Method

In addition to the above mentioned, hydrothermal/solvothermal synthesis are also
widely used to synthesize 1D MOFs. The synthesis of 1D MOFs (HKUST-
1 nanobelts) from Cu nanowires (ligand-free) was achieved by a traditional
hydrothermal method [50]. During the transformation process of HKUST-1
nanobelts, the Cu nanowires act as a copper source and template. The molar ratio of
Cu nanowires/H3BTC (H3BTC = 1,3,5-Benzenetricarboxylic acid) and the reaction
time play important roles in the morphology of the final products. When the molar
ratio of Cu/H3BTC reached 1:40, only nanobelts can be found in the final products.
When the reaction time was 2 h, the thin layer of HKUST-1 appeared on the copper
nanowire. With the prolonging of hydrothermal reaction, the HKUST-1 layer on the
surface of copper nanowires became thicker and the crystallinity got better. Finally,
the Cu nanowires were completely transformed into nanobelts at 20 h. This work
provides a strategy for the future design and synthesis 1D MOF.

1.2.7 Ultrasonic-Assisted Synthesis

A sonochemical method was used to synthesize nano-rods of a novel cadmium(II)
metal–organic coordinationpolymer, [Cd(p-2yeinh)(NO2)]n (1) (p-2yeinh=pyridin-
2-yl ethylidene-isonicotinohydrazide) [51]. The thickness of sheets metal–organic
coordination polymer has changed 27–45 nm upon increasing the sonication time.
Thinner rods with the thickness ranging from 25 to 50 nm were achieved at lower
concentrations. At the ultrasonic power of 36 W, rods of uniform morphology with
thickness of 53–55 nm were obtained. The results of sonochemical methods indi-
cated that lower concentrations of reagents caused particle size reduction. In addi-
tion, increasing the power of ultrasound irradiation resulted in a uniform rod-like
morphology.
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1.3 2D MOFs

Since the discovery of graphene stripping from graphite in 2004, two-dimensional
(2D) nanomaterials have attracted extensive attention [52]. 2D nanomaterials are
characterized by 2D planar structures with atomic or molecular thickness, especially
ultra-thin 2D nanomaterials whose carriers can move freely on two dimensions of
non-nanoscale (2D plane). This endows them high carrier mobility, gives them excel-
lent electrical conductivity, and makes them favorable materials for electrodes and
semiconductor devices [53]. The synthesis of 2D MOF nanosheets still remains a
great challenge, because the growth of MOF crystals should be suppressed to the
nanometer scale only along the vertical direction without affecting the other two
lateral directions. Preparation of ultrathin 2D MOFs with desired features, such as
composition, size, thickness, crystal phase, defect, and surface property are of partic-
ular importance, which enables further investigation of their physical, chemical, elec-
tronic, and optical properties, as well as exploration of various potential applications
[54]. Many approach have been developed for the synthesis of 2D MOF nanosheets,
such as sonication exfoliation, mechanical exfoliation, Li-intercalation exfoliation,
chemical exfoliation, interfacial synthesis, three-layer synthesis, surfactant-assisted
synthesis, modulated synthesis, and sonication synthesis. Thesemethods can be clas-
sified into two crucial strategies, bottom-up and top-down approaches. The top-down
approach is achieved by the exfoliation of bulk MOFs, which includes mechanical
or chemical exfoliation and so on [55]. The bottom-up method generally focuses on
interfacial synthesis and modulated synthesis. A significant merit of the bottom-up
synthesis is that the structures can be customized via the selection of components
(metal ions and/or organic ligand molecules). Therefore, the bottom-up method may
broaden the diversity and utility of 2D nanosheets. Figure 1.2 shows typical methods
to develop the preparation of 2DMOFs in the past decade. Generally, these methods

Fig. 1.2 Timeline of important breakthroughs in the synthesis of 2D MOF nanosheets [56]



14 H. Pang and Y. Tang

Fig. 1.3 Schematic illustration of the three typical preparation strategies for 2D MOFs [56]

can be classified into exfoliation, bulk solution preparation, and interfacial grow
approach. The synthetic procedures for these methods are schematically illustrated
in Fig. 1.3.

1.3.1 Exfoliation Process

Layered bulk 2D MOF crystals are constructed by stacking each layer along the
vertical direction viaweak interactions, such as van derWaals forces and/or hydrogen
bonding. Layered bulk MOF crystals is able to be exfoliated into ultrathin 2D MOF
nanosheets when proper mechanical forces are applied. The exfoliation strategy,
such as solvent-induced delamination synthesis and ultrasonic exfoliation, is another
approach for fabricating 2D MOF nanostructures, and is considered as a top-down
synthesis strategy [57]. In this method, layered bulk MOFs are first synthesized by
a general method, and are then transformed into single-layered or few-layered MOF
nanosheets by a physical or chemical exfoliation process.

As ultrasonic exfoliation is a common method to obtain micro/nanosized mate-
rials, it is a favorable choice to exfoliate bulk MOFs by the ultrasound-assisted
strategy. In 2008, Nielsen et al. [58] first reported the delamination of Zn(C12H14O4)
MOF in acetone and ethanol. The compound is a metal organic layered structure
where each of the layers is constructed on a basis of infinite chains of tetrahe-
drally coordinated Zn atoms. The Zn chain atoms are solely bound together by
carboxylate groups. The crystallographic analysis proved the weak van der Waals
bonding between the layers of this metal–organic compound. After ultrasonica-
tion of Zn(C12H14O4) MOF for 3 h at room temperature along with evaporation
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of acetone, delaminated single layers were observed. The thickness of particles is
2 nm, corresponding to two layers. This subsequently provide interesting opportuni-
ties to restack ordered layered hybrid composites. Later on, Amo-Ochoa et al. [59]
reported weakening of the interlayer interactions within [Cu2Br(IN)2]n (IN = isoni-
cotinato) to produce 2D nanosheets by a similar sonication process. To prepare 2D
[Cu2Br(IN)2]n nanosheets, sonication was applied to overcome the interlayer π–π
interaction. The bulk [Cu2Br(IN)2]n MOF was successfully exfoliated and dispersed
by probe sonication for 30 min. Atomic ForceMicroscopy (AFM) topography image
showed a homogenous distribution of nanosheets with thickness of 5± 0.5 Å, which
is in agreement with the thickness of single-layer [Cu2Br(IN)2]n. Foster et al. [59]
designed a layered MOF with bulky 3-methoxypropoxy groups to make it easy to
exfoliate and disperse in divers solvents. As expected, the 3-methoxypropoxy group-
functionalized MOF could be easily exfoliated in many solvents, including water,
N,N-dimethylformamide (DMF), acetonitrile, ethanol and acetone. In Gallego’s
work, layeredMOFmaterial have been fully exfoliated just by solvent-assisted inter-
action [59]. Since the solvent-assisted procedure is very soft in terms of energy, this
method avoids the potential complications of exfoliation of sheets from laminar
crystals or isolation of sheets from solid substrates.

In general, it is an easy and feasible way to obtain 2DMOFnanosheets via exfolia-
tion of layered bulkMOFswith assistance of external force.Morphological distortion
and structural destruction occur in this process, which hinder the preparation of high
quality MOF nanosheets. In addition, the thickness of the MOF nanosheets is diffi-
cult to control due to the lack of precise adjustment of the applied force intensity and
the restacking of the obtained MOF nanosheets. In addition, the exfoliation method
is merely applicable to layered MOFs with weak interaction between layers, and
its scalability is limited. In order to satisfy the application of exfoliation method
in actual industrial production, it is necessary to consider the above problems and
formulate feasible solutions.

1.3.2 Bulk Solution Preparation

Compared to exfoliation methods which generally have low yield and may cause
morphological/structural destruction. Direct synthesis of 2D MOFs in bulk solution
is relatively effective in regulating the size and thickness of 2D nanosheets. The
key issue for this method is to selectively control the growth direction of the MOF
crystals, i.e., to restrict the growth in the vertical direction. To realize this, diverse
techniques are utilized to control the growth of MOF crystals.

Surfactant molecules, which are important in controlling the nucleation and
growth process of MOF crystals, are widely utilize in material synthesis. During
the growth process, the surfactant selectively attaches to the MOF surface, resulting
in the formation of ultrathin MOF nano-sheets and anisotropic growth of the MOF.
This strategy has been also used for the preparation of MOF nanosheets. Zhao et al.
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[60] synthesized a series of tetrakis(4-carboxyphenyl)porphyrin (TCPP) based ultra-
thin 2D MOFs through a surfactant-assisted method, such as Zn-TCPP, Cu-TCPP
and Cd-TCPP nanosheets. In each layer of bulk Zn-TCPP, one Zn2(COO)4 paddle-
wheel metal node is coordinated with four TCPP ligands. The introduced surfactant
of polyvinyl pyrrolidone (PVP) restricted the growth of Zn-TCPP along the specific
direction, leading to the formation of ultrathin Zn-TCPP nanosheets with thickness
of sub-10 nm. Other surfactants, such as sodium lauryl sulfate and cetyltrimethyl
ammonium bromide (CTAB) have also been demonstrated effective to the synthesis
ofMOF nanosheets [61]. In Zhao’s work, ultra-thin Zn(bim)(OAc) nanosheets with a
thickness of 1.0–6.5 nmwere synthesized by using gluconate salts asmodulatorswith
a high yields of 65% [62]. In addition to surfactants, small capping molecules (e.g.,
acetic acid, pyridine) have also been used for the preparation ofMOF nanosheets. Lin
et al. used the functional group of formate as modulators to reduce the surface energy
of the crystal without blocking the active site and generate 2DMOF nanosheets [56].

Using surfactants or small molecule modulators for the synthesis of 2D MOFs
may block part of the active sites. So, the synthetic methods without adding other
molecules to obtain anisotropic growth of MOF nanosheets have received widely
attentions, such as the means of kinetic and/or thermodynamic control of the growth
process, or by the utilize of properly designed ligands and secondary building units,
it tends to preferentially grow to a 2D structure. The direct synthesis of 2D MOF
nanosheets in bulk solution is capable of overcoming the insufficient of the exfoliation
methodmentioned in Sect. 2.2.1, which produces high-qualityMOF nanosheets with
tunable thickness. Nevertheless, the synthesis of 2DMOFnanosheets in bulk solution
usually utilizes surfactants or modulators to confine the growth of MOF crystals in
a certain direction. This inevitably blocks part of active sites of MOFs. Therefore,
it is desirable to develop a suitable synthetic method which effectively controls the
growth direction of crystal without using surfactant/modulator.

1.3.3 Interfacial Growth Approach

Interfacial synthesis is one of the most widely used bottom-up methods for the
synthesis of 2D MOF nanosheets. In this method, the reaction takes place at the
solvent interface, ensuring favorable control of the MOF nucleation and growth.
Depending on the diffusion-mediated process, the MOFs only grow in the confined
2D interface region, leading to the formation of 2D nanosheets. Especially, the
liquid/air interfacial synthesis utilizes the well-dispersed monolayer of organic
ligands on the liquid surface to control the thickness of the MOF nanosheets [63].
This method has been widely used in the preparation of MOF nanomaterials [64,
65]. The synthesis of single-layer and few-layer nickel bis(dithiolene) nanosheets
through the coordination reaction between nickel(II) acetate and benzenehexathiol
(BHT) at the liquid air interface was reported [64]. Nishihara et al. reported the fabri-
cation of multilayer bis(dipyrrinato)zinc complex nanosheets [66]. The present work
describes a bis(dipyrrinato)zinc complex nanosheet synthesized from a three-way
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dipyrrin ligand and zinc(II) acetate. The spontaneous and reversible coordination of
dipyrrin ligands with metal ions makes them suitable as building blocks for bottom-
up nanosheets. A liquid/liquid interfacial synthesis between a three-way dipyrrin
ligand and zinc(II) ions results in a multi-layer nanosheet, while an air/liquid inter-
facial reaction produces a single-layer or few-layer nanosheet with domain sizes of
>10 μm on one side.

For interfacial synthesis, the yield of the resulting 2D MOF nanosheets is highly
dependent on the area of the interface, limiting its utilization for the large-scale
synthesis of 2DMOF nanosheets. Gascon et al. [67] obtained a three-layer synthesis
strategy to prepare CuBDC (BDC = terephthalate) MOF nanosheets with a high
yield. The synthesis medium consists of three liquid layers prepared by vertically
aligning a mixture of acetonitrile and DMF in diverse ratios. The top layer contains
more acetonitrile, while the bottom layer contains more DMF. The Cu(NO3)2 is
dissolved into the top layer, and the BDC ligand is dissolved in the bottom layer.
These two layers are separated by amiddle layer containing an equal amount of DMF
and acetonitrile.WhenCu2+ and theBDC ligands slowly diffuse into themiddle layer,
the growth of theMOFnanosheets occurs. The nascentMOFnanosheets are naturally
separated from the middle layer by sedimentation, which avoids over-growth, while
new CuBDC 2D nanosheets are produced when fresh Cu2+ cations and BDC ligands
continue to diffuse into the middle layer, resulting in a much higher yield production
of MOF nanosheets.

1.3.4 Summary

The preparation strategies of 2D MOF nanosheets have been highlighted, such as
sonication exfoliation, surfactant-assisted synthesis, interfacial synthesis and three-
layer synthesis. The interfacial synthesis method is very promising in the preparation
of single-and few-layerMOF nanosheets with large size, but the crystallinity of these
MOF nanosheets is not high enough, as evidenced by the weak diffraction spots and
XRD patterns. Despite all the recent achievements in this exciting research area,
many challenges still remain in the high-yield synthesis of well-dispersed 2D MOF
nanosheets. It is urgent to find other methods to develop for the synthesis of 2DMOF
nanosheets based the aforementioned methods and the future directions lies in the
synthesis of high-quality 2D MOF nanosheets with large size. Particularly, finding
surfactants or other compounds with weak binding on the MOF nanosheets surface,
which can be easily removed after the formation of MOF nanosheets, is very crucial
in the synthesis of 2D MOF nanosheets.
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1.4 Hierarchical MOFs

Metal–organic frameworks (MOFs) were originally known as a kind of simple
extended coordination compound “Prussian Blue”. Subsequently, Yaghi and
colleagues reported aMOF-5 constructed fromZn4O clusters and linear dicarboxylic
acid linkers, which has permanent porosity [12, 68]. In addition, further exploration
of MOF includes the construction of flexible MOFs (MIL-88), ultrastable MOFs
(UiO-66), and ultraporous MOFs (MIL-101) [69–71]. Nowadays, more and more
attention has been paid to the evolution of hierarchical MOFs with controllable
structure and internal sequence and the heterarchical MOFs with enhanced diver-
sity, because these MOF structures may simulate the sequence behavior and perform
complex functions of organisms [72–74]. As shown in Fig. 1.4, building units are
randomly distributed in the frame lattice in many heterarchical MOFs. However, in
order controlled hierarchical MOF, these units are arranged in a specific order in the
lattice, which has a great influence on the molecular and macroscopic properties of
the framework materials [75–77].

The superstructure ofMOFcan establish a hierarchical system. For example,Kita-
gawa and coworkers have reported the mesoscopic architectures [79]. The primary
structure of MOF (unit cell) is composed of organic linkers and inorganic clus-
ters. MOF crystallites (secondary architectures), self-assembly of MOF crystal-
lites (tertiary architectures), and quaternary architectures should be further explored
[80]. However, the evolution of MOF materials is mainly concentrated in molecular

Fig. 1.4 The concepts of hierarchy and heterarchy are used in the design of materials. Reproduced
with permission [79]. Copyright 2020, American Chemical Society
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assembly. For instance, in order to construct a primary structure of MOF, the princi-
ples of coordination chemistry are used to guide the controllable synthesis.Moreover,
the geometric structure and connectivity adjustability of organic binders and inor-
ganic clusters have also been widely studied, which enhances the basic diversity and
function of framework materials. The latest development of MOF focuses on the
introduction of hierarchy into the synthesis tools of higher level MOF architecture
(secondary MOF), such as controlled assembly, epitaxial growth, and labilization
methods, resulting in MOF three-level architecture with exceptional characteristics
and complexity. Unfortunately, in coordination chemistry, there are few discovers
about artificial framework superstructures with four-level structure or more complex
structure, and there are few synthetic guidelines to guide the study of these structures.

It is difficult to synchronizeMOFmolecular assemblywith functionalmesoscopic
architectures construction. Therefore, it is very important to study the multi-scale
control of MOF structure formation and propose a reasonable synthesis route of
hierarchical MOFs or MOF composites. It is necessary to adjust these hierarchical
structures on multiple scales to promote cooperative catalysis in MOFs, because it
needs to optimize the selectivity of porous frameworks and the activity of catalytic
centers [81–83]. The geometric and electronic properties of the active metal centers
are the main factors affecting the catalytic activity, and the design principles are
based on active effects in homogeneous systems [84–86]. At the same time, larger
scale effect (pore window, crystal size and pore environment etc.) is beneficial to the
selectivity of porous framework, all of which make the selected substrates can effec-
tively diffuse to or from the active centers. Substrate partitioning and high activity
centers are the breakthrough points for the development of the cooperative cata-
lyst. As shown in Fig. 1.5, Porous hierarchy, architecture hierarchy and composition
hierarchy are the three main hierarchies of MOFs.

The multi-scale pores (macroporosity, mesoporosity, and microporosity) in a
framework are the performance of hierarchical pores in MOF [87–89]. These hierar-
chical pores canbe assembledby components or synthesizedby template etching.The
hierarchical porous (HP) MOF structure has the advantages of changing the reaction
pathway, easily adjusting the pore size, accessibility of active sites and enhancing
the diffusion kinetics in the reaction process, which promotes the progress of the
synthesis method of HP-MOFs. Modulated synthesis has been widely used in the
crystallization of HPMOFs, where themodulators play a larger role. HP-MOF-5was
reported byYaghi and co-workers in the early stage. They found sponge shapedMOF-
5 crystals, which have macropores and mesopores throughout the crystal. Sponge
MOF-5 and pomegranate MOF-5 can be prepared by adding 4-(dodecyloxy)benzoic
acid (DBA) as amodulator while maintaining themicroporosity ofMOF-5. Here, the
alkyl chain of DBA is used as template, while the carboxylic group can be combined
with Zn clusters [90]. The precise control of MOF size and crystal morphology has
been achievedwell, but creatingmore complex structures inMOF crystal has become
a research point. Complete crystals with specific morphology are the characteristics
of most MOFs. Although their specific morphology can give aesthetic feeling intu-
itively, mass transfer and diffusion will be affected, which limits their application in
gas separation, catalysis and so on. TheHP structure with enhanced diffusion rate can
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Fig. 1.5 Hierarchical MOFs from three different perspectives. Reproduced with permission [78].
Copyright 2020, American Chemical Society

be constructed by adding macropores or mesoporous into MOF crystals, which can
be realized by template-free or template method. For example, Shen and coworkers
achieved ZIF-8 with oriented and highly ordered macropores (Fig. 1.6). In this case,
polystyrene (PS) nanospheres were mixed with ZIF-8 precursor and then crystal-
lized in ammonia and methanol. The template PS nanospheres can then be removed
and the ordered hierarchical structure of single-crystalline ZIF-8 is formed [89].
Moreover, HP-MOFs can be synthesized without templates. The assembly of MOF
nanoparticles was controlled by adjusting the synthesis conditions. For example,
Lyu et al. designed a 3D printing method to fabricate related MOF structures, in
which Co-MOF crystals were mixed with Pluronic F127 and eventually printed into
specific structures [91]. It is also a method to produce mesopores or macropores by
post synthesis, which usually requires an etchant. Kim et al. found that mesoporous
pores could be formed in a microporous MOF called post-66 (y) by using an etchant
(water) [92].

It is an important method to assemble MOF crystal into layered superstructure
to increase framework packing density and prepare multi-component structure. By
adjusting the kinetics of nucleation and growth, MOF superstructures with different
morphologies should be prepared, and then assemble superior layered structures as
blocks [93–95]. Unique crystal structures can be produced by adjusting the crystal-
lization conditions. These structures usually present adjustable pore sizes and chem-
ical environments. The process of hierarchical assembly needs precise control of
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Fig. 1.6 PS templated approachs to prepare ordered macro-microporous single-crystalline ZIF-8.
Reproduced with permission [89]. Copyright 2018, American Association for the Advancement of
Science

MOF nucleation, directional growth and stability. Zhou’s team found that in a simple
one-pot synthesis process, as long as a suitable evolution temperature was found, a
series of hollow tube crystals could be used to assemble the hierarchically porous tube
structure withmultiple channel sizes [96]. The directional assembly of awell-defined
MOF-74 tube at 85 °C ensured an orderly arrangement of the MOF inherent microp-
ores and macropores formed by the template. Through a correction and self-healing
method, the interface between the adjacent tubes is melted to integrate a single MOF
crystal into a unified superstructure [97]. The evolution from secondary structure
to tertiary structure of MOF indicates the importance of coordination bond in the
evolution of superstructure. To create more complicated architectures, a three-level
seed architecture can be used in the assembly process (Fig. 1.7) [98]. For instance,
Zhou’s team observed that when MOF-74-III spherulite superstructures mixed with
solutions containing organic linkers of different lengths, MOF-74-II plumose super-
structures showed secondary growth. Two kinds of tertiary superstructures (MOF-
74-III spherulites and MOF-74-II dendrites) exist in the resulting quaternary super-
structure. This seed-mediated approach reveals a synthetic route to produce complex
hetero-structures. The hierarchical MOF structures include atoms, building blocks,
crystallites, and superstructures. These superstructures contain accurately defined
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Fig. 1.7 Schematic diagram of hierarchical MOF evolution. Reproduced with permission [78].
Copyright 2020, American Chemical Society

modules designed to perform specific tasks in order.Due to its controllablemorpholo-
gies, porous framework material is an ideal prototype for the development of hier-
archical architectures (hollow structure, core–shell structure and multi-functional
hybrid composites, etc.). It is of great significance to study the mechanism of these
suprastructural assemblies. This can not only deepen our understanding of the nucle-
ation and growth ofMOF structure, but also guide us to prepare more intricate crystal
framework structure.

This research area will continue to expand, focusing on improving the ability
to control MOF structures with unprecedented temporal and spatial accuracy at the
molecular, supramolecular and mesoscopic levels. Advanced technologies, such as
lithography, may be introduced into engineeringmodels and layeredMOFs in porous
environments. It is expected to develop a new assembly mode between components
to connect various functional framework materials, so as to form a collaborative
system with enhanced performance. In addition, another direction is to study the
formation mechanism of hierarchical structure of the system, which will provide
guidance for the design of functional buildings based on porous crystal materials.
Multi scale control over the formation of MOF architecture is expected to bring new
opportunities for layered framework materials with integrated functions.

1.5 Hybrid MOFs

In order to overcome the weak point of MOFs (e.g., chemical instability and poor
electrical conductivity) and introduce new functionalities, combining MOFs with a
variety of functional materials is of great interest. In hybrid MOFs, the advantages
of both MOFs (topologies, porosities, structural adaptivity) and various kinds of
functionalmaterials (unique optical, electrical,magnetic and catalytic properties) can
be combined effectively [99, 100]. To date, there aremany activematerials selected to
construct hybridMOFs, such as carbonmaterials, metals, polyoxometalates (POMs),
polymers, framework materials, etc.
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1.5.1 MOF-Metal Nanoparticles Composites

Metal nanoparticles (MNPs) usually have high surface energies and tend to aggre-
gate. The porous properties and large specific surface area of MOFs are beneficial to
immobilize MNPs, meanwhile prevent the aggregation of MNPs. In general, there
are two main synthetic approaches for the immobilization of MNPs in MOFs. One is
to immerse the metal precursor in the MOFs, followed by reduction of the precursor
to metal atoms. In this synthetic route, various techniques can be applied such as
chemical vapor deposition, solid grinding, and solution infiltration. For example, the
Pt@UiO-66-NH2 composites was synthesized by impregnating UiO-66-NH2 with
different contents of structural defects into the Pt precursor solution, followed by
reduction at 200 ºC in an H2/Ar atmosphere. As the result, Pt NPs with an average
size of 1.2–1.4 nm can be dispersed in UiO-66-NH2 particles [101]. The RuNPs with
a size range of 1.5–1.7 nm embedded into the otherwise unchanged MOF-5 were
successfully obtained via a gas-phase loading of MOF-5 with the volatile compound
[Ru(cod)(cot)] (cod = 1,5-cyclooctadiene, cot = 1,3,5-cyclooctatriene) followed by
the hydrogenolysis of the adsorbed complex inside the porous structure of MOF-5
[102]. Xiao et al. dispersed the re-synthesized Pt NPs (~3 nm) into the synthetic
system of UiO-66-NH2, and obtained the Pt@UiO-66-NH2 composites with 2.87 wt
% Pt loading [103]. Another approach involves the synthesis of MNPs initially, and
then the MOFs are allowed to grow around the MNPs by adding suitable chemicals,
which still remains to be explored. Lu et al. reported an effective strategy to encapsu-
late various nanoparticles within ZIF-8 in a controllable way. Polyvinylpyrrolidone
(PVP) was introduced into the synthesis system to modified Au NPs, which result
in the successive adsorption of nanoparticles onto the continuously forming surfaces
of the growing MOF crystals. After mixing PVP-capped Au NPs with methanolic
solutions of zinc nitrate and 2-methylimidazole at room temperature, Au@ZIF can
be achieved [104].

1.5.2 MOF-Metal Oxide Composites

Metal oxide nanomaterials have attracted many attentions due to the advantages
of controllable shape and size, nontoxicity, thermal and chemical stability [105,
106]. Typically, the preparation method of MOF-metal oxide composites is similar
to that of MOF-Metal nanoparticles composites. They are considered to be ideal
pseudocapacitance electrodematerials due to the high theoretical specific capacitance
and high reversibility. However, they have high surface energies and are easy to
accumulate, which lead to the loss of pseudocapacitance performance [107]. In this
vein, construct MOF-metal oxide composites can not only reduce the aggregation of
metal oxide nanomaterials, but also integrate the advantages of bothmetal oxides and
MOFs. Zheng et al. synthesized Co-MOF sheet (Co-MOF, Co2(ptcda)·2H2O, ptcda
= perylene-3,4,9,10-tetracarboxylic dianhydride) via a simple one-pot hydrothermal



24 H. Pang and Y. Tang

method. Specifically, Co3O4 nanocubes grew on the surface of Co-MOF sheet at pH
= 11–13 and formed the Co3O4@Co-MOF composite.[108] In order to enhance the
photocatalytic efficiency, Zhang et al. designed a double-shell TiO2@ZIF-8 hollow
nanospheres through sonocrystallization [109]. Sonocrystallization can inhibit the
self-nucleus growth of ZIF-8 to some degree, and ZIF-8 tended to grow along with
the surface of TiO2 hollow nanospheres carboxylation.

Dekrafft et al. applied the MOF-template strategy by coating MIL-101 particles
with an amorphous shell of TiO2 based on the acid-catalyzed hydrolysis and conden-
sation of titanium(IV) bis(ammonium lactato)dihydroxide (TALH) inwater. Besides,
the thickness of the TiO2 coating could be controlled by changing the ratios of acid
or the reaction time [110].

1.5.3 MOF-POM Composites

POMs, defined as [XM12O40]n− (i.e., X = Co2+, P5+, Si4+ etc.; M = W6+, Mo6+

etc.), belongs to transition metal-oxo clusters. Owing to its nanosize, complete inor-
ganic skeleton and multi-electron redox properties, POMs have great potential in
many research fields (e.g., catalysis, energy storage, etc.) [111–113]. Particularly,
the combination of POMs with organic ligands attracts much attention due to their
intrinsic differences in properties and corresponding synergistic effects. Simultane-
ously, ZIFs as a kind of uniqueMOF, have large chambers limited by narrowwindows
filledwith imidazolate rings,which can capturemolecules of the right size, even store.
In this regard, ZIFs provide a suitable storage facilities for POMs [114]. In viewof that
POMsbelong to highly polarmolecules, they can’t adhere to the surface of particles or
get stuckbetweenparticles, they canonly be encapsulated inside theZIFs cages [115].
Traditionally, POMs are confined intoMOFs though a one-pot method for the prepa-
ration ofMOF@POM, i.e., “POMOF”-based route, besides the size of POMs clusters
should match that of MOFs is more importantly. For example, as shown in Fig. 1.8a,
first put metal ions (Zinc oxide), ligands (2-MIM) and heteropolyacid (e.g., phospho-
tungstic acid, silicotungstic acid and phosphomolybdic acid) into the stainless steel,
after a series of ball-mill, washing and drying, ZIF@POM composites were obtained
(ZIF-8@H3PW12O40, ZIF-8@H4SiW12O40 and ZIF-8@H3PMo12O40) respectively,
which were shown in Fig. 1.8b. Also, Mukhopadhyay et al. [113] mixed Zn2+,
POM (K6[CoW12O40]·6H2O), and 2-MIM in a methanolic solution with stirring
to synthesize POM@ZIF-8, and the composites was highly efficient, stable and is
able to perform water oxidation reaction in neutral pH. Zhang et al. encapsulated a
H3PMo12O40 in the customized cavities of ZIF-67, and constructed a kind of hollow
structure, which resulted from the coordination modulator role of POMs and the
anisotropic etch action of POMs in the self-assembly process [116]. However, such
a simple and direct route is difficult to control the rate of reaction at various stages to
some extent, resulting in the uncontrolled assembly. Therefore, Chen et al. proposed
a new non-POMOF-based route to combine POMs and ZIFs, which can controls the
amount of encapsulated POMs and maintain the uniformity of morphology [117].



1 Nano/Micro MOF-Based Materials 25

Fig. 1.8 a Representation of POM ⊂ ZIF composites affording inherent interconnected compart-
ments with distinct functionalities. Yellow and purple spheres represent hydrophobic and
hydrophilic interiors of the cages, respectively. b Structural representations of ZIF-8@H3PW12O40,
ZIF-8@H4SiW12O40 and ZIF-8@H3PMo12O40 [115]. Copyright 2014, The Royal Society of
Chemistry

Specifically, the imidazolate rings of ZIF-67 were opened by heating to provide a
channel for the entry of PMo12, and the 2-MIM also can react with PMo12 to stabi-
lize the whole structure. After that, the free Co2+ and 2-MIM were reassembled so
that PMo12 was completely encapsulated in ZIF-67. Except encapsulating POMs in
MOFs, simple coating is also common. Wang et al. coated the POM on the outer
surface of ZIF-67@ZIF-8 hybrids by using a facile coprecipitation method [118].

1.5.4 MOF-Carbon Composites

Carbonmaterials, such as graphene, graphene oxide (GO), carbon nanotubes (CNTs)
and carbon black, are of particular interest due to the excellent electrical conduc-
tivity, remarkable mechanical strength, high specific surface area, and low density.
They improve MOF formation by increasing the dispersive forces within the MOFs,
meanwhile suppress their aggregation. Among them, GO and CNTs are appropriate
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materials for the synthesis of MOF composites. CNTs are well-ordered, high aspect
ratio allotropes of carbon. According to the structure and diameter of CNTs, they
also have significant adsorption and metal and semiconductor electronic properties.
There are twomain variants of carbonnanotubes, i.e., single-walled carbonnanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTs) [119]. A commonly
used method for preparing CNT-MOF composites involves dispersing CNTs into
the MOF precursor solutions to support the in-situ growth of MOF crystals. Yang
et al. combined an acid-treated MWCNTs and MOF-5 by introducing CNTs into
the preparation system of MOF-5 [120]. Graphite oxide (GO), also called graphene
oxide or graphitic, which is derived from the oxidative exfoliation of graphite [121].
The coexistence of ionic groups and aromatic SP2 domains enables GO to become a
structural node and participate in the bonding interactions in MOFs [122]. Owing to
the facile delamination and functional nature of the GO surface, MOF-GO compos-
ites can be easily obtained by simply dispersing GO into the MOF synthesis systems
[123–125]. Since epoxy and carboxylic groups on GO, they may fix zinc oxide
clusters. Petit et al. dispersed GO powder ino the well-dissolved zinc nitrate/BDC
mixture [126]. Then, the mixture were subsequently subjected to the same synthesis
procedure as for MOF-5. Owing to the strong chemical bonds between MOF-5 and
GO, i.e., the coordination between the GO oxygen groups and the metallic centers of
MOF-5, GO/MOF-5 composites were obtained. Similarly, Abdi et al. first dispersed
GO intomethanol, after that introducedH-methylimidazole and zinc solution respec-
tively for the in-suit growth of ZIF-8, and formed ZIF-8@GO hybrid [127]. Further,
Travlou et al. incorporate aminated GO to MOF for the improvement of adsorption
selectivity. During the initial exposure, ammonia was able to connect with the copper
sites of HKUST-1 and formed complexes, subsequently the released BTC ligands
reacted with ammonia [128].

1.5.5 MOF-MOM Composites

To date, the design of MOF-based hybrid frameworks is attached much attention.
MOF-on-MOFstrategy is fundamental for the conjugation ofMOFs and form layered
or core–shell MOFs. The growth process of MOF-MOF composites is initiated by
the coordination interaction from the addition of metal ions with the ligands exposed
on the surface of MOF template [129]. In most cases, the growth of the daughter
MOF onto the preformed MOF based on their well-matched cell lattices. Choi et al.
demonstrated the different type growth of two MOFs on the same template. The
secondary MIL-68-Br have virtually identical structures with the initial MIL-68
template, which resulted the isotropic growth and the formation of core–shell-type
MIL-68@MIL-68-Br, while the anisotropic growth of MOF-NDC on MIL-68 lead
to a semi–tubular-type hybrid [130]. Hereafter, Wang et al. verified the heteroepitaxy
growth can be carried out smoothly by increasing the lattice constantwith the obvious
lattice mismatch up to 20% [131]. Ikigaki et al. employed an layer-by-layer approach
to fabricate the MOF-on-MOF structure [132]. Firstly, they chose the Cu(OH)2
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substratewhich is consistedof oriented copper hydroxides nanobelts, and thegrew2D
MOFCu2(BPDC)2 (BPDC=biphenyl-4,4’-dicarboxylate) onto itwith the assistance
of BPDC, and then deposited Cu2(BDC)2 layer onto the Cu2(BPDC)2. Additionally,
many other strategies have been explored to treat with the mismatched cell lattices
between two MOFs, e.g., Van der Waals (vdW) integration [133], internal extended
growth method [134]. etc. Take the vdW integration as the example, as shown in
Fig. 1.9, Yao et al. assembled Cu-TCPP Cu-HHTP (TCPP = 5,10,15,20-tetrakis (4-
carboxyphenyl), HHTP = 2,3,6,7,10,11-hexahydrotriphenylene) nanosheets based
on the “modular assembly” stamping method because of the different sql topology.
They first dispersed the Cu-TCPP nanosheets in ethanol to form a translucent suspen-
sion, then dripped onto the surface of water in the beaker to promote the integration
of the continuous layer [133]. Gu et al. [134] exploited a new strategy called internal
extended growth method, i.e., from the outside and inside, to overcome the limi-
tation of mismatched crystallographic parameters. Although NH2-UiO-66(Zr) and
NH2-MIL-125(Ti) have distinct morphologies and crystal structures, they can be
hybridized easily through microwave heating, and NH2-UiO-66(Zr) is exposed to
NH2-MIL-125(Ti) precursors under the effect of the extra structure-director agent
(polyvinylpyrrolidone). The pyrrolidone ring from PVP tend to interact with metallic
ions [135, 136], after stirring for a long time, PVP layers were coated on the
surface of NH2-UiO-66(Zr) nanoparticles, which was conducive to the adsorption
of Ti4+, and promote the aggregation of the NH2-MIL-125(Ti) nuclei. Subsequently,
NH2-MIL-125(Ti) grew into a three-dimensional nanotablet via the self-assembly.

Fig. 1.9 Illustration of the preparation of MOF-on-MOF thin films by vdW integration and their
application as highly selective benzene sensing materials [133]. Copyright 2019, Wiley–VCH
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1.6 Conclusion

In summary, the synthesis strategy for morphology control of micro/nano MOF
materials with one-dimensional, two-dimensional and three-dimensional structures
is summarized. It is well known that the high specific surface area and porosity
of micro-nano MOFs can alleviate volume changes during chemical processes and
promote electrolyte penetration. However, further applications in practice still need
more in-depth exploration to overcome its own shortcomings.

Firstly, 1D structure has unique anisotropy, which attracts a large number of
researchers to prepare micro-nanomaterials with specific structure and components.
Solvothermal method is the most common synthesis method. Solvothermal method
can adjust the particle size, morphology and crystal surface exposure of MOF by
controlling the reaction temperature, solvent concentration and reaction time, so as
to obtain the idealMOFmaterial. The template strategy enablesMOF nanostructures
to be incorporated into porous polymer templates to achieve gas–liquid separation
effect. However, the size of the product is affected by the template, and this method
provides an idea for the synthesis of small-sizeMOFmaterials. In order to effectively
control the size and morphology of MOFs, the nucleation kinetics can be controlled
by addingmodulators and theMOFs crystal canbegrown in a specific direction. Since
the modifier is a unit-point linker, it generally regulates the framework expansion
and growth rate by hindering the coordination interaction between the metal ion
and the organic ligand, and can prevent the agglomeration of the crystal structure.
The widely used modulators are acetic acid and salicylic acid. This method is easy
to extend and can be used to synthesize 1D MOF materials at an industrial level.
In addition, the crystallization kinetics process can also be controlled by adding
precursors with different solubility to the solvent, so as to achieve control of the
crystalmorphology and size. Thismethod ismainly suitable for the synthesis of single
crystal MOF. Similarly, the 1D micro/nano structure is affected by the molar ratio of
water/surfactant in the microemulsion system, and the microemulsion strategy can
also adjust the MOF to grow in a specific direction. In addition, the crystallization
kinetics process can also be controlled by adding precursors with different solubility
to the solvent, so as to achieve control of the crystalmorphology and size. Thismethod
is mainly suitable for the synthesis of single crystal MOF. The microfluidic synthesis
method is to form a stable interface between two reaction streams under laminar flow
conditions, and the reaction time can be controlled by adjusting the flow rate, which
helps to form 1D complexes on the micro-nano scale. In addition, the sonochemical
method can also change the thickness and particle size of the MOF by using a lower
concentration of reagents to obtain a uniform micro-nano size morphology.

Secondly, nanomaterialswith 2Dplanar structureswith atomic ormolecular thick-
ness have become ideal semiconductor and electrode materials due to their excellent
conductivity. However, without affecting the growth of MOF in other directions, it
is still a challenge to only inhibit the growth in the vertical direction to the micro-
nano level. The more mature methods for preparing 2DMOF can be roughly divided
into bottom-up and top-down. From top to bottom, the bulk MOF is usually peeled
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off, such as mechanical peeling or chemical peeling. Since the layered bulk MOF is
stacked in a vertical direction byweak interaction, it can be converted into a thin layer
of micro-nano structure by applying appropriate mechanical peeling. However, the
precision of the applied mechanical force is difficult to adjust, and the structure may
be deformed or damaged during the peeling process, and the application range of this
peeling method is very limited. Bottom-up usually select components to control the
structure, and the more commonly used methods are solution preparation or inter-
face growth method. The solution preparation method can selectively attach to the
surface of MOF crystals to induce anisotropic growth of MOF. However, the use
of surfactants or small molecule modulators may block some of the active sites of
MOF. Therefore, dynamics or thermodynamics, which do not use any modifiers, are
highly anticipated. The most widely used bottom-up method is the interface growth
method. Liquid/gas interface synthesis uses a well-dispersed monolayer of organic
ligands on the liquid surface to control the growth of MOF.

Third, because the MOF architecture has the potential to perform complex func-
tions, hierarchical MOFs with diversity and internal controllable sequences have
received widespread attention. The hierarchical structure of MOF mainly includes
porous layer, system structure layer and composition hierarchy. Hierarchical systems
can be established in the MOF structure, such as level 1, level 2, level 3, and level
4. Multi-scale control of MOF is formed by adjusting the layered structure ability
of MOF on multiple scales to improve the activity of catalytic center and the selec-
tivity of porous framework. The construction of primary structure is mainly influ-
enced by coordination chemistry theory and acid–base theory, through controlled
synthesis of the connectivity of inorganic clusters and organic linkers. The construc-
tion of the secondary system requires the formation of a complex MOF system
structure through epitaxial growth, controlled assembly or laboratory methods. Arti-
ficial skeleton structureswith higher-level structures are still relatively rare. Synthesis
strategies are mainly divided into top-down and bottom-up. From top to bottom, the
mesoporous or macroporous structure is usually obtained by etching the synthe-
sized material. Bottom-up, but by adjusting the synthesis conditions to control the
assembly of MOF particles into high-level structures. By adjusting the nucleation
and growth kinetics of the MOF, the packing density of the frame can be increased
and a multi-component architecture can be fabricated to assemble the advanced
layered MOF. The use of a three-level seed structure to mediate the growth of MOF
during the assembly process can form a complex superstructure. The study of layered
MOF can improve the understanding of the nucleation and growth of MOF struc-
ture and guide the synthesis of more complex structures. Surface modification and
reverse synthesis stability are the main considerations of MOF layering principle.
Surface modification can more effectively use the secondary MOF phase on the seed
MOF, and ensure the structural integrity of the MOF during the secondary growth
process by combining synthetic stability. Through controllable synthesis, the layered
MOF is used as a template, and the MOF is further modified and transformed into
different phases, including polymer phase, original MOF phase and void phase.
Fourth, combining MOF with other functional materials can also overcome some
of the defects of MOF and add new functions to MOF. Currently, carbon materials,
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polymers, polyoxometalates and other materials are widely used to construct MOF
composite materials. Since metal nanoparticles generally have higher surface energy
and are easy to aggregate, the porous structure of MOF can prevent the aggregation
of MNPs and the larger specific surface area can fix MNPs. In addition, metal oxide
materials have a higher theoretical specific capacitance, and the size andmorphology
are easy to control. Therefore, constructing MOF-metal oxide composite materials
can not only have the advantages of MOF and metal oxide, but also overcome their
respective shortcomings. Because POMs have a complete inorganic framework and
multi-electron redox characteristics, they have great potential in the field of energy
storage and conversion. In particular, the combination of POMs and organic ligands
makes them have inherent characteristic differences and corresponding synergistic
effects, which has attracted the attention of a large number of researchers. In addition,
carbon materials have excellent electrical conductivity, strong mechanical strength
and high specific surface area, which can increase the dispersion force inside the
MOF to improve the structural properties of the MOF. Among them, the structure
of CNT makes it have significant adsorption capacity and semiconductor electronic
properties, and it is usually dispersed in the MOF precursor solution to support the
in-situ growth ofMOF. The coexistence of ionic groups and aromatic sp2 domains in
GO can make GO participate in the bonding of MOF as a structural node. Since GO
is easy to disperse, the composite material can be obtained by dispersing GO into
the MOF synthesis system. The conjugation of MOF and the hybrid frame design
forming layered or core–shell MOF have attracted much attention. In most cases,
the sub-MOF will grow on the pre-formed MOF according to its well-matched cell
lattice, which is caused by the coordination of metal ions with ligands exposed on
the surface of the MOF template.

The rapid development of MOFs in recent years, on the one hand, the wide appli-
cation prospect of MOFs is prompting the majority of scholars and researchers to
carry out experimental research, on the other hand, the progress of science and tech-
nology promotes us to quickly develop newmaterial products to replace the old ones.
The variable one-dimensional, two-dimensional and three-dimensional structure of
MOFs makes it have a variety of properties and applications, and the synthesis of
MOFs is also diverse. Different ligands or different synthesis conditions will get
different dimensions of crystal materials.

MOFs materials have been developed for more than 20 years, and have come
to prominence in the fields of separation, purification, capture, storage, selective
catalysis, drug delivery, photoelectromagnetic materials and host–guest chemistry
of energy gases.This material is easy to prepare and can be obtained directly from
the mixture of metal ions and organic ligands, and the coordination ability of ligands
can be changed. The synthesized MOFs has acid–base amphoteric properties. In
addition to the Lewis base site, the metal–organic framework also provides Lewis
acid site. At the same time, metal ions play two roles in the skeleton: one is to provide
the skeleton center as nodes, and the other is to form branches in the center, thus
enhancing the physical properties of MOFs (such as porosity and chirality). It shows
attractive application prospects in the development of new functional materials, such
as selective catalysis, molecular recognition, reversible host–guest molecular (ion)
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exchange, ultra-high purity separation, bioconductivematerials, optoelectronicmate-
rials,magneticmaterials and chips.Becausemetal–organic frameworkmaterials have
many advantages and a wide range of applications, more andmore attention has been
paid to the synthesis of metal–organic framework materials.

But after all, the time of development is too short, compared with the indus-
trial application of traditional porous materials, many problems need to be solved
urgently. The research of industrial synthesis methods of metal–organic framework
porous materials and their development in industrial applications will be a challenge
for scientists. Such as: how to design and synthesize functional MOFs materials
according to the needs, how to synthesize stable metal–organic skeleton materials,
how to produce more functional materials with practical application value, and so far
there is noMOFmaterial that can fullymeet the requirements of industrial production
applications, either because of the lack of hydrothermal stability, chemical stability,
or because the performance in the practical application environment is not perfect.
This is due to: first, the output of MOFs is small, and the yield of some materials
with excellent properties is low, so they can not be used on a large scale; second,
some materials are still in the conceptual and laboratory stage, and can not adapt to
the complex situation of reality; third, because the synthesis cost is high, its precious
metals and expensive ligands are used more, so the economic benefit is low. There-
fore, at present, according to the actual situation, MOFs synthesizes commercial
products that can be produced and applied on a large scale, which will be the focus
of future research. In other words, the study of performance in industrial applications
and the development of industrial synthesis methods will be another challenge for
scientists.

As the study of metal–organic framework has not yet entered a mature stage of
development, there is still a lot of room for development. In view of the unique pores
of the metal–organic framework system and its interaction with guest molecules,
the assembly, structural and functional recombination of metal oxides / oxalates,
molecular sieves and other highly chemically stable systems is still an important
direction in the ascendant. Any emerging material will encounter resistance in the
process of development, and breaking through one difficulty after another and solving
one problem after another is the inexhaustible driving force for its development.
With more and more MOFs materials with superior properties being designed and
developed, we have every reason to look forward to the good prospect of industrial
application of MOFs materials. From the perspective of application prospect, the
application of metal–organic framework materials in new energy sources based on
small molecules such as hydrogen and methane has an inestimable prospect in the
research and application of major environmental science problems, such as C–C,
C–H, C–N, C–O, and N–N bonds activation and conversion of related substances,
as well as CO2 storage, transformation and nuclide storage and separation.

There are many methods for the synthesis of metal–organic MOFs. The
conventional synthesis methods include diffusion method (including gas phase
diffusion, liquid phase diffusion and gel diffusion), volatilization method and
hydrothermal/solvothermal method. With the development of coordination chem-
istry and material chemistry, new methods such as ultrasonic synthesis, ionic liquid
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method, solid state reaction, sublimation,microwave synthesis and biphasic synthesis
have been applied to the synthesis ofMOFsmaterials. A variety of different synthesis
methods have their own advantages and disadvantages, such as: microwave synthesis
method uses microwave as a means of synthesis, metal complexes can be obtained
in more than 10 min or dozens of minutes, saving time and high efficiency. However,
due to the short reaction time, the obtained crystal is often poor, and its structure
can not be determined by X-ray single crystal diffraction. Complexes with different
structures may be formed by different synthesis methods. Therefore, the choice of
synthesismethod is very important to the synthesis ofMOFs, and even affect its struc-
ture and properties. At present, synthetic MOFs tends to develop in the direction of
green environmental protection, and it will be more diversified in the future research
and development. Finding more synthesis methods and how to apply MOFs more
widely to practical applications instead of continuing to imagine is a very important
topic, which is worthy of our consideration and active response.
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Chapter 2
MOF Derivatives

Bingjun Zhu

2.1 Introduction

Metal–organic frameworks (MOFs) are a family of crystalline porous materials,
where their framework structures are constructed by the coordination interactions
between metal ion/cluster nodes and organic linkers. Thanks to their unique struc-
tural and chemical properties, MOFs have been under intensive studies for their
applications inmodern energy and environmental technologies, such as fuel cells [1],
metal-air batteries [2], water electrolysis [3], supercapacitors [4], hydrogen storage
[5]. However, the utilisation of MOFs in the above-mentioned energy and environ-
mental technologies is not limited to their pristine forms. After thermal or chemical
treatments in either inert or reactive environments, pristine MOFs can be converted
intomany different derivativematerials, includingMOF-derived porous carbon (such
as metal-doped or metal-free carbon) and MOF-derived metal compounds (such as
metal oxides, sulphides and phosphides). TheseMOF derivatives do not just partially
inherit the structural and chemical characteristics of their MOF precursors, but also
exhibit some more interesting porous networks and chemical components, leading
to even improved performance of the materials.

In order to describe the characteristic advantages of MOF-derived materials, it
is inevitable to recapture the unique structural and chemical characteristics of their
MOF precursors. The distinct merits of pristine MOFs are mainly reflected in the
following aspects: (1) Crystalline porous structure with variable structures from two-
dimensional (2D) to three-dimensional (3D) constructions. (2) Diverse combinations
of metal cations with organic ligands, leading to the formation of a variety of porous
framework structures and the possession of different metallic and non-metallic active
elements (such as N, P and S). (3) Metal cation/cluster nodes are separated by the
surrounding organic ligands, forming atomically dispersed metallic sites. Thanks to
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the above-mentioned merits of pristine MOFs, those advantageous characteristics
may be not just partially inherited by MOF derivatives but can also evolve into some
more interesting structural and chemical features, which may be beneficial in terms
of their utilisation in energy and environmental applications [6]. The key attractions
of MOF derivatives are summarised as follows:

(1) Hierarchically porous structures
Due to the removal of carbon or non-carbon elements, thermal treatments of
pristine MOFs usually result in the collapse of their crystalline porous struc-
tures. This process can change the arrangement of the remaining atoms (such as
carbon, metal or metal compounds) and thus the original pore sizes, leading to
the formation of pores of different sizes, covering the pore size range of macro-
pores, mesopores and micropores. According to the classification by Interna-
tional Union of Pure and Applied Chemistry (IUPAC), the sizes of macropores
are above 50 nm, those of mesopores are between 50 and 2 nm, while those of
micropores are below 2 nm [7]. These pores of different sizes are usually inter-
connected with each other, leading to the formation of hierarchically porous
networks.When comparedwithmanyMOFs,whichmainly compose ofmicro-
pores, MOF derivatives with hierarchically porous structures may be more
favourable in the circumstance when mass transfer within the pore network
is an important consideration for material design. For example, in the case of
MOF-derived porous carbon for gas adsorption, macropores more likely play
the role of “lobby”,which provide a spacious entrance for adsorbentmolecules,
while mesopores offer smooth “passageways” for the diffusion of adsorbent
molecules within the pore networks. The adsorption of thosemolecules usually
take place in the connectedmicropores due to their comparatively large adsorp-
tion potentials [8]. The significance of hierarchically porous structure is also
widely recognised in many electrochemical studies in terms of mass transport
of reactants and reaction products within pore networks (such as the design of
electrocatalysts and electrode materials) [9].
In addition, the variable porous framework structures of pristine MOFs also
lead to the formation of variable porous structures of their derivatives. For
example, 2D MOFs are usually used for the manufacture of 2D porous
membranes, while 3DMOFs are sometimes used for the construction of porous
carbonmaterials with 3D porous networks as well. Furthermore, it is important
to note that well-developed porous structure is not a unique merit for pristine
MOFs or their derivatives, since it can be found inmany other porous functional
materials, such as activated carbon produced by activation methods. However,
in the latter case, it is difficult to keep the resulting porous structures the same
in different batches of products, because it is hard to control the distribution
and dispersion of activating agents within carbon precursor materials. In the
case of MOFs, the formation of their crystalline porous structures is a direct
consequence of metal–organic coordination. This makes the ordered struc-
tures of MOFs designable and predictable prior to synthesis. In this case, the
porous structure of MOF derivatives can also be designed and predicted prior
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to thermal treatments, which is an important factor be considered for the future
stable mass production.

(2) Nanoscale metallic active sites
The diversity ofMOFs is attributed to the diverse combinations of metal modes
and organic linkers. This also makes it possible to synthesise a wide range
of MOF derivatives with different metallic active sites to fulfil various func-
tions of the materials. More importantly, it is previously mentioned that metal
cation/cluster nodes are separated by the surrounding organic ligands, forming
atomically dispersed metal sites. After thermal treatments, metallic elements
are usually still preserved in the resulting MOF derivatives. In this case, the
orderly arranged and isolated metallic sites in pristine MOFs can promote the
formation of highly dispersed and uniformly distributed metal nanoparticles
in their corresponding MOF derivatives. This is particularly true in terms of
MOF-derived carbon materials. The carbonisation of organic ligands lead to
the formation of carbon frameworks, where metal nanoparticles are embedded,
which prevents them fromagglomerating into larger particles. The formation of
large agglomerates of metal particles results in the reduced number of exposed
active sites because only those on the surface of metal particles can take the
effects of enhanced interactions between active sites and reactants/adsorbents.
In contrast, the formation of highly dispersed and uniformly distributed metal
nanoparticles as active sites is beneficial in terms of enlarged active interface
for adsorption and reaction to take place. Particularly in the case of transition
metal-based MOFs and their derived materials, transition metal nanoparticles
can catalyse the formation of graphitic carbon shells around them, which does
not just prevent them from agglomeration but also protect them from external
corrosion and poisoning. In recent years, there is a fast-growing interest in the
design and synthesis of advanced materials with atomically dispersed metallic
active sites. In this case, metallic active sites are dispersed and distributed in the
porous substrates in the form of single atom sites, which maximises their expo-
sure to the surrounding interaction environment. These atomically dispersed
metallic sites can also interact with neighbouring atoms or functional groups,
such as carbon and nitrogen. This can cause the redistribution of electrons at
the metallic sites and thus tailors their reactivity [10]. It is aforementioned
that orderly arranged and isolated metal nodes are a unique characteristic of
MOFs. Therefore, it offers the possibility to utilise this characteristic to produce
atomically dispersed metal sites in the resulting MOF derivatives [11].
Furthermore, it is also possible to design and synthesise MOFs with orderly
arranged bimetallic sites, which provides an opportunity to produce MOF-
derived carbon with highly dispersed and uniformly distributed bimetallic
active sites. The possession of bimetallic active sites in MOF derivatives are
favourable in terms of achieving the following two functions:
On the one hand, the two metallic elements may exhibit different affini-
ties/activities towards different adsorbents/reactants, which grants MOF
derivatives bifunctionalities in some specific applications, for instance, oxygen



44 B. Zhu

reduction reaction (ORR) and oxygen evolution reaction (OER) for metal-air
batteries, hydrogen evolution reaction (HER) and OER for water electrolysis.
On the other hand, synergistic effects may occur between the two metallic
elements, which can improve the performance of MOF derivatives through
facilitating their spatial distribution, electron distribution and electron transfer
pathway.

(3) Diverse choices of organic ligands
Sometimes, organic ligands are also called organic linkers because they play the
role of “bridges” to link metal nodes and form the “skeletons” to build frame-
work structures ofMOFs and separatemetal nodes from each other. In addition,
organic ligands are the source of carbon to produce MOF-derived carbona-
ceous materials by means of high temperature thermal treatments in inert gas
atmospheres. These processes are usually referred to as the carbonisation of
MOFs, which leads to the formation of carbon frameworks with embedded
metal nanoparticles. Apart from the role of carbon source, organic ligands can
also possess other non-metallic elements, such as oxygen, nitrogen, sulphur
and phosphorus, which may incorporate into the structures of the resulting
MOF derivatives as active sites in the following two forms:
On the one hand, non-metallic elements can incorporate into the resulting
carbon structures of MOF derivatives as defect dopants. A frequently applied
non-metallic dopant is nitrogen element. It can incorporate into the carbon
structure in the form of pyridinic, pyrrolic, pyridonic and graphitic nitrogen.
The activities of the above-mentioned nitrogen functional groups are different
from each other due to varied electron distributions at these active sites. For
example, pyridinic nitrogen possess lone pair electrons, which offers this type
of nitrogen comparatively higher affinity and activity [12].
On the other hand, non-metallic elements can also react with the metallic
elements during the thermal treatments of MOFs, converting or partially
converting metal nanoparticles into metallic compounds, such as metal phos-
phides and metal sulphides. These chemical transformations can help to
enhance the activities of metallic sites through the modification of electron
distribution and the facilitation of electron transfer at active sites. Moreover,
the association with non-metallic elements may tailor the affinities of active
sites towards specific adsorbents or reactants, which is also an effective way to
introduce bifunctionalities to MOF derivatives [13]. In the past, conventional
modificationmethods usually involvemulti-step thermal treatments in inert and
reactive gas environments. This is a common approach for many studies on
the modification of metallic active sites inMOF derivatives. However, with the
purpose choice among diverse organic ligands, the modification of metallic
active sites can be carried out in a single step-thermal treatment, which is
favoured in terms of reduced material and energy consumptions.
In summary, the attractions of MOF derivatives originate from the unique
structural and chemical characteristics of their pristineMOF precursors. These
advantageous characteristics of pristineMOFs can evolve intomore favourable
porous structures and chemical constituents, including hierarchically porous
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structures, nanoscale metallic active sites and non-metallic functional groups.
In this chapter, selected examples from earlier published research works are
used to demonstrate the advance of design and synthesis strategies for a
variety of MOF derivatives, most of which can be classified into MOF-derived
carbon materials (metal-doped carbon, metal-free carbon and MOF-derived
carbonwith atomically dispersedmetallic active sites) andMOF-derivedmetal
compounds (metal oxides, hydroxides, phosphides, sulphides, selenides and
nitrides). Particular attentions are paid to the design of metal–organic coordi-
nation structures and chemical components of MOFs and its influence on the
resulting porous structures and chemical compositions of MOF derivatives, in
order to demonstrate the “uniqueness” of using MOFs as precursor materials.

2.2 MOF-Derived Porous Carbon

Thanks to the crystalline porous structures and carbon-rich organic ligands ofMOFs,
porous carbon is a major form of MOF derivatives, which can be produced by means
of thermal treatments at high temperatures and in inert gas atmospheres (such as
Ar and N2). This process is well-known as the carbonisation of MOFs. On the one
hand, metal and most of carbon elements can be preserved in the resulting MOF
derivatives after carbonisation, leading to the formation of porous carbon frameworks
with embedded metal nanoparticles, that is, metal-doped carbon. In the meantime,
the other non-carbon elements, such as O, N and P, are removed or partially removed
from the resulting carbon structures during the carbonisation process. The remaining
non-metallic elements either incorporate into carbon structures as active sites or
react with metal nanoparticles to modify metallic active sites. The doping of both
metallic and non-metallic elements in MOF-derived porous carbon contributes to
the formation of heteroatom-doped carbon. On the other hand, metallic elements can
be removed by either acid washing after thermal treatments or vaporisation at high
temperatures during thermal treatments, leading to the formation metal-free carbon
with non-metallic dopants or missing carbon vacancies as active sites. Herein, this
section focuses on the summary of recent advance in the design and synthesis of
MOF-derived heteroatom-doped carbon and metal-free defective carbon.

2.2.1 MOF-Derived Heteroatom-Doped Carbon

The diverse combinations of metals and organic linkers make it possible to produce
MOF-derived porous carbon with different combinations of heteroatom dopants.
Zeolitic imidazolate frameworks (ZIFs) are a distinctive group of MOFs, which are
constructed by the coordination between metal cations and imidazolate ligands [14].
As the term suggests, ZIFs possess structures similar to those of aluminosilicate
zeolites, where imidazolate ligands play the role of “bridges” to connect two metal
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cations (M-IM-M, IM = imidazolate), similar to the Si–O–Si bonds in zeolites [15].
Apart from the common characteristic of crystalline porous structure, the attractions
ofZIFs are also reflected in their isolatedmetallic cation sites and nitrogen-containing
imidazolate ligands. Because of the above-mentioned two characteristic features, it
is possible to make use of ZIFs as precursor materials to produce ZIF-derived, metal-
and nitrogen-doped porous carbon derivatives.

ZIF-67 is one of the most intensively studied ZIFs, which composes of cobalt
cation as the metallic node and 2-methylimidazole as the organic ligands [16]. It
usually possesses purple colour and polyhedral shape. Thanks to the isolatedmetallic
sites and N-containing ligands, ZIF-67 is also widely used as the precursor materials
to produce Co- and N-doped porous carbon materials for a wide range of energy and
environmental applications, including gas adsorption and separation, electrochem-
ical energy conversion and storage [16]. ZIF-67 can be synthesised bymeans of either
solvothermal methods [17] or simple mix and stir methods [18]. Different synthetic
methods and conditions can influence the sizes and morphologies of ZIF precursors
and their carbon derivatives. Xia et al. synthesised a series of ZIF-67 crystals by
means of both the solvothermal method at 120 °C and the mix and stir method at
different temperatures (60 and 25 °C, respectively) and in different solvents (water
and methanol, respectively). Figure 2.1a shows that ZIF-67 prepared with the mix
& stir method at room temperature in methanol exhibits the smallest particle size of
300 nm, which can be attributed to the comparatively slower crystal growth at a lower
temperature and a less polar solvent. This ZIF-67 nanocrystal sample is chosen to be
further carbonised in the argon flow in the temperatures ranging from 600 to 900 °C.
Figure 2.1c–e show the scanning electron microscope (SEM) and transmission elec-
tronmicroscope (TEM) images of the 750 °C carbonised ZIF-67, which suggests that
the polyhedral shape of pristine ZIF-67 is relativelywell-preserved even after carbon-
isation. Figure 2.1d also reveals a relatively uniformly dispersed black dots, that is,
Co nanoparticles, embedded in the carbon polyhedron. A higher magnification TEM
image (as shown in Fig. 2.1e) further shows that the size of Co nanoparticles is about
10 nm. In addition, due to the catalytic effect of Co, a few layers of carbon shells
are also formed around these nanoparticles, which helps to improve the stability of
Co nanoparticles. The X-ray photoelectron spectroscopy (XPS) surface chemistry
analysis shows that nitrogen from the ligands incorporates into the resulting carbon
structure mainly in its pyridinic forms, while Co tends to form Co–N active sites
due to the abundant Co-N4 moieties in the ZIF-67 precursors (as shown Fig. 2.1b).
The specific surface area of both pristine ZIF-67 and their carbon derivatives are
investigated by the nitrogen sorption methods. The characterisation results show that
the specific surface area of pristine ZIF-67 decreases with the increasing crystal size.
The 300 nm ZIF-67 shows a high Brunauer–Emmett–Teller (BET) surface area of
1512 m2 g−1. This value drops to 386 m2 g−1 after thermal treatments, however, the
original crystalline porous framework evolves into a hierarchical structure as well,
which is beneficial in terms of mass transfer within the pore network.

With the advance in the design and synthesis of innovative MOFs, more Co-
based MOFs can become the candidate precursor materials for the production of
MOF-derived Co- and N-doped porous carbon. Jagadeesh et al. reported a cobalt
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Fig. 2.1 a Synthesis of ZIF-67 with different methods and conditions. b Schematic illustration of
ZIF-67 polyhedron, its microscopic porous framework structure and the coordination structure with
Co cation and 2-methylimidazolate ligands. c SEM image of ZIF-67-derived carbon polyhedrons
after thermal treatments at 750 °C. d and e TEM images of ZIF-67-derived polyhedron with Co
nanoparticles (black dots). Reproduced with permission [18]. © 2014 Royal Society of Chemistry

nanoparticle-based porous carbon material, which is derived from a cobalt-diamine-
dicarboxylic acidMOF precursor [19]. Figure 2.2a illustrates the synthetic procedure
of this Co-MOF-derived porous carbon. In this case, cobalt nitrate is used as the
source of metal cation and,4-diazabicyclo[2.2.2]octane (DABCO) and terephthalic
acid (TPA) are applied as the organic ligands. The Co-MOF precursor is synthesised
by the simple mix & stir method in dimethylformamide (DMF) and immobilized
on Vulcan XC 72R carbon substrate. The corresponding Co-doped carbon is then
produced by the carbonisation at 800 °C in Ar. The aberration-corrected scanning
transmission electron microscope (STEM) image (as shown in Fig. 2.2b) does not
just reveal Co nanoparticles with sizes from 5 to 30 nm, but also shows that graphitic
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Fig. 2.2 a An illustration of the synthesis of Co nanoparticle-encapsulated Co-DABCO-TPA-
derived porous carbon. b Aberration-corrected STEM image of Co nanoparticles encapsulated in
the graphitic carbon shells. c HAADF image of single Co atom sites (white dots) in MOF-derived
carbon. Reproduced with permission [19]. © 2017 Science

layers and short-range ordered graphitic shells are formed around the nanoparticles
due to the catalytic effect of Co. More interestingly, the high-angle annular dark
field (HAADF) image demonstrates the existence of single Co atom sites in short-
range ordered carbon regions. By combining TEM imaging and XPS analysis, it is
discovered that some Co nanoparticles exhibit a Co–Co3O4 core–shell nanostructure
and nitrogen from DABCO ligands incorporates into the resulting Co-doped carbon
in the form of pyridinic nitrogen and bonding with Co cation (CoNx).

Apart from heteroatom-doped carbon derived from Co-based MOFs, there are
numerous published researchworks onMOF-derived porous carbons embeddedwith
many other metallic nanoparticles. Zou et al. reported a hierarchical hollow Ni/NiO
nanoparticle-graphene composite derived by means of carbonisation and oxidation
of a Ni-based MOF (ligand: trimesic acid) [20]. Yun et al. introduced a Fe/Fe2O3-
doped porous carbon, which is derived from another famous group of MOFs, that is,
MIL-101 (Fe) (MIL = Materials Institute Lavoisier) [21]. Many other metal-doped
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carbon derivatives can also be produced from MILs, such as MIL-101(Cr) [22],
MIL-125(Ti) [23] and MIL-53(Al) [24]. Cai et al. synthesised Cu/Cu2O-supported
graphitic carbon composite from the widely studied MOF-74 (Cu) [25]. Thanks to
the large number of possible combinations betweenmetal and organic ligands, a wide
range of heteroatom-doped porous carbons can be produced from MOF precursors.
Moreover, the existence of bimetallic MOFs makes it possible to synthesise bimetal-
doped porous carbon materials. By controlling the molar ratio of the bimetallic
elements in MOF precursors, it is possible to control the molar ratio of the bimetallic
elements in the resulting carbon derivatives.

An interesting example was a ZnCo co-doped carbon nanotube networks derived
from a ZnCo bimetallic MOF, which was published by Li et al. [26]. It is previ-
ously mentioned that ZIF-67 is an intensively studied Co-based MOF, which is
widely used as the precursor to produce Co- and N-doped porous carbon. ZIF-8
is another well-known ZIF-type MOF, which possesses the isostructure of ZIF-67
but substitutes Co with Zn as the metallic cation centre. Therefore, it brings the
opportunity to use both Co and Zn salts (Co(NO3)2 and Zn(NO3)2) to react 2-
methylimidazole ligands, leading to the formation of ZnCo bimetallic MOFs (as
shown in Fig. 2.3a). In this work, ZnCo bimetallic MOF is synthesised with the 1:1
molar ratio of Co(NO3)2/Zn(NO3)2. The as-prepared bimetallic MOF is then pyrol-
ysed at 700 °C inAr flow. Since the boiling point of Zn is 908 °C [27], Zn is preserved
in the resulting porous carbon with Co as the co-dopant, leading to the formation of
ZnCo bimetallic nanoparticles, which catalyses the graphitization of carbon and the
growth of carbon nanotubes on the surface of carbonised bimetallic MOF (as shown
in Fig. 2.3b). Figure 2.3c and d show the ZnCo nanoparticle at the tip of the carbon
nanotube. It is worth mentioning that ZnCo bimetallic MOFs based on ZIF-8 and
ZIF-67 frequently appear in many other studies on MOF-derived heteroatom-doped
carbon as well. However, in many cases, Zn plays the role of “structure modifier”,
where the corresponding carbonisation temperature is set to be above its boiling point,
resulting in the evaporation of Zn and the formation monometal-doped carbon. On
the one hand, the volatilisation of Zn can may induce the formation of pores and thus
improve the porous structure of MOF-derived carbon [28–30]. On the other hand,
the evaporation of Zn can also help facilitate the distribution and dispersion of the
other metal nanoparticles, preventing the formation of large agglomerates [31, 32].

In summary, thanks to the unique structural and chemical characteristics ofMOFs,
they can be utilised as precursors to produce a wide range of MOF-derived porous
carbon materials, which are doped with a variety of metallic and non-metallic
heteroatoms in the form of nanoparticles, functional groups and moieties. These
highly dispersed and uniformly distributed active sites can help to improve the perfor-
mance of MOF-derived carbon in energy and environmental applications. With the
further pursuit of optimised performance, MOF-derived porous carbon materials
with atomically dispersed metal sites have attracted great attention from chemists
and materials scientists.
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Fig. 2.3 a The framework structure of ZnCo bimetallic MOF. b The growth of carbon nanotubes
on the surface of the carbonized bimetallic MOF. c and d ZnCo bimetallic nanoparticle at the tip
of the carbon nanotube. Reproduced with permission [26]. © 2018 Royal Society of Chemistry

2.2.2 MOF-Derived Carbon with Atomically Dispersed Metal
Sites

The significance of metal nanoparticles in porous carbon is to promote the expo-
sure of highly dispersed and uniformly distributed active sites for optimised mate-
rial performance. In this case, the formation of atomically dispersed metal sites
(ADMSs) can maximise the exposure and interfacial contact of active sites with
adsorbents/reactants, and thus release the “full potential” of an active site. In addi-
tion, the single-atom metallic site may interact with the neighbouring atoms (such as
N, S and P), which can modify the electron distribution and transfer at the active site
and thus tailor the material performance as well. However, the production of porous
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carbon with ADMSs usually involves the careful control over the concentration of
metal source and the complicated synthetic method to induce the formation of M–
N–C coordination structure. Owing to isolated metal sites and active non-metallic
elements (particularly nitrogen) in organic ligands, the carbonisation of MOFs
becomes a more convenient and controllable route to produce porous carbon with
ADMSs. It is previouslymentioned that, besides Co nanoparticles, Jagadeesh and co-
workers also found atomically dispersed Co sites in a cobalt-diamine-dicarboxylic
acid MOF-derived porous carbon [19].

Yang et al. reported the synthesis of a carbon framework with atomically
dispersed Mn sites by means of the carbonisation of a Mn-BTC MOF (BTC =
1,3,5-benzenetricarboxylic acid), followed by the HCl etching treatment and NH3

annealing (as shown in Fig. 2.4a) [33]. Aberration corrected high-angle annular
dark-field scanning transmission electron microscope imaging (HAADF-STEM,
Fig. 2.4b) and Extended X-ray absorption fine structure spectra (EXAFS, Fig. 2.4c)
demonstrate the existence of single Mn atom sites and the formation of Mn–O and
Mn-N coordination in the MOF-derived carbon framework. In Fig. 2.4c, Mn foil
is used as the reference material to show the peak for Mn–Mn bond (black curve),
which is absent in the sample with ADMSs (orange curve). This apparent difference
further proves that Mn metallic sites exist in the form of single atoms.

Similar to the case of bimetallicMOF-derived bimetal nanoparticle-doped carbon,
it is possible to produce porous carbon atomically dispersed bimetallic sites with
bimetallicMOFs aswell. Han et al. presented a hollow carbon nanocubes with atomi-
cally dispersed CoNi bimetallic sites derived from a CoNi bimetallicMOF (as shown
in Fig. 2.5a) [34]. This bimetallic MOF is fabricated by the chemical precipitation of
Ni2+ cations and Co(CN)63− and coated with polydopamine for the formation of the
core–shell hollow carbon nanotube after 500 °C annealing in NH3 flow. The last step
of acid etching is to remove the excessive Co and Ni nanoparticles, leaving only the
diatomic Co–Ni sites, which form coordination structures with the neighbouring N
atoms. In this way, the Co–Ni diatomic site still fulfil the purpose of atomic disper-
sion,which acts like a “single-atom” site. These atomically dispersed bimetal sites are
imaged by the aberration-corrected HAADF-STEM in Fig. 2.5b. Figure 2.5c shows
the Fourier transformed EXAFS spectra of MOF-derived porous carbon nanocubes
with bimetallic ADMSs (red curve) and nanoparticles (black curve). It evidences the
existence of only Co–N and Co–Ni interactions in the sample with ADMSs, while
the sample with bimetallic nanoparticles shows a clear peak for Co–Co bonds.

Apart from intrinsic isolated metal cation centres, ADMSs can be produced by
the introduction of external metal sources in accompany with the carbonisation of
MOFs. For example, Zhu et al. demonstrated a hierarchical carbon architecture with
atomically dispersed Fe sites derived from FeCl3- and DCD-encapsulated MIL-101-
NH2 (DCD = dicyandiamide) [35]. In this case, DCD does not just play the role
of additional source of carbon and nitrogen, but also prevent the collapse of porous
structure and the agglomeration of metallic components. This is further in favour of
the formation of ADMSs in addition to the merits of the MOF precursor. Again, the
HAADF-STEM imaging and EXAFS analysis demonstrate the existence of single
Fe atom sites with the formation of FeNx coordination structure.
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Fig. 2.4 a A flow chart of the synthesis procedure for the carbon framework with atomically
dispersed Mn sites fromMn-BTC, which are coordinated with O and N atoms at the edges of pores
and frameworks. b Aberration-corrected HAADF-STEM shows single Mn atom sites (red circles).
c Fourier transform of Mn K-edge x-ray EXAFS spectra indicate the existence of Mn-N and Mn–
O coordination and the absence of Mn–Mn bond in Mn-BTC-derived carbon (Mn/C-NO, orange
curve). Reproduced with permission [33]. © 2018 WILEY–VCH Verlag GmbH & Co. KGaA

Besides the above-discussed examples, there are a large number of reported works
on MOF-derived porous carbon with either mono- or bimetallic ADMSs [11, 36].
In most cases, ADMSs in MOF-derived carbon can be achieved by either the one-
step carbonisation of MOF precursors with intrinsic metal cations or the encapsu-
lation and dispersion of external metal sources in crystalline porous frameworks of
MOF precursors before carbonisation. The formation of ADMSs can be attributed to
isolated metal sites, well-developed porous structures and coordination interactions
with neighbouring non-metallic sites from organic ligands. Since ADMSs represent
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Fig. 2.5 a An illustration of the synthesis of CoNi bimetallic MOF-derived carbon nanotube with
atomically dispersed bimetallic Co–Ni sites. b HAADF-STEM image of atomically dispersed Co–
Ni sites (red circles). c Fourier transformed Co K-edge EXAFS spectra of the sample with atomic
Co–Ni sites (red curve), indicating Co–Ni and Co–N bonds. The sample with CoNi nanoparticles
(black curve) is used as the reference material for Co–Co bond. Reproduced with permission [34].
© 2019 WILEY–VCH Verlag GmbH & Co. KGaA

the non-stopping pursue of higher performance of functional materials, it can be
expected the on-going research on ADMSs will continue to bring excitement and
pleasant surprise with the exploitation of MOF-derived porous carbon.

2.3 MOF-Derived Metal-Free Defective Carbon

Apart from the rich progress of MOF-derived metal-doped carbon, there is also a
growing interest in the development of MOF-derived metal-free carbon. The func-
tional performance of metal-doped carbon heavily relies their metallic active sites.
However, this also makes them susceptible to acidic and alkaline environments due
to metal leaching and etching [37]. In the absence of metallic elements, the activity
of metal-free carbon depends on the defective sites in the carbon structures, which
frequently exist in the form of chemical defects (non-metallic dopants, such as N,
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P and S) and structural defects (vacancies, edges and holes) [38]. The formation of
these defective sites can modify the local charge distribution and thus play the role of
active sites in metal-free carbon. Furthermore, these active sites may possess higher
stabilities when compared with those of metallic sites in acidic and alkaline environ-
ments. When MOFs are applied to produce metal-free carbon, the diverse choices of
organic ligands make it possible to introduce multiple non-metallic dopants as chem-
ical defects, while the rearrangement of carbon atoms during thermal treatments may
create all kinds of structural defective sites in the resulting carbon structures.Metallic
elements from the MOF precursors are removed either by means of acid washing or
volatilisation at high temperatures.

In the case of the acid washing method, Wang et al. produced a nanoporous
carbon from ZIF-67 [39]. It is previously introduced that ZIF-67 is a Co-based MOF
with 2-methylimidazolate linkers. Therefore, the pyrolysis of ZIF-67 in the inert gas
atmosphere (Ar in this work) leads to the formation of MOF-derived carbon with
embedded Co nanoparticles. As illustrated in Fig. 2.6a, in order to produce metal-
free carbon, this ZIF-67-derived carbon is further washed with aqua regia. This
acid washing process does not just remove Co nanoparticles but also promotes the
formation of newnanopores. Figure 2.6b and c are the high resolution TEM images of
ZIF-67-derived porous carbon before and after acid washing, respectively. It clearly
shows the formation of new nanopores due to the removal of Co nanoparticles by
acid washing. Porosity analysis results show that both specific surface areas and pore
volumes of ZIF-67-derived carbon increase after acid treatments.

It is mentioned in the previous example that Zn can be used as a “structural modi-
fier” in bimetallic MOF-derived heteroatom-doped carbon due to its volatilisation
at high temperatures above its boiling temperature (908 °C). Based on the same
consideration, Zn-based MOFs are widely used as precursor materials to produce
metal-free porous carbon [40–42]. In contrast, if the temperatures of thermal treat-
ments are below the boiling point of Zn, Zn element is still preserved inMOF-derived
carbon in the form of metallic nanoparticles. In this case, acid washing is required to
produce metal-free carbon [43]. When compared with the acid washing process, the
volatilisation of Zn may be recognised as a more convenient one-step method and
a more environmentally friendly way to produce MOF-derived metal-free carbon.
As early as 2014, Zhang and co-workers reported the synthesis of metal-free and
N-doped porous carbon from ZIF-7, which is a Zn-based ZIF-type MOF with the
benzimidazole ligands [44]. In the authors’ work, the ZIF-7 precursor is mixed with
glucose and then carbonised at 950 °C, where glucose is used as an additional source
of carbon. The analytical results ofXPS,X-ray diffraction (XRD) andEnergyDisper-
sive X-ray (EDX) confirm the removal of Zn after the carbonisation of ZIF-7 due to
the evaporation of Zn. In this case, nitrogen becomes the only dopant and the main
active sties in the resulting carbon structure to fulfil its functional performance (i.e.
electrocatalysis in this work).

Apart fromZIF-7 from the above-discussed case, ZIF-8 is another Zn-basedMOF,
which is widely studied for the production of MOF-derived metal-free carbon due
to its merit of easy synthesis at ambient conditions and the volatilisation of Zn
as well [45]. It is previously mentioned that ZIF-8 possesses the same framework
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Fig. 2.6 a An illustration of Co-doped nanoporous carbon derived from ZIF-67, followed by the
acid treatment to produce metal-free carbon. TEM images of ZIF-67-derived carbon (b) before
and (c) after the acid treatment by aqua regia, showing the removal of Co nanoparticles and the
formation of nanopores. Reproduced with permission [39]. © 2016 Royal Society of Chemistry

structure of ZIF-67 and use the same ligands of 2-methylimidazole. Recently, Pan
et al. reported such a metal-free and heteroatom-doped carbon derived from phytic-
acid-functionalized ZIF-8 by means of 1050 °C annealing in NH3 (as shown in
Fig. 2.7a) [46]. Again, Zn is removed from ZIF-8-derived carbon due to its evapo-
ration, where no apparent Zn nanoparticle is shown in the high magnification TEM
image in Fig. 2.7b.N and P elements are introduced into the resulting carbon structure
as dopant defects from the 2-methylimidazolate ligands and phytic acid functional
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Fig. 2.7 a A schematic flow chart of metal-free and N, P-co-doped carbon derived from phytic-
acid-functionalized ZIF-8. bAhighmagnification TEMof ZIF-8-derived carbon shows no apparent
Zn nanoparticles. c Simulated N and P doping in carbon structures. Reproduced with permission
[46]. © 2020 WILEY–VCH Verlag GmbH & Co. KGaA

groups, respectively (as shown in Fig. 2.7c). In another work by Zhao et al., a metal-
free N-doped graphitic carbon photocatalyst is produced from ZIF-8 as well [47]. In
this case, besides the role of N as dopant defect active site, N dopants also promote
the formation of vacancy-type defects in this MOF-derived carbon (as shown in
Fig. 2.8).

It is alsoworthmentioning that, although the volatilisation ofZn is amore effective
and environmentally friendly way to produceMOF-derivedmetal-free carbon.Many
laboratory works still carry out acid washing after thermal treatments, in order to to
remove any possible residual Zn in MOF-derived carbon for the purpose of research
preciseness [48, 49]. Furthermore, Zn-based MOFs can also be used as hosts and

Fig. 2.8 An illustration of the synthesis of ZIF-8-derived carbon with vacancy-type defects.
Reproduced with permission [47]. © 2016 WILEY–VCH Verlag GmbH & Co. KGaA



2 MOF Derivatives 57

templates to load external metal elements as active dopants, where Zn is vaporised
during carbonisation and only monometal-doped carbon is formed [50].

In summary, thanks to the porosity and diversity of MOFs, they can be utilised to
produce a variety of porous carbonmaterials with or withoutmetallic dopants. On the
one hand, in the case of MOF-derived metal-free carbon, metallic elements can be
removed by means of either acid washing or high temperature volatilisation. In this
case, the performance of MOF-derived carbon heavily relies on its porous structure,
non-metallic dopant and structural defect sites in the resulting carbon structure. On
the other hand, in the case of MOF-derived metal-doped carbon, metallic elements
can exist in the form of nanoparticles or ADMSs, which become the major active
sites to fulfil the functions of the materials. Non-metallic elements from organic
linkers can co-dope with metallic elements in MOF-derived carbon as active sites.
They can either modify the electron distribution and transfer at metallic active sites
or form coordination interactions with metal cations to promote the formation of
ADMSs. Furthermore, it is also possible for non-metallic elements to react with
metallic elements during thermal treatments, which can lead to the formation of
metal compound active sites and thus tailor the activities of metallic sites.

2.4 MOF-Derived Metal Compounds

In the case of MOF-derived metal-doped carbon, the majority of metal dopants
frequently exist in their elemental forms due to their reduction reactions with carbon.
These elemental metals can further react with non-metallic elements, such as O, N,
P, S and Se, forming metal compounds, which can improve or tailor the activities
of metallic sites. These non-metallic elements can come from external chemical
sources (such as NH3, CS2, S powder and NaH2PO4) or organic linkers of MOF
precursors. In the former case, MOF precursors are subject to thermal treatments
in either inert or oxidative gas atmospheres to produce MOF-derived metal-doped
carbon or metal oxides. Then, metallic elements inMOF derivatives can further react
with the above-mentioned chemical sources of non-metallic elements in the form of
either continuous gas flows, decomposed products in inert carrier gas flows or solid
mixtures. In the latter case, non-metallic elements are released upon thermal decom-
positions of organic linkers. Some of them may be lost in the form of decomposed
gas molecules, while the other may dope into the resulting carbon structures or react
with metallic elements to formmetal compounds. Apart from themethods of thermal
treatments, MOF-derived metal compounds can also be produced bymeans of chem-
ical etching methods at ambient conditions. To date, there are reports of metal oxides
[51], hydroxides [52], phosphides [53], sulphides [54], selenides [55] and nitrides
[56] derived fromMOF precursors, which are discussed in the following subsections,
respectively.
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2.4.1 MOF-Derived Metal Oxides

Metal oxide is a common form of active metal compounds. Thanks to their porous
frameworks and isolated metal nodes, MOFs can be used as precursor materials
to produce both metal oxides and metal oxide-doped carbon with inherited porosi-
ties and metallic active sites. In the case of MOF-derived metal oxides, they can be
produced bymeans of high temperature calcination in air, which completely removes
the carbon content from the original MOFs. In the case of MOF-derived metal
oxide-doped carbon, they can be produced by either post-oxidation treatments in air
at comparatively lower temperatures after carbonisation or reactions with intrinsic
oxygen elements from decomposed organic linkers during carbonisation.

A typical example for MOF-derived metal oxides was presented by Yu and co-
workers. In their work, a bimetallic oxide hollow nanowire (NiO/NiCo2O4) is synthe-
sised fromMOF-74 with Ni/Co bimetallic nodes and 2,5-dihydroxyterephthalic acid
(DHTA) linkers [57]. Similar to ZIF-67, MOF-74 is another group of frequently
studied and utilised MOF due to its high specific surface area and a variety of
tailorable metal cation nodes, including the possibility of bimetallic cation nodes. In
this case, Ni and Co acetates are simultaneously added to the reaction solution for the
synthesis bimetallic MOF-74. The MOF precursor is then subject to oxidation in air
at 350 °C in air. Themechanism for the formation of hollow nanowires is proposed to
the result of Kirkendall effect [58], which can be explained by the different diffusiv-
ities of inner and outer components during the high temperature oxidation treatment
[59]. In the case of MOF-derived metal oxide-doped carbon, Zhou et al. synthesised
a range of transition metal oxide-doped carbon materials from a variety of transition
metal-based MOFs, including Co-BTC, Co-BDC (BDC = 1,4-dicarboxybenzene
acid), Co-DHTP (DHTP = 2,5-dihydroxyterephthalic acid) and the same MOFs but
with Ni nodes [60]. Since all the MOF precursors are carbonised in high-purity N2

gas flow, organic linkers become the only source of oxygen for the formation ofmetal
oxides. In addition, as shown in Fig. 2.9, the use of different organic ligands can also
lead to the formation of 1D, 2D and 3D MOFs and corresponding MOF derivatives
as well.

Zhang et al. reported the synthesis of Fe2O3 withmicroboxes and hierarchical shell
structures from a Prussian blue (PB)-type MOF, which is an iron(III) hexacyanofer-
rate(II) compound (Fe4[Fe(CN)6]3) that possesses a cubic shape [61]. Prussian blue
is an accidently synthesized and discovered cubic crystal materials, where substitu-
tional and interstitial modifications lead to the formation of a variety of structures
analogous to that of PB [62–64]. Therefore, this group of MOFs are well-known as
Prussian blue analogues (PBAs). In this work, Fe2O3 microboxes are produced by
the calcination of Fe4[Fe(CN)6]3 in air. The authors conclude the 3-stage formation
of hierarchical Fe2O3 microboxes, which is illustrated in Fig. 2.10a. Figure 2.10b–j
show theSEMandTEMimages of PB-derivedFe2O3 microboxes,which are calcined
at 350, 550 and 650 °C, demonstrating different structures of PB-derived Fe2O3 at
different stages illustrated in Fig. 2.10a.



2 MOF Derivatives 59

Fig. 2.9 The direct production of various Co3O4-doped carbonmaterials fromMOFswith different
O-containing organic ligands, leading to the formation of 1D–3D structures. Reproduced with
permission [60]. © 2018 American Chemical Society

2.4.2 MOF-Derived Metal Hydroxides

Metal hydroxide is another common form of active metal compound, which is
frequently synthesised and utilised in the form of layered double hydroxides (LDHs).
LDHs is a large group of layered compound materials, which consist of positively
charged layers (e.g., metal cations) and interlayer regions filledwith charge balancing
anions and water molecules [65]. Similar to both structural and chemical diversities
of MOFs, LDHs also possess the merit of flexible combinations of metal cations
and charge compensating anions. This common advantage interlinks these two large
families of functional materials, and make it possible to use MOFs as precursors to
produce LDHs with a variety of nanostructures and chemical properties [66, 67],
and vice versa [68]. Differing from the high temperature oxidative treatments for
MOF-derivedmetal oxides,MOF-derivedmetal hydroxides can be produced through
alkaline hydrolysis reactions betweenMOFs and hydroxide ions in the alkaline solu-
tions at ambient conditions. The framework structures of MOFs collapse as a result
of chemical etching. Organic linkers are removed during the etching process, while
metal cations react with hydroxide ions or watermolecules to formmetal hydroxides.
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Fig. 2.10 aAn illustration of hierarchical Fe2O3 microboxes from Fe4[Fe(CN)6]3 PBA precursors.
SEM and TEM images of PB-derived Fe2O3 microboxes after calcination in air at (b–d) 350 °C,
(e–g)550 °C and (h–j) 650 °C. Reproduced with permission [61]. © 2012 American Chemical
Society



2 MOF Derivatives 61

Zhang et al. reported an ultrathin Co(OH)2 nanoarray derived from a Co-based
MOF with 2-methylimidazolate linkers, which is grown on a piece of Ni foam [69].
The growth of MOFs is carried out by simply immersing the Ni foam in the mixture
aqueous solution of cobalt chloride and 2-methylimidazole. Then, the synthesis of
Co(OH)2 nanoarrays is carried out by the further immersion of Co-MOF/Ni foam
in the cobalt chloride ethanol solution with a pH value between 5 and 6, allowing
the alkaline hydrolysis reaction to take place. The porous nature of MOF precursors
ensures the easy access of cobalt chloride solution, leading to the formation of ultra-
thin layers of Co(OH)2 sheets. Figure 2.11 also indicates that Co(OH)2 nanosheets
also inherit the nanoarray structure of MOFs, leading to the formation of Co(OH)2
nanonetworks on Ni foam. Furthermore, as emphasised in Fig. 2.11, all the above-
mentioned reactions are carried out at room temperature, which is beneficial in terms
of easy synthesis and energy saving.

It is demonstrated in the above section of “MOF-derived metal oxides” that PB-
type MOF Fe4[Fe(CN)6]3 is used for the production of Fe2O3 microboxes. Later on,
the same research group reported their continued work on the synthesis of Fe(OH)3
from the sameMOFprecursor [70]. In this case, other than calcination in air, Fe(OH)3
with different structures are produced by either simple “mix & shake” reactions
at ambient conditions or hydrothermal reactions at 80 °C, both with NaOH. The
formermethod leads to the yolk-shelledFe(OH)3 microboxes,while the latter induces
the formation of multishelled Fe(OH)3 microboxes. The different architectures of
Fe(OH)3 microboxes can be attributed to varied diffusion of OH− and precipitation
of Fe(OH)3 at different temperatures and concentrations of NaOH solutions.

Fig. 2.11 An schematic synthesis procedure of Co(OH)2 nanonetworks from the growth of a Co-
basedMOF nanoarrays on Ni foam. Reproduced with permission [69]. © 2018 American Chemical
Society
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2.4.3 MOF-Derived Metal Phosphides

Owing to the diverse bonding types in metal phosphides (MxPy), the combination of
metal and phosphorus can bring about many interesting physical and chemical prop-
erties [71]. Thanks to the high electronegativity of phosphorus, they can draw elec-
trons from metallic elements, which may tune MxPy into “electron sinks”, making
them more attractive to positively charged protons [58, 72]. This characteristic is
particularly useful in catalysing proton-involved reactions, such as HER for water
electrolysis. This arouses interests from researchers to develop and study a wide
range of MxPy either in the form of pure compounds or active dopants in carbon
materials. Similar to the case of metal oxides and hydroxides, MOFs have been
studied as precursor materials because of the unique advantages of their structural
and chemical characteristics. BothMxPy compounds andMxPy-doped carbon can be
produced by the two-step thermal treatment processes, which involve high temper-
ature calcination in air or carbonisation in inert gas atmospheres as the first step,
followed by the additional step of phosphorisation at elevated temperatures as well.
The phosphorisation reaction is usually carried out by the decomposition of phos-
phorous compounds (sodium hypophosphite in most cases) and subsequent reactions
betweenmetallic elements and P-containing decomposed gaseous products in carrier
gases (e.g., N2 or Ar). Phosphorous compounds are placed at the upstream of the
carrier gas, while MOF derivatives are placed at the downstream. Therefore, decom-
posed products follow the carrier gas flow and reach MOF derivatives, where phos-
phorisation reactions take place. In some other cases, metal phosphides are produced
just in a single-step phosphorisation of MOFs with phosphorous compounds.

In the case ofMOF-derivedMxPy compounds, Chu et al. reported the synthesis of
Zn-Co phosphide porous nanosheets (Zn0.33Co0.67P),whichwas derived fromaZnCo
bimetallic MOF with the 2-methylimidazolate linkers [73]. In this work, the authors
calcine this bimetallic MOF in air at 400 °C to produce ZnCo2O4, and thus proceed
with the phosphorisation treatment at 300 °C. Sodium hypophosphite (NaH2PO2)
is used as the source of phosphorus, which decomposes and releases phosphine
(PH3) upon heating. N2 is used as the carrier gas for PH3 to reach the calcined
MOF and convert Zn-Co oxides into Zn-Co phosphides. In some other cases, for
example, in Xiao et al.’s work [74], they adopted a one-step phosphorisation process
to convert a wide range of CoM bimetallic ZIFs (M = Ni2+, Mn2+, Cu2+ and Zn2+)
into a variety of CoM bimetallic phosphide nanosheets. In the case of MOF-derived
MxPy-doped carbon, Liu et al. reported a Ni2P-doped porous carbon derived from
a Ni-MOF with the BTC linkers [75]. This Ni-MOF is firstly carbonised in Ar at
600 °C. Again, sodium hypophosphite (NaH2PO2) is used as the source of phosphine
for the phosphorisation of carbonised Ni-MOF at 350 °C. Chemical analysis on the
carbonised and phosphorised Ni-MOF indicates that Ni2P and Ni co-exist in the
resulting carbon framework and form hybrid nanoparticles. Synergistic effects can
occur between Ni2P and Ni, which can help to optimise the electronic structure and
charge transfer within this MOF-derived Ni2P/Ni-doped carbon.
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The above-mentioned research works adopt the straightforward carbonisation and
phosphorisationmethod to produceMxPy andMxPy-doped carbon.With some clever
material design strategies, it is possible to introduce both interesting structural and
compositional features to MxPy with the utilisation of MOFs. He and co-workers
demonstrate their effort to design and synthesise such a carbon-incorporated Ni–
Co mixed metal phosphide nanoboxes through a two-step modification of ZIF-67
[76]. In their work, ZIF-67 is not subject to direct carbonisation and phosphorisation
treatments to produce NixPy-doped carbon. Instead, ZIF-67 nanocubes are firstly
immersed in a Ni(NO3)2 ethanol solution, which is a previously mentioned method
to produce MOF-derived metal hydroxides. As suggested by Fig. 2.12a, the reaction
between ZIF-67 and Ni(NO3)2 takes place at the surface of the nanocubes in the first
place, forming Ni-Co bimetallic LDH on the surface. In the meantime, the diffusion
of ZIF-67 from inside out leads to the formation of ZIF-67@LDH nanoboxes. Then,
ZIF-67@LDH nanoboxes are phosphorised with NaH2PO2 in N2 flow at 350 °C
and organic linkers of ZIF-67 are also carbonised at the same time, leading to the
formation of carbon-incorporated Ni-Co mixed metal phosphide nanoboxes. Again,
the existence of bimetallic elements in the phosphide compound brings the potential
of bimetallic synergy in terms of improved performance (enhanced electrocatalytic
activity in this work), while the incorporation of carbon enhances the structural
stability, electron transfer efficiency and electrical conductivity of this MOF-derived
bimetallic phosphide material. Apart from He et al.’s work, a similar approach was
adopted by Guan and co-workers to produce hollowMo-doped CoP nanoarrays from
a 2DCo-basedMOF [77]. In this case, the 2DCo-basedMOFfirstly reacts Na2MoO4

Fig. 2.12 a An illustration of the two-step formation process from ZIF-67 nanocubes to carbon-
incorporated NiCoP nanoboxes: I. LDH formation; II phosphorisation. b HAADF-STEM image of
a carbon-incorporated NiCoP nanoboxe and its corresponding elemental mapping images of Ni, Co
and P. Reproduced with permission [76]. © 2017 WILEY–VCH Verlag GmbH & Co. KGaA
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to produce Mo-Co LDH arrays, and is then phosphorised with NaH2PO2 to generate
hollow CoP nanoarrays.

It is previously mentioned that non-metallic elements can be released from the
organic linkers during the thermal treatments of MOFs and take part in the reac-
tion with metallic elements to form metal compound active sites. This is a more
favourable route based on the consideration of material and energy saving. In the
case of MOF-derived metal phosphides, P-containing organic ligands can be applied
as an intrinsic source of phosphorus. In addition to the merits of material and
energy saving, considering the toxicity of PH3, the use of P-containing ligands also
become a less toxic andmore environmentally friendly way to produceMOF-derived
metal phosphides. A representative example was demonstrated by Wang and co-
workers to produce FeNi bimetallic phosphide (FeNiP) nanoparticles anchored on
hollow carbon structures, which are derived from a Ni-based MOF with H3TPO
(H3TPO = tris-(4-carboxylphenyl)phosphine oxide)) and DABCO (DABCO = 1,4-
diazabicyclo[2.2.2]-octane) as the linkers, denoted as BMM-10 [78]. As illustrated
in Fig. 2.13a, after the synthesis of this Ni-based MOF BMM-10, it is acid-etched by
the hydrolysis of Fe(NO3)3 in ethanol solution to form Fe–Ni hollow nanoparticles
(Fe–Ni-HNP), where the crystalline structure of BMM-10 is destroyed. As depicted
in Fig. 2.13b, chemical analysis suggests that the uncoordinated P=Obonds in TPO-
2 linkers tend to be transformed into P-O during the Fe(NO3)3 etching process, while
the coordinated P = O bonds in TPO-1 linkers tend to decompose during carboni-
sation at low temperatures. Then, the decomposition of a large amount of P-O and
C-P bonds promotes the conversion from FeNi to FeNiP. It is worth mentioning that
the direct carbonisation of MOFs with P-containing organic linkers is not always
applicable for the formation of functional MOF-derived metal phosphides. In one
of the authors’ earlier work [79], they developed a cage-like Zn-based MOF with

Fig. 2.13 aAn illustration of the synthesis of a FeNi bimetallic phosphide hollow carbon composite
fromaNi-basedMOFwithP-containing organic linkerH3TPOas the intrinsic source of phosphorus.
b A schematic of structural change from P = O to P–O bonds during Fe(NO3)3 etching and
low temperature treatments, and the breaking of C–P bonds at high temperature carbonisation.
Reproduced with permission [78]. © 2017 Elsevier
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the same H3TPO and DABCO as organic linkers. However, its direct carbonisation
results in the formation of corrosive phosphates, which causes the collapse of the
cage-like structure and the formation of large agglomerates of metallic phosphide
particles.

2.4.4 MOF-Derived Metal Sulphides

Metal sulphides (MxSy) are another group of frequently encountered in MOF
derivative-related studies. S atom in MxSy plays a similar active role in compar-
ison with that of P atom in MxPy due to its high electronegativity as well. However,
S is even more electronegative than that of P, which is not necessarily an advantage
for S as an active site [58]. The stronger interaction can enhance the adsorption of
reactants (e.g. protons in HER) on S active sites. However, it can also make it more
difficult for the reaction products being desorbed fromS active sites (e.g., H2 inHER)
[80]. The overall activity of MxSy can be tailored by the choice of different metals,
metal/sulphur ratios and material structures. In this case, thanks to the diversity of
MOFs, they can be used to produce MOF-derived MxSy with varied structural and
compositional characteristics. The synthesis methods for MOF-derived MxSy are
very similar to those for MOF-derived MxPy. They can exist in the form of either
MxSy or MxSy-doped carbon, which can be obtained by means of either thermal
treatments with external sources of S (such as CS2 and S powders) or direct calcina-
tion/carbonisation ofMOFs with S-containing organic linkers. There are also reports
of convertingMOFs toMxSy through chemical reaction routes at ambient conditions
without the need for thermal treatments.

In the case of MOF-derived MxSy, Zhou and colleagues adopted the two-step
LDH formation and sulfuration method to produce MOF-derived NiCo bimetallic
sulphides [81]. In their work, ZIF-67 is firstly grown on Ti3C2Tx nanosheets (Tx

stands for surface terminal groups such as -Fx and -OHx), followed by the immersion
of ZIF-67@ Ti3C2Tx nanosheets into a Ni(NO3)2 ethanol solution, where ZIF-67
is etched and converted into NiCo bimetallic LDH. Then, this bimetallic LDH is
sulfurised by means of thermal treatments at 400 °C in the CS2 gas flow. In the case
of MOF-derived MxSy-doped carbon, Shao et al. synthesised FeS2-doped porous
carbon by means of the two-step carbonisation and sulfuration of MIL-88 (Fe),
which is a Fe-based MOF with the 2-aminoterephthalic acid linkers. The authors
firstly carbonised MIL-88 (Fe) at 600 °C in the N2 gas flow to produce MOF-derived
porous carbon with Fe nanoparticles [82]. Then, this Fe-doped porous carbon is
furthermixedwith sulphur powder, which are placed at the downstream and upstream
of the carrier gas (N2 in this work), respectively. The sulfuration reaction is carried
out at 500 °C.

Apart from the use of external sources of S, MxSy can also be produced by the
direct carbonisation/calcination of MOF precursors with S-containing linkers. A
representative work was published by Zhao et al., where they designed and synthe-
sised a 2D Co-based MOF with two organic ligands H2BDC and SPDP (SPDP =
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Fig. 2.14 An illustration of the synthesis of a Co-based MOF with both H2BDC and S-containing
SPDP as the bridging ligands, making it possible to produce Co9S8 in the resulting porous carbon in
a single-step carbonisation. Reproduced with permission [83]. © 2019 Royal Society of Chemistry

4,4′-(sulfonylbis(4,1-phenylene))dipyridine) [83]. As illustrated in Fig. 2.14, since
SPDP is a S-containing ligand, a simple one-step carbonisation is able to promote
the formation of Co9S8 nanoparticles encapsulated in MOF-derived carbon matrix.

In addition to the thermal treatment methods, the synthesis of metal sulphides
can be carried out by means of chemical reactions as well. Similar to the cases
of MOF-derived metal oxides and hydroxides, PBA-type MOFs can be utilised
to produce metal sulphides with interesting structures and morphologies. Again,
the same research group, which presented their works on PB-derived Fe2O3 and
Fe(OH)3, reported another continued research on the synthesis of NiS nanoframes
from Ni-Co PBA nanocube templates (Ni3[Co(CN)6]2) [84]. In this work, NiS is
synthesised by the direct reaction between the Ni-Co PBA and the Na2S solution,
which is carried out bymeans of the solvothermal method in autoclaves at 100 °C. As
illustrated in Fig. 2.15a, an anisotropic chemical etching and anion exchange mech-
anism is proposed, where the reaction tends to start at the edge of the PBA cube due
to higher curvature and roughness with more defects. SEM images in Fig. 2.15b–e
demonstrate gradual structural change from the PBA cubic form to NiS nanoframes
at different passing hours. Dong et al. employed a similar approach with ZIF-8 but
using a different chemical source of S, that is, thioacetamide (TAA). In this work,
the as-prepared ZIF-8 is mixed with TAA in the ethanol solution and sealed in an
autoclave for the solvothermal reaction at 85 °C, which converts ZIF-8 into ZnS [85].
This solvothermal sulfuration method was also adopted by Yilmaz et al. to produce
Co9S8 by the sealed reaction between ZIF-67 and TAA at 100 °C [66].
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Fig. 2.15 a An illustration of the synthetic procedure of NiS nanoframes by means of the reac-
tion between Ni3[Co(CN)6]2 and Na2S. SEM images show the gradual structural change from
Ni3[Co(CN)6]2 nanocubes to NiS nanoframes in (b) 0 h. c 0.5 h. d 2 h. e 6 h (scale bar: 100 nm).
Reproduced with permission [84]. © 2015 WILEY–VCH Verlag GmbH & Co. KGaA

2.4.5 MOF-Derived Metal Selenides

Owing to their unique electronic structure and electrical properties, in recent years,
metal selenides (MxSey) arise like a “rising star” in the field of transition metal
chalcogenides for energy conversion and storage applications, once which mainly
focused on MxSy- and MxPy-based materials. When compared with many other
transition metal chalcogenides, MxSey demonstrates more appealing performance
on the aspects of charge transfer and electronic conductivity [86, 87]. In addition,
while MxSey can also attract protons, Se sites in MxSey exhibit weaker bonding
strengths with reactants, which is favourable for the desorption of reaction prod-
ucts in some catalytic reactions. For example, Se–H show a lower bonding strength
(276 kJ mol−1) than those of P–H (322 kJ mol−1) and S–H (363 kJ mol−1), which
is in favour of hydrogen desorption from the active sites [80]. The excellence of
MxSey motivates the enthusiasm of researchers to look into the design and synthesis
of MxSey with different structural and compositional features, in order to the tailor
the functionality of MxSey for a wide range of applications. The above-mentioned
merits of MxSey encourages material researchers to take the advantages of MOFs
as effective precursors to fabricate MxSey-based materials, in order to fully explore
their potentials.

The synthesis methods of MOF-derived MxSey almost resemble those for MOF-
derived MxSy and MxPy, which mainly involve single- or multi-step carbonisa-
tion/calcination and selenisation processes. For example, in the case ofMOF-derived
MxSey compounds, the two-step calcination and selenisation process was utilised by
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Zhao et al. to produce CoSe2 with a hierarchical nanosheet structure from a Co-
based MOF with methylamine and formic acid as organic linkers. At first, this Co-
based MOF is calcined at 400 °C in air to produce Co3O4 microcubes. Then, CoSe2
microcubes are produced through another two-step hydrothermal reaction, where
Se reacts with NaOH to generate Se2− ions at 200 °C, followed by the subsequent
anion exchange reaction between Se2− and Co3O4 to generate CoSe2 at different
temperatures from 140 to 200 °C. 160 °C is found to be the optimised hydrothermal
temperature because of the formation of the hierarchical nanosheet structure, which
maximises the surface to volume ratio of the material and increase the interfacial
contact area. A lower hydrothermal temperature can result in an incomplete seleni-
sation process, while a higher hydrothermal temperature promotes the formation of
nanorods rather than nanosheets. Besides hydrothermal reactions, selenisation reac-
tions can also be carried out by means of carbonising the mixture of MOFs and Se
powders. For example, in Yuan et al.’s work [88], the mixture of Fe-Zn bimetallic
MOF-5 (ligands: H2BDC) and Se powder is carbonised at 350 °C in Ar atmosphere
to fabricate ZnSe-FSe2.

Despite the wide adoption of the above-mentioned thermal selenisation treatment,
it faces a major issue with the loss of Se due to its evaporation if the heating temper-
ature is above its boiling point (~685 °C) [89]. A large amount of vaporised Se is
carried away by the carrier gas before they can react with MOFs or MOF derivatives.
This issue is not just applicable to the synthesis of metal selenides but also in the
case of phosphorisation and sulphurisation. In this case, as illustrated in Fig. 2.16,
Yang and colleagues proposed a confined thermal treatment method to fabricate
Se/CoSe2/C composite from ZIF-67 [90]. In their work, the single-step carbonisa-
tion and selenisation process is carried out in a vacuum-sealed glass vessel. This
confined reaction space helps to preserve vaporised Se, which can maximise the Se
loading in the MOF-derived carbon composite. This does not just mean a thorough

Fig. 2.16 An illustration of the single-step carbonisation and selenisation treatment of ZIF-67
with the Se powder in a vacuum-sealed glass vessel, leading to the formation of MOF-derived
Se/CoSe2/C composite. Reproduced with permission [90]. © 2019 Elsevier
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selenisation reaction between Co and Se to generate CoSe2 but also facilitates the
vapor deposition of elemental Se, leading to the formation of Se/CoSe2/C composite.

2.4.6 MOF-Derived Metal Nitrides

Metal nitrides (MxNy) are a group of interstitial compounds, which means nitrogen
atoms in MxNy usually occupy the interstitial sites of the parent metals. Thanks to
their characteristic chemical structures, metal nitrides demonstrate promising elec-
trical conductivity, chemical stability and electrocatalytic activity, particularly in
terms of their application in electrochemical energy conversion and storage [91].
Therefore, it is inevitable for material researchers to take the structural and composi-
tional advantages ofMOFs to engineer the nanostructures and chemical compositions
of MxNy.

NH3 was the most frequently used the source of nitrogen to react with metals and
formMOF-derivedMxNy [92, 93]. For example, in Liu et al.’s work [94], The authors
firstly convert a Co-MOF (ligands: 2-methylimidazole) into NiCo2O4 in two steps:
the hydrolysis of Co-MOF byNi(NO3)2 ethanol solution to generate Ni-Co LDH and
the oxidation of Ni-Co LDH in air at 350 °C to generate NiCo2O4. Then, NiCo2O4

is nitridised by means of thermal treatments with NH3 to form a heterostructure of
Ni-doped Co–Co2N at 350 °C. Lower NH3 treatment temperatures of 250 and 300 °C
lead to the formation of Ni-doped CoN and Co2N, respectively. This is due to the
simultaneous reduction and nitridisation of NiCo2O4 by NH3 at these comparatively
lower temperatures. However, when the treatment temperature increases to 350 °C,
NH3 decomposes into N2 and H2, leading to an enhanced reduction effect and thus
elemental Co appears to form a heterostructure with Co2N. When the temperature is
further elevated to 400 °C, the nitridisation effect is superior than that of reduction,
and all Co components are nitridised into the Co3N phase. Lai et al. synthesised a
Ni–Co nitrides/carbon hybrid nanocages from ZIF-67 by using NH3 as the source
of nitrogen and following the same two-step of LDH formation and nitridisation
process [95]. Instead of multiple stages of transformation, there are also reports of
fabricatingMOF-derivedMxNy through just a in situ single carbonisation and nitridi-
sation step in NH3. For example, a porous carbon doped with Co5.47 N nanoparticles
was directly formed by the in situ carbonisation and nitridisation of ZIF-67 at 700 °C
in Chen et al.’s work [96]. Another example was demonstrated by Kang et al. for the
in situ formation of Co3N-doped carbon nanocubes derived from a PBA-type MOF
Co3[Co(CN)6]2 in a single-step carbonisation and nitridisation in NH3 at 450 °C [97]
(Fig. 2.17).

In terms of the formation of metal nitrides with intrinsic nitrogen from organic
linkers, there is a report of the derivation of Co/CoN/Co2P ternary carbon composite
from a Co-basedMOF ([Co3(pimda)2(H2O)5]) with H3pimda (H3pimda= 2-propyl-
1H-imidazole-4,5-dicarboxylic acid) as the bridging ligands [98, 99]. Although the
formation of Co2P is carried out by the frequently applied thermal treatment method
withNaH2PO2, sinceH3pimda is aN-containing ligand, the formation of CoN purely
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Fig. 2.17 a The two-step oxide formation and nitridisation process in Liu et al.’s work [94].
Reproduced with permission. © 2018 American Chemical Society. b The single-step carbonisation
and nitridisation process in Kang et al. work. Reproduced with permission [97]. © 2019 Springer

relies on this intrinsic source of nitrogen from the H3pimda ligand rather than any
external chemical source. Apart from the above-discussed example, there is another
report of the synthesis of CoN3-doped carbon derived from Zn-ZIF-67, that is, CoZn
bimetallic MOFs with a range of Co/Zn ratios [100]. The authors propose that the
formation of CoN3 species is attributed to the release of NH3 from decomposed
2-mehylimidazole ligands. The formation of the microporous channels by Zn evap-
oration is also important for the diffusion of NH3 to the Co sites, where nitridisation
reactions can take place. In order to demonstrate the determining role of ZIF-67 in
the formation of CoN3, the authors pyrolysed a mixture of Co and Zn salts with the
2-methylimidazole ligands, where no CoN3 is found in the pyrolysis products.

In summary, the structural and chemical diversities of MOFs make them ideal
precursor materials to fabricate a variety of MOF-derived metal compounds with
designed nanostructures and chemical compositions, in order to fulfil their functions
in a wide range of applications. Metal compounds can be derived MOF precursors
by means of either high temperature thermal treatments or chemical reactions at
comparatively lower temperatures (such as room temperature). In the case of high
temperature thermal treatments, on the one hand, non-metallic elements in MOF-
derived metal compounds can come from extrinsic chemical sources in the form of
reactive gas atmospheres, decomposed products from reactive solid chemicals and
elementary substances in powdery form. On the other hand, they can come from
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decomposed organic linkers during thermal treatments. In the case of chemical reac-
tions at comparatively lower temperatures, non-metallic elements can convert MOF
precursors into metal compounds by means of either hydrothermal or solvothermal
reactions based on the hydrolysis and anion exchange mechanisms. In comparison,
the latter material synthesis route is more favourable due to the consideration of
material and energy savings.
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Chapter 3
Batteries

Lin-Hai Pan, Hai-Yan He, Jian-Hua Wang, Xin Liu, Jia-Wei Qian,
Jingwei Chen, and Li-Feng Chen

3.1 Introduction

In past decades, the energy crisis has gradually become a major issue due to the
continuous economic development [1]. The excessive consumption of conventional
fossil fuels has not only accelerated the depletion of non-renewable energy, but also
caused serious environmental pollution [2]. Therefore, renewable energy systems,
such as solar energy, wind energy, and ocean energy, are extensively explored tomeet
the energydemand in termsof economic andpopulationgrowth in an environmentally
friendly way [3]. Unfortunately, these energy storage systems are easily affected
by external environment, and eventually fail in modulation of intermittent output
power [4]. Based on this consideration, renewable energy systems with high stability
and flexibility are further explored, in which rechargeable batteries have triggered
intensive attention as reliable electrochemical energy storage (EES) systems in terms
of efficient regulation of energy storage [5].

Currently, rechargeable lithium-ion batteries (LIBs) have been commercialized,
and widely used in various electronic devices. However, the limited specific capacity
of LIBs constructed with graphite anode and transition metal oxide cathode can
no longer satisfy the demand of high energy density and long-duration stability of
advanced electric equipments [6]. Hence, it is expected to focus on the exploration of
electrodematerials and new storagemechanisms in future, to develop LIBs with high
energy density and long-cycling stability. For example, the usage of metallic lithium
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as a substitute of graphite greatly improves the energy density of the battery given
the high specific capacity and low density of Li anode [7]. As a result, lithium-sulfur
(Li–S) batteries, lithium-oxygen batteries (LOBs), and lithium-selenium batteries,
directly using the lithium metal as anodes, exhibit huge potential in electric vehicles
and smart grids [8–10]. Similar to LIBs, sodium-ion batteries (SIBs) with conven-
tional carbon-based anode or sodium metal anode also attracted much attention in
terms of low cost and high theoretical energy density [11]. Moreover, other advanced
rechargeable batteries, including lithium-carbon dioxide battery, zinc/sodium-iodine
(Zn/Na-I2) battery, and redox flow batteries all exhibit promising merits for future
energy storage systems [12–14]. However, a considerable gap between practical
performances and theoretical values still persist in these batteries. Therefore, the
rational structures and chemical compositions design of electrodematerials is crucial
for the practical application of these batteries.

Metallic organic frameworks (MOFs) are considered as a class of promising
electrode materials for batteries owing to their large surface area, diverse structure,
adjustable pore size and controllable chemical composition [15, 16]. Unfortunately,
MOFs andMOF-basedmaterials are still facing various challenges, such as poor elec-
tronic conductivity, low tap density, and irreversible structural destruction that hinder
their practical utilization [17]. Comparatively,MOFderivatives, directly usingMOFs
as self-sacrificial templates, exhibits much promising potential in electrode mate-
rials given the abundant porous structures and better electrical conductivity provided
by the interconnected carbon framework [18, 19]. In this review, it is focused on
MOFs and MOF derivatives as electrode materials and separator membrane, and the
advanced progress in various battery systems has been summarized. By discussing
and analyzing the significant progress in different battery systems, not only the crucial
advantages that MOFs and MOF derivatives in various battery systems have been
appreciated, but also the potential issues have been recognized and possible solu-
tions in energy storage have been proposed, eventually facilitating the application of
MOF-based material in various energy storage fields.

3.2 MOFs for LIBs

LIBs are considered to be one of the significant breakthroughs in the field of EES
during the past few decades. Despite the advantages of excellent stability, high
reversible capacity and slight self-discharging, LIBs still hardly meet the increasing
energy density requirements for high-end electronic devices. Therefore, more atten-
tion was focused on the design and modification of electrode materials to further
improve the electrochemical performance of commercial LIBs. MOFs are emerging
porous crystal materials, of which high specific surface area, variable chemical
composition, and numerous activemetal sitesmakeMOFs promising electrodemate-
rials in conventional LIBs. Moreover, MOF composites and MOF derivatives also
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Fig. 3.1 MOF-related materials for LIBs in EES devices. Adapted with permission [20]. Copyright
2019, Elsevier B.V

have been widely used as electrode materials for LIBs in EES to overcome the prob-
lems of low capacity and poor cycle performance of LIBs, as shown in Fig. 3.1
[20].

3.2.1 Pristine MOFs as Anode Materials for LIBs

The electrochemical performance of batteries mainly depends on the electrode mate-
rial. Compared to the traditional graphite anode, MOFs possess numerous advan-
tages. Substitution of graphite with MOFs allows higher energy density and rate
capability of LIBs. Chen and co-workers firstly synthesized the shape-controllable
MOF-177 by a facile solvothermal route, which was employed as an anode of LIBs
[21]. By analyzing the electrochemical performance, it was found that the MOF-
177 electrode shows a low initial coulomb efficiency during the first cycle with
charge/discharge capacity of 110 mAh g-1/425 mAh g-1. Despite fcharge/discharge
capacities were cycles, the charge/discharge capacities are relatively low. In the
second cycle, the discharge capacity is only 105 mAh g-1, which is only one-fourth
of discharge capacity in first cycle. The conversion and alloying reaction of lithium
within MOF-117 electrode result in the capacity decay. The speculated reaction
within the MOF-177 electrode could be expressed as follows:
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Zn4O(BTB)2 · (DEF)m(H2O)n + e− + Li+ → Zn + Li2O (3.1)

DEF + H2O + e− + Li+ → Li2(DEF) + LiOH (3.2)

Zn + Li+ + e− ↔ LiZn (3.3)

Both transmission electron microscopy and X-ray photoelectron spectroscopy
result reveal the irreversible damage occurred in the MOF-117 electrode after the
conversion and alloying reaction, in which the formation of zinc metal during the
discharge process seriously destroys the structure of MOF-117, and consequently
leads to the capacity decay. Despite the non-ideal performance as anode material
for LIBs, the investigation of MOF-117 is still of great significance to encourage
more studies on MOFs as LIBs anodes. To improve the energy storage perfor-
mance and reversible cycling of MOFs anodes and mitigate the irreversible struc-
tural destruction, Vittal and co-workers systematically studied the electrochemical
performance of the as-prepared MOF for lithium storage by conversion reaction
[22]. Among the synthesized three MOF materials: Zn3(HCOO)6, Co3(HCOO)6
and Zn1.5Co1.5(HCOO)6, Zn3(HCOO)6 electrode exhibits the best electrochemical
performance for lithiumstorage. ForZn3(HCOO)6 anode, the initial charge/discharge
capacities were 693 mAh g-1/1344 mAh g-1. Although the initial Coulomb efficiency
is not high, the capacity still can be stabilized at 560mAh g−1 after 60 cycles. Similar
to Zn3(HCOO)6 anode, the capacity of Co3(HCOO)6 and Zn1.5Co1.5(HCOO)6 elec-
trode also can be stabilized at 410 mAh g-1 and 510 mAh g-1 after 60 cycles,
respectively. The excellent electrochemical performance is mainly attributed to the
stable format frameworks and reversible conversion reaction during cycling. Both
ex situ powder X-ray diffraction (PXRD) and Fourier transform infrared spectrom-
eter (FTIR) indicated that the reaction between format MOFs with lithium leads to
formation of lithium format instead of Li2O during cycling. It is speculated that the
reaction within the Zn3(HCOO)6 electrode could be expressed as follows:

Zn3(HCOO)6 + 6Li+ + 6e− ↔ 3Zn + 6HCOOLi (3.4)

3Zn + 3Li+ + 3e− ↔ 3LiZn (3.5)

Except for the above conversion type anodes, intercalation type anodes of MOFs
were also further investigated. Ogihara and co-workers reported an excellent anode
material, 2,6-naphthalene dicarboxylate dilithium, which is an intercalated MOF
[23]. The intercalated MOF has an organic–inorganic layered structure, which can
buffer the volume fluctuation in the intercalation process. As a result, the structure
of intercalated MOF electrode remains intact, with limited volume change within
0.33% during cycling. Furthermore, the operating voltage of intercalated MOF is
maintained at 0.8 V during reversible two-electron-transfer intercalation process,
which is a desirable operating voltage range of anodes for high voltage bipolar LIBs.
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3.2.2 MOF Composites and MOF-Derived Materials
as Anodes for LIBs

At present, there are still many limitations in using pristine MOFs as electrode mate-
rials for LIBs due to issues related to low electrical conductivity, limited reversible
capability, and cycling stability. To overcome above drawbacks of pristine MOFs,
more and more attention was focused on the MOF composites and MOF-derived
materials.

3.2.2.1 MOF Composites

Formation of composites can combine the advantages of each component while
avoiding the disadvantages of individual components, explaining the better electro-
chemical performance inMOF composites. Therefore,MOFs decorated with various
nanoparticles were constructed and widely used as electrode materials for LIBs. At
present, there are several methods to construct nanoparticle/MOF composite mate-
rials, such as direct synthesis, [24] chemical vapor deposition method, [25, 26]
solid-state reaction, [27] and solvothermal method [28].

Recently, metal oxide composite anodes have been widely investigated in LIBs
[29]. The composite composed of nanostructured metal oxides and multiwalled
carbon nanotubes (MWCNTs) is one of the typical anode materials with improved
electrochemical performance for LIBs. Wang and co-workers synthesized nanocom-
posites of MWCNTs/Co3O4 by a simple and scalable method [30]. In a typical
synthetic procedure, MWCNTs/ZIF-67 was firstly prepared by the reaction of
MWCNTs functionalized with strong acid, cobalt salt and 2-methylimidazolate
under proper conditions. Then,MWCNTs/Co3O4 composite was obtained by further
annealing of MWCNTs/ZIF-67, as presented in Fig. 3.2a. The MWCNTs/Co3O4

anode exhibited high specific capacity of 821 mAh g-1 within 40 cycles and 820
mAh g-1 within 60 cycles at a current density of 100 mA g-1. Even after 100 cycles,
the MWCNTs/Co3O4 anode can still maintain capacity of 813 mAh g-1, as shown in
Fig. 3.2b. In addition, the MWCNTs/Co3O4 anode also showed excellent rate capa-
bility, as shown inFig. 3.2c. Even at a high current density of 1000mAg-1, the specific
capacity of MWCNTs/Co3O4 anode can still reach 514 mAh g−1. These outstanding
electrochemical performances of MWCNTs/Co3O4 anode, such as high specific
capacity, excellent rate capability, and long-cycling stability, are all attributed to
the synergistic interaction between MWCNTs and Co3O4, in which MWCNTs with
hierarchical porous structure provide high electrical conductivity and mechanical
stability, and the active component of Co3O4 contributes to high specific capacity.
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Fig. 3.2 a Schematic illustration of preparation process of MWCNTs/Co3O4. b Capacity and
Coulombic efficiency vs. cycle number of the MWCNTs/Co3O4 at a current rate of 100 mA g-1

c Rate capability of the MWCNTs/Co3O4. d Schematic illustration of the synthesis procedure of
N-doped graphene analogous particles and model of N-doping. e Schematic illustration of prepara-
tion process of ZnO/ZnFe2O4/C octahedra composite.a-cAdapted with permission [30]. Copyright
2015, American Chemical Society. d Adapted with permission [34]. Copyright 2014, Macmillan
Publishers Limited. eAdaptedwith permission [35]. Copyright 2014,Macmillan Publishers Limited

3.2.2.2 MOF-Derived Materials

In recent years,more andmore studies have shown thatMOFs are effective precursors
in fabrication of electrodematerials for EES devices [17, 31, 32].MOF-derivedmate-
rials, such as MOF-derived metal oxides, MOF-derived carbon, and MOF-derived
metal oxide/carbon composites, all have obviously improved electrochemical perfor-
mance compared with the original MOF materials. Various MOF-derived materials
could be fabricated according to the different structure and composition of pristine
MOFs.

MOF-derived metal oxide anodes with high specific surface and hierarchical
porous nanostructures can greatly improve the electrochemical performance of
conventional LIBs due to more active sites for lithium-ions intercalation, huge buffer
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space for volume fluctuation, and convenient paths for lithium-ions transport during
cycling. Ogale and co-workers firstly reported that α-Fe2O3 nanospindles with excel-
lent electrochemical performance were successfully synthesized by one-step pyrol-
ysis of iron-based MOF [33]. The electrochemical tests of Li/α-Fe2O3 half-cell
showed that theα-Fe2O3 anode possesses high reversible capacity and capacity reten-
tion. At a current density of 100 mA g-1, the reversible capacity can arrive at 1024
mAh g−1, and the capacity retention rate is over 90% after 40 cycles. In addition,
Zheng and co-workers reported a high doping level N-doped MOF-derived carbon
(N-C-800) using zeolitic imidazolate framework (ZIF-8) as precursors [34]. The
prepared N-C-800 is N-doped graphene analogous particles after the carbonization
of the nitrogen-containing ZIF-8 under nitrogen atmosphere at 800°C, in which the
nitrogen content is up to 17.72wt%, as shown inFig. 3.2d.As anodeofLIBs,N-C-800
electrode exhibits excellent electrochemical performance with reversible capacity of
2132 mAh g-1 at a current density of 100 mA g-1. With current density increased
to 5 A g-1, the capacity is still stabilized at 785 mAh g-1. Considering the advan-
tages and disadvantages of MOF-derived metal oxides and MOF-derived carbon, in
whichMOF-derived metal oxides possess high specific capacity yet large volumetric
changes while MOF-derived carbon framework owns high specific surface and elec-
trical conductivity, synthesis of MOF-derived metal oxide/carbon composites is of
significance to construct high-performance anodes of LIBs. TheMOF-derived metal
oxide/carbon composites can effectively alleviate the volume change during cycling
while providing high specific capacity. Huang and co-workers reported a novel
ZnO/ZnFe2O4/C octahedra composite with hollow interiors, which was fabricated
by thermal treatment of the hollow MOF-5 octahedra under nitrogen atmosphere
[35]. As shown in Fig. 3.2e, MOF-5 was used as the precursor and self-sacrificing
template to prepare ZnO/ZnFe2O4/C composite electrode. The electrochemical test
results showed that ZnO/ZnFe2O4/C anode achieved high specific capacity of 1390
mAh g-1 at a current density of 0.5A g-1 and 762 mAh g-1 even at 10A g-1.

3.2.3 Pristine MOFs as Cathode Materials for LIBs

The capacity of cathode determines the capacity of the whole LIBs. Conventional
cathode materials, such as LiFePO4 and LiCoO2, whose theoretical specific capac-
ities are 170 mAh g-1 and 270 mAh g-1, cannot meet the requirements of large-
scale energy storage equipments. Moreover, the rate capability of LIBs also mainly
depends on cathode materials. Therefore, various emerging cathode materials were
explored in which MOFs are potential candidates due to their high specific surface,
adjustable porous structure, and controllable chemical composition. AlthoughMOFs
possess many excellent properties, the insulating characteristic of MOFs heavily
impedes electrochemical intercalation. In the beginning, some pristine MOFs were
treated directly as electrode materials for energy storage, such as Ga-V phosphonate
framework [36], and Zn-based MOF [21]. Tarascon and co-workers firstly used pris-
tine MOFs (FeIII(OH)0.8F0.2(O2CC6H4CO2) (MIL-53(Fe)) as rechargeable cathode
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successfully, in which 15 wt% carbon was added as conductive agents to improve the
electrical conductivity of whole electrode, with lithium metal as a counter electrode
[37]. The assembled batteries with pristine MOFs cathode and lithium metal anode
displayed a low gravimetric and volumetric specific capacity of 75 mAh g-1 and
140 mAh L-1, respectively. Despite the lower gravimetric and volumetric specific
capacity, the mixed-valence MOFs were evidenced as possible cathode materials.
Also, Serre and co-workers synthesized another kind of MOFs cathode material —
MIL-68(Fe) [38]. Compared to the previously reported MIL-53(Fe), the attainable
capacity of MIL-68(Fe) electrode is only 30 mAh g-1 in this work. The obvious
difference between MIL-68(Fe) and MIL-53(Fe) demonstrated that the aperture and
flexible or rigid properties of framework played an important role in the electro-
chemical performance. Meng and co-workers firstly reported MIL-101(Fe) MOF
and investigated the electrochemical performance as cathode [39]. Compared to
above-mentioned MIL-53 and MIL-68, the synthesis procedure of MIL-101 is more
environmentally friendly needless of hydrofluoric acid. Notably, themetal iron center
of MIL-101(Fe) is activated electrochemically, and the reversible conversion takes
place between Fe2+ and Fe3+. Despite the reversible conversion mechanism between
Fe2+ and Fe3+, there is obvious capacity decay with cycling due to the failure of
Fe2+ oxidation to Fe3+. Recently, Chen and co-workers synthesized a new conduc-
tiveCu3(HHTP)2 MOF, and investigated the relevant electrochemical performance as
LIBs cathode [40]. Impressively, Cu3(HHTP)2 MOFexhibits high reversible capacity
of ~95 mAh g-1 at 1C during cycling, which is extremely close to the theoretical
specific capacity of 95.61 mAh g-1. The comparison between the theoretical specific
capacity and practical specific capacity shows that the intercalation ratio of lithium to
copperMOF is almost 100%, which is much higher than ofMIL-53(Fe) (Li:Fe, 62%)
and MIL-101(Fe) (Li:Fe, 71%). Furthermore, Cu3(HHTP)2 cathode also exhibit
outstanding rate capability given the improved electrical conductivity and porous
structure. As shown in Fig. 3.3a, during the initial 20 cycles, the Cu3(HHTP)2 elec-
trode is in the activation stage and gradually reaches the maximum capacity of 95
mAh g-1. Expectedly, with the increase of current densities, the specific capacity of
the electrode decreases correspondingly. The specific capacity of the Cu3(HHTP)2
electrode reaches the lowest value of 85 mAh g-1 at 20C. When the current density
was reduced back to1C, the capacity of the electrode is restored to 89 mAh g-1.
Next, Fig. 3.3b shows the capacity retention of Cu3(HHTP)2 electrode at various
current densities within 500 cycles. By comparing the specific capacity and capacity
retention (%) at different rates, two interesting phenomena can be observed. i) The
maximum capacity of the activated Cu3(HHTP)2 electrode is almost unchanged at
different rates. ii) the capacity retention of Cu3(HHTP)2 electrode shows a compet-
itive advantage at high rate. After 500 cycles, the capacity retention is 85% at 20
C, while the capacity retention is only 40% at 0.5 C. Through the electrochem-
ical properties and chemical analysis, Chen and co-workers gave the explanation
for the excellent rate capability of the Cu3(HHTP)2 electrode as following: i) the
high conductivity of Cu3(HHTP)2 electrode realizing more efficient transport of
lithium ions; ii) the porous layered structure achieving more efficient intercalation
and desertion of lithium ion during cycling.
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Fig. 3.3 a The rate capability at different current rates of the Cu3(HHTP)2 electrode. bAt different
current rates from 0.5 C to 20 C, the cycling performance of Cu3(HHTP)2 electrode within 500
cycles. c Schematic illustration of the synthesis of C ⊃ Ni and C ⊃ NiS. d Cycle performances of
bare NiS and C ⊃ NiS cathode at 60 mA g−1. a, b Adapted with permission [40]. Copyright 2019,
Elsevier B.V. c, d Adapted with permission [41]. Copyright 2014, the Royal Society of Chemistry

3.2.4 MOF Composites and MOF-Derived Materials
as Cathode for LIBs

The electrochemical performance of MOF composites and MOF-derived materials
is superior to pristine MOFs given the enhancement of electrical conductivity and
optimization of structural components. Therefore, MOF composites and derivatives
werewidely used as cathodematerials for LIBs.Wang and co-workers reported that C
⊃ NiS, in which the β-NiS nanoparticles were uniformly dispersed in porous carbon
matrix, was successfully prepared by the calcination of MOF-74(Ni) under H2/Ar
atmosphere, and subsequent chemical reaction with thiourea under Ar atmosphere
(Fig. 3.3c) [41]. Benefiting from the highly dispersed structure of NiS in carbon
matrix, the agglomeration and volume fluctuation are effectively prevented during
cycling. Interestingly, the presence of NiS particles also improves the wettability
and conductivity of carbon substrate, further enhancing the electrochemical perfor-
mance of batteries. Resultantly, C⊃NiS cathode displayed excellent electrochemical
performance that the reversible capacity reaches 300 mAh g-1 at a current density
of 60 mA g-1 after 100 cycles, which is much higher than the bare NiS electrode
(Fig. 3.3d). Subsequently, a novel cathode material (HCSP ⊂ GCC) was reported
by Yu and co-workers in 2016 [42]. HCSP ⊂ GCC, as a new kind of MOF-derived
materials, is composed of graphitic carbon nanocages and hollow cobalt sulfide
nanoparticles, which is synthesized simply via a top-down route with Co-based
zeolitic imidazolate framework (ZIF-67) as template at room temperature. When
employed as a cathode of LIBs, the HCSP ⊂ GCC exhibits excellent electrochem-
ical performance with energy density reaching 707 Wh kg-1, much superior to other
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conventional cathodes (LiMn2O4 ~ 500Wh kg-1, LiCoO2 ~ 540Wh kg-1, LiFePO4

~ 500Wh kg-1, LiNi0.5Mn1.5O4 ~ 650Wh kg-1) [43, 44]. As shown in Fig. 3.4a, the
almost overlapped CV curves within initial 3 cycles reveal the excellent reversibility
of the HCSP ⊂ GCC cathode. The discharge curves exhibit two plateaus, which is
in line with the two characteristic peaks in CV curves (Fig. 3.4b). As presented in
Fig. 3.4c-e, the HCSP ⊂ GCC cathode possesses excellent rate capability that the
reversible capabilities reach 536, 489, 438, 393, 345, and 278 mAhg-1 at 0.2, 0.5, 1,
2, 5, and 10 C, respectively, within the working voltage range of 1.0–3.0 V.

Fig. 3.4 Electrochemical performances of HCSP ⊂ GCC cathode. a CV curves. b charge and
discharge curves at 0.25 C. c Cycling performances at 0.25 C. d Charge and discharge curves at
0.2–10 C. e Rate capability at 0.2–10 C rate. f Long-cycling performances at 1 C. Adapted with
permission [42]. Copyright 2014, WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim
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3.3 MOFs for Li–S Batteries

In conventional LIBs, the charging and discharging of the battery is achieved through
the lithium-ion intercalation mechanism. However, due to the restriction of the mate-
rial structure, the number of lithium ions inserted in the electrode is limited, which
greatly affects the energy density of batteries. Moreover, high cost of electrode
also hinders their further application.{Goodenough, 2010 #186} [2]. Based on these
considerations, elemental sulfur, the secondary product of the petroleum industry,
has attracted much attention due to its abundance, low cost, and low toxicity [9].
Li–S batteries are one of the most promising energy storage systems given the high
theoretical energy density (2567 Wh kg-1), low cost, and environmental friendliness
[45]. Despite the numerous advantages, the commercialization of Li–S batteries is
still facing various challenges. On the one hand, poor conductivity of elemental
sulfur and the shuttle behavior of polysulfide result in the irreversible loss of sulfur
active component. On the other hand, the shuttle effect of polysulfides also causes
the corrosion of lithium metal, further weakening the stability of the anode interface
[46]. These adverse factors both result in low Coulombic efficiency and poor cycling
stability. Therefore, much attention has been focused on the solutions for the poor
conductivity of elemental sulfur and the shuttle effect of polysulfide in Li–S batteries.
In recent years, research on advanced electrode materials and multifunctional sepa-
rators has accelerated the development of Li–S batteries. Especially, porous MOF
materials, composed of metal ions and organic ligands, have been widely studied in
Li–S batteries due to the large specific surface, adjustable porosity, and numerous
metal active sites [47].

3.3.1 Cathode in Li–S Batteries

The complex electrochemical reaction process and non-conductive physical prop-
erties of sulfur cathode determine that the major challenge in the progress of Li–S
batteries lie in the cathode materials. In order to realize the practical application of
Li–S batteries, it is essential to enhance the conductivity of the cathode materials, so
as to improve the utilization of the active component and rate capability of batteries
[48]. Furthermore, the suppression of polysulfide is also of great significance to
decrease the irreversible capacity loss to improve the cycling stability of batteries.
MOFs, with large specific surface area, controllable pore structure and abundant
metal active site, are widely used in Li–S batteries. However, most of the MOF
materials have poor electrical conductivity given the presence of organic ligands,
causing the inferior electron conduction. Hence, generally MOF carbonization or
adding conductive additives were adopted to improve the conductivity. Unfortu-
nately, these methods virtually destroy the ordered structure of MOFs, and thereby
weaken the electrochemical performance of batteries. As a consequence, the design
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of MOFs with high intrinsic electrical conductivity is an important direction for the
development of Li–S batteries in the future [49].

Jin and co-workers created a super-stretch cathode using an integrated porous 3D
gel, which is consisted of a highly elastic fluorinated polymer matrix, a polar sulfur
reservoir, and a conductive network of cross-linked multiwalled carbon nanotubes
(MWCNT) [50]. As shown in Fig. 3.5a, the Co@NCNP/NCNT composite, which is
synthesized by the pyrolysis process of the scalable zeolite imidazolate framework
(ZIF-67) precursor under H2/Ar atmosphere, was prepared as polar sulfur reservoirs
to improve the redox kinetics and simultaneously suppress the shuttle effect of poly-
sulfides. Both the high specific surface area of 281 m2 g-1 and hierarchical pores
of Co@NCNP/NCNT composites are beneficial for the accommodation of sulfur
species and migration of lithium ions. Figure 3.5b showed that Zang and co-workers
have fabricated dual heteroatom (N and P) doped porous carbonmaterials (NPMOF),

Fig. 3.5 a Schematic illustration of the preparation process of S@Co@NCNP/NCNT. Reproduced
with permission [50]. Copyright 2020 Elsevier Ltd. b Schematic illustration for preparation of
NPPCFs from the single-sourceNPMOFcombinedwithmixedN- andP-containing ligands. Bottom
right: types of nitrogen- and phosphorus-containing functional groups in NPPCFs. Reproduced
with permission [51]. Copyright 2019 American Chemical Society. c Schematic of the synthesis
of the S@C-Co/TiO2 polyhedra. Reproduced with permission [52]. Copyright 2019WILEY–VCH
Verlag GmbH & Co. KGaA, Weinheim. d Schematic diagram of the synthesis of Ni3(HITP)2 and
its application in Li–S batteries. e Schematic diagram of the synergistic effects of Ni3(HITP)2 and
CNTs on the electrochemical performance in Li–S batteries. Inset of the magnifier is the crystalline
structure of Ni3(HITP)2. d, e Reproduced with permission [53]. Copyright 2019 WILEY–VCH
Verlag GmbH & Co. KGaA, Weinheim
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which was synthesized simply through copper salt with 1-hydroxyethylidene-1,1-
diphos-phonic acid (HEDP) and bipyridine [51]. Both the strong coordinated ability
of HEDP ligand and the synergistic coordination of metal ions of mixed ligands are
beneficial for the rapid generation of MOF. The Li–S batteries assembled by the
S@NPPCF cathode through the melt-diffusion method and the pristine lithium foil
anode maintained high Coulombic efficiency of 98%, which was attributed to the
N, P-doped porous carbon framework that decreases the loss of sulfur cathode, and
thereby high Coulombic efficiency and long lifespan. Ma and co-workers prepared a
novel sulfur host material, in which TiO2 with strong binding energy was uniformly
dispersed inCo-decorated carbon polyhedrons (C-Co/TiO2) through the pyrolyzation
of Ti-doped ZIF-67 in Fig. 3.5c [52]. The multifunctional structure in the C-Co/TiO2

framework simultaneously realizes the suppression of shuttle behavior due to the
strong chemical trapping of TiO2, and fast electron transport provided by carbon
conductive networks for polysulfides conversion. Consequently, the S@C-Co/TiO2

cathode shows a highly improved cycling stability and delivers an excellent discharge
specific capacity of 466.3 and 383.8 mAh g-1 at 1 and 3 C, respectively. By designing
amultifunctional structure, the cathodematerial simultaneously possesses the advan-
tages of excellent conductive network, abundant chemical active sites, and widely
interconnected ion channels, so as to achieve the better confinement and capture of
polysulfides.

Despite the improvement of electrochemical performance in Li–S batteries after
introducing the MOFs in sulfur cathode, there are still various adverse factors
restricting the further improvement of electrochemical performance. Among these
negative factors, poor electrical conductivity is one of the most fatal issues, which
extremely limits the utilization of elemental sulfur, and thus restricts the large-scale
application of MOFs on sulfur composite cathode [54]. Whereupon, the carboniza-
tion of MOFs or addition of conductive additives were generally adopted to improve
the poor electronic conductivity. However, none of the two approaches is optimal.
These methods virtually destroy the ordered structure ofMOFmaterials and increase
experimental complexity. Therefore, the design ofMOFmaterials with high intrinsic
electrical conductivity is of great significance for the improvement of electrochem-
ical performance in Li–S batteries. Han and co-workers firstly employ a MOF of
graphene analogue with high intrinsic electrical conductivity to realize the immobi-
lization and conversion of polysulfide as shown in Fig. 3.5d [53]. In this work, the
combination of physical constraint provided by the abundant distribution of micro-
and mesopores, and chemical conversion of various active sites, such as nickel,
oxygen, and nitrogen, both suppress the shuttle effect of polysulfide. Interestingly,
a conductive framework consisting of carbon nanotubes (CNTs) with long-range
conductivity was further employed to enhance the electron and ion conductivity
of the cathode to further improve the electrochemical performance based on the
characteristics of medium- and short-range conductivity of Ni3(HITP)2 (Fig. 3.5e).
Compared with conventional MOF materials, metal ions with plane coordination
and two-dimensional layered MOF with conjugated ligands have higher electrical
conductivity. As a result, the electrical conductivity of Ni3(HITP)2 reaches 200 S
m-1, even higher than that of some carbon materials. However, carbon matrix will
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encapsulate many central ions in MOF-derived carbon framework, causing limited
active sites exposure to adsorb and convert polysulfides.

3.3.2 Separator in Li–S Batteries

The commercial separator is employed to avoid the internal short circuit through
isolating the cathode and anode, while allowing free transport of ions [55]. Poly-
sulfides easily pass through the separator from sulfur cathode to lithium anode,
and further corrode lithium metals. A simple and effective method is to employ a
functional membrane to prevent the polysulfide from escaping through the sepa-
rator to protect the lithium anode. There are some strategies reported, including
using free-standing functional microporous ion-sieving membranes and separator
with functional modification, which have also been proved to be effective in
suppressing the shuttle of polysulfide, and improving the Coulombic efficiency and
cycling stability of batteries [56]. Presently, porous carbon materials, especially
two-dimension carbon matrix, such as graphene, are extensively explored for the
ion-sieving membranes and functional separators. Restricted by the high cost, these
special carbon materials have not actually shown great advantages in terms of ion-
sieving membranes and separators. Inspired by the discovery ofMOFs in adsorption,
separation, and catalysis,MOFmaterialswith large specific surface area, tunable pore
structure, and uniformly dispersed catalytic sites, exhibited a promising prospect in
ion-sieving membranes and separators of Li–S batteries [57].

As shown in illustration in Fig. 3.6a, Li and co-workers fabricated a systematic
MOF-based composite separator, in which the CNTs are closer to the cathode, and
MOFs face to anode [58]. TheseMOFmaterialsmainly includeY-FTZB, ZIF-7, ZIF-
8, and HKUST-1 in this work. The conductive CNTs layer improves the utilization of
active materials and simultaneously trap dissolved polysulfides, and the MOF-based
layer inhibits the shuttle effect of polysulfides. Among these MOF-based separators,
Y-FTZB-based separator looks denser compared to others. The battery with the Y-
FTZB-based separator delivers a high discharge capacity of 1480 mAh g-1 at 0.1C
and a capacity retention of 50.6% after 300 cycles (Fig. 3.6a), which is superior to
other MOF-based separators. In addition, Cu2+ from HKUST-1 may have chemical
side reactions with lithium and sulfur, a suitable voltage range should be adjusted in
terms of charge and discharge, which is essential to reduce the degradation of MOFs
and other side reactions. Their results show that the structural stability and stacking
morphology of MOF particles are more important than the size of the internal cavity.

Wang and co-workers synthesized a cerium-based MOF and then combined it
with CNTs to form Ce-MOF/CNT composite, which was served as modified layer
for separator, as shown in Fig. 3.6b [59]. The design of composite modification
layer not only realizes efficient catalysis and conversion of polysulfide into shorter
chains, but also improves the utilization of sulfur given the enhancement of elec-
trical conductivity associated with the usage of the CNTs. As a result, the battery
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Fig. 3.6 a Cyclic performance of the Li–S batteries with this MOF-based composite separator at
0.1C for 300 cycles. The illustration showsMOF-based composite separator for Li–S battery. Repro-
duced with permission [58]. Copyright 2017 American Chemical Society. b Scheme ofMOFs/CNT
composites with catalysis of the conversion of polysulfides as the separator coating materials for
Li–S battery. c Cyclic performance of the Li–S batteries with different separator at 0.1 C with the
high sulfur loading for 200 cycles (6.0 mg cm-2 sulfur loading). b, c Reproduced with permission
[59]. Copyright 2019 American Chemical Society. d Schematic illustration for fabricating a flexible
MOF@PVDF-HFP membrane. Reproduced with permission [60]. Copyright 2018 WILEY–VCH
Verlag GmbH & Co. KGaA, Weinheim. e Schematic illustration of the LiPSs shuttling inhibition
and trapped LIPSs reutilization mechanisms of the ZIF-67/G nanosheet membranes. The magnified
schematic shows the electrons transfer to potentially trapped polysulfides. Reproduced with permis-
sion [61]. Copyright American Chemical Society. f. EIS measurements before and after cycling for
LSBs with U-PP-2 and PP separators. Reproduced with permission [62]. Copyright The Royal
Society of Chemistry 2020

assembled by the as-prepared Ce-MOF/CNT composite separator exhibited excel-
lent electrochemical performance, in which the capacity retention is 89.2% after
200 cycles even at a high sulfur loading of 6 mg cm-2 (Fig. 3.6c). Zhou and co-
workers reported that a MOF membrane (MOF@PVDF-HFP) with good flexibility
was synthesized using HKUST-1 nanoparticles as the basic component and PVDF-
HFP as the binder through simple vacuum filtration (Fig. 3.6d) [60]. The highly
uniformMOF particles improve the uniformity of lithium flux, which fundamentally
inhibits the lithium dendrites growth. Resultantly, Li//Li symmetric battery with
MOF@PVDF-HFP separator exhibits excellent interfacial stability during contin-
uous lithium deposition/stripping processes even at ultra-high current densities of
10 mA cm-2. In addition, due to the small pore size of MOF nanoparticles, the
MOF@PVDF-HFP separator displays as an effective barrier to suppress the shuttle
effect of polysulfide, realizing the ultra-long-cycling lifetime and ultra-low-capacity
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attenuation ofLi–Sbatteries. The high discharge capacity (1269mAhg-1) and cycling
stability (936 mAh g−1 after 200 cycles) of the Li–S soft-pack battery with a high
sulfur loading (5.8 mg cm-2) in various bending states demonstrate the potential of
the MOF@PVDF-HFP separator in developing of practical EES.

Similar to the functional separator,MOF-based ion-sievemembranes also improve
the stability of Li–S batteries. However, the battery with MOF-based ion-sieve
membranes actually still suffers from short-living and the capacity significantly
decays 25–40% within 300–600 cycles [58, 60], which were mainly ascribed to
the following three aspects: (i) formation of interconnected mesoporosity given the
MOF grains with a quasi-spherical shape renders the polysulfide to pass through
the membrane; (ii) defects, such as cracks, dislocation, in the grain boundary of
the membranes allows the escape of polysulfide through the membrane; (iii) the
weak mechanical robustness results in the formation of large cracks [63]. Tricoli
and co-workers designed a Janus membrane with conductive/insulating layers [61].
Fig. 3.6e shows that the conductive layer close to the cathode is made of high-aspect-
ratio MOF/graphene nanosheets, in which the dense and continuous filling of MOF
almost eliminate the formation of mesopores, so as to prevent the shuttle of polysul-
fides, and avoid the loss of sulfur. The insulating layer close to anode is a commercial
PP separator, which not only provides a mechanical support for the conductive layer,
but also simultaneously acts as a protective layer to avoid short circuit and improves
the safety of batteries. As a result, the battery with Janus membranes has superior
long-term cycling stability with 75.3% capacity retention for 1700 cycles at a high
sulfur loading of 3.5 mg cm-2. Jiang and co-workers fabricated a mechanically and
chemically stable Zr-MOF (UiO-66) membrane as a composite separator for Li–S
batteries by a facile filtration method [62]. The polar functional groups in MOF,
e.g., carboxyl, and hydroxyl groups, improve the wettability between the composite
separator and electrolyte, which greatly promotes the transport of lithium ions and
reduces the interface impedance (Fig. 3.6f). Significantly, the combination of the ion-
sieving effect and the physical and chemical adsorption inhibited the shuttle effect
of polysulfides without hampering the migration of lithium ions. Different from the
pristine separator, the battery with UiO-66 separator exhibited a high capacity of
955.8 mAh g-1, which was much superior to pristine separator of 289.2 mAh g-1. In
addition, the cycling stability and capacity retention were both improved benefiting
from the UiO-66 membrane, in which the discharge capacity can reach 964.1 mAh
g-1 at 0.5C and evenly decays only 0.08% per cycle.
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3.4 MOFs and MOF-Derived Materials for LOBs

3.4.1 Pristine MOFs for LOBs

3.4.1.1 Cathode in LOBs

MOFs are frequently used cathode catalysts in LOBs, in which porous structure and
regular channels not only improve the oxygen diffusion, but also provide enough
space to accommodate discharge products (e.g., Li2O2) [64]. Furthermore, adjustable
chemical functionalities and open metal sites can greatly promote redox reactions,
and thereby accelerate the decomposition of discharge products to avoid the blockage
of gas channels [65].

Li and co-workers [66] selected five pristine MOFs as oxygen cathode mate-
rials, and further explored the correlation between structure and electrochemical
performance of MOFs in LOBs (Fig. 3.7a). Benefiting from accessible open metal
centers and porous frameworks, oxygen enrichment behaviors are easily fulfilled.
Consequently, the Mn-MOF-74 electrode shows a primary discharge capacity of
9420 mA h g-1 under 1 atm of oxygen, four times higher than the MOF-free oxygen
electrode. Chen and co-workers [67] demonstrated that Ni-MOFs can be displayed as
a high-powered cathode catalyst for rechargeable LOBs. The 3D micro-nano chan-
nels, open catalytic sites and large specific surface not only realize free diffusion
for oxygen, but also provide enough contact between electrolyte and active metal
sites to promote the ORR/OER process (Fig. 3.7b). Hence, the prepared Ni-MOFs
cathode shows a high specific capacity of 9000 mA h g-1, and a stable cycling of
170 cycles without obvious voltage drop. The obtained high specific capacity and
cycling stability were mainly attributed to the formation of nanofiber-like Li2O2, and
the subsequent efficient decomposition in ORR process. Both of these works demon-
strate the potential value of pristine MOFs in LOBs with reversible electrochemical
ORR/OER process.

A further enhancement was realized by using a bimetallic MOF material. The
researchers synthesized bimetallic MnCo-MOF-74 cathode catalyst by a simple
hydrothermal reaction, and subsequently explored the electrochemical performance
in LOBs using this bimetallic MOF as cathode [68]. Compared to monometallic
Mn-MOF-74 and Co-MOF-74, theMnCo-MOF-74 exhibited better catalytic activity
and oxygen evolution reactions. Benefiting from the porous channels of the MnCo-
MOF-74, as well as the abundant active metal clusters composed of Mn and Co, the
MnCo-MOF-74 cathode realizes a high discharge capacity of 11,150 mA h g-1 at a
current density of 200 mA g-1, which is superior to both Mn-MOF-74 and Co-MOF-
74 cathode (Fig. 3.7c). This work confirmed that the synergistic interaction of Mn
and Co metal clusters obviously improves the discharge capacity and reversibility,
further expanding the application of MOFs in LOBs.
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Fig. 3.7 a Rate capacities of LOBs for MOFs and related materials. Reproduced with permission
[66]. Copyright 2014, WILEY–VCH. b Crystal structures of Ni-MOFs along the c axis, perpendic-
ular to the c axis and along the b axis. The red, green, and blue rods stand for three cross linking
channels, which are equal to each other. The yellow rods stand for channels along the c axis. Repro-
ducedwith permission [67]. Copyright 2015, theRoyal Society ofChemistry. c End voltage vs. cycle
number of the electrodes. Reproduced with permission [68]. Copyright 2018, American Chemical
Society. d Li2O2 yields on discharged/charged cathodes harvested from various cycles. The inset
presents the related photos of TiOSO4-based titration solutions. Reproduced with permission [69].
Copyright 2018, American Chemical Society

3.4.1.2 Separator in LOBs

It is known that the separator is not an active component in the battery. However, the
separator plays an irreplaceable role of separating the cathode and anode to avoid
the internal short circuits, while achieving the free migration of lithium ions between
cathode and anode. Therefore, the selection of separator is crucial for the electro-
chemical performance and lifespan of batteries. In past decades, MOFs have been
investigated as separators due to the adjustable channels and controllable chemical
functionalities. Especially, the specific channels within MOFs can realize the selec-
tive transport for specific ions or solvent molecule. Hence, it is feasible to design the
pore size or chemical functionalities within MOFs based on the actual demands.

Zhou and co-workers [69] reported the MOF-modified separators to suppress
the shuttling of soluble catalysts, improving the cycling stability and Coulombic
efficiency of batteries. The selectedHKUST-1@Celgard separators possess a smaller
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pore aperture than those of soluble catalysts, and thereby restrain the diffusion of
catalysts to lithium anode (Fig. 3.7d). The suppression of shuttling behavior prevents
the erosion of lithium metal and optimizes the performance of LOBs. Consequently,
the battery with MOF-modified separator displayed a high specific capacity, low
overpotential, and long lifespan. The use of the specific pore structure in the MOFs
to achieve selective transport of ions also provided the insight for the design of
artificial interface.

3.4.1.3 Oxygen Diffusion Membrane in LOBs

In practical LOBs, moisture and carbon dioxide in air atmosphere seriously affect
the performance and lifetime of LOBs. Inspired by the utilization of MOFs for gas
separation, researchers tried to useMOFs as an oxygen-selectivemembrane to protect
electrodes from corrosion in semi-open system to achieve the ultimate goal of real
lithium-air batteries.

Lu and co-works [70] prepared a mixed matrix membrane (MMM), in which
polydopamine-coated MOF crystals CAU-1-NH2 were introduced into a PMMA
matrix. Interestingly, the obtained MMM exhibits high oxygen permeability, high
capture capability of carbon dioxide, and superior hydrophobic properties due to the
multifunctional groups of -NH2, -OH and -C=O inCAU-1-NH2 and PMMA.Resul-
tantly, the LOBs assembled by MMM had significantly improved cycling stability
from 7 to 66 cycles with a capacity limit of 450 mA h g-1 at 450 mA g-1 under
30% relative humidity. However, the adsorption of carbon dioxide within MMM
inevitably increased theweight ofmatrixmembrane and decreased the energy density
of batteries. Hence, the search for MOF-based oxygen-selective membrane should
be focused on the efficient oxygen permeability without obvious adsorption for other
irrelevant gases.

3.4.2 MOF-Derived Materials for LOBs

The direct utilization of MOFs was usually impeded by their low electrical conduc-
tivity and poor structure stability, resulting in undesirable energy efficiency, and
cycling stability. Therefore, MOFs are usually used as self-sacrificial templates
to generate various nanostructured electrode materials for LOBs, such as MOF-
derived metal, MOF-derived metal oxides, and other MOF-derived materials. The
periodic arrangement of active metal centers and organic linkers within MOFs make
it successful to realize homogeneously distribution of catalytic sites when using
MOFs as precursors. Compared to pristine MOFs, MOF-derived materials hold
more promises as electrode materials thanks to the improved structure stability and
electrical conductivity.
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3.4.2.1 MOF-Derived Metal in LOBs

As we all know, transition metals have excellent catalytic performance for discharge
products in lithium-air batteries. Therefore, it is a commonmethod to disperse transi-
tion metal nanoparticles in a 3D conductive framework to construct oxygen cathode.
However, the severe agglomeration leads to poor dispersion of metal nanoparticles
in the conductive framework, which seriously affects its catalytic performance in
LOBs. The usage ofMOFs, as precursors, to constructMOF-derivedmetal electrodes
can easily solve the problem of nanoparticle agglomeration. Wang and co-workers
[71] reported a self-standing catalyst architecture with hierarchically porous carbon
framework decorated with Co nanoparticles by simple 3D-printing, and subsequent
thermal treatment of Co-MOF (Fig. 3.8a). The prepared carbon framework with Co
nanoparticles (3DP-NC-Co) serves as a porous conducting matrix due to the excel-
lent conductivity and mechanical stability. The conductivity of 3DP-NC-Co is about
2.2 × 103 S m−1, which is extremely advantageous for the diffusion of oxygen

Fig. 3.8 a Comparison of three schematic Li-O2 cathodes for Li2O2 deposition. The cathode struc-
ture exhibits the following characteristics: 1Crack-free self-standing architecture of densely packed
carbon nanoflakes with good conductivity that acts as a conducting matrix and thereby increases the
practical specific energy. 2 Micron-sized pores formed between aligned Co-MOF-derived carbon
flakes that accumulate Li2O2 particles to prevent the surface passivation. 3 Meso- and micropores
developed within carbon flakes that facilitate the Li+/O2 diffusion. 4 Nanocatalysts that effectively
boost oxygen reduction reaction (ORR) and oxygen evaluation reaction (OER). Reproduced with
permission [71]. Copyright 2018, WILEY–VCH. b ORR and OER RDE voltammograms for the
applied samples. Reproduced with permission [72]. Copyright 2017, Elsevier. c Schematic illustra-
tion of the formation procedure of the carbon/Co3O4composites via post two thermal treatments.
Reproduced with permission [73]. Copyright 2017, Elsevier
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and lithium ions. Most impressively, abundant meso- and micropores within Co-
MOF-derived carbon flakes realized high-efficiency deposition and decomposition
ofLi2O2,which is ascribed to the trapping of insulatingLi2O2 within the pores and the
presence of Co electrocatalysts. Consequently, 3DP-NC-Co cathode achieved a high
discharge capacity of 1124 mA h g-1, which is superior to both RP-NC-Co and CP-
NC-Co electrodes. Furthermore, lower overpotential and enlarged cycling lifespan
also demonstrated the advantages of 3DP-NC-Co as a cathode electrocatalyst. This
work proposed a new perspective in the large-scale synthesis of MOF-derived metal
cathode in LOBs.

Comparedwith single transitionmetal electrocatalysts, bimetallic electrocatalysts
have better electrochemical performance due to the synergistic effect of multiple
active metal clusters. Therefore, bimetallic MOFs as self-sacrificing precursors to
prepare MOF-derived metal material were widely investigated in LOBs. Chen et al.
[72] synthesized FeCo alloy core@nitrogen-doped carbon shell nanoparticles/CNTs
composite as bifunctional electrocatalysts for OER/ORR process. After the pyrolysis
of FeCo-MOF at 600 °C, the resulting electrocatalyst with a core-shell structure
affords remarkable bifunctional electrocatalytic activity with a slight �E gap of
0.79 V in alkaline electrolyte condition (Fig. 3.8b). Moreover, LOBs assembled by
as-prepared composite cathode exhibited a high discharge/charge specific capacity
of 5000 mAh g-1 at a constant current density of 100 mA g−1, and excellent cycle
stability of 40 cycles.

3.4.2.2 MOF-Derived Metal Oxides in LOBs

The features of chemical and mechanical stability with high ORR/OER electro-
catalytic activity make metal oxides promising cathode catalysts in LOBs, such as
MnO2, Co3O4, and RuO2. However, low electrical conductivity, large volume fluc-
tuation, and inevitable particle agglomeration seriously affect the electrochemical
behavior, such as electrode pulverization, capacity decay, and poor cycling stability.
To alleviate these issues, an effective method was proposed using MOF as a sacrifi-
cial template to synthesize metal oxides@carbon composite. The carbon framework
derived from MOFs can effectively improve the electronic conductivity and inhibit
the volume variation during charging/discharging process, and the in situ generated
metal oxide can be uniformly dispersed in the carbon framework to avoid agglomera-
tion. Resultantly, MOF-derived metal oxides exhibited a bright application prospects
in LOBs.

MOF-derived porous carbon/Co3O4 composite was synthesized via post-thermal
treatment and applied in cathode for rechargeable LOBs. The cobalt-containing
MOFs were selected as a sacrificial template to realize uniform distribution of
Co3O4 nanoparticles [73] in the carbon framework, improving the electronic conduc-
tivity and alleviating the particle agglomeration of pure Co3O4 (Fig. 3.8c). Bene-
fiting from high electrical conductivity, low volume change, and uniform distri-
bution of Co3O4, the MOF-derived porous carbon/Co3O4 composite displayed a
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high reversible capacity of 9850 mA h g-1 at a current density of 100 mA g-1 and
excellent cycling stability of 320 cycles. Furthermore, Zhang and co-workers [74]
successfully synthesized porous cobalt-manganese oxide by using nanocube-like
MOFs as the precursor, and applied it as oxygen cathode electrocatalyst for LOBs.
The LOB assembled by as-prepared MOF-derived porous cobalt-manganese oxide
shows stable Coulombic efficiency of 95%, and high capacity retention under various
current densities. The superior electrochemical performance ofMOF-derived porous
cobalt-manganese oxide could be ascribed to the synergistic electrocatalytic activity
of cobalt-manganese oxide and favorable channels within carbon framework.

3.4.2.3 Other MOF-Derived Materials in LOBs

Except for theMOF-derivedmetal andmetal oxides, there are still otherMOF deriva-
tives, such as MOF-derived carbides, nitrides, and sulfides. These MOF-derived
materials also showed great potential in oxygen cathode due to adequate active
sites and porous structure. Yan and co-workers [75] prepared nitrogen-doped porous
molybdenum carbide electrode using Mo-based MOFs as the precursor. The micro-
sized molybdenum carbide rods are composed of numerous nanocrystals, in which
the interpenetrating mesoporous and macroporous channels not only offer sufficient
exposure of active sites for the electrochemical reaction, but also provide abun-
dant sites for the nucleation and deposition of discharge product. Among the two
prepared molybdenum carbides, the α-MoC1-x electrode exhibits improved electro-
chemical performance given the smaller charge transfer resistance and remarkable
oxygen adsorption capability. Resultantly, α-MoC1-x cathode possesses a superior
discharge capacity of more than 20,000 mA h g−1 and cycling stability of 100 cycles.
Amine and co-workers [76] used MOF as the precursor to successfully synthe-
size biphasic N-doped heterostructural cobalt nitride incorporating few layers of
N-doped graphene, and applied it as oxygen cathode electrocatalyst in LOBs. The
synthetic multiple-capsule porous electrode affords sufficient room to accommo-
date the discharge product on one hand and ensure the efficient oxygen diffusion
to improve electrocatalytic activity on the other hand. The combination of nitrogen-
doping defect in graphene and the sufficient exposure of Co-N surface afford stronger
interaction between BND-Co@G-MCH and the discharge product of Li2O2, and
eventually exhibited significantly improved electrocatalytic performance. Peng and
co-workers [77] designed Co9S8@carbon porous nanocages as a bifunctional cata-
lyst by using ZIF-67 as the precursor. The high electrocatalytic activity of Co9S8
and porous conductive carbon nanocages both improve oxygen reduction/evolution
reactions, realizing a high energy efficiency of 72.7% and an enlarged lifespan of
110 cycles at a current density of 100 mA g−1.
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Summary

The high porosity, diverse structures, and controllable chemical compositions render
MOFs and MOF derivatives promising materials in LOBs. Unfortunately, there are
still many fundamental and technical issues that need to be addressed before realizing
the practical application, such as limited Coulombic efficiency, energy density, and
cycling stability. In the future, the application ofMOFs andMOF-derivedmaterials in
LOBs aremainly focused on the cathode and separator. In terms of cathode, electronic
conductivity and electrocatalytic efficiency should be further improved to meet the
increasing requirements. Therefore, bimetallic MOFs and MOF derivatives exhibit
more competitiveness in electronic conductivity and electrocatalytic efficiency. As
for MOF-based separator, the controllable porosity and modifiable chemical compo-
sition can effectively suppress the diffusion of oxygen and soluble electrocatalyst
to lithium anode side, and thereby reducing the degradation of metallic lithium.
Hence, the rational design of channels and chemical composition within MOFs and
MOF-derived materials are crucial for electrochemical performance of LOBs.

3.5 MOF-Derived Materials in Li-Se Batteries

In recent years, Li-Se batteries have attracted much attention due to its high energy
density and low cost [78]. Selenium is one of the typical chalcogen elements and
possesses various similar properties with sulfur. For example, Li-Se batteries (i.e.,
16Li + Se8 ↔ 8Li2Se) have similar reversible redox reactions as Li-S batteries
(i.e., 16Li + S8 ↔ 8Li2S) [79, 80]. Despite the lower specific capacity of Li-Se
batteries (675 mAh g-1) compared to Li-S batteries (1675 mAh g−1), the volumetric
energy density of Li-Se batteries (3253 mAh cm-3) is comparable to Li-S batteries
(3467 mAh cm−3) [81, 82]. Impressively, as a metalloid element, selenium exhibits
a considerable higher electrical conductivity of 1 × 10-3 S m−1 than that of sulfur
(5 × 10-28 S m-1), which promises a rapid electrochemical kinetics during lithiation
and delithiation process [80, 83, 84]. However, restricted by the severe shuttle effect,
the selenium cathode also suffers from rapid capacity decay and low Coulombic
efficiency. In addition, the large volume fluctuation of Li-Se battery is also fatal
to the electrode structure during the lithiation and delithiation processes, further
deteriorating the electrochemical performance of batteries.

To acquire a better electrochemical performance for Li-Se battery, more attention
should be focused on mitigating both shuttle effect of polyselenides and volume
fluctuation of selenium electrode during cycling. Based on this consideration, various
carbonmaterials were selected to construct carbon-selenium composites. Despite the
advancements achieved by composites, it is still confrontedwith the lowmass loading
issue of selenium. In general, the loading capacity of selenium is less than 50 wt%,
and consequently reduces the utilization of the cathode materials. In past decades,
carbon-based materials derived from MOFs have attracted inspiring attention due to
their large specific surface areas, unique porous structures and controllable chemical
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components [85]. These MOF-derived carbon materials with unique pore structure
are suitable as hosts for selenium confinement to alleviate the problems faced by
selenium cathodes.

Li and co-workers [86] prepared a mesoporous carbon matrix (meso-C) derived
from MOF-5 as cathode host to confine selenium, in which the selenium content
reaches 48 wt%, accounting for half of the weight of the meso-C@Se composite.
Benefiting from the intrinsic advantages of MOF-5 precursor, the meso-C possesses
good electrical conductivity, high specific surface area and large pore volume. Conse-
quently, the meso-C@Se composite cathode displays an initial discharge capacity
of 641 mAh g−1 and retains 306.9 mAh g-1 after 100 cycles at 0.5 C. Li and co-
workers [87] prepared Ni-MOF-derived hollow layered carbon spheres (MHPCS)
by hydrothermal reaction, and subsequent carbonization treatment (Fig. 3.9b and
c) Such Ni-MOF-derived hollow layered carbon spheres are composed of large
number of interconnectedmesoporous carbon bubbleswith size of 10–20 nm. Finally,
the MHPCS/Se composite was successfully obtained by combining MHPCS with
selenium through melt-diffusion impregnation process (Fig. 3.9d-h). The synthesis

Fig. 3.9 a Schematic illustration of the synthesis process ofMHPCS/Se composites.bSEM images
of the sample Ni-MOFs, cMHPCS, and dMHPCS/Se composite, the EDX mappings of g C and h
Se. i Cyclic performance and Coulombic efficiency of Li–Se batteries at 0.5 C. j Rate capability of
MHPCS/Se composites. Reproduced with permission from Ref. [87], Copyright 2016, American
Chemical Society
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process ofMHPCS/Se composites is shown in Fig. 3.9a. The combination of microp-
orous andmesoporous structures inMHPCScan tightly confine seleniumand provide
additional buffer space to alleviate the volume change of selenium during charging
and discharging process. As a result, MHPCS/Se cathode delivers a specific capacity
of 588.2 mAh g-1 after 500 cycles at 0.5 C as shown in Fig. 3.9i, and the corre-
sponding capacity decay is only 0.08% per cycle. Notably, the battery assembled by
MHPCS/Se cathode displayed an ultra-high cycling stability, and retains the specific
capacity of 200 mAh g−1 after 1000 cycles at 1 C. Besides excellent cycle stability,
the MHPCS/Se cathode also exhibits an impressive rate capability in Fig. 3.9j. Xu
and co-workers [88] prepared mesoporous carbon (meso-C) derived from Ni-based
MOF. The prepared meso-C@Se cathode exhibits an initial discharge capacity of
599.7 mAh g-1 and retains the specific capacity of 417 mAh g-1 after 100 cycles at 3
C with a Coulombic efficiency of 99.9%.

Further enhancement can be realized by using hierarchical carbon framework
systems in Li-Se batteries. Xu and co-workers [89] designed a unique hierarchical
porous carbon microcube (CMC) host derived from Zn/Ni-MOF-2 for the selenium
confinement. The preparation of Se/CMCs composites is illustrated in Fig. 3.10a, the

Fig. 3.10 a Schematic illustration of the preparation of Se/CMCs composites. b The discharge–
charge profiles of Se/CMCs composite at 0.2 C. Reproduced with permission from Ref. [89],
Copyright 2016, Elsevier. c Illustration of the synthesis route for the PCNS/Se composite. d Cycle
performance of PCNS/Se-58 and PCNS/Se-63 at 2 C. Reproduced with permission from Ref. [91],
Copyright 2019, Elsevier
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porous carbon microcube was firstly prepared by thermal treatment of Zn/Ni-MOF-
2, followed by acid-soaking process. The as-prepared porous carbon microcube with
excellent conductivity, ultra-high specific surface area, and large pore volume greatly
inhibit the dissolution of polyselenides and resultantly improve the utilization of sele-
nium cathode. Therefore, CMC@Se cathode shows an initial discharge capacity of
780.4 mAh g-1, with 425.2 mAh g-1 retained after 100 cycles at 0.2 C in Li-Se
batteries (Fig. 3.10b). Zeng and co-workers [90] designed two-dimensional ultrathin
carbon nanosheets (UCNS) derived from interconnected MOF. The ultrathin carbon
nanosheet is obtained by further carbonization and acid wash of Al-MOF(SAM)
prepared by in situ self-assembly strategy, with large specific surface area and hierar-
chical porous structure. Thanks to the unique hierarchical structure nanosheets,which
was composed of large number of two-dimensional sub-units stacked in parallel, the
volume expansion was alleviated with simultaneously improved utilization of active
materials. Finally, the UCNS@Se composite cathode was obtained by encapsulating
selenium into the UCNS host, the preparation of Se/CMCs composites is schemed
in Fig. 3.10c. The battery assembled by UCNS@Se composite cathode displays a
reversible capacity of 347.3 mAh g-1 after 240 cycles at 2 C (Fig. 3.10d). Later, Zeng
and co-workers [91] designed hierarchically porous carbon nanosheets with surface
morphology similar tofish scales,whichwere prepared byusing self-assembledMOF
(SAF) as template and carbon source. The fish-scale carbon nanosheets derived from
SAF (PCNS) have a large specific surface area and a well-defined nanostructure,
which endows enough space for the selenium loading, and provides stable elec-
tron and ion transfer channels. Besides, the fish-scale carbon nanosheets were also
displayed as powerful adsorbent, maintaining the stability of lithium polyselenates
during the charge and discharge process. Eventually, the PCNS@Se cathode was
obtained by encapsulating selenium into PCNS, in which the selenium takes up 58
wt % of total PCNS@Se cathode. Benefiting from the hierarchically porous design,
the PCNS@Se cathode exhibits a reversible discharge capacity of 311.8 mAh g-1

after 200 cycles at 2 C, and the Coulombic efficiency maintains 99% after 1000
cycles.

Heteroatom doping, such as nitrogen, oxygen, and sulfur, significantly improves
the chemical affinity to polyselenides [92]. Hence, the employment of carbon doped
with different heteroatoms as hosts to inhibit the shuttle effect of polyselenides is
regarded as an effective strategy to improve the electrochemical performance.Yin and
co-workers [93] used Al-MOF as a sacrifice template to synthesize a nitrogen-doped
carbon sponge (NCS) with abundant micropores and mesopores via high temper-
ature carbonization under Ar and NH3 flow. The nitrogen-doped carbon sponge is
composed of interconnected carbon layers with a size of 0.4–0.55 nm andmesopores
between carbon layers as shown in Fig. 3.11a and c. By means of melting-diffusion-
permeation process, selenium is firmly confined in the micropores of the carbon
framework of NCS@Se composite as shown in Fig. 3.11b and d. Themicropores and
mesopores in the carbon layer fix dispersed selenium and buffer the volume change
of Se during delithiation–lithiation processes, respectively. Besides, nitrogen-doping
facilitates the electron conduction in carbon matrix and further promotes the rapid
transfer of charges. Resultantly, NCS@Se composite cathode delivers a reversible
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Fig. 3.11 a FESEM image, c TEM image of Al-MOF-derived NCS materials. b FESEM image,
d TEM image of the NCS/Se-50 composites. e Cycling performances of NCS/Se and CS/Se
composites at 0.5C, and pink circles show the Coulombic efficiency of NCS/Se-50. f Rate capa-
bilities of NCS/Se and CS/Se composites. Reproduced with permission from Ref. [93], Copyright
2015, Royal Society of Chemistry. g Schematic illustration of the synthesis of the Se/N-CSHPC
composite. h The cycling performances of the Se/N-CSHPC-I, Se/N-CSHPC-II, and Se/N-CSHPC-
III electrodes at 0.5 C and i 1.0 C. Reproduced with permission from Ref. [94], Copyright 2019,
Royal Society of Chemistry

capacity of 443.2 mAh g-1 after 200 cycles at 0.5 C (Fig. 3.11e), and the Coulombic
efficiency maintains ~ 99.9%. Enlarging the rate to 5 C as shown in Fig. 3.11f, the
NCS@Se composite cathode still delivers a capacity of 286.6 mAh g−1. Also, Su
and co-workers [94] reported a MOF-derived nitrogen-doped core-shell hierarchical
porous carbon (N-CSHPC). The N-CSHPC was obtained after the carbonization of
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the core–shell ZIF-8@ZIF-67 precursor, with interconnectedmesoporous andmicro-
pores structures. Noteworthily, the mesopores emerged at the core–shell interface,
and the micropores were located on the ZIF-8-derived core and ZIF-67-derived shell
after the pyrolyzation of core-shell ZIF-8@ZIF-67 precursor. As shown in Fig. 3.11g,
the N-CSHPC@Se nanocomposites were prepared by permeating selenium into N-
CSHPC. The content of selenium exceeded 60%. This hierarchical porous structure
is effective in fixing selenium and polyselenides to prevent them from escaping from
the pores and alleviate the volume fluctuation during cycling. In addition, in situ
nitrogen-doping both improves the electrical conductivity of cathode and provides a
strong chemical adsorption to Li2Se. As a result, the N-CSHPC@Se cathode shows
a reversible capacity of 555 mAh g-1 after 150 cycles at 0.2 C and 462 mAh g−1 after
200 cycles at 0.5 C and 432 mAh g-1 after 200 cycles at 1 C (Fig. 3.11h and i).

The transition metal and heteroatoms co-doped carbon further immobilize poly-
selenides through strong chemical interaction, and enhance the conversion of poly-
selenides, thus improving the electrochemical performance. He and co-workers [95]
used ZIF-67 to prepare cobalt and nitrogen co-doped three-dimensional porous
graphitic carbon (C-Co-N), which was employed as the Lewis base matrix to accom-
modate selenium. The synthetic process forC-Co-N/Se is shown in Fig. 3.12a. TheC-
Co-Nderived fromZIF-67 has a unique structure and abundantmicropores andmeso-
pores (Fig. 3.12b). Meanwhile, co-doping of cobalt and nitrogen further improves
the conductivity of C-Co-N, and provides efficient channels for electron and ion
conduction. In addition, the employment of C-Co-N also decreases the dissolution
of polyselenides and suppresses volume expansion during cycling. Noteworthy, the
selenium loading in C-Co-N@Se (Fig. 3.12c and d) reaches 76.5 wt%, which is far
higher compared to reported carbon-based materials. Consequently, C-Co-N@Se
composite cathode delivers a high capacity of 672.3 mAh g-1 at 0.1 C as shown in
Fig. 3.12e, maintaining reversible capacity of 574.2 mAh g-1 at 1 C after 200 cycles,
with an impressive rate capability as shown in Fig. 3.12f.

Recently, conductive polymer coatings have been designed as a protective barrier
to restrict the migration of polyselenides to the anode. Through the design of
conductive polymer coatings, the polyselenides are well confined in the carbon
matrix, achieving the prohibited shuttle effect, and thus enhanced cycling stability.
Tang and co-workers [96] used Zr-MOFs as a precursor to synthesize a novel
UIO-67@Se@PANI composite, the synthesis process of the UIO-67@Se@PANI
composite are presented in Fig. 3.12g. The prepared UIO-67@Se@PANI composite
shows a sandwich-like structure, in which selenium was highly dispersed in the
UIO-67 matrix, and polyaniline layer was uniformly coated on the surface of carbon
matrix. Herein, the polyaniline layer on the surface of UIO-67@Se prevents the
dissolution of polyselenides and simultaneously improves the conductivity of the
cathode, resulting in better electrochemical stability. Combining the advantages
of various components, UIO-67@Se@PANI composite cathode delivers a high
specific capacity of 248.3 mAh g-1 at 1 C (1 C = 675 mA g-1) after 100 cycles.
In particular, due to the excellent transfer of electron and ion within composite, the
UIO-67@Se@PANI cathode exhibited a desirable rate capability, and displayed a
reversible capacity of 203.1 mAh g-1 and 167.6 mAh g-1 after 100 cycles even at
high rates of 2 C and 5 C.
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Fig. 3.12 a Schematic illustration of the synthetic process for C-Co-N/Se. SEM images of b C-
Co-N and c, d C-Co-N/Se composites. e Cycling stability of the C-Co-N/Se cathodes at 0.1C for
200 cycles. f Rate performances at various C-rates of the C-Co-N/Se cathodes. Reproduced with
permission from Ref. [95], Copyright 2017, Elsevier. g Illustration of the synthesis process of
the UIO-67@Se@PANI composite. Reproduced with permission from Ref. [96], Copyright 2019,
Royal Society of Chemistry

3.6 MOFs for SIBs

Sodium, which has similar physical and chemical properties to lithium, is rich in
sources and low in cost, so the development of SIBs has been widely concerned [97,
98]. Therefore, the design of a stable and high-performance sodium storage material
is of great significance to practical application of SIBs. Compared with lithium
ions, sodium ions have a larger radius, which requires the electrode material with
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large interlayer spacing for sodium-ion intercalation.MOFs, especially prussian blue
analogues (PBAs) with framework configuration and large interstitial sites endow
facile insertion and extraction of sodium ions during charge and discharge process,
which makes MOFs as promising electrode materials in SIBs [99]. Furthermore,
MOFs are also promising to be applied in separators and solid electrolytes through
chemical compositions alteration or pore structure control [100]. In this section, a
brief overview of MOFs and MOF-derived materials as electrodes, separators and
solid electrolytes in SIBs are summarized. Despite that considerable progress has
been made in recent years, the utility of MOFs and MOF-derivates in rechargeable
SIBs is still an emerging research topic. By discussing the development of MOFs
and MOF-derivates in SIBs, a basic guidance and future prospects are provided.

3.6.1 MOFs and MOF Derivatives as Electrode Materials

MOFs, especially PBAs with frame structure and large interstitial sites, are suit-
able for insertion/extraction of sodium ions during cycling. Therefore, various MOF
materials are widely used as electrode materials in SIBs.Wang and co-workers [101]
firstly investigated and used conductive conjugated coordination polymers (CCPs)
as cathode for SIBs. The redox states variation during the electrochemical process
verified the chemical structure of Ni-TTO in CCPs, in which the Ni-TTO can be
transformed into Ni-ETT after the reduction and sodiation (Fig. 3.13a). As a result,
the battery with CCPs cathode delivers a high capacity of 155 mA h g-1, and 84% of

Fig. 3.13 a The proposed conversionmechanism ofNi-ETT andNi-TTO, through a redox reaction.
Reproduced with permission [101]. Copyright 2016 the Royal Society of Chemistry. Electrochem-
ical characterization of NiFe-PBA. b Galvanostatic charge/discharge voltage profiles cycled at a
current density of 20mAg-1 andCycling performance of theNiFe-PBAcycled at 20mAg-1 between
the voltage limits of 2.0 and 4.1 V (vs. Na+/Na). Triangles show the corresponding Coulombic effi-
ciencies. Reproduced with permission [103]. Copyright 2013, The Royal Society of Chemistry. c
Redox mechanism of FeFe(CN)6. Reproduced with permission [104]. Copyright 2015, The Royal
Society of Chemistry. d Schematic three-phase evolutions during cycling of rhombohedral PB-S3.
Reproduced with permission [106]. Copyright 2020, Springer Nature
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the capacity was maintained even at 30C with a content of active materials as high
as 80%. Notably, the prepared CCPs cathode possesses excellent rate capability due
to the high conductivity of 30 S cm-1 and the high sodium-ion diffusion coefficient
of 10-9 cm2 s-1. This work introduces the CCPs into the cathode of SIBs, and investi-
gates the internal transformation mechanism during cycling, which pays the way for
the design of various CCPs in other multifunctional electrochemical applications.

PBAs as perovskite face-centered cubic structures with large arrays are also
a member of metal organic frameworks, which has attracted significant interest
as cathode materials of rechargeable SIBs given their open-framework structure
and excellent cycling stability in electrolytes. However, the investigation of PBAs
is usually hindered by the low practical specific capacity, and thereby weakens
its application potential. Hence, the improvement of specific capacity of PBAs is
of great importance in SIBs. Xiang and co-workers [102] synthesized nanostruc-
tured Na2Co0.8Ni0.2[Fe(CN)6] composite, and explored the reaction mechanism by
combining ex situ X-ray diffraction, FTIR spectroscopy, and Raman spectroscopy.
This work shows that through the reversible chemical reaction of the Co3+/Co2+

and Fe3+/Fe2+ redox pairs, the Na2Co0.8Ni0.2[Fe(CN)6] composite has undergone the
initial structural transformation from the rhombohedral phase to the cubic phase, and
the solid solutionmechanism in awide potential range. It is found that the batterywith
Na2Co0.8Ni0.2[Fe(CN)6] composite delivers a high reversible capacity of 116.4 mAh
g-1 and a working potential of 0.67 V. Based on above calculation, the battery with
Na2Co0.8Ni0.2[Fe(CN)6] cathode and NaTi2(PO4)3 anode achieves a high theoretical
specific energy of 171Whkg-1 in aqueous SIBs. In addition, Na2Co0.8Ni0.2[Fe(CN)6]
cathode also displayed excellent cycling stability with a capacity retention of 88%
after continuous charging/discharging for 100 cycles. Guo and co-workers [103]
used a facile wet-chemical synthetic method to prepare NiFe-PBA as cathode mate-
rial for SIBs. Interestingly, the change of the lattice parameter within the NiFe-PBA
cathode is less than 1% even after continuous charging/discharging for 200 cycles.
The lower volume fluctuation retains the structural stability and preserves effective
transport paths for ions and electrons during cycling. The “zero-strain” characteristics
of NiFe-PBA endow outstanding cycling stability with a capacity retention of 99.7%
and Coulombic efficiency of nearly 100% after 200 cycles (Fig. 3.13b). Despite the
natural advantage of PBAs in SIBs in terms of framework structure and large intersti-
tial sites, there are stillmany issues to be resolved.Yang and co-workers [104] verified
that improving the purity and crystallinity of PBAs can further enhance the electro-
chemical performance. In this work, single crystal FeIIIFeIII(CN)6 nanoparticles were
synthesized as a model to improve the cycling performance of SIBs (Fig. 3.13c).
As expected, single crystal FeFe(CN)6 nanoparticles cathode achieves a reversible
capacity of 120 mAh g-1 and maintains a Coulombic efficiency of 100%. Moreover,
FeFe(CN)6 nanoparticles cathode also displayed excellent cycling stability,with 87%
capacity retention for more than 500 cycles at 20 C. This study demonstrates the rela-
tionship between electrochemical performance and structure of PBAs, such as purity
and crystallinity, and also provides new perspectives to design high-performance
SIBs. Ma and co-workers [105] prepared a coordinated water free micro-cubic PB
by electron exchange between PB and graphene oxide (GO), which was used as
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cathode material for SIBs. Interestingly, in a pure PB electrode, only part of the
redox sites contributes to the insertion/expulsion of sodium ions, whereas nearly all
the redox sites in RGOPC3 cathode responded to the insertion/exaction of sodium
ions. As a result, the RGOPC3 cathode delivers a high specific capacity of 163.3mAh
g-1, superior to pure PB electrode with 131.2 mAh g-1 at 30 mA g-1. Additionally, the
RGOPC3 cathode also exhibited excellent long-cycling stability and rate capability,
with a specific capacity of 112 mAh g-1 at 800 mA g-1, and the capacity retention
reached 91.9% after continuous cycling for 500 cycles. This work demonstrated the
relationship between the coordinated water and low-spin Fe sites, and also provided
design principles for other similar materials in SIBs. Iron-based PB analogues are
favored as sodium-ion cathode materials in terms of low cost and convenient prepa-
ration. Chou and co-workers [106] prepared the PBA of sodium-rich MOF structure
by co-precipitation method as cathode for sodium-ion storage. The as-synthesized
PBA cathode has undergone a three-phase transformation of prismatic, cubic, and
tetragonal during charge and discharge process (Fig. 3.13d). It is the reversible varia-
tion of structure during cycling that endows Na2−xFeFe(CN)6 with excellent cycling
stability. The prepared cathode material exhibits outstanding electrochemical perfor-
mance with specific capacity of 70 mAh g-1 at a current density of 2000 mA g-1 and
maintains a high retention of 71% after 500 cycles.

Generally, metals, such as bismuth, antimony, and tin are employed as the anode
of SIBs. The insertion of sodium ions into the metal lattice generated large volume
change, resulting in the destruction of the electrode materials. There are some solu-
tions to solve the intractable issue, such as reducing the particle size of the active
component or using alloys to minimize the volume change during cycling [107, 108].
Deng and co-workers [109] used MOF-836 as a precursor to synthesize Bi-Sb alloys
by nanoscale laser metallurgy method. The space distribution and uniformity of
alloys are precisely controlled given the atomically dispersed behavior within MOF.
Benefiting from the uniform particle sizes and distribution, the nanosized Bi0.70Sb0.30
alloys exhibited a high specific capacity of 259.8 mAh g-1 at 200 mA g-1 after 500
cycles, and outstanding cycling stability with a capacity loss of merely 0.055% per
cycle. Liang and co-workers [110] designed a carbon fiber supported binder-free
electrode, which was composed of bismuth and carbon composite. The high specific
surface of carbon fiber guarantees the uniform distribution of MOF arrays to elimi-
nate the serious agglomeration (Fig. 3.14a). The active bismuth nanodots confined in
arrays alleviate the volume fluctuation during cycling. Additionally, abundant active
sites provided by N-doped carbon arrays accelerate the sodium storage kinetics, and
thereby contributes extra specific capacity. At a current density of 50 mA g−1, the
synthesized anode delivers a specific capacity of 630 mAh g−1 during cycling, with
a high Coulombic efficiency of 99.7%. Nickel sulfide was regarded as a promising
anode material in SIBs given the low cost and high theoretical capacity. However,
it still suffers from poor electrical conductivity and huge volume expansion during
charging and discharging process, and finally results in poor cycling stability and
rate capability. Bu and co-workers [111] prepared the composite of Ni3S2 nanopar-
ticles and N-doped carbon nanosheets (Ni3S2@C), in which Ni3S2 nanoparticles
were evenly embedded in N-doped carbon nanosheets (Fig. 3.14b). Compared to



3 Batteries 111

Fig. 3.14 a Schematic illustration of the synthesis of bismuth nanodots confined in carbon arrays.
Reproduced with permission [110]. Copyright 2019, WILEY–VCH. b Schematic diagram of
the fabrication of NiSx@C-600. Reproduced with permission [111]. Copyright 2019, Elsevier.
c Schematic illustration for the fabrication of uniform MOF-derived Cu2Se@C porous octahedra,
NiSe@C hollow microspheres, and peapod-like Fe7Se8@C nanorods as excellent anode mate-
rials for Na-ion batteries. Reproduced with permission [112]. Copyright 2018, WILEY–VCH. d
Schematic diagram for the synthesis of FeP@OCF. Reproduced with permission [113]. Copyright
2020, WILEY–VCH

pure nickel sulfide, the design of Ni3S2@C shows the following three advantages:
i) the coating of PPy guarantees formation of Ni3S2 nanoparticles with small sizes
after thermal treatment process to shorten the transport path of the sodium ions;
ii) the N-doped carbon shell improves the electrical conductivity of electrode, and
thus increases the electrochemical capacity; iii) the carbon shell effectively alleviates
the volume fluctuation during cycling and minimizes the degradation of electrode.
Resultantly, NiSx@C-600 delivers a superior discharge capacity of 432.8 mAh g-1 at
0.2 A g-1 for 100 cycles. Additionally, NiSx@C-600 anode also displayed an impres-
sive rate capacity of 371.6 mAh g-1 even at 6.4 A g-1 given the convenient transport
path of electrons connected by N-doped carbon nanosheets. Hu and co-workers
[112] designed a in situ carbon-encapsulated selenides by a MOF-derived seleniza-
tion strategy, which was applied as a sodium-ion battery anode (Fig. 3.14c). The
micro- and nanostructured selenides exhibited excellent rate capability and cycling
stability. As a result, the as-prepared peapod-like Fe7Se8@C nanorods show a high
specific capacity of 218 mAh g-1 after 500 cycles even at a high current density
of 3 A g-1. Similarly, the prepared porous NiSe@C spheres also delivers an ultra-
high cycling stability of 160 mA h g-1 at a current density of 3 A g-1 after 2000
cycles. This MOF-derived selenization strategy is a commonly used strategy to
prepare carbon@selenide composites to construct high-performance SIB anodes.
Zhao and co-workers [113] synthesized a novel architecture, in which FeP quantum
dots are confined in P-doped 3D carbon framework (FeP@OCF) (Fig. 3.14d). This
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unique structure design endows FeP@OCFwith simultaneously enhanced diffusion-
controlled and surface-controlled capacities, which enables a better electrochem-
ical performance compared to pure FeP. Consequently, the FeP@OCF electrode
displayed a better reversible capacity of 674 mAh g-1 at 0.1 A g-1, and an impres-
sive rate capability of 262 mAh g-1 even at 20 A g-1. Furthermore, full cells using
Na3V2(PO4)3 as cathodes and FeP@OCF as anodes deliver a high energy density
of 185 Wh kg-1, which emphasized the superiority of FeP@OCF to most reported
transition metal phosphides anodes.

It is noted that vast diversity of metal ions and organic ligands make MOFs a
promising precursor in energy storage materials. Goodenough and co-workers [114]
used electrospinning technology to evenly distribute Co and Zn bimetallic ions into
the polyacrylonitrile fiber to form a multifunctional composite fiber, and then put
the composite fiber into an ethanol solution containing dimethylimidazole to in suit
grow ZIF-67 and ZIF-8 composite layer (Fig. 3.15a). It is worth noting that this is a
kinetic self-limiting reaction, in which the BMZIF layer formed during the reaction
prevents the dimethylimidazole and metal ions from further reaction, and eventually
formingPAN/Zn(Ac)2/Co(Ac)2@BMZIF core–shell composite fiber.After the calci-
nation process, the ZIF-8 in the outer layer of BMZIF was transformed into porous
nitrogen-doped amorphous carbon material, and a small amount of Co derived from
ZIF-67 played as catalysts to further improve the graphitization degree of carbon
materials. Additionally, the acid washing process enabled dissolution of metal parti-
cles, and thereby forming the N-doped porous carbon material. When employed as

Fig. 3.15 a Schematic Illustration of the Synthesis of a Series of 1D Nanocarbons from Porous
N-Doped CNFs to CHTs with Enlarged Graphene Interlayer Spacing Reproduced with permis-
sion [114]. Copyright 2017, Elsevier. b Schematic illustration of the preparation process. Repro-
duced with permission [115]. Copyright 2017, WILEY–VCH. c Schematic of the synthesis proce-
dures of the CN-TC@FG. Reproduced with permission [116]. Copyright 2018, Elsevier. d Cycle
performance of the WS2 and WS2−x/ZnS@C at the current density of 1 A g−1. Reproduced with
permission [117]. Copyright 2020, WILEY–VCH
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the anode of SIBs, the prepared carbon material exhibited excellent rate capability
and cycling stability, with a cycling lifespan up to 10,000 cycles. Given the high theo-
retical specific capacity of Na3P (2596 mAh g-1) and appropriate working voltage
(≈ 0.45 V vs. Na/Na+), red phosphorus is regarded as a promising anode of SIBs.
However, considering the poor conductivity and large volume variation of red phos-
phorus during cycling, the conductive carbon matrixes were designed to confine the
red phosphorus to construct composite anode.Yu and co-workers [115] demonstrate a
rational design to improve sodium storage performance by confining red phosphorus
to MOF-derived N-doped microporous carbon matrix (P@N-MPC) (Fig. 3.15b).
Due to the novel structure design, numerous micropores within N-doped porous
carbon matrix facilitate the rapid transport of electrolyte ions, as well as enhance the
electrical conductivity of encapsulated red phosphorus. Additionally, porous carbon
matrix alleviates the volume fluctuation during continuous cycling. The battery with
P@N-MPC anode delivers a high reversible specific capacity of 600 mAh g-1 at
0.15 A g-1. Benefiting from the abundant pores, P@N-MPC also exhibits improved
rate capability with 450 mAh g-1 at 1 A g-1 after 1000 cycles and an extremely
low capacity loss of 0.02% per cycle. Sun and co-workers [116] employed multi-
functional Co-doped amine-functionalized Ti-MOFs precursors to fabricate TiO2-
based anode (Fig. 3.15c). The usage of Co-doped amine-functionalized Ti-MOFs
precursor can allow simultaneous incorporation of cobalt, nitrogen double-doping,
and confinement of ultrafine TiO2 nanoparticles in mesoporous carbon matrix. Inter-
estingly, precursors with positive charges are spontaneously attached with graphene
nanosheets, and subsequently self-assemble into a 3D carbon framework. The 3D
conductive frameworks and convenient transport channels improve both electron
conduction and sodium-ions transport. The unique structure design endows TiO2-
based anode with a high reversible capacity of 174 mA h g-1 at 6 C for 5000 cycles,
121 mA h g-1 at 15 C for 10,000 cycles, and 100 mA h g-1 at 30 C for 3000 cycles.
Wu and co-workers [117] reported a novel structure design, in which uniform ZIF-
8 layer was firstly grown in situ on the surface of the WS2 nanorods, and then a
bimetallic sulfide composite with a coaxial carbon coating layer was formed after
the calcination. Given the better electronegativity of Zn compared to W, metallic
Zn tends to combine with S, and eventually induces the generation of WS2/ZnS
heterostructure and simultaneously forms sulfur-rich vacancies in WS2. The sulfur
vacancies generated in the WS2 crystal not only provide more reactive sites for
sodium storage, but also induce excess electrons aroundW atoms, which are consid-
ered as negative charge centers, and thereby accelerating the rapid diffusion of sodium
ions. When used as the anode of SIBs, the WS2-X/ZnS/C anode exhibited excellent
electrochemical performance with a reversible rate capacity of 170.8 mAh g-1 over
5000 cycles at 5A g-1. A further enlargement of practical application was realized
by assembling full cells using WS2-X/ZnS/C as anode and P2-Na2/3Ni1/3Mn1/3O2

as cathode. Similar to half cells, the full cell also delivers a high rate capacity of
84.9 mAh g-1 over 500 cycles at 1A g-1 and maintains coulombic efficiency near
100% (Fig. 3.15d).

The employment of MOF materials as carbon framework precursors fully takes
advantage of the ultra-high surface area and satisfactory porosity. It is these unique
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characteristics that endowMOFs andMOFderivativeswithout large deformation and
volume expansion during continuous cycling. While emphasizing the advantages of
MOFs, more attention should be focused on the challenges posed by high specific
surface area and porosity. For example, high specific surface area and porosity enlarge
the contact area between electrode and electrolyte, increase the side reactions, and
eventually result in a poor initial Coulombic efficiency and lower volume energy
density, which is not conducive to practical application.

3.6.2 MOFs as Separators

The sodium metal is the holy grail anode of the development of SIBs to deliver high
energy density. However, uneven solid electrolyte interphase induces the growth of
sodium dendrite and serious side reactions, and finally results in poor electrochem-
ical performance. The poor interfacial stability is mainly ascribed to the uneven
distribution of sodium ions, and subsequent disordered sodium deposition [118].
Therefore, the uniform sodium deposition can be achieved by regulating the distri-
bution of sodium ions on the electrode surface so as to improve the electrochemical
performance of batteries. Considering the uniform pore distribution and adjustable
porosity,MOFswere always explored as separator to regulate the transport of sodium
ions during charge and discharge process [119]. Recently,Kang and co-workers [120]
designed andmanufactured a new type ofMOF-gel film as the separator for recharge-
able organic battery (Fig. 3.16a). The sol-gel method used in this work realized the
anisotropic growth of metal ions with organic ligands and the in situ self-assembly
to form MOF-gel (Fig. 3.16b). Compared with conventional separator, the new type
of MOF-gel separator constructed entirely of MOF material possesses a smoother
surface and no obvious voids, which can further improve the selection and separa-
tion efficiency (Fig. 3.16c). The design of permselective MOF separator enables a
long-life cycling, increasing the cycle numbers from 200 to 2000 cycles.

3.6.3 MOFs as Solid-State Electrolyte

For traditional electrolytes, narrow electrochemical window and flammability had
serious impacts on electrochemical performance and safety of batteries. Hence, solid
electrolytes with high electrochemical and mechanical stability, and strong flame
retardancy has received more and more attention [121]. Despite the above advan-
tages of solid electrolytes, there still exist some serious challenges, such as low
conductivity and poor interface contact between electrode and electrolyte. Emerging
porous materials, such as MOFs with high specific surface area and porosity, allows
various charged substances to be loaded in the pores, thereby enhancing ionic
conductivity. Dinca and co-workers [122] utilized Cu2Cl2BTDD and NaSCN to
synthesize Na[Cu2Cl2(SCN)BTDD]•9(PC) as the solid-state electrolyte. Abundant
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Fig. 3.16 a Schematic showing the self-assembly of microporous MOF-gel separators (ZIF-8). b
Schematic illustrating the molecular and ionic sieving process of the MOF-gel separator. c Opti-
mized geometries of Me2BBQn- (n = 1, 2, 3) redox intermediates using DFT calculation. The
intrinsic channel size between adjacent MOF cavities is smaller than that of LiþnIMe2BBQn- redox
intermediates but larger than that of other solvents or salts. The specific “size effects” ensure excel-
lent permselectivity of the MOF-gel separators toward multiple guests. Hmim, 2-methylimidazole
Reproduced with permission [120]. Copyright 2020, Springer Nature

anion sites within the prepared solid electrolyte accelerate the transport of cation,
and thereby enhance the ionic conductivity. As a result, the sodium-ion conduc-
tivity of as-prepared solid electrolyte reaches 1 × 10-5 S cm-1. The prepared MOF
has high density and uniform distribution of binding sites for cation and anion,
which systematically improve the ion conductivity to obtain a high-efficiency solid
electrolyte.

3.7 MOF-Derived Materials in Sodium-Selenium Batteries

In recent years, with the rapid development of alkali metal batteries, especially the
lithium-chalcogen batteries system, the current low energy density of commercial
LIBs is expected to be boosted. Sodium-selenium (Na-Se) batteries, as a member
of alkaline chalcogen batteries, have also received extensive attention. Like Li-Se
batteries, Na-Se batteries also have issues of shuttle effect of polyselenides, large
volume expansion, and poor electrical conductivity of selenium electrodes [123].
Therefore, the main approach to improve the electrochemical performance of Na-Se
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batteries is to restrict the shuttle effect, alleviate the volume variation, and enhance
the conductivity of selenium electrode. However, compared to Li-Se batteries, Na-Se
batteries face a more severe challenge, namely the sluggish kinetics issue, especially
when the seleniun content in the cathode exceed 50 wt%, which will severely limit
the electrochemical performance of Na-Se batteries [124]. In addition, given the
larger radius of sodium ion compared to lithium ion, the volume fluctuation during
charging and discharging process in Na-Se batteries is particularly more serious.
Therefore, there is more demand for carbonmatrix in Na-Se batteries, which not only
guarantees sufficient architectural stability, but also provides enough channels for ion
migration and a larger space to alleviate volume expansion. In recent years, various
carbon matrix materials are designed to accommodate selenium and improve the
electrochemical performance of selenium electrodes, in which MOF-derived carbon
matrix is a good choice because of the diversity and unique structure, and controllable
chemical composition.

Adoption of N-doped porous carbon matrix is a common method to improve
the electrochemical performance of alkali metal–chalcogen battery systems. Xu
and co-workers [125] prepared nitrogen-doped porous carbon polyhedrons (NPCPs)
by facile synthesis and thermal treatment of ZIF-67. The preparation processes of
Se/NPCPs composite are displayed in Fig. 3.17a. Such a NPCPs host possesses
large number of mesopores, high specific surface area and large pore volume, with
unique porous structure that enables selenium to be firmly confined in the mesopores
through the melting-diffusion process. The hollow structure within NPCPs can not
only provide a continuous electron transmission path, but also buffer volume vari-
ation during cycling. In addition, compared with the preparation of other porous
carbon matrix, NPCP does not require the KOH activation to form more pores. By
encapsulating selenium into mesoporous carbon derived from ZIF-67, the Se/NPCP
composite cathode is formed and subsequently assembled into Na-Se battery. Bene-
fiting from the efficient confinement of selenium within the NPCPs, Na-Se battery
with Se/NPCP composite cathode delivers a discharge capacity of 161.4 mAh g-1

after 1000 cycles at 2 C as shown in Fig. 3.17b. Furthermore, unique pore struc-
ture and excellent conductivity both accelerate the transport of ion and electron, the
Se/NPCP cathode displayed an outstanding rate capability of 351.6 mAh g-1 and
307.8 mAh g-1 at 0.5 and 2 C, respectively, with a high Coulombic efficiency of
99.7% (Fig. 3.17c).

The employment of a hierarchical carbon framework system in Na-Se batteries
is another way to enhance electrochemical performance. Xu and co-workers [126]
developed carbon/selenium composites as cathodes for Na-Se batteries by impreg-
nating selenium in metal–organic complex derived hierarchical porous carbon (Se-
HPC) via a melt-infusion method, the preparation process for Se-HPC composite
are displayed in Fig. 3.17d. Xu’s team synthesized and reported the metal–organic
complex of Cd-PPD (p-phenylenediamine), which is also a kind of MOF material,
for the first time. After annealing, a hierarchical porous carbon (HPC) was obtained
without metal residue. The prepared HPC cathode presents a three-dimensional
layout of open architecture with obvious hollow structure, which are composed of
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Fig. 3.17 a Schematic diagram of the preparation process of Se/NPCPs composite. b Cycling
performance and Coulombic efficiency of Se/NPCPs composite electrode at 2 C. c Rate capability
of Se/NPCPs composite. Reproduced with permission from Ref. [125], Copyright 2017, American
Chemical Society. d Schematic illustration of synthesis process of Se-HPC composite. e Cycling
performance and Coulombic efficiency of Se-HPC composite at 2 C. Reproduced with permission
from Ref. [126], Copyright 2018, Elsevier

abundant micropores and mesopores, with large pore volume and specific surface
area. After uniformly loading selenium into the entire carbon matrix, the Se-HCP
electrode with a selenium loading of 56% exhibits a reversible capacity of 243 mAh
g-1 over 1000 cycles at 2 C, with a capacity decay of 0.04% per cycle (shown in
Fig. 3.17e). Moreover, the combination of micropore and mesopore facilitates the
migration of ions, and thus delivers rate capabilities of 330mAh g-1 and 260mAh g-1

at 1 and 5 C, respectively. Also, Su and co-workers [127] designed a hierarchically
radial-structured microporous carbon (HRMC) with N-doped (N-HRMC) (shown
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in Fig. 3.18c) material as a host to anchor selenium clusters for Na-Se batteries,
the schematic diagram of the preparation process of Se@N-HRMC is presented
in Fig. 3.18a. The N-HRMC was firstly obtained by carbonizing the precursor of a
zinc-glutamate (Zn-Glu) (shown inFig. 3.18b), eliminating the zinc componentwhile
forming the conductive carbon matrix, and then doping in situ by pyrolysis without
templates and activation process. Then, the Se@N-HRMC composite as shown in
Fig. 3.18d was prepared by mixing N-HRMC with selenium powder and further
thermal treatment with a high selenium content up to 62 wt%. The narrow (0.5 nm)
pores and the formation of C-Se and C-O-Se bonding in Se@N-HRMC cathode
have a strong confinement on Na2Se to avoid the shuttle effect, minimizing the loss
of active component and the effect on the sodium anode. Besides, in situ N-doping
within the carbon matrix leads to large number of defects, which further enhances
the electrical conductivity and chemical adsorption of polyselenides. Similar to other
routine carbon matrix, the porous structure within the N-HRMC host can alleviate
the volume change during charge and discharge process, improving the structure
stability of electrode.Consequently, theSe@N-HRMCcathode exhibited a reversible
capacity of 612mAh g-1 after 200 cycles at 0.2 C as shown in Fig. 3.18e, and presents
good rate performance in Fig. 3.18f and outstanding long-term cycling performance
in Fig. 3.18g.

Doping with high nitrogen content is another way to improve the reversible
sodium storage performance. Yu and co-workers [128] impregnated selenium in
ZIF-8 derived N-doped microporous carbon polyhedrons (Se@N-MCPs) by melt
infiltration to prepare the composite cathode for Na-Se batteries, in which the content
of nitrogen reaches 12.88 wt%. The relevant preparation process for Se@N-MCPs
cathode was shown in Fig. 3.19a. The unique structure of carbon framework realizes
the sufficient confinement of selenium in N-doped microporous carbon polyhedrons
(N-MCPs), and thereby suppresses the shuttle effect of polyselenides. Furthermore,
high nitrogen-doping improves the electrochemical activity and rate capability by
establishing highly conductive electron channels in the electrode. Resultantly, the
Se@N-MCPs cathode delivers a high discharge capacity of 612 mAh g-1 after 100
cycles at 0.1 A g-1 (Fig. 3.19b), and 496 mAh g-1 at a higher current density of 5 A
g-1 (Fig. 3.19c). The Se@N-MCPs cathode also displayed a better cycling stability
of 500 cycles with only 0.049% capacity decay per cycle (Fig. 3.19d). Despite the
advanced progress of MOF materials in Na-Se batteries, there are still many issues
left to be further resolved.

3.8 MOFs and MOF Derivatives for Other Metal-Air
Battery

Rechargeable metal-air battery is considered to be the most promising EES device in
terms of higher energy density given the adequate supply of external air. However,



3 Batteries 119

Fig. 3.18 a Schematic illustration of the synthesis process of Se@N-HRMC. The insets in (a) for
Zn-Glu show the 2× 2× 2 supercell along Z- and X-axes, respectively. The inset for Se@N-HRMC
shows the Se clusters inside. SEM image of b Zn-Glu, c N-HRMC and d Se@NHRMC. e Cycling
performance of the Se@N-HRMC and Se/N-HRMC cathodes at 0.2 C. f Rate capabilities of the
Se@N-HRMC cathode. g Long-term cycling performance of Se@N-HRMC electrodes at 0.5C.
Reproduced with permission from Ref. [127], Copyright 2018, Royal Society of Chemistry



120 L.-H. Pan et al.

Fig. 3.19 a Schematic illustration of the preparation process for Se@N-MCPs. b Cycling perfor-
mances of the Se@N-MCP electrodes at a current density of 0.1 A g-1 and the corresponding
CE during cycling. c Rate capability of the Se@N-MCP electrodes at various current densities.
d Long-term cycling performance of the Se@N-MCP electrodes at a current density of 1 A g-1.
Reproduced with permission from Ref. [128]. Copyright 2018, Royal Society of Chemistry and
Chinese Chemical Society

the practical application of rechargeable metal-air batteries still faces several chal-
lenges, such as insufficient power density, lowCoulombic efficiency, andpoor cycling
stability. Therefore, it is urgent to solve these troublesome issues, and eventually
realize the commercialization of metal-air batteries.

Benefiting from large specific surface, tunable pore size and controllable chem-
ical composition, MOFs and MOF derivatives were widely investigated in metal-
air batteries, such as sodium-air battery, potassium-air battery, zinc-air battery,
magnesium-air battery, and aluminum-air battery. Among these metal-air batteries,
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sodium-air battery and potassium-air battery are all sensitive to water and carbon
dioxide in the atmosphere. Therefore, metal-air batteries with these anode metals
usually work under pure oxygen and are also called metal-oxygen batteries. By
discussing the progress of MOFs and MOF derivatives in metal-air battery, some
design principles and corresponding improvements that dominate the electrochem-
ical behaviors are outlined.

3.8.1 MOF Derivatives for Sodium-Air Battery

Similar to lithium-air batteries, sodium-air batteries were also regarded as promising
energy storage systems in terms of high energy density, low cost, and low environ-
mental impact. Surprisingly, the specific electrochemical and catalytic mechanisms
in sodium-air battery that are different from lithium-air batteries were discovered
despite the similar physical and chemical properties between lithium and sodium
elements. Unlike lithium ions with a small radius, sodium ions with a larger radius
can easily combine with super-oxygen ion to form a stable superoxide discharge
product. Therefore, it is crucial to both realize the accommodation and catalytic
decomposition of discharge product within conductive carbon frameworks in charge
and discharge process.

Lei and co-workers reported a MOF-derived N-doped carbon nanotubes (MOF-
NCNTs), which was employed as electrocatalysts for sodium-air batteries [129].
The prepared MOF-NCNTs cathode displayed better electrochemical performance
compared to commercial Pt/C electrode in terms of electrocatalytic activity and
stability for the ORR and OER process (Fig. 3.20a).The battery assembled by
MOF-NCNTs cathode exhibited a low voltage gap of 0.30 V at a current density
of 0.1 mA cm-2, which is superior to commercial Pt/C (0.50 V), RuO2 (0.50 V), Co-
CNTs (0.67 V), NCNTs (0.77 V), MWNTs (0.90 V), and carbon paper (1.18 V), as
shown inFig. 3.20b. Furthermore, the average discharge plateau and energy efficiency
in MOF-NCNTs battery was 2.81 V and 87% after 35 cycles. These outstanding
electrochemical performances were mainly assigned to the synergistic effect of the
nitrogen-doping and confined Co nanoparticles in scaffold, in which N dopants and
confined Co nanoparticles can provide abundant catalytic sites and accelerate elec-
tron transfer for the ORR and OER process. Furthermore, the defect provided by
hollow carbon frameworks in nitrogen-doped carbon nanotubes also improves the
adsorption of oxygen, further enhancing the mass transport. Both the facilitated mass
transport and electron conduction enhanced the catalytic activity.
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Fig. 3.20 a Schematic illustration of a typical hybrid sodium-air battery and the ORR and OER
process at the surface of Co confined inMOF-NCNTs. bCharge-discharge curves of hybrid sodium-
air batteries using MOF-NCNTS, Pt/C, RuO2, and carbon paper catalysts at a current density of
0.1 mA·cm-2. c Schematic illustration of the preparation process of MNG. a, b Adapted with
permission [129]. Copyright 2018, Elsevier B.V. (c) Adapted with permission [131]. Copyright
2018, American Chemical Society

3.8.2 MOF Derivatives for Zinc-Air Battery

Zinc-air battery has many advantages, such as safety, abundant raw materials, and
high energy density, and is very suitable to be used as power source for electric vehi-
cles. However, the energy efficiency and cycling lifespan of zinc-air battery is still far
lower than that of commercial LIBs, which is mainly related to the poor reversibility
of zinc metal in alkaline electrolyte, and the electrocatalytic activity of dual-function
air cathode. As an important component of zinc-air battery, bifunctional air cathode
has always been the focus of study, in which the stable and efficient bifunctional
catalysts are equipped on one hand, and suitable construction of electrode to ensure
the enough supply of oxygen on the other hand. Noble metal catalysts have high
catalytic activity but with a high cost. As a result, non-noble metal catalysts were
further developed, in which MOF derivatives show unique advantages in air cathode
of Zinc-air battery.

Manthiram and co-workers prepared a pair of MOF-derived catalysts for efficient
oxygen reduction reaction and oxygen evolution reaction process [130]. The combi-
nation of doped carbons originated from pristine ZIF and a sacrificial tellurium
template successfully resulted in formation of mixed-metal doped porous carbon
nanotubes, which was named as CoFeZn@pCNT. The prepared CoFeZn@pCNT
displays an outstanding catalytic activity for oxygen reduction reaction with a half-
way oxygen reduction reaction potential of 0.87 V. Moreover, the oxygen evolution
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reaction catalysts were prepared by combining Co, Fe, and Ni into ZIF-67, and
followed by a simple sulfurization treatment. The obtained FeCoNi-S@ZIF catalyst
displayed an excellent catalytic activity for oxygen evolution reaction with potential
of 1.65Vvs. reverse hydrogen electrode. Yang and co-workers synthesized sheet-like
mesoporous nitrogen-doped graphene (MNG) derived from amorphousMOFs [131].
Interestingly, the MNG catalyst derived from amorphous MOFs exhibited better
catalytic activity than that of nitrogen-doped carbon (MNC) derived from highly
crystallized MOFs, which is mainly related to the higher electronic conductivity,
graphitization degree, and high specific surface. As a result, the battery assembled
byMNG displayed a better electrocatalytic performance compared with as-prepared
MNC catalysts and conventional platinum group metal catalysts (Fig. 3.20b).

3.9 Other Advanced Batteries

3.9.1 MOFs and MOF Derivatives for Lithium-Carbon
Dioxide Batteries

Lithium-carbon dioxide batteries(Li-CO2)are an emerging and attractive energy
storage system, with an energy density seven times that of conventional LIBs.
However, the development of Li-CO2 batteries are hindered by several serious issues,
such as the difficulty in decomposition of discharge product (Li2CO3), and the capture
of high concentrations of CO2 from atmospheric environment [132]. Therefore, it is
of great significance to figure out the electrochemical mechanisms of Li2CO3 forma-
tion and decomposition as well as search for new functional materials to capture high
concentrations ofCO2 formair. Benefiting from the efficientCO2 capture and electro-
chemical catalysis given the porous structure andmonodispersed activemetal cluster,
MOFs have shown great application potential in Li-CO2 batteries (Fig. 3.21). Wang
and co-workers [133] firstly investigated the performance of eight kinds of MOFs
(Mn2(dobdc), Mn(bdc), Co2(dobdc), Ni2(dobdc), Cu(bdc), Fe(bdc), Mn(C2H2N3)2,
and Mn(HCOO)2) in Li-CO2 batteries (Fig. 3.22a). Thanks to high capture capa-
bility for CO2 and numerous monodispersed active metal sites for the decomposition
of Li2CO3, Mn2(dobdc) porous catalyst electrode displays a remarkable discharge
capacity of 18,022 mAh g-1 at a current density of 50 mA g-1 (Fig. 3.22b). Moreover,
Mn(HCOO)2 porous electrode alleviates the charge overpotential and maintains a
low value of 4 V even at a high current density of 200 mA g-1 (Fig. 3.22c). In this
work, the electrochemistry of MOF electrodes in Li-CO2 batteries was investigated
through various characterizations, and the findings pave the way to improve the
reversibility and energy efficiency of Li-CO2 batteries.

Except for the pristine MOFs, MOF derivatives are also regarded as promising
materials in emerging Li-CO2 batteries. Wang and co-workers [134] used GO-
wrapped MOFs as precursor to prepare graphene-interconnected N-doped 3D
carbon framework with ultrafine MnO nanoparticles (MnO@NC-G) for Li-CO2
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Fig. 3.21 Scheme of the advantages of Li-CO2 battery equipped with MOF-based porous CO2
electrode. Adapted with permission [133]. Copyright 2018, the Royal Society of Chemistry

batteries (Fig. 3.23a). With combination of high catalytic activity originated from
homodisperse Mn (II) species and fast electron transport of nitrogen-doped carbon
frameworks and 2D graphene nanosheet (Fig. 3.23b), the battery assembled by
MnO@NC-G electrode exhibited excellent electrochemical performance compared
to other Mn(II)-based cathodes. The preparedMnO@NC-G electrode enables a high
discharge capacity of 25,021 mAh g-1 with a Coulombic efficiency of 95.6%, low
voltage hysteresis of 0.88 V at a current density of 50 mA g-1, and ultra-long-
cycling lifespan over 200 cycles. Thiswork provided new insight to synthesize highly
efficient electrocatalysts for Li-CO2 batteries.

The design of MOFs and MOF derivatives in Li-CO2 batteries should be focused
on the following three key aspects in future: i) uniformly dispersed catalytic species
to ensure enough contact between active metal catalyst and discharge product. ii)
an excellent electrical conductivity to guarantee the fast electron transport. iii) high
strength of interconnected framework for accommodation of discharge products to
avoid the blockage of cathode gas channel. These design guidelines will promote
the development of MOFs and MOF derivatives in improving the electrochemical
performance of Li-CO2 batteries.
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Fig. 3.22 a Crystal structures and discharge-charge voltage curves at 50 mA g-1 with a capacity
of 1000 mA h g-1 of various MOF-based porous CO2 electrode. b Crystal structures of MnCO3,
Mn(HCOO)2 and Mn2(dobdc) porous electrodes along certain directions, and discharge curves at
50 mA g-1 with a cut-off voltage of 2.0 V. c Average charge potentials of various CO2 porous
electrodes at different current densities. Adapted with permission [133]. Copyright 2018, the Royal
Society of Chemistry
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Fig. 3.23 a Synthetic technological process of MnO@NC-G. b The structural advantages of
MnO@NC-G compared to other Mn(II) catalysts and corresponding TEM images. Adapted with
permission [134]. Copyright 2019, the Royal Society of Chemistry

3.9.2 MOFs for Zn/Na-I2 Batteries

Rechargeable water-based zinc-iodine (Zn-I2) batteries are considered to be one of
the strong competitors for the next generation energy storage systems in terms of the
low cost and high safety. Unfortunately, the shuttle effect inside the Zn-I2 batteries
leads to the rapid capacity decay and lowCoulombic efficiency during cycling, which
seriously hinders its future commercialization [135]. Therefore, the suppression of
shuttle effect of I3− within electrolyte is crucial for the development ofZn-I2 batteries.
Zhou and co-workers [136] exploited a MOF as an ionic sieve membrane to simul-
taneously solve the shuttle effect and side reactions on the Zn anode. The bare Zn
foil is vulnerable to the water and iodine species within electrolyte during cycling,
and thereby limiting the electrochemical performance and lifespan. The employ-
ment of multifunctional MOF membrane significantly inhibits the shuttling of I3-

and alleviates side reaction on the Zn foil surface, minimizing the corrosion of zinc
anode during cycling (Fig. 8.4a, c). Most impressively, presence of regular channels
withinMOFs leads to unique electrolyte structure by regulating the electrolyte solva-
tion structure. As a result, Zn-I2 batteries realize ultra-long lifespan of 6000 cycles,
with high capacity retention of 84.6%, and high Coulombic efficiency of 99.65%
(Fig. 3.24b). This work systematically reveals the nature of Zn anode corrosion, and
proposes an effective strategy to develop high-performance and long-life aqueous
Zn-I2 batteries.
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Fig. 3.24 a Schematic illustration of Zn-I2 batteries with GF and Zn-BTC separator. b Cycling
stability of Zn-I2 batteries at current density of 1920 mA g-1 with GF and Zn-BTC separator. c
SEM images of Zn anode after 20 cycles with GF and Zn-BTC separator. Adapted with permission
[136]. Copyright 2020, Wiley–VCH GmbH

Similar to Zn-I2 batteries, the development of Na-I2 batteries is also severely
impeded by their poor cycling stability due to the high solubility of polyiodide in
electrolyte. Hence, a lot of efforts have been devoted to improving the electrochem-
ical performance of batteries by inhibiting the shuttle effect of polyiodide. In order
to suppress the polyiodide dissolution in Na-I2 batteries, Feng and co-workers [137]
reported an atomic modulation metal-bis(dihydroxy) species in a fully conjugated
phthalocyanine copper MOF (PcCu-MOFs) (Fig. 3.25a). The characterization and
theoretical calculation reveal that the square planar Fe-O4 species in phthalocya-
nine copper MOF tends to combine with polyiodide to suppress the dissolution of
polyiodide in electrolyte (Fig. 3.25b). As a result, the composite cathode consisting
of Fe2-O8-PcCu and I2 exhibited a stable capacity of 150 mAh g-1 after 3200 cycles
(Fig. 3.25c). Additionally, the Fe2–O8–PcCu/I2 composite cathodes also operate
effectively in other metal-I2 batteries, which provide a universal strategy for the
design of high-performance metal-I2 batteries.

3.9.3 MOFs for Organic Redox Flow Batteries

Redox flow battery (RFB) is a new type of rechargeable EES device, in which oxida-
tion and reduction of two soluble electroactive components realized the reversible
conversion between chemical energy and electrical energy. It is worth noting that
RFBs are not only capable of being employed as energy storage devices for solar
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Fig. 3.25 a Schematic modeling and chemical structures of layered conjugated PcCu-MOFs. b
First-principles calculations of suppressing polyiodide shuttle effect and promoting electrochemical
kinetics of conversion reaction. c The cycling stability of Fe2-O8-PcCu/I2 electrodes at 1.5 A
g-1. Adapted with permission [137]. Copyright 2019, WILEY–VCH Verlag GmbH & Co. KGaA,
Weinheim

and wind power generation processes, but are also commonly used for power grid
peak shaving to improve grid stability and security. RFBs are sometimes considered
as an electrochemical regenerative fuel cell, since the electroactive components are
not retained within electrodes, but stored in external containers in the form of two
soluble redox couples to generate electricity (Fig. 3.26). Taking advantage of this key
feature, RFBs have better durability compared to other conventional energy storage
devices, since electrodes can be free of structural damage caused by repeated inser-
tion/removal of active species during charge and discharge process [138]. To date,
numerous aqueous and organic RFB systems have been successfully developed, in
which organic RFB systems have attracted considerable attention due to wider oper-
ating potentialwindow, and the consequent improvement of energy density.However,
organic active species are soluble in nonaqueous electrolytes, and eventually leads
to serious shuttle effects and irreversible capacity loss. Therefore, it is important to
search for functional materials to alleviate the shuttle effects and irreversible loss of
active materials.

Liu and co-workers [139] prepared two kinds of MOFs, as active catalysts, in
a high energy density zinc-polyiodide liquid flow battery. Two nanoporous MOFs,
MIL-125-NH2 and UiO-66-CH3, with high specific areas, accelerate the I3-/I- redox
reaction after deposition onto the surfaces of graphite felt. Consequently, the flow
batterywithMOF-modified graphite felts served as a cathode exhibited higher energy
efficiency than the pristine graphite felts, increasing energy efficiency by 6.4% and
2.7%, respectively. Notably, UiO-66-CH3 electrode is more chemically stable than
MIL-125-NH2 electrode in this work and thereby realized better cycling stability.
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Fig. 3.26 Schematic of the zinc-polyiodide redox flow battery. Adapted with permission [139].
Copyright 2016, American Chemical Society

3.9.4 MOFs for Liquid Anode Batteries

It is known that the adverse effects of dendrite growth can be effectively elimi-
nated by using liquid metal instead of bulk metal in alkali metal batteries. However,
liquid anode batteries prevalently operate under high temperatures to realize desired
wettability between the liquid metals and electrolyte. Consequently, the elevated
operating temperature generally aggravates the corrosion of active components, and
even results in severe safety hazards. To obtain a better electrochemical performance,
the concept of alkali-based liquid anode was firstly proposed and investigated. The
metal-based composite liquid electrode eliminates the issue of dendrite growth on
one hand, and realizes efficient operation at amoderate temperature on the other hand
[119]. Zhou and co-workers construct an organic oxygen battery with lithium-based
liquid anode, MOF separator and oxygen cathode (Fig. 3.27a) [140]. The organic-
lithium liquid anode was prepared by dissolving lithium metal with equal molar
ratio in 1, 2-dimethoxy ethane biphenyls, in which electrons are transferred from
lithium atoms to biphenyl molecules to form biphenyl-lithium complexes (Bp-Li,
Fig. 3.27b). Interestingly, H2O was dropped onto Bp-Li complex, and the reaction
process was relatively mild without obvious explosion or bubble generation, which
made Bp-Li complex a promising safety candidate for lithium-based liquid anode.
Furthermore, a MOF-based composite was selected as separator, composed of ZIF-7
with high thermal and chemical stability, and polymer adhesive. It is found that the
ZIF-7 separator can effectively prevent the migration of Bp-Li to the cathode by
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Fig. 3.27 a Schematic diagram of the difference between the previous report of biphenyl-Na/K
liquid anode with solid-state electrolytes and biphenyl-Li liquid anode with a ZIF-7 separator in
this work. b The schematic illustration of the organic oxygen battery with Bp-Li liquid anode, dual
RM assisted KB cathode, and ZIF-7 separator. c Digital photos of the permeation device in the
beginning and after 7 days. Adapted with permission [140]. Copyright 2020, WILEY–VCH Verlag
GmbH & Co. KGaA, Weinheim

penetration test (Fig. 3.27c). Finally, the assembled batteries showed excellent rate
capability, long-cycling lifespan, and low overpotential.

3.9.5 MOFs and MOF Derivatives for Fuel Cell

High catalytic performance with the lowest platinum content is crucial for the reduc-
tion of the cost in fuel cells. However, the catalyst is either easy to run off or exhibits
poor stability under ultra-low platinum-loading. Therefore, achieving high catalytic
activity under low platinum-loading condition has become a major obstacle in the
development of fuel cells.
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Liu and co-workers reported the Co-based MOF supported PtCo alloy nanocata-
lyst, in which the content of platinum was about 2.7–2.8 wt% [141]. The synergistic
catalysis between platinum-cobalt core-shell nanoparticles on the catalytic substrate
without platinumgroupmetals displays excellent electrochemical performance under
both high voltage and high current fields. Theoretical calculation shows that the inter-
action between platinum-cobalt nanoparticles and platinum group metal-free sites
significantly improves ORR activity and durability (Fig. 3.28). Consequently, two
catalysts realized ORRmass activities of 1.08 A mgPt-1 and 1.77 A mgPt-1 and main-
tained 64% and 15% of initial values after 30,000 cycles in the assembled fuel cell.
This work successfully achieved stable ORR activity under low Pt-loading condi-
tions and provides more ideas for cost reduction and efficiency improvement in fuel
cells. Liu and co-workers realized bifunctional ORR andOER activity by introducing
lattice-strained noble metal-free MOFs (Fig. 3.29a) [142]. It was observed for the
first time that superoxide *OOH as a key intermediate product appeared at Ni4+ sites
during both the oxygen reduction reaction and oxygen evolution reaction processes,
revealing a four-electron mechanistic pathway (Fig. 3.29b). As a result, the prepared
lattice-strained NiFe MOFs display mass activities of 500 A gmetal

-1 at a half-wave
potential of 0.83 V for the oxygen reduction reaction and 2000 A gmetal

-1 at an over-
potential of 0.30 V for the oxygen evolution reaction, 50–100 times higher than the
pristine NiFe MOFs. Moreover, lattice-strained NiFe MOFs retain ~ 97% catalytic
activity of ORR/OER reaction after 200 h at 100–200 mA cm-2.

Fig. 3.28 Free-energy diagram of the ORR pathways. Adapted with permission [141]. Copy-
right 2018, The Authors, some rights reserved; exclusive licensee American Association for the
Advancement of Science
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Fig. 3.29 a Structural characterizations of different lattice-strained MOFs. b Proposed ORR and
OERcatalyticmechanisms for the lattice-strainedMOFs.Adaptedwith permission [142]. Copyright
2019, The Author(s), under exclusive license to Springer Nature

Summary

In this review, we have systematically summarized the significant progress of MOFs
and MOF derivatives for emerging batteries and elaborated the opportunity and
challenges in future development. The wide adoption of MOFs as electrode mate-
rials in rechargeable batteries still faces various challenges, such as poor electrical
conductivity and structural instability, despite the various advantages of high specific
area, diverse structure, and controllable chemical composition. In comparison, MOF
derivatives, including MOF-derived metal, metal oxides, carbides, nitrides, and
sulfides, show great promise as electrode materials for those emerging batteries.
Nevertheless, many of them are also limited by low Coulombic efficiency and cyclic
instability. Furthermore, the employment of MOFs and MOF derivatives generally
involves costly and complicated fabrication process, and eventually restrict their
large-scale applications in practical batteries. Hence, when designing MOF-based
electrode materials, the various parameters in the battery, such as energy density,
cycling stability, and preparation cost must be fully considered, to search for suit-
able MOFs and MOF-derived materials, and finally realize optimal electrochemical
performance.
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Chapter 4
Supercapacitors

Jianan Zhang, Xiaoyu Zhang, Dongping Xue, Huicong Xia, and Su Jiang

4.1 Introduction

With the rapid development of modern economy, coal, oil, diesel, and other non-
renewable energy resources are increasingly in short supply. At the same time, the
use of these energies causes PM2.5, haze, greenhouse effect, and other environmental
problems. To solve these urgent environmental problems, the development of renew-
able and clean energy has become a feasible way [1–5]. Electrochemical energy
storage systems, such as fuel cells, supercapacitors (SCs), and second-generation
lithium batteries, show great promise in harnessing new energy sources such as solar
and wind power. Therefore, the research of electrochemical energy conversion and
storage system is urgent [6–8]. Among them, SCs has good cycle stability, high power
density, and good electrochemical reversibility, so it has great application potential
in portable electronic products, standby power storage, electric vehicles and so on
[9–13]. SCs have been widely used in the national economy, science and technology,
and daily life. It has an important impact on alleviating energy and environmental
crisis and improving people’s living standards. What’s more, it has become a new
field of research and public attention [14–23]. Since the performance of SCs ismainly
determined by its electrodematerials, the research of high-performancematerials has
already been the focus of attention in this field.
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Metal–organic frameworks (MOFs) are a new kind of porous crystalline materials
constructed in three-dimensional (3D) space with metal ions/clusters and organic
bridging ligands as ligands [24]. Over the past few years, MOFs have attracted a lot
of attention and are now one of the most rapidly growing areas of research. To date,
there are more than 20,000 MOFs with different compositions, crystal structures,
and morphologies been reported [25]. MOFs have great potential in SCs due to their
customizable structure and function, high porosity, and large internal surface area.
In this section, original MOF and MOF-derived materials are mainly discussed as
electrode materials for SCs.

4.2 Pristine MOF for Supercapacitors

The use of pristine MOF materials as electrodes for supercapacitor (SC) has been
the subject of much attention due to their great surface area and intrinsic redox
properties. In this context, many metal ions such as Ni, Fe, Co, Mn, Cu, Zn, Ce,
V, Cr, Al, Zr, and organic linkers like big families of terephthalic acids, imidazo-
lates, and carboxylic acids, various types of bipyridine, benzoic acids, and pheny-
lene have been employed in the production of pure MOFs for such application.
Common good organic linkers are 1,4-benzenedicarboxylic acid (1,4-H2bdc), 2-
methylimidazole, 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP), etc., as shown
in Fig. 4.1. Worthwhile mentioning, that most of these kinds of ligands show weak

Fig. 4.1 Schematic representation of 1,4-H2bdc (a), C4H6N2 (b), C6H12N2 (c), C18H12O6 (d),
H3BTC (e), C12H4N4 (f), 4,4’-H2bpc (g) and C10H4O4N2 (h)
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electron-withdrawing property which leads to act as a redox center. However, the
direct application of MOFs as SC electrode materials is mainly faced with poor
conductivity and mechanical/chemical stability. Besides, short cycle life at higher
rates due to the increase in resistance and inadequate faradaic redox reactions at
higher current densities as well as low electrode surface area, resulting in a small
contact area between the electrolyte and the electrode material. In SCs, the use of
MOFs has only been widely reported by researchers in recent years.

Early trials to use pristineMOFs as electrodematerials for SCs have been reported
via Díaz and co-workers [26]. Co8-MOF-5 was selected to be combined with poly-
tetrafluoroethylene and carbon black to construct electrode. Result exhibited a very
low capacitance value of 0.3 F g−1, which might be restricted via specific MOF and
electrolyte. Meanwhile, Lee et al. explored Co-MOF as a promising material for
SCs and opened the door to further research various MOFs as an electrode mate-
rial [27]. The Co-MOF as electrode materials demonstrated capacitance of 206.76 F
g−1 and good pseudocapacitor behavior (7.18 Wh kg−1). In addition, three similar
carboxylic acids with different molecular lengths were utilized as organic ligands
to synthesize different morphology and pore sizes of Co-MOFs have been reported
by Lee and co-workers [28]. Among the three Co-MOFs, the longer linkers have
larger surface areas and larger pores. According to the surface area and pore diam-
eter, the specific capacitance, power density, and energy density of the three Co-
MOFs electrodes were detected to be ranging from 131.8 to 179.2 F g−1; from 3.88
to 5.64 kW kg−1; and from 20.7 to 31.4 Wh kg−1, respectively. To achieve elec-
trode materials with higher capacitance for SCs from two-dimensional (2D) layered
MOFs, Liu and co-workers reported the syntheses of a 2D Co-MOF (Co-LMOF,
{[Co(Hmt)(tfbdc)(H2O)2]·(H2O)2}n; H2tfbdc= 2,3,5,6-tetrafluoroterephthalic acid;
Hmt = hexamethylenetetramine) and its electrochemical performances as the elec-
trode materials of SCs and found that Co-LMOF showed considerably high specific
capacitance (1978 F g−1) and can also retain 94.3% of the original capacitance over
2000 cycles [29]. Meanwhile, another Co-MOF material with conductive networks
frames and a layer structure was synthesized viaWei and co-workers [30]. This mate-
rial delivered a remarkable capacitance of 2564 F g−1 and can keep at 95.8% after
3000 cycles. In addition, Zheng et al. prepared ultra-thin 2D Co-MOF nanosheets
and detected its supercapacitive behaviors [31]. Result showed and it achieved 1159
F g−1, which might originate from the short ion diffusion length. Abazari et al.
reported a novel Co-based MOF, (NH2-TMU-53, [Co(2-ATA)2(4-bpdb)4]n; 2-ATA
= 2-aminoter ephthalic acid, 4-bpdb = N,N-bis-pyridin-4-ylmethylene-hydra zine)
and evaluated its supercapacitive performance. It presented an upper capacitance, as
well as good cycling stability (92.03% after 6000 cycles). When assembled asym-
metric supercapacitor (ASC) device from NH2-TMU-53 and AC, it delivered the
high power and energy density [32].

Asmentioned above, Co-basedMOF can be applied in SCs as electrodematerials.
For SCs, Ni-MOFs as supercapacitive electrode materials are also very common.
Liao et al. successfully prepared a series of Ni-MOF for electrochemical SCs by
mixing isonicotinic acid and nickel nitrate in N, N-dimethylformamide (DMF) at
140°C for 96 h in a high-pressure tank [33]. Electrochemical test results showed
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good capacitance performance (634 F g−1 at 5 mV s−1) and cycle stability (84%
for 2000 cycles). Kang and colleagues studied a novel pseudocapacitor material
Ni-MOF, Ni3(BTc)2·12H2O [34]. The experimental results show that Ni-MOF has
excellent performance of 726 F−1 pseudocapacity and excellent cycling stability.
However, Yang and colleagues obtained layered nanostructured Ni-MOF by mixing
terephthalic acid (PTA) and nickel chloride inDMF at 120 °C for different times [35].
The material exhibits high capacitance at 0.5 A g−1 (1127 F g−1) and cycle stability
(90% after 3000 cycles). This excellent electrochemical performance is due to the
inherent properties of Ni-MOF, such as preferred exposure surfaces and layered
structures. Qu and co-workers successfully prepared novel, nickel-based, pillared
MOFs of similar topology using 9,10-anthracenedicarboxylic acid (ADC), 2,3,5,6-
tetramethyl-1,4-benzenedicarboxylic acid (TM), 1,4-naphthalene-dicarboxylic acid
(NDC) as carboxylate ligands, and1,4-diazabicyclo[2.2.2]-octane (DABCO)as pillar
ligands [36]. As the electrode material of SCs, DMOF capacitor shows excellent
electrochemical performance. Compare with the other two, Ni-DMOF-ADC had
better cycling stability (98% after 16,000 cycles). Sheberla et al. reportedNi3(HiTP)2
(Ni3(2,3,6,7,10,11-hexaamine triphenyl)2) with high conductivity as the sole elec-
trode material for double-layer electrical capacitors (EDLCs) [37]. As shown in
Fig. 4.2h, Ni3(HITP)2 is composed of stacked π-conjugated two-dimensional layers,
which are penetrated by one-dimensional cylindrical channel with a diameter of
about 1.5 nm. The surface area normalized capacitance of Ni3(HITP)2 is up to about
18 μF cm−2, which is higher than that of other carbon materials except porous
graphene (Fig. 4.2j). As shown in Fig. 4.2i, the Ni3(HiTP)2 electrode shows high
reliability in 10,000 cycles with a capacitance retention rate greater than 90%. There-
fore, highly conductive porous MOF (Ni3(HiTP)2) is a promising active electrode
material for EDLC. In addition to the above results, other Ni-MOFs used as SCS
electrode materials have also been reported [38, 39].

Apart from Co- and Ni-based MOFs, other MOFs utilized in SCs have also
been reported. Three Fe-based MOFs (MIL-88(Fe), MIL-53(Fe), and MIL-100(Fe))
synthesized by campagnol and co-workers was used as electrode materials for SCs
[40]. They showed the effects of pellet thickness, pore size, and cations of different
sizes on performance. Experimental results display that MIL-100 (Fe) has better
performance than that of a combination of carbon and nanotubes in the same solu-
tion. However, the dissolution of the reduction process strongly limits the cycle
stability of the electrode.

In addition, Choi et al. constructed a coin-type supercapacitor (SC) device based
on nMOFs electrodes [41].A series of 23MOFcompoundswere successfully synthe-
sized and examined with various organic ligands and central metal ions, including
MOF-74 structures (multi-metallic metal oxide mixing units and 1D pores), zirco-
nium (IV) MOF of different lengths and shapes of links and nanocrystalline sizes,
MOF-5 structures (with multiple mixing functions and three-dimensional pores)
and MOF containing metal units of different nucleity. In particular, a zirconium
based MOF (nMOF-867, Zr6O4(OH)4(2,2’-bipyridine-5,5’-dicarboxylate)6) exhib-
ited abnormally high volume and area-specific capacitances (0.64 F cmstack

−3 and
5.09 mF cmareal

−2) and its performance can also maintain at least 10,000 cycles
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Fig. 4.2 a Schematic diagram of ion and charge transfer in the Co/Ni-MOF electrode. bAn abstract
illustration of hybrid supercapacitors. c, d SEM images of the as-synthesized Co/Ni-MOF and e,f
Zn/Ni-MOF. g Structure of MOF-867 and the construction and performance of the nMOF SCs.
h Structural schematics of Ni3(HITP)2. i Capacitance retention under repeated cycling at 2 A g−1

for 10,000 cycle. jComparison of areal capacitances among various EDLCmaterials. a–f Reprinted
with permission from Ref. [42]. Copyright 2016, The Royal Society of Chemistry. g Reprinted
with permission from Ref. [41]. Copyright 2014, American Chemical Society. h–j Reprinted with
permission from Ref. [37]. Copyright 2016, Nature

(Fig. 4.2g). In order to improve the electrical conductivity of MOFs, Jiao et al.
successfully obtained mixed MOFs (M-MOFs) by partially replacing Ni2+ in Ni-
MOF with Co2+ or Zn2+ [42]. According to the SEM images of Co/Ni-MOF and
Zn/Ni-MOF (Fig. 4.2c-f), it can be clearly observed that Co/Ni-MOF flower-like
structures are composed of many nanosheets (average thickness of 30 nm) and the
morphology of Zn/Ni-MOF is similar to that of Co/Ni-MOF. As a battery-type elec-
trodematerial,M-MOFshave a unique two-dimensional layered structure (Fig. 4.2b),
which can provide enough space for OH- insertion and disinsertion (Faraday Reac-
tion). This special hybrid SC combines the advantages of capacitive and Faraday
reactions to improve the power density and energy density. Compared with Ni-MOF,
2D M-MOF shows excellent electrochemical performance. M-MOF has excellent
electrochemical properties for the following reasons. First, as shown in Fig. 4.2a, the
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flower-like M-MOF structure, as the conduction pathway and backbone, provides a
strong support for the structural integrity and efficient charge transfer of the faraday
reaction. In addition to broadening the application of MOFs, their research could
open up new ways to bridge the performance gap between batteries and SCs.

4.3 MOF-Derived Materials for Supercapacitors

In recent years, in addition to directly use pure MOFs, more and more researchers
have used MOFs as a sacrificial template to prepare highly controllable nanostruc-
tured materials and apply them to electrochemistry [24]. Some recent reports have
shown that pure MOF has problems such as low conductivity, poor electrolyte ion
transport performance, and low conversion efficiency, which limit its application in
energy storage. Compared with pure MOFs materials, MOF-derived materials have
superiority in electrochemical energy storage. MOF is a highly porous crystalline
material that can be transformed into the desired product through a one-step calcina-
tion process, which promotes the fact thatMOF is used for the development of nanos-
tructured materials, which enhances their practical applications on pilot and indus-
trial scales. Due to these advantages, MOF materials have been successfully used
to develop porous carbon, metal compounds, and composite materials (M/MO@C)
[43]. In this section, the application of MOF-derived materials in supercapacitors is
reviewed.

4.3.1 MOF-Derived Porous Carbon Materials
for Supercapacitors

As a common electrode material, carbon materials have the characteristics of high
electrical conductivity, low thermal expansion coefficient, and low density, and have
beenwidely used in the field of electrochemical energy storage. However, the storage
capacity of conventional carbon materials is small, so it is difficult to increase power
density and energy density. Recently, the preparation of carbonmaterials with micro-
porous, mesoporous, andmacroporous structures usingMOFprecursors as templates
has attracted widespread attention. This is mainly because the preparation of porous
carbon materials largely maintains the specific surface area of the precursor MOF.
The uniform distribution of the pore size of the carbon material and the effective
contact of the electrolyte help it improve the electrochemical performance of the
supercapacitor.

Without adding any other precursors, the porous carbon material obtained by
directly carbonizing theMOFwill have excellent electrochemical performancewhen
used in supercapacitors.
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Three-dimensional porous carbon materials are favored by many scientific
researchers due to their simple preparation process. Amali et al. used the ultra-
sonic method to prepare the microporous framework ZIF-8, and assembled the
microporous particles into medium/large pores as the secondary structure [44].
After simple carbonization, ZIF-8 forms a three-dimensional layered porous carbon
framework with micropores, mesopores, and macropores, and has excellent super-
capacitor electrode performance (Fig. 4.3a–c). Similarly, Torad et al. used cobalt-
containing zeolite imidazole framework 67 (ZIF-67) to directly carbonize highly
graphitized three-dimensional NPCs [45]. Their NPCs have high specific surface
area, large pore volume, and inherent electrical conductivity. It is expected to become
a high-efficiency electrode for high-performance supercapacitors. Compared with
the previous carbon-based double-layer capacitors, the maximum specific capaci-
tance obtained by using this NPC as the electrode material of the supercapacitor is
very high. Salunkhe et al. designed a new type of symmetrical supercapacitor based
on NPC by directly carbonizing zinc-based MOF without controlling the reaction
conditions to synthesize twoNPCswith different particle sizes [46]. The results show
that the NPC material has excellent electrochemical properties, and the maximum
specific capacitance in 1 M H2SO4 electrolyte is 251 F·g−1. Research shows that
these high-efficiency electrodes have good capacitance, high stability, and good rate
capability. As the electrode material of supercapacitors, carbon derived from Al-
PCP has ideal capacitor performance. Porous carbon polyhedron and other mate-
rials are used as different electrodes to synthesize supercapacitors to obtain better
electrochemical performance. Yi et al. constructed an asymmetric supercapacitor
based on the core–shell structure of porous carbon materials derived from MOF and
CNT@NiO composite materials [47]. The main component of the anode material
is polyhedral porous carbon obtained by carbonizing ZIF-8 at a high temperature
of 1000 °C. This kind of porous carbon has uniform pore size, no large defects on
the surface, and large specific surface area (1980 m2 g−1), which is very helpful

Fig. 4.3 a Schematic illustration for the preparation of hierarchically porous carbon from an
assembly of ZIF-8 particles. b Cyclic voltammograms at different sweep rates of AS-ZC-800 for an
electrochemical capacitor in 1.0 M H2SO4 electrolyte. c galvano static charge–discharge curves at
high current densities. d Schematic illustrations of the synthesis of Zn2(bim)4, Zn(bim)(OAc),
and UT-Zn(bim)(OAc). e SEM image of the UT-Zn(bim)(OAc) nanosheets. f Galvanostatic
charge–discharge profiles of the UT-CNS electrode at different current densities
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to improve the energy storage performance of combined supercapacitors. The elec-
trochemical test results show that at a certain current density, the electrode made
of porous carbon has a high specific capacitance. The charge and discharge test of
asymmetric supercapacitors of CNT@NiO composite and porous carbon showed
that the power density and energy density are both high within a certain voltage
range. In addition, asymmetric supercapacitors also have excellent cycle stability.
This is due to the synergy between porous carbon and CNT@NiO, which makes
asymmetric supercapacitors have high energy density and power density as well as
good cycle stability. In addition to pure porous carbon, N-doped porous carbon also
has excellent performance when applied to electrode materials of supercapacitors.
N doping not only introduces pseudocapacitance, but also improves surface wetta-
bility, making it easier for electrolyte ions to enter the electrode material, thereby
increasing capacitance. Too much N will cause the conductivity to decrease, so it
is necessary to explore a suitable synthesis method to control the nitrogen content
within a reasonable range. Nune et al. used N-containing isoreticular metal–organic
framework (IRMOF-3) as a template to prepare a series of N-doped carbon mate-
rials with different structures, and by adjusting the carbonization temperature, the
nitrogen content and porosity can be changed [48]. For a carbonization tempera-
ture of 950 °C, N-doped porous carbon has an extremely high capacitance of 239
F·g−1. In contrast, similar N-free carbons have a low capacitance of 24 F·g−1, which
indicates the importance of nitrogen dopants in the charge storage process. Since
it is easy to produce small amounts of N-doped porous carbon, this route can be
extended. N-doped carbon materials synthesized from MOF-8 have low electrical
conductivity due to their high nitrogen content. Due to graphitization, the nitrogen
content and specific surface area of porous carbon prepared by ZIF-67 are reduced.
On this basis, Yamauchi et al. used a seed method to grow ZIF-67 on the surface of
ZIF-8 to prepare ZIF-8@ZIF-67 core–shell composites, and then heat-treated them
in flowing nitrogen to obtain N-doped carbon (NC) is the core of carbon nanotubes,
graphitic carbon (GC) is the shell, and nanopore NC@GC composites have a core–
shell structure [49]. The research results show that the specific surface area of the
obtained composite carbon material is 127 m2g−1, the nitrogen content is moderate,
and the pore structure distribution ranges frommicropores tomesopores. At the same
time, NC@GC electrode has excellent electrochemical performance. When tested at
a higher current density of 2 A·g−1, the capacitance value is as high as 270 F·g−1,
which is due to the synergy of NC’s high nitrogen content and highly graphitized
GC. The researchers also found that gaps of different sizes in carbon materials can
be connected to each other, resulting in a relatively large specific surface area, which
can promote the transport of electrolyte ions.

However, the three-dimensional porous carbon material has a small specific
surface area and low pore utilization rate, which easily causes slow electrochem-
ical capacitors and electrochemical catalytic reaction kinetics and poor long-term
stability, which limits its application in the field of electrochemical energy storage.
In contrast, two-dimensional porous carbon materials have the advantages of ultra-
thin morphology, large specific surface area, high aspect ratio, continuous layering,
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etc., so they have better electrochemical performance when applied to supercapaci-
tors.Yan et al. directly carbonizedAl-PCP to obtain a two-dimensional porous carbon
material with a higher BET surface area [50]. Similarly, nitrogen doping can also
be used to change the electrochemical properties of two-dimensional porous carbon
materials. Zhao et al. reported a low-cost, bottom-up synthesis of ultra-thin Zn(bim)
(OAc) MOF nanosheets and their derived N-doped porous ultra-thin (2.5–0.8 nm)
carbon nanosheets (UT-CNS) synthesis method, and applied it to supercapacitors,
to study it [51]. The capacitance of UT-CNS at high current density is higher than
that of most of the reported electrode carbon materials of MOF supercapacitors
(Fig. 4.3d–f).

Sometimes, porous carbon materials obtained by indirect carbonization can also
obtain better performance. In the indirect carbonization process, first, an external
carbon source (such as furan alcohol, ethylenediamine, tetraethyl chloride, and
phenolic resin) is penetrated into the pores of the MOF by impregnation or gas
phase methods and then carbonized in an inert atmosphere. Zhang et al. prepared a
series of ZIF-derived porous carbon materials by co-carbonizing ZIF-7 with carbon
sources such as glucose, ethylene glycol, glycerol, and furfuryl alcohol [52]. The
results show that the ZIF-7/glucose composite carbon L-950 as an electrode for
electrochemical capacitors exhibits ultra-high specific capacitance under alkaline
conditions and has good stability. In addition, no conductive agent (such as acety-
lene black) is needed in the preparation process of the working electrode, which not
only reduces the preparation cost, but also benefits the stability and performance.
Jiang et al. used zeolite-like metal–organic framework as the precursor and template,
and furfuryl alcohol as the precursor to prepare porous carbon materials with very
high surface area (3405 m2·g−1, BET method) for electric double-layer capacitors
[53]. The electrode material has high hydrogen storage capacity (2.77% by weight
at 77 K and 1 atm) and good electrochemical performance.

In contrast, because the use of MOF as a template and carbon source for direct
carbonization does not require an additional carbon source, but only involves a simple
calcination step, and the carbon content in MOF is higher, so it is simpler and more
practical in industrial-scale preparation.

The above research shows that MOF is an excellent template for preparing porous
carbon materials. Due to its ultra-thin morphology and large specific surface area,
the two-dimensional structure of carbon materials can obtain excellent electro-
chemical performance when applied to electrode materials of supercapacitors. The
conductivity of the electrode material will affect the capacitance, and the balance
between porosity and graphitization is also an important factor affecting electro-
chemical performance. In addition, additives, carbonization temperature, and treat-
ment methods all affect the porosity or conductivity of the carbon material. In addi-
tion, in the process of synthesizingMOF, introducing heteroatoms or other templates
on the ligand is also a way to increase the capacitance of the capacitor. This method
can effectively improve the surface wettability of carbon materials while providing
additional redox reaction centers.
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4.3.2 MOF-Derived Metal Compounds Materials
for Supercapacitors

Metal compounds store energy in the form of Faraday pseudocapacitors. At present,
the metal compounds used in the field of supercapacitors mainly include metal
oxides/hydroxides, metal sulfides, etc [54].

Metal oxides have attracted extensive attention from researchers due to their rich
reserves, controllable morphology, reversible redox reaction, and higher theoret-
ical specific capacitance. Among many metal oxides, Co3O4 electrode materials are
considered to be ideal pseudocapacitance materials due to their excellent electrical
conductivity, good chemical stability, and high specific capacitance.

Meng et al. used cobalt-based metal organic framework (Co-MOF) crystals to
prepare porous Co3O4 materials through a solid phase conversion process (Fig. 4.4a)
[55]. The results show that the prepared Co3O4 has crystallinity and clear porous
properties (Fig. 4.4b). The electrochemical results showed that the porous Co3O4

particles exhibited a high specific capacitance of 150 F·g−1 at a current density of
1 A·g−1, and maintained a slightly higher capacitance after 3400 cycles, which can
be attributed to Due to higher specific surface area and accessible channel struc-
ture characteristics (Fig. 4.4c–d). Therefore, the method is simple, controllable, and
repeatable. Importantly, this specific solid-state thermal conversion strategy can be
easily extended to prepare other porousmetals and/ormetal oxide nanomaterials with
specific surface textures and morphologies. In addition to the solid-state conversion
strategy, Co3O4 nanostructures can also be prepared by directly calcining the MOF
precursor. Pang et al. synthesized dendritic Co3O4 nanostructures by calcining Co-8-
hydroxyquinoline coordination structure [56]. As an electrode material for superca-
pacitors, they found that the nanostructured Co3O4 electrode has high specific capac-
itance and long cycle life. By adjusting the reaction conditions, porous carbon mate-
rials, and Co3O4 nanostructures can be synthesized simultaneously. Salunkhe et al.
used ZIF-67 as a precursor to calcinate porous C and Co3O4 under different temper-
ature conditions [57]. The characterization of structure and morphology showed that
the porous carbon prepared by derivatization has a large specific surface area (350m2

g−1); at the same time, the derivative Co3O4 has high purity without obvious carbon
impurities, and the specific surface area can reach 148m2 g−1. The electrochemical
performance test results of the electrodes composed of these two derivatives show
that the specific capacitances of porous C and porous Co3O4 are 272 F·g−1 and 504
F·g−1, respectively, at a scanning speed of 5 mV·s−1. They further constructed an
asymmetric supercapacitor based on two electrodes, and the asymmetric supercapac-
itor showed a higher energy density (15Wh·kg−1) and power density (8000W·kg−1).
Moreover, after 2,000 charge–discharge cycle tests, asymmetric supercapacitors can
still maintain high stability. On the one hand, the reason is that the porous Co3O4

has a larger porosity, which provides a better channel for ion transfer, so that the
electrolyte can completely contact the electrode material. On the other hand, the
good conductivity of porous carbon effectively improves the charge transfer speed
of asymmetric supercapacitors.
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Fig. 4.4 a Schematic illustration of the formation process for porous Co3O4 aggregates. bHRTEM
image of porous Co3O4 material. c Average specific capacitance versus cycle number of porous
Co3O4 electrode at a galvanostatic charge/discharge current density 1 A g−1. d Galvanostatic
charge/discharge curves of porous Co3O4 electrode material at various charge/discharge current
densities of 0.5, 1, 2, and 3 A g−1, respectively, the potential window was ranged from 0 to 0.5 V. e
Schematic illustration for the synthesis process of hollow NiCo-LDH/Co9S8 hybrid. f TEM images
of C/LDH/S. g Specific capacitances as a function of current density. h charge–discharge profiles
at various current densities for C/LDH/S

In addition to Co3O4, other metal oxides can also be applied to supercapaci-
tors. For example, the use of manganese oxide as a supercapacitor electrode mate-
rial can obtain good electrochemical performance. Maiti et al. reported that 1,3,5-
benzoic acid manganese metal–organic framework (Mn-BTCMOF) formed a well-
crystallized Mn2O3 mesoporous nanomaterial through simple heat treatment [58].
When tested as a pseudocapacitor electrode in a three-electrode configuration, a
specific capacitance of 250 F·g−1 can be obtained at 0.2 A·g−1. In addition, in order
to prove its practicality, a two-electrode asymmetric supercapacitor pouch battery
was assembled. It uses Mn2O3 as the positive electrode and commercially available
activated carbon as the negative electrode. In the case of a power density of 1004
Wh·kg−1, it shows an ultra-high energy of 147.4 Wh·kg−1. The current work shows
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the potential of the MOF-derived route, which can be used to obtain metal oxides
with nanostructures required for high-performance electrochemical applications. In
addition, cesium oxide has also been used in supercapacitor materials with similar
good results. Maiti et al. reported the use of [Ce(1,3,5-BTC)(H2O)6] (1,3,5-BTC =
1,3,5 phenyl tricarboxylate) MOF as the sacrificial template [59]. This method is
simple and convenient to synthesize CeO2. At 0.2 A·g−1, the pseudocapacitance of
CeO2 produced by MOF is 1204 F·g−1, which far exceeds its theoretical capaci-
tance (560 F·g−1). This study shows that controllable nanostructures can potentially
alleviate the low energy density and capacitance attenuation problems that plague
current metal oxide electrostatic precipitators.

In recent years, metal sulfides have played an important role in energy storage
fields such as solar cells, lithium-ion batteries, and supercapacitors. Compared with
metal oxides and hydroxides, sulfides have lower electronegativity, rich redox reac-
tions, and higher electrochemical activity. Recent studies have found that the MOF-
derived metal sulfide nanostructure has a high specific surface area and a large
number of pores, which is very helpful to improve the capacitance performance
of supercapacitors.

Le et al. used MOF as a sacrificial template to prepare a layered core–shell
hollow iron cobalt sulfide-cobalt sulfide nanoarray, which was supported on conduc-
tive nickel foam (Fe-Co-S/NF) (Fig. 4.4e) [60]. The etching/ion exchange reaction
between Co-MOF and FeSO4 and subsequent solvothermal vulcanization resulted
in the formation of layered core–shell hollow nanostructures, in which FeCo2S4-
nanosheets and shells were assembled on Co3O4 hollow nanoarrays (Fig. 4.4f). Due
to its complex composition and unique structure, Fe-Co-S/NF has rich electroactive
potential, shorter charge/ion diffusion path, rich redox reaction, and good structural
robustness, which help to improve the super Electrochemical performance of capac-
itor electrodes. Therefore, the obtained Fe-Co-S/NF electrode has a specific capaci-
tance of 2695 F·g−1 at 1 A·g−1, and a capacitance retention rate of 69.8% at 10A·g−1.
84% of the life is maintained in 84 cycles. In addition, Fe-Co-S/NF and rGO were
used as cathode and anode respectively to assemble asymmetric supercapacitors.
The obtained equipment provides a high energy density of 43.6 Wh·kg−1 at a power
density of 770 W·kg−1, while still maintaining a capacity retention rate of 89.6%
after 5000 cycles (Fig. 4.4g–h). The strong electrochemical performance shows that
Fe-Co-S/NF can be used as a promising electrode material in high-performance
supercapacitor applications. Yilmaz et al. reported the in-situ quasi-crystal trans-
formation of the hollow rhombohedral dodecahedron template derived from MOF
and the interlayer metal sulfide (NiCo-LDH/NiCo-LDH/ Co9S8) system construc-
tion [61]. The intergranular metal sulfide (Co9S8) in LDH provides the best interface
for mixed components and material stability. The NiCo-LDH/Co9S8 hybrid system
together provides an ideal porous structure, rich redox chemicals, and high conduc-
tivity matrix. This leads to a significant improvement in its complementary elec-
trocatalytic hydrogen release and supercapacitor energy storage performance. This
work established the potential of MOF-derived SC scaffolds in the design of new
hybrid inorganic-inorganic functional materials for electrochemical applications and
other fields.
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These outstanding research results all show thatMOF can be used as a template for
preparing metal compounds, and these metal compounds have good electrochemical
performance when used in supercapacitor electrodes. In order to make the actual
capacitance as close to the theoretical capacitance as possible in the application
process, the surface area of the MOF should be as large as possible. Therefore, metal
compounds derived from MOF have become popular materials due to their suitable
ion transport channels and large contact area.

4.3.3 MOF-Derived Metal Metal/metal Compounds
and Carbon Materials for Supercapacitors

Different types of electrode materials have different characteristics. Carbon-based
materials have good electrical conductivity, but their specific capacitance is relatively
small.Metals and their compounds have higher theoretical capacity, but their conduc-
tivity is poor. In order to obtain better electrochemical performance, it is necessary
to use the advantages of different materials to make up for their respective defects, so
that composite materials came into being. In short, a composite material is a material
with new characteristics, which combines two or more materials with different char-
acteristics through physical or chemical methods. The composite material can not
only maintain the advantages of a single electrode material, but also can compensate
for its own defects through the composite material, thereby achieving the purpose
of improving electrochemical performance. The advantages of nanomaterials with
a hybrid electrode structure composed of graphene sheets and inorganic substances
include: (1) Effectively improve the electrical connectivity between the various elec-
troactive materials, and shorten the ion transport path through the electrolyte path;
(2) Two-phase The dense mixingmakes them have a synergistic effect, which greatly
improves the overall electrochemical performance.

Recent studies have found that MOF-derived metal and carbon composite mate-
rials can be used in supercapacitors. Metal has good conductivity and capacitance,
while carbon material has ordered holes and conductivity. These characteristics give
MOF specific functions to improve the electrochemical performance of supercapaci-
tors.Wen et al. synthesizedNi-MOF@CNTcompositematerial by a two-stepmethod
and applied it in the field of electrochemical energy storage. The results show that
when the current density is 0.5 A·g−1, the specific capacitance of Ni-MOF@CNT
reaches 1765 F·g−1 [62]. In addition, an asymmetric supercapacitor was constructed
by combining Ni-MOF@CNT electrode and oxidized GO/CNT electrode. When
the power density is 480 W·kg−1, its energy density can reach 36.6 Wh·kg−1. In
addition, after 5000 charge and discharge tests, Ni-MOF@CNT still retains 95%
of the capacitance. This is mainly due to the large amount of electrocatalytically
active Ni metal ions exposed on the surface of the MOF itself, which facilitates the
occurrence of redox reactions. At the same time, CNT can effectively improve the
conductivity of the entire composite capacitor and accelerate the electron transfer
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process, so that the composite capacitor exhibits excellent electrochemical perfor-
mance. Lin et al. prepared a mixed material of CNT and Mn-MOF and used it as
an electrode material for Mn-based supercapacitors. After adding CNT to Mn-MOF,
the conductivity and specific capacitance are greatly improved [63]. This work has
opened up a new direction for the development of manganese-based supercapacitor
materials and provided an effective way to improve the capacitance performance
of MOF materials. Some people also synthesize bimetal-loaded carbon nanosheets
for use as electrode materials for supercapacitors. Because of the synergy between
the bimetals and can change the electronic structure, the electrochemical properties
of the material can be improved. Xia et al. used a solvothermal method to improve
the conductivity and electrochemical activity of MOF materials by adjusting their
morphology and composition [64]. The hollow structures of Ni/Co-MOF nanosheets
and Ni-MOF nanosheets were assembled in supercapacitors for electrochemical
performance optimization. The results show that in 1 M LiOH aqueous solution,
the specific capacitance of Ni/Co-MOF nanosheets is 530.4 F·g−1 and the specific
capacitance is 530.4 F·g−1, which is much higher than Ni-MOF (306.8 F·g−1) and
ZIF-67 (168.3 F·g−1), has good rate and rate performance and has good cycle perfor-
mance after 2000 cycles, and capacity degradation occurs. This work emphasizes the
important role of adjusting Ni/Co-MOF two-dimensional nanosheets in accelerating
electron and charge transport to optimize energy storage and conversion devices
(Fig. 4.5a–d).

Compared with pure carbon, transition metal oxide as a redox-active electrode
material provides higher energy density and specific capacitance, which depends on
th65 and 1434.37 e reversible Faraday reaction at the interface, thus having higher

Fig. 4.5 a Schematic illustration of the synthesis of Ni/Co-MOF nanoflakes and Ni-MOF
nanoflakes. b TEM images of Ni/Co-MOF nanoflakes. c Galvanostatic charge–discharge curves
comparison of Ni/Co-MOF nanoflakes, ZIF-67, and Ni/Co-MOF nanoflakes at various current
densities in 1 M LiOH solution. dGalvanostatic charge–discharge curves of Ni/Co-MOF nanoflake
supercapacitor before and after 2000 cycles measured at 2 A g−1. e Schematic illustration for
the fabrication of 3DGN/Mn2O3. f High magnifications SEM image of 3DGN/Mn2O3. g GCD
curves of the electrodes of Mn-BTC, Mn2O3, 3DGN/Mn-BTC and 3DGN/Mn2O3 at 0.2 A g−1;
h Specific capacitance as a function of the current density of the electrodes of Mn-BTC, Mn2O3,
3DGN/Mn-BTC and 3DGN/Mn2O3



4 Supercapacitors 157

energy density and specific capacitance, but pure transition metal The inherent high
resistance and poor cycle stability of oxides greatly reduce their overall effective-
ness. Therefore, the combination of pseudocapacitance materials and carbon-based
conductive materials as electrodes has been widely used to realize high-efficiency
supercapacitor devices to compensate for the inherent defects of metal oxides,
increase overall energy density, and promote cycle stability.

Meng et al. reported a porous Fe3O4/carbon composite supercapacitor electrode
material with excellent temperature resistance and long-term cycle stability [65].
Due to the poor annealing effect of the MOF template, the Fe-MOF template is
easy to calcinate in one step. The template is composed of porous Fe3O4 nanopar-
ticles and carbon, so the preparation of the material can be easily controlled. When
this material is used as an electrode, it has excellent long-term cycle stability to
temperature changes, which may be due to the porous structure and good conduc-
tivity of the composite material. This work provides a new method to prepare porous
carbon/metal oxide electrodes derived from MOF with excellent conductivity and
good capacitance characteristics. Ji et al. proposed a simple strategy to construct
three-dimensional graphene networks (3DGN) and metal–organic materials, using
MOF-derivedmetal oxide composites as free-standing electrodes for supercapacitors
for the first time (Fig. 4.5e) [66]. The manganese-based MOF is first grown in situ
on the 3DGN substrate by a simple solution immersion method, and then subjected
to high-temperature treatment to form a 3DGN decorated by Mn2O3 with a flower-
like stacked nanowire morphology (Fig. 4.5f). The designed 3DGN/Mn2O3 elec-
trode material has ultra-high specific capacitance and excellent long-cycle stability,
and will not decay after 1800 charge and discharge cycles (Fig. 4.5g). The excel-
lent electrochemical performance is derived from the synergistic effect of the high
conductivity and large surface area of 3DGN and the excellent pseudocapacitance
activity of Mn2O3 nanowires. The results indicate that 3DGN/MOF-derived metal
oxide composite materials are promising and effective binder-free electrode mate-
rials for high-performance supercapacitors. Jayakumar et al. prepared highly opti-
mized mixed oxides of nickel and cobalt from the zeolite imidazole framework [67].
The mixed oxide is further used to produce a nickel–cobalt mixed oxide/graphene
3D hydrogel composite material to enhance electrochemical performance through a
continuous and porous graphene conductive network. The electrodemade of GNi:Co
= 1:1 successfully obtained a higher specific capacitance of 2870.8 F·g−1 at 1 A·g−1,
and also showed a capacitance retention rate of 81% after 5000 cycles. Thereby
greatly improving the cycle stability. An asymmetric supercapacitor was also assem-
bled using pure graphene 3D hydrogel as the negative electrode and GNi:Co = 1:1
as the positive electrode. With a 1.5 V potential window and a binder-free electrode,
the capacitor can provide a high specific energy density of 50.2 Wh·kg−1 at a high
power density of 750 W kg−1. This may be due to the synergy between Co, Ni, and
C and the electronic effects that increase the electrochemical performance. Xu et al.
used GO/MOF as the precursor and obtained a variety of rGO/MOF-derived aerogels
through a two-step calcinationmethod [68]. The porousmetal oxide compositemate-
rial prepared by this method has the following advantages: on the one hand, the pres-
ence of graphene can effectively prevent the agglomeration of MOF and its derived
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porous metal oxide; on the other hand, the material has the high metal oxide proper-
ties. The specific capacitance performance has the high conductivity of graphene. At
a current density of 1 A g−1, its specific capacitance is as high as 869.2 F·g−1, and
there is no significant drop in performance after 5000 cycles. In addition, they found
that the method can be used to prepare various graphene/MOF-derived metal oxide
composite materials, such as rGO/ZnO, rGO/CuO, rGO/NiO/Ni, and rGO/Co3O4.
This work provides a new and effective method to prepare MOF-derived porous
composites using GO/MOF composites as precursors. Javed et al. report a conve-
nient hydrothermal method for growing mesopore 2D Zn-Cobalt nanosheets directly
at low temperatures on flexible carbon substrates (Zn-Co–O@CC) with an average
thickness of 45 nm (Fig. 4.6a–b) [69]. The Zn-Co–O@CC electrode showed high
capacitance of 1750, 1573.65, and 1434.37 F·g−1 in the neutral aqueous electrolyte
LiCl, NaCl, and KCl at current densities of 1.5 A·g−1 and KCl, respectively. In up
to 5000 cycles, it has excellent performance at high current densities and has good
cycle stability (>94%) (Fig. 4.6c). In addition, highly flexible asymmetric super-
capacitor devices have been fabricated using Zn-Co–O@CC as the positive elec-
trode and NPC@CC (Zn-Co–O@CC//NPC@CC) as the negative electrode. Asym-
metric supercapacitors can operate under a large potential window of 0.0–2.0 V, and
provide an ultra-high energy density of 117.92 W h kg−1 and a power density of
1490.4 W kg−1, showing excellent energy storage performance. The cycle stability
after 5000 charge/discharge cycles is 94%. These results provide valuable insights
for the preparation of asymmetric supercapacitors for high-efficiency energy storage
devices using bimetal oxide and MOF-derived carbon. Metal oxide has attracted
much attention due to its high theoretical capacitance, wide working potential range,
low cost, natural abundance, and environmental friendliness, but the conductivity and
ion diffusivity of simple metal oxide electrodes will lead to low specific capacitance.
And the performance is poor. The multiplication performance of supercapacitors
hinders its application. Zhou et al. reported a simple and cost-effective method to
directly growMIL-88-Fe-derived-Fe2O3@C on oxidized carbon nanotube fibers (S-
Fe2O3@C/ OCNTF) [70]. The S-α-Fe2O3@C/OCNTF electrode has a high area
capacitance of 1232.4 mF·cm−2 at a current density of 2 mA·cm−2, and a consider-
able power ratio and capacitance retention rate at a current density of 20 mA·cm−2.
And it matches well with the Na-MnO2 NSs/CNTF cathode of CNTF-doped MnO2

nanosheets. Electrochemical test results show that the asymmetric supercapacitor S-
α-Fe2O3@C/OCNTF//NaMnO2NSs/CNTF has a high specific capacitance of 201.3
mF·cm−2 and an excellent energy density of 135.3 Wh·cm−2. Therefore, the MIL-
88-Fe-MOF derivative S-Fe2O3@C will become a promising anode for the next
generation of wearable asymmetric supercapacitors.

In addition to metal oxides, other metal compounds (such as metal sulfides) and
carbon composite materials can also exhibit excellent electrochemical performance.
Qu et al. successfully synthesized a hierarchical porous hybrid electrode composed
of R-NiS and rGO [71]. The electrode was directly sulfided with MOF-74/rGO
hybridmaterial.When tested in supercapacitors, the R-NiS/rGO hybrid electrode has
higher specific capacitance, excellent rate capability, and good cycle life, which is far
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Fig. 4.6 a Schematic illustration of the strategy to directly grow the bimetallic nanosheets (Zn-Co–
O@CC) on a flexible conductive carbon cloth substrate with a short-term post-annealing treatment
at 350 °C in an oxygen atmosphere. bHigh-resolution FESEM images and the average thickness of
nanosheets is about 47.5 nm as indicated. cCharge/discharge curves of the Zn-Co–O@CC electrode
recorded at various current densities ranging from 1 to 15 A g−1. d Schematic illustration for
the synthesis of MOF-derived ultra-thin NiCo2S4 nanoarrays on electrochemical activated carbon
cloth. e High magnification SEM images of Co-MOF/ACC. f GCD curves at different current
densities of Ni-Co-S/ACC-160. g Specific capacitances calculate from GCD curves of all the Ni-
Co-S electrodes, respectively

superior to other nickel-sulfur-based electrodes previously reported. The improve-
ment of electrochemical performance is mainly attributed to the edge enrichment
of (101) and (110) active sites of R-NiS/rGO hybrid materials. Through experi-
mental measurement and DFT-based calculations, they have an effect on the OH
in 2 M KOH electrolyte very strong affinity. In addition, especially when coupled
with the capacitive electrode C/NG-A to construct a hybrid supercapacitor with R-
NiS/RGO/electrolyte/C/NG-A, the hybrid device exhibits a very high energy density
and power density. The developed layered porous hybrid electrode manufacturing
method is suitable for the manufacture of other high-performance electrodes for
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various energy storage and conversion devices. Zhao et al. demonstrated the rational
design and preparation of hollow and ultra-thin nickel cobalt sulfide nanocrystals (Ni-
Co-S/ACC) for flexible hybrid supercapacitors on electrochemically activated carbon
cloth, where Ni-Co-S nanosheets are extracted from the metal–organic framework
by etching/ion exchange method (Fig. 4.6d) [72]. The Ni-Co-S/ACC electrode can
provide very high specific capacitance at a current density of 1 A·g−1 and has good
rate performance. The enhanced electrochemical performance should be attributed
to the hollow and ultra-thin structure of electrochemically activated carbon cloth and
Ni-Co-S nanosheets, resulting in hydrophilicity, good electrical conductivity, and
abundant redox active sites (Fig. 4.6e). When Ni-Co-S/ACC is used as the positive
electrode of a flexible hybrid supercapacitor and activated carbon is used as the nega-
tive electrode, it shows a high energy density of 30.1W h·Kg−1 and excellent cycling
at a power density of 800.2 W·Kg−1 stability (Fig. 4.6g–h). In addition, the excellent
flexibility and wear resistance of hybrid supercapacitors can predict its application
prospects in high-performance wearable energy storage devices.

Finally, this section will provide some personal insights into the future direction
of this attractive research field. We hope that this article can summarize ground-
breaking research and promote new developments based onMOF andMOFs-derived
materials.
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Chapter 5
MOF-Derived Materials for Energy
Conversion

Jianan Zhang, Su Jiang, Dongping Xue, and Xiaoyu Zhang

5.1 Introduction

The massive consumption of fossil fuels and the gradual deterioration of the envi-
ronment force us to develop new renewable energy sources to solve the energy and
environmental crisis in an eco-friendly way, and people have exert a lot of effort in
several directions. On the one hand, many researches aim to promote the evolution
of energy-available gases (such as hydrogen and oxygen) [1]. On the other hand,
some gas (such as carbon dioxide), which aggravates environmental degradation,
can be converted [2], adsorbed [3], and captured through some novel and scientific
strategies [4–9]. Besides, clean and efficient batteries (e.g., fuel cells and metal–air
batteries) are being developed constantly.

As we all know, noble metals or their oxides (Pt, Ru and RuO2, IrO2, etc.)
are regarded as the most advanced catalysts for electrocatalytic reaction [10, 11].
However, due to the high price and low abundance, these catalysts are difficult to be
applied in large-scale electrocatalytic industries. Therefore, people are committed
to looking for alternative for noble metal-based catalysts for industrial applications
of electrocatalyst. The design and synthesis of non-noble metal-based catalysts with
high catalytic activity are obviously the best choice and have attractedmore andmore
attention [12, 13]. As a new type of porous material, the metal–organic framework
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(MOF) has received special attention in the past decades due to its unique physical and
chemical properties and wide range of applications. MOF is a kind of organic–inor-
ganic porousmaterial composed of organic ligands andmetal centers with crystalline
morphology. It has the advantages of unique electronic structure, low coordination
environment, quantum size effect, and metal–support interaction [4–6]. It has broad
prospects for improving electrocatalytic activity, stability, and selectivity in the field
of clean energy conversion and has been developed as new and efficient electrocata-
lystmaterials used inmultiple energy conversion reactions. A large number of studies
have shown that metal single atoms, nanoparticles, metal alloys, metal compounds,
metal-porous carbon hybrids, etc., that derived from MOFs have excellent catalytic
activity and durability [1, 7]. Here, we summarized the current application and devel-
opment of variousMOF-derived electrocatalysts for overall water splitting, hydrogen
evolution reaction (HER), oxygen evolution reaction (OER), oxygen reduction reac-
tion (ORR), and carbon dioxide reduction reaction (CO2RR). And the future ofMOF
derivatives in electrocatalysis field is prospected.

5.2 MOF-Derived Materials for Water Splitting

Water splitting has become a hot topic in the storage and conversion of renewable
energy due to its non-polluting and sustainable advantages [8]. The hydrogen it
produces is a promising clean energy. Generally, water splitting (2H2O → 2H2↑
+ O2↑) is divided into two half reactions, oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER). Under standard conditions, the theoretical cell
voltage forwater splitting is 1.23V.However, since there are dynamic barriers in both
HER and OER, a larger operating voltage is required [9], an effective electrocatalyst
is needed to lower the energy barrier of the water splitting reaction. Based on the
advantages of MOFs, many MOFs and their derivative materials are used for water
splitting. For most MOF materials, stability in acidic or alkaline electrolytes is an
important challenge, because MOF exposed to the electrolyte is easily decomposed,
ligands are easily protonated in acid solutions, and in some cases metal ions may be
converted to metal hydroxide in alkaline solutions gradually [14]. It is difficult for
a catalyst to show excellent catalytic performance for HER and OER at the same
time, and the sluggishness of OER will also restrict the smooth progress of the HER
reaction. The poor electronic conductivity also hinders the further improvement of
the catalytic performance of MOF and its derivatives. In addition, the mechanism by
whichMOFs-based materials are used in HER or OER is still unclear [7]. Therefore,
there are still many obstacles and challenges in exploring the dual-function water
splitting catalysts.
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5.2.1 MOF-Derived Metal Nanoparticles and Clusters
for Water Splitting

In the process of exploring catalysts for dual-functional reactions such as water
splitting, metal nanoparticles have been extensively studied due to their unique and
excellent catalytic performance [8]. However, the high surface energy of nanoparti-
clesmakes themeasy to settle during the reaction process,which leads to inactivation.
At the same time, many by-products produced during the reaction will poison the
catalyst, resulting in a decrease in catalyst activity and reuse rate. Loading nanopar-
ticles through porous materials as a catalytic platform is an effective way to solve the
above problems. MOF, as a porous material that has been widely concerned in recent
years, has also produced many research results in loading nanoparticles. Chen et al.
reported the designed structure of Co-based MOF (ZIF-67) with in situ insertion of
carbon nanotubes (CNTs) and used it as a template to prepare a hybrid of hollow Co
nanoparticles (NPs)-encapsulated N-doped porous carbon nanoframes interlinked
by CNTs (Fig. 5.1a and b) [15]. The resulting Co-NC/CNT hybrid continuous 3D
network has highly exposed active sites and good electrical conductivity, and shows
high dual-functional catalytic performance for rapid water splitting in alkaline solu-
tion. To afford a current density of 10 mA cm−2, the voltage needed is only 1.625 V
with this catalyst (Fig. 5.1c). The unique 3D network architecture composed of the
carbon frame derived from ZIF-67 as joints and the CNT as the linkers can dramati-
cally improve conductivity and mass/charge transfer. The large surface area and the
insertion of CNTs ensure a large exposure of active sites and rapid transportation
of electrolytes and products. Cobalt nanoparticles derived from MOF can achieve
effective exposure and immobilization of active sites in this structure.

Fig. 5.1 a Schematic illustration of the synthesis of Co-NC/CNT. b HRTEM images of hollow Co
NPs and the carbon layers, respectively. c HER polarization curves of Pt/C, Co-NC/CNT, Co-NC
+ CNT, Co-NC, and CNT in 1.0 M KOH. d Schematic representation for the formation of the
NiFe-NFF electrode. e SEM images of NiFe-NFF. f LSV curves of overall water electrolysis for the
two-electrode electrolyzers composed of the prepared anode electrocatalysts and a Pt mesh cathode
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Researches on the water splitting catalysis based on cobalt nanoparticles in alka-
line condition are mostly carried on the matrix of nitrogen-doped carbon materials
[16]. N-doped carbonmaterials exist in the catalysts in different forms and structures,
which are loaded and fix real metal sites in different ways as components of the cata-
lyst. Ai et al. used the unique composition and structure of the cobalt-based zeolite
imidazolate framework (ZIF-67) as a precursor to synthesize cobalt nanoparticles
embedded in porous nitrogen-rich carbon (PNC/Co) [17]. The obtained PNC/Co can
be used as a bifunctional catalyst for water splitting and has high activity to both
HER and OER in a strong alkaline medium. In 1.0 M KOH electrolyte, PNC/Co
requires only a small overpotential at a current density of 10 mA cm−2 and produces
high Faraday efficiency for both HER and OER. When manufactured as an alkaline
water electrolyzer, the dual-function PNC/Co can provide a water splitting current
of 10 mA cm−2 at a battery voltage of 1.64 V.

Due to the special geometric structure and quantum effect of nanoclusters, it has
special physical and chemical properties in light, electricity, magnetism, etc., which
provides the possibility for its application in special fields. Because most or all of
its metal atoms may be exposed to the surface and have a high surface atom ratio,
the unique atomic stacking structure makes it have high surface activity, so it has
an important application value in catalytic reactions. Transition metal catalysts have
received widespread attention in the early stages of catalyst development, and the
research on transition metal nanoclusters in the field of catalysis has also achieved
remarkable results. The introduction of metal nanoclusters into the framework of
MOFs will be a novel research direction. However, metal nanoclusters have insuf-
ficient stability, being surrounded by ligands and low synthesis yield. The loading
of metal nanoclusters into MOFs to form composite materials and their application
in the field of heterogeneous catalysis will face many challenges. In recent years,
MOF-derived metal nanocluster catalysts are more inclined to study bimetallic clus-
ters. Zhu and co-workers reported for the first time the semi-sacrificial template
growth of a self-supporting MOF nanocomposite electrode, which is composed of
ultra-thin nickel-rich Ni(Fe)-MOF nanosheets (which is synthesized fromNiFe alloy
foam) modified by ultra-small iron-rich Fe(Ni)-MOF clusters [18]. In this electrode,
Fe(Ni)-MOF clusters are uniform, with a particle size of 2–5 nm, and the thickness
of Ni(Fe)-MOF nanosheets is only 1.56 nm (Fig. 5.1d and e). When used directly
as a self-supporting working electrode for the oxygen evolution reaction (OER), it
can provide impressive electrocatalytic performance with overpotentials of 227 and
253 mV to reach the current density of 10 and 100 mA cm−2, respectively, which is
far better than the benchmark of RuO2 and most of the most advanced non-precious
metal catalysts (Fig. 5.1f). Further studies have shown that the combination of the
unique nanostructure of the catalyst and the strong coupling effect between the active
sites of Ni and Fe makes it have such excellent catalytic performance of this catalyst.

A large number of researches have been conducted on bimetallic catalysts based
on iron and nickel, which has promoted the emergence of more novel and effective
catalyst design strategies and methods. Lu et al. demonstrated a newly designed
water-stable NH2-MIL-88B (Fe2Ni)-MOF, which is grown in situ on the surface of
a highly conductive 3D macroporous nickel foam (NF), denoted as NFN-MOF/NF
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[8]. The catalyst is an efficient dual-function electrocatalyst, which can achieve ultra-
stable overall water splitting under high current density. NFN-MOF/NF achieved
ultra-low overpotentials of 240 and 87 mV in 1 M KOH at a current density of
10 mA cm−2 for OER and HER, respectively. For total water splitting, only an ultra-
low battery voltage of 1.56 V is needed to reach a current density of 10 mA cm−2,
which is better than the correspondingperformance of the pairing of Pt/ConNFon the
cathode and IrO2 on NF on the anode. At the same time, the NFN-MOF/NF catalyst
showed excellent stability, showing only a small chronopotential decay after 30 h at
500 mA cm−2. The abundant active centers in MOF, bimetallic cluster {Fe2Ni(μ3-
O)(COO)6(H2O)3}, the positive coupling effect between iron metal ion and Ni ion in
MOF, and the synergistic effect betweenMOF andNF endowed the prepared catalyst
with excellent catalytic performance.

Due to the small size of metal nanoclusters, it is easy to be oxidized in the elec-
trochemical system, or aggregate and collapse to reduce the activity, so its electro-
chemical stability needs to be further improved. This is also a big challenge for the
application of metal nanoclusters in the electrochemical field. The unique structure
of MOF is beneficial to solve these problems. However, in terms of electrolysis of
water splitting, there are few studies on whether MOF-derived metal nanoparticle
catalysts or metal nanocluster catalysts are derived from MOFs. In all, there are still
many unknown areas in this field that need to be explored.

5.2.2 MOF-Derived Bimetallic Compounds for Water
Splitting

The metal atoms and organic ligands in the MOF are connected by coordination
bonds to form periodic structural units. Due to their high surface area, mesoporous
structure, and abundant organic ligands, they are an excellent precursor for producing
electrocatalysts [19]. In recent years, in the field of catalysis and energy conversion,
in addition to MOF-derived carbon materials, researches on MOF-derived metal
compounds have also increased significantly.

MOF-derived synthesis methods are mainly used to synthesize single-metal phos-
phides, while the research on MOF-derived bimetallic phosphides is very limited
[20]. MOF can mix different metal atoms in atomic-level periodic structural units
through coordination bonds and should be an ideal precursor for the production of
bimetallic phosphides. The synergistic effect and excellent electrocatalytic activity
for water splitting of bimetal phosphides make it have great potential in this field.
Liang et al. synthesizedNi2P-CoP bimetallic phosphide through the low-temperature
phosphating reaction of Ni-Co bimetallic organic frameworks (Ni-Co-MOFs), in
which phthalic acid was used as an organic ligand to connect Ni and Co atoms
(Fig. 5.2a and b) [21]. The Ni2P-CoP catalyst showed an overpotential of 102 mV
at 10 mA cm−2 of HER, while that of OER showed an overpotential of 320 mV
at 10 mA cm−2, which is better than most granular CoP and Ni2P-based catalysts
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Fig. 5.2 a Schematic of the fabrication of Ni2P–CoP matrix from Ni-Co–MOF. b TEM image
and of Ni2P–CoP derived from the phosphorization of Ni-Co–MOFs. c LSV polarization curves of
Ni2P, CoP, Ni2P+CoP, and Ni2P–CoP in 0.5MH2SO4 electrolyte at a scan rate of 5 mVs−1. d The
corresponding Tafel plot of Ni2P, CoP, Ni2P + CoP, and Ni2P–CoP in 0.1 M KOH electrolyte at a
scan rate of 5 mV s−1. e Schematic procedure for the synthesis of Co-Mo2N hybrid. f The SEM
image of ZIF-67/Mo-MOF. g Polarization curves for S-2-T5, Mo-MOFs-T5, ZIF-67-T5, and Pt/C
in 1.0 M KOH with a scan rate of 5 mV s−1

(Fig. 5.2c). In the obtained catalyst, Ni2P and CoP particles have achieved nanoscale
close mixing, forming many Ni2P/CoP interfaces. Compared with monometallic
phosphides, the strong synergistic effect in the bimetallic Ni-Co-P system gives
HER and OER enhanced electrocatalytic activity (Fig. 5.2d).

When researchers useMOF-derived bimetallic compounds in the field of catalysis,
direct metal conversion may not be able to effectively control the ratio of bimetals.
The strategy of MOF plus MOF can rationally design the ratio of bimetals to a
certain extent, which has attracted researchers’ attention recently. Fu et al. reported
the design of a Co-Mo2N tube based on the “MOF plus MOF” strategy for effective
electrocatalytic water splitting in 1 M KOH [22]. ZIF-67/Mo-MOF is obtained by
solid solution phase assembly method. The effective combination is related to the
similarity of the ligands in the two MOFs. After nitriding, ZIF-67 is converted to Co
metal, and Mo-MOFs are converted to hollow Mo2N, thereby providing a hollow
Co-Mo2N hybrid with a Co outer layer on the Mo2N core (Fig. 5.2e and f). The ratio
of Co and Mo in Co-Mo2N can be easily adjusted, which provides an opportunity to
obtain an optimized catalyst. Electrochemical tests show that the combination of Co
and Mo2N can greatly improve the HER performance of the material. At a current
density of 10 mA cm−2, the overpotential on Co-Mo2N is only 76 mV, which is
much lower than that of Mo-MOFs-derived Mo2N corresponding to 296 mV and
ZIF-67-derived Co-carbon corresponding to 180 mV. Compared with Mo2N and Co,
the hybrid also shows enhanced OER activity. Therefore, Co-Mo2N can be used
as the anode and cathode of the integral water splitting cell with overpotential (η)
of 1.576 V. The increase in HER activity may be attributed to the close contact of
Co and Mo2N that optimizes the adsorption of reagents, the tubular structure which
makes mass transfer easier, and Mo2N with good conductivity which is conducive to
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charge transport. These features are conducive to the improvement of water splitting
catalytic activity.

In the field of catalysis for overall water splitting, researchers have obtained many
MOF-derived catalysts, such as monometals, monometallic compounds, bimetallic
alloys, and bimetallic compounds, through structural design, functional modifica-
tion, and preparation of composite materials. And these catalysts exhibit excellent
performance during the catalytic process. However, MOF-based catalysts for water
splitting, especially single-atom, still lack satisfactory research results, and further
use of the structural advantages and tunable characteristics of MOF to design and
develop catalysts still faces challenges.

5.3 MOF-Derived Materials for HER

The study of hydrogen evolution reaction (HER) is very important in renewable
energy technology and will determine the quality distribution of hydrogen-powered
clean technology in the future. Electrolytic water splitting is an effective and envi-
ronmentally friendly method of producing hydrogen. Electrocatalytic HER can be
carried out in acidic (usually 0.5 M H2SO4 or HClO4) and alkaline (usually 1 M
KOH) electrolytes, but the reaction mechanism is different. The reaction processes
of hydrogen evolution under different conditions are as follows:

Alkaline conditions:

2H2O + 2e− → H2 + 2OH−

Acid conditions:

2H + + 2e− → H2.

Under standard conditions, the theoretical electrolytic cell voltage for water split-
ting is 1.23 V. However, since kinetic barriers appear in both HER and OER, a larger
working voltage is required to activate the reaction. The most important factor that
causes high kinetic obstacles to water splitting is the instinctive catalytic activity of
HER or OER catalysts. As a well-known HER high-efficiency catalyst, Pt has high
current density and low Tafel slope in the HER[10]. However, its low abundance and
high cost limit its application on an industrial scale. Therefore, while pursuing high
catalytic performance under low platinum loading, researchers are also committed
to finding non-noble metal-based HER catalysts.

The recent applications of pristineMOFs and their derivatives in various hydrogen
production technologies have also attracted a large number of researchers’ attention.
MOF-based materials have unique advantages, such as high specific surface area,
crystalline porous structure, and diverse and tunable chemical composition [5]. These
advantages endow MOF-based materials very attractive function in the process of
catalyzing hydrogen release by reducing the reaction potential and accelerating the
reaction rate. MOF used as a HER catalyst mainly relies on the metal catalytic
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active sites inside (Ni, Fe, Co, Mn, Mo, etc.) [23, 24]. In order to expose more
electrocatalytic active sites, constructing nano-2D/3D MOF to increase its surface
area is an effective way to enhance the performance of HER catalyst [25]. In this
section, we will review the researches of MOF-derived metal single atoms, metals,
alloys, and other transition metal compounds (oxides, nitrides, sulfides, phosphides,
etc.) in this field.

5.3.1 MOF-Derived Metal Single Atoms for HER

Due to its almost 100% metal utilization rate, excellent catalytic performance, and
good recyclability, single-atom catalysts have become a new field of catalysis related
to energy conversion in recent years. Unsaturated coordination environment and
unique electronic structure endow single-atom catalysts with excellent catalytic
performance. MOF-derived materials usually inherit most of the characteristics of
MOF and have the same advantages of high porosity and high metal loading as
MOF, which is conducive to effective mass transfer and full exposure of active sites
in the catalytic process. In addition, compared with other synthetic single-atom cata-
lyst synthesis systems, the MOF-based synthesis strategy can easily achieve the
uniform/precise metal doping at the atomic level and maintain the porosity in the
catalyst, which will greatly improve catalytic activity of prepared catalysts. MOF-
derived single-atom catalysts have received great attention in the past few years.
With the help of the spatial separation of MOF, atomic-level catalytic sites at a
certain distance between each metal center can be dispersed. During the pyrolysis
process, the migration of metal atoms will be greatly inhibited, thereby obtaining a
single-atom catalyst. However, although MOF-derived materials have great advan-
tages in the preparation of single-atom catalysts, they are mostly used in carbon
dioxide reduction reactions (CO2RRs) and oxygen reduction reactions (ORRs). For
water splitting and its two half reactions, HER and OER, related studies are very
limited.

The framework derived fromMOF can encapsulate catalytic sites and play an irre-
placeable role in constructing highly efficient HER catalysts. As transition metals,
tungsten and tungsten-based materials (WCx, WNx, WPx, WSx, etc.) are considered
as attractive candidates to replace the noble metal Pt-based catalysts in electrocat-
alytic HER. However, the practical application ofW-based HER electrocatalysts still
faces various challenges. How to enhance its activity and long-term stability in the
HER process is a bottleneck that is difficult to break in the research of W-based HER
catalysts. Cheng et al. supported the singleWatomcatalyst on nitrogen-doped carbon
(W-SAC) derived from a metal–organic framework (MOF), which can perform an
efficient electrochemical hydrogen production reaction with high activity and excel-
lent stability (Fig. 5.3a) [26]. High-angle circular dark-field scanning transmission
electron microscopy (HAADF-STEM) and X-ray absorption fine structure (XAFS)
spectroscopic analysis show that W species are dispersed atomically (Fig. 5.3b and
c). In 0.1 M KOH solution, W-SAC shows a low overpotential of 85 mV at a current
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Fig. 5.3 a HAADF-STEM image of the W-SAC. b Tafel plots of the W-SA and other catalysts.
b–c TEM characterizations of the W-SAC at different magnifications. d HER polarization curves
for the W-SAC. The polarization curves were recorded at 5 mV s−1. e Illustration of the coupled
evolution of single-atom cobalt sites and metallic cobalt sites and their decoupling process. f The
TEM images of Co-SAC. g The LSV curves of catalysts NC, S-NC, Py-ZIF, Co-SAC, and 20%Pt/C
in nitrogen-saturated 0.5 M H2SO4. h The corresponding Tafel slopes of different catalysts in
nitrogen-saturated 0.5 M H2SO4

density of 10 mA cm−2, and the small Tafel slope at 53 mV dec−1 (Fig. 5.3d). The
HER activity of W-SAC is almost equal to commercial Pt/C. Density functional
theory (DFT) calculations indicate that W1N1C3 anchored on the MOF-derived
nitrogen-doped carbon framework may be the active site and plays an important
role in enhancing HER performance. People have been committed to the research
on the structure design of MOF-derived catalysts and metal site binding. However,
the key catalytic process which dominates the catalytic performance related to the
metal sites in the MOF-derived catalyst is still unclear. Chen et al. demonstrated the
coupling evolution of single-atom cobalt sites and Co@CaN sites in the pyrolysis of
Zn/Co bimetallic metal–organic framework (ZnCo-biMOF) (Fig. 5.3e and f) [27].
The removal of metal particles by the sulfur assistant site purification strategy does
not cause a decrease in ORR and HER activity, indicating the main catalytic effect
from atomic cobalt sites. The optimized catalyst exhibits excellent ORR and HER
performance, which is close to the commercial 20% Pt/C catalyst under the same
conditions (Fig. 5.3g and h).

5.3.2 MOF-Derived Metals and Alloys for HER

In the exploration of non-noblemetal-basedHER catalysts, transitionmetals (such as
Ni, Co,W) have attracted attention due to their favorable electronic structure. A large
number of transition metal materials have been designed as high-performance HER
electrocatalysts in acidic, neutral, or alkaline media. MOF derivatives play a variety
of roles in the process of constructing catalysts and further application for HER, such
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Fig. 5.4 a Synthetic procedure for the preparation of Co@N-CNTs@rGO hybrid composites.
b–c TEM image of the representative ZIF-67@ZIF-8@GO composites. d LSV curves at the
current density of 10 mA cm−2 of Co@N-CNTs@rGO, A-ZIF-8@GO, A-ZIF-67@GO, and A-
ZIF-67@ZIF-8 electrodes. e Schematic illustration of the synthesis procedure for porous MoCx
nano-octahedrons. f FESEM image (inset: magnified image; scale bar, 500 nm) of the as-prepared
NENU-5 nano-octahedrons; scale bar, 5 mm. g Polarization curve at 2 mV s−1 in 0.5 M H2SO4.
h Polarization curve at 2 mV s−1 in 1.0 M KOH

as encapsulating catalytic sites and metal sites in their framework as grafted sites
and as precursors for framework formation. Among MOF-derived metal catalysts,
MOF mainly exists as a precursor that becomes a carbon matrix after pyrolysis.
The morphology of the electrocatalyst can also be adjusted by the morphological
design of the MOF precursor or the morphological evolution during/after pyrolysis.
Fang and his co-workers used GO-coated core–shell (Co, Zn)-bimetallic ZIF as the
precursor and produced the embedded in situ N-doped CNTs-grafted ultra-fine Co
nanoparticles in graphene sheets by thermally inducing the reduction and carboniza-
tion of the ZIF-67@ZIF-8@GO precursor simultaneously (Fig. 5.4a–c) [28]. Due to
the synergistic effect of the resulting catalyst, large surface area, and high porosity,
Co@N-CNTs@rGO has highly exposed active sites and enhances diffusion kinetics
and mass transfer. The electrochemical characterization proved that the composite
material can reach 10 mA cm−2 at low potential of only 108 and 87 mV in 1 MKOH
and 0.5MH2SO4, respectively,which is far better thanmost reports of Co-based elec-
trocatalyst in a wide pH range (Fig. 5.4d). MOF-derived metal catalysts usually face
the problems of aggregation ofmetal particles, poor contact between themetal and the
substrate, and insufficient exposure of active sites. In addition to the above-mentioned
grafting, GO sheet wrapping, etc., it can also be solved by usingMOF-derivedmatrix
structure to restrict the catalytic species. Starting from a compound composed of a
copper-based metal–organic framework host and a molybdenum-based polyoxomet-
alate guest, Wu and his workers successfully prepared mesoporous molybdenum
carbide nano-octahedra composed of ultra-fine nanocrystals [29]. This synthesis
strategy relies on the in situ and limited carburization reaction between the organic
ligand of MOF (or its derived carbon-based substance) and the guest polyoxometa-
late (POM) residing in the pores of the MOF host (Fig. 5.4e and f). The introduction
of guest metal species as co-precursors into the MOF host can easily synthesize
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early transition metal (such as Mo, W, and V) carbides. The carburizing process will
be limited to the carbonaceous matrix derived from MOFs organic ligands, which
effectively prevents the agglomeration and coalescence of the carbide nanocrys-
tals generated in situ. Thanks to its porous, solid structure and ultra-fine primary
nanocrystals, the prepared molybdenum carbide nano-octahedrons have excellent
HER electrocatalytic activity under acidic and alkaline conditions (Fig. 5.4g and h).

The metal–organic framework with designable metal ion centers and organic
ligands as a precursor provides a very promising opportunity for the one-step
synthesis of alloy@carbon materials. By changing the metal ion center (such as
Fe, Co, Ni, Cu) and designing organic ligands with different dopants (N, P, S atoms),
various alloys coveredwith dopedgraphene layers are obtained from theMOFprecur-
sors, which may be a promising HER catalyst. Elements with CN groups as connec-
tions and transitionmetals (Fe, Co,Mn, etc.) as metal nodes, Prussian blue analogues
(PBA) are rich in nitrogen and can be used as ideal precursors for non-noble metals to
produce carbon with high nitrogen doping rate. Based on these findings, Yang et al.
synthesized FeCo alloy nanoparticles by directly annealing MOFs nanoparticles in
N2, which were wrapped in a high nitrogen-doped (8.2%) graphene layer [30]. At
10 mA cm−2, the synthesized catalyst showed a low initial overpotential (88 mV),
and the overpotential was only 262 mV. In addition, due to the protection of the
graphene layer, it has excellent long-term durability even after the 10,000th cycle.
This kind of stability is rarely seen or reported in non-noble metal HER catalysts
in acidic media. Density functional theory (DFT) calculations show that nitrogen
dopants can provide adsorption sites for H*, and an appropriate increase in nitrogen
will reduce the �GH* of HER. In addition, the unique structure of the MOF-derived
metal and graphene composite material can also reduce �GH*, thereby improving
catalytic activity.

Obtaining MOF-derived carbon-based metal catalysts under suitable temperature
and inert atmosphere is the current research hotspot of MOF derivatives in the field
of catalysis. The simple synthesis method and good electron transfer ability make it
possible that a large number of experiments and reasonable designs can be developed
to obtain improved catalytic performance and stability. However, the true catalytic
sites of MOF-derived metal-based catalysts have always been controversial, and
people are still committed to the pursuit of the definite answer. For MOF-derived
metal alloys applied to HER, due to the strong synergistic catalysis between metal
nanoparticles, the catalytic activity of the reaction can be significantly improved.
However, there are not many studies on MOF-derived metal alloys. And the type
of the object of study, metal alloy nanoparticles, is limited. The main problems
faced also exist in the efficiency and stability of the catalyst. It is crucial to improve
the activity and durability of the catalyst further and increase the composition ratio
control and design of the involved metals for future research in this field [31].
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5.3.3 MOF-Derived Other Compounds for HER

In addition to rational and effective design ofMOF-derived transition metal catalysts
to improve performance, doping heteroatoms (P, S, Se or Te, etc.) to obtain phos-
phides or sulfides to adjustmetal active sites and/orMOF-derived heteroatom–carbon
hybrids are also an excellent strategy for the design and synthesis of excellent HER
electrocatalysts [32]. Thanks to the diversity of MOF, MOF-derived nanomaterials
can interact with ultra-fine catalytic particles or atoms anchored on a carbon matrix
to synthesis metals and metals/metal oxides/hydroxides, carbides, chalcogenides,
phosphides, nitride, phosphate, or their hybrid. Moreover, introducing heteroatoms
into the carbon material to form a real catalytic substance is an important strategy
for adjusting the electron density of the catalytic metal site to enhance the syner-
gistic effect between the active substance and the heteroatom-doped carbon matrix.
In addition to heteroatom doping, MOF-derived transition metal oxides are also
widely used in the field of energy conversion. A large number of studies based on
transition metal oxide catalysts have been reported for the reaction process of HER.
Wei et al. prepared for the first time a new bifunctional catalyst NiO/Co3O4 concave
microcubic (NCMC) derived from Ni3[Co(CN)6]2 precursor. Under alkaline condi-
tions, this catalyst shows excellent and effective catalytic performance for HER and
OER [19]. First, uniform precursor Ni3[Co(CN)6]2 microcubes were prepared by
precipitation reaction at room temperature, and then the collected microcubes were
gradually calcined in an air atmosphere to obtain NCMC. Finally, a hollow concave
microcube composed of carbon-doped Ni-Co mixed metal oxide was prepared. To
provideHERwith a current density of 10mAcm−2,NCMCshows an overpotential of
169.5mV and has good cycle stability. The excellent activity and stability of the cata-
lyst is mainly attributed to the unique hollow structure, which can greatly improve the
permeability of the electrolyte, which is conducive to the reaction kinetics process.
The carbon introduced by the catalyst can improve the conductivity of NCMC, and it
is also favorable to charge transfer of the HER process. Combining NiO and Co3O4

into a microcube may have a synergistic effect on water splitting and provide more
active sites for the electrocatalytic process. In addition, the unique concave structure
of the resulting NCMC catalyst can provide electrolytes with more contact area,
thereby improving its catalytic activity. Although the HER performance achieved by
this catalyst is inferior to that of the Pt/C catalyst, it is better than most non-noble
metal and HER catalysts.

In recent years, transition metal phosphide (TMP) has a catalytic mechanism
similar to hydrogenase, so it is regarded as a very promising type of HER catalyst.
But for the reaction process of TMP for HER, hydrogen and TMP bind strongly. In
addition, the final conversion to TMP requires high-temperature calcination, but this
will damage the original MOF structure and cause agglomeration of metal centers.
Therefore, people have extensively studied doping cations or anions as an effective
strategy to transform its electronic structure and optimize the free energy of hydrogen
adsorption (�GH*) to further enhance its HER performance. However, since it is
difficult to control the type, amount, and dispersion of dopants, the methods that
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have been reported often have limitations. Through reasonable design, the hybrid
catalyst that combines TMP and MOF can not only have the best �GH*, but also
use MOF to define a well-defined porous structure, both of which are beneficial to
HER performance. Liu et al. reported a controlled partial phosphating process to
create CoP species in Co-MOF, resulting in a CoP/Co-MOF hybrid nanostructured
CoP/CoP/CoP with large electrochemically active surface area (ECSA) and high
electrolyte/mass diffusion rate [33]. Co-MOF hybrids are synthesized on carbon
fiber (CF) paper. These processes include the hydrothermal deposition of Co(OH)F,
the reaction with imidazole vapor to convert Co(OH)F to Co-MOF, and the reaction
with sodiumhypophosphite to achieve partial phosphorylation (Fig. 5.5a and b). DFT
calculations and experimental results show that the transfer of electrons from CoP to
Co-MOF through the NP/N-Co bond can lead to the best adsorption energy of H2O
(�GH2O∗ ) and hydrogen (�GH*). Together with Co-MOF’s unique porous structure,
above-mentioned advantages can significantly improve HER performance. In 1 M
phosphate buffer solution (PBS, pH = 7.0), the overpotential is 49 mV at a current
density of 10 mA cm−2. The excellent catalytic performance surpasses almost all
recorded electrocatalysts based on TMP and non-noble metals. In addition, when the
current density is 10 mA cm−2, the CoP/Co-MOF mixed solution and 1.0 M KOH
and 0.5 M H2SO4 electrolyte show Pt-like catalytic performance of 27 and 34 mV,
respectively (Fig. 5.5c).

Cobalt has the best HER catalytic performance as a transition metal, and the
combination of its phosphide and othermetal compoundsmay achieve better catalytic
performance than the corresponding single-component catalyst. Luo et al. success-
fully prepared a new one-dimensional N-doped graphitic carbon-supported hybrid

Fig. 5.5 a Schematic of the fabrication process of CoP/Co-MOF. b Scanning electron microscopy
(SEM) image of CoP/Co-MOF. c LSV curves in 1 M KOH of Co-MOF, CoP/Co-MOF, CoP,
a-CoP, and Pt/C. d Schematic illustration of the fabrication of the CoP/Mo2C-NC. e TEM of
CoP/Mo2C-NC. f Schematic illustration of the electron immigration between CoP and Mo2C.
g HER polarization curves of the CoP/Mo2C-NC, CoP + Mo2C-NC, Mo2C-NC, CoP, and the
commercial Pt/C (20 wt %) in 0.5 M H2SO4 solution
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electrocatalyst composed ofMo-based carbide andCo-based phosphide (CoP/Mo2C-
NC) (Fig. 5.5d and e) [34]. A simple continuous flow method and post-heat treat-
ment process define the nanostructure and larger specific surface area. Due to the
electronegativity between Co2+ andMox+, a new Co–P–Mo chemical bond is formed
between Co2+ and Mox+ at the interface (Fig. 5.5f). The strong chemical coupling
between CoP and Mo2C triggers the migration of the cobalt electron cloud in
CoP/Mo2C-NC to Mo, which leads to the formation of a high valence state of Co3+

and a lower valence state of Mo (i.e., Mo2+, Mo3+). Providing abundant HER active
sites, which in turn results into the optimization of hydrogen bonding and HER
kinetics (Fig. 5.5g).

In addition to oxides and phosphides, other transition metal compound materials
have been reported for the catalysis of HER. Among non-precious metal-based cata-
lysts, Ni-based catalysts have been extensively studied by researchers. Among them,
nickel nitride has been studied and found to have more active sites, and it has the
potential for faster charge carrier transport and good catalytic performance. But its
uncontrolled structure affects its further application and performance improvement
in the field of catalysis. Mei et al. successfully synthesized nickel nitride on a novel
MOF-derived nickel catalyst from nickel foam at different temperatures (300, 350,
400 °C) (denoted as C–T, T = 300, 350, 400) (Fig. 5.6a and b) [35]. Compared
with other materials, C-350 is proved to have higher catalytic performance for HER,
with a low overpotential of 47 mV at 10 mA cm−2 (Fig. 5.6c). In addition, the
current density can be maintained for at least 24 h, showing its potential in practical
applications. Transition metal selenide exhibits excellent electrochemical reaction
performance due to its abundant redox active sites, larger effective specific surface
area, and shorter ion diffusion path. A large number of studies have shown that tran-
sition metal selenides and their composites exhibit extremely high reactivity to water
splitting electrocatalysis, which can be used for the preparation of clean hydrogen
energy. Zhou et al. synthesized CoSe2 nanoparticles embedded in defective carbon
nanotubes (CoSe2@DC) through the carbonization–oxidation–selenization process

Fig. 5.6 a Schematic of C-350 preparation process. b SEM of C-350. c LSVs of C-350 in 1.0 M
KOH, 1.0 M KOH with 0.5 M urea, and 0.5 M urea. LSV. d Schematic illustration of the synthetic
procedure for CoSe2 @DC. e TEM images of CoSe2@DC. f The Tafel plots of DC, CoSe2,
CoSe2/DC, CoSe2@DC, and 20 wt% Pt/C
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of cobalt-basedMOFs (Fig. 5.6d and e) [36]. According to comparative experiments,
the pre-oxidation treatment before the selenization process is a key step to introduce
more and more defects into the carbon nanotubes, which promotes the reaction
between Co@carbon and selenium and enhances the HER performance. The hier-
archical structure composed of carbon nanotubes derived from Co-MOF results in
a large electrochemical surface area and more HER active sites. In addition, CoSe2
nanoparticles are partially embedded in defective carbon nanotubes. Therefore, on
the one hand, the active sites of CoSe2 nanoparticles can be exposed in the electrolyte
and contribute to HER. On the other hand, the electronic density state of carbon is
adjusted through nonmetal doping and transitionmetal compounds,which introduces
the additional catalytic activity of the carbon shell. Thanks to the synergy between
the CoSe2 core and the defective carbon shell, the prepared CoSe2@DC exhibits
excellent HER activity with high current density and strong catalytic stability. The
initial potential is only 40 mV vs RHE, and the Tafel slope is 82 mV dec−1 in 0.5 M
H2SO4 (Fig. 5.6f).

The research of MOF and its derivatives as an electrocatalyst synthesis platform
has promoted the emergence of various novel and highly active carbon-based elec-
trocatalysts, such as defective carbon nanotubes, carbon nanosheets, and grafted
structures. Based on the previous summary, we can find that MOF is mainly used as
a precursor by pyrolysis in an inert atmosphere during the synthesis of products that
can replace precious metal-based HER catalysts. During the pyrolysis process, the
organic part of the MOF precursor is converted into carbon materials. At the same
time, the metal part evaporates at high temperatures or remains in the carbon matrix
in many possible forms, including atomically dispersed sites and metal-containing
nanoparticles. By selecting a suitableMOF precursor, a carbon-based or metal-based
active material for HER electrocatalysis can be obtained from the MOF-derived
carbon-based material. In addition, the composition of the electrocatalyst can be
further adjusted by introducing additional precursors or treatment after pyrolysis.
The morphology of the electrocatalyst can also be adjusted by the morphological
design of the MOF precursor or the morphological evolution during/after pyrolysis.
Through these methods, most commonly used research active materials for ORR,
OER, and HER electrocatalysis have been obtained from the pyrolysis ofMOF. They
have good morphology, can be used for electrocatalysis of gas escape, and show top
performance.

Looking to the future, the development of MOF and its derivative materials for
HER electrocatalysts is still in progress, with both opportunities and challenges. In
order to realize the practical application of these electrocatalysts in energy devices,
it is necessary to further reduce the overpotential and improve the stability. The
following strategies can be considered to further improve the performance of MOF
derivatives forHER catalysis: (1) In order to increase the exposed active sites, reason-
able control can be used to reduce the particle size of the metal or metal compound
on the MOF to nanometer or even atomic level. (2) The strategy of doping transition
metals (such as Fe, Co, and Ni) and nonmetals (such as N, P, S, and Se) shows effec-
tive performance improvement, indicating that it has high research value. (3) Based
on the study of bimetal or multimetal, MOF can find that the synergy between metal
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elements and derivatives can reduce the HER energy barrier, thereby improving the
electrocatalytic activity. However, the controllable synthesis of bimetal ormultimetal
MOF with adjacent different metal ions is still a challenge. (4) The low conductivity
ofMOF has always been a defect that hinders the improvement of its catalytic perfor-
mance. Choosing a conductive organic linker with conjugated bonds to construct a
conductive MOF and reducing carbon defect sites are two possible and effective
ways to improve its conductivity.

5.4 MOF-Derived Materials for OER

As another half reaction of water splitting, oxygen evolution reaction (OER) has
attracted widespread attention. High-efficiency electrocatalysis for oxygen evolu-
tion is very important for various energy-related processes. The reaction process of
oxygen evolution reaction is as follows:

Alkaline condition:

4OH− → O2 + 2H2O + 4e−

Acid condition:

2H2O → O2 + 4H + + 4e−

Since the four-electron–proton coupling reaction requires higher energy to
decrease the kinetic barrier, higher energy is required to activate the reaction during
the water splitting process, which affects the progress of HER. Therefore, high-
efficiency electrocatalysts used in OER can greatly promote the development of
energy conversion technology. RuO2 and IrO2 as noble metal-based electrocatalysts
have been extensively researched and developed due to their high electrochemical
activity for OER. However, resource shortage and high cost are the main obstacles to
their practical application. Therefore, there is an urgent need to design and construct
non-noble metal-based catalysts with abundant resource and high electrochemical
performance [37]. In the way to achieve this goal, some progress has been made
in the research of catalysts used under alkaline conditions. However, under acidic
conditions, transition metals tend to lose outer electrons, resulting in higher overpo-
tential and the poor stability, which make it difficult to approach the corresponding
performance of ruthenium-based and iridium-based catalysts under acidic condi-
tions. Therefore, the exploration of OER catalysts under acidic conditions is still a
research hotspot [38].

The reports that have appeared also indicate that MOF and its derivatives also
have excellent performance in the field of OER catalysis. However, themain problem
lies in the poor stability of MOF in the catalytic process. In addition, most related
studies will go through the process of pyrolyzing MOF crystals to obtain carbon-
based materials. This step often faces a significant reduction of the surface area of
the MOF. And the pore/channel structure may be also destroyed, which hinders the
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entry of reactants. Therefore, the application of MOF and its derivative materials in
OER still has much unknown area waiting to be explored. Due to the need to increase
the OER reaction rate, the application of MOF derivatives in OER has attracted more
attention than HER.

Similar to HER, the application of MOF derivatives in OER catalysis can also be
divided into metal-derived carbon-based materials and metal compound materials
(such as oxides, phosphides, and sulfides) [39]. Very few studies are devoted to
obtainingMOF-derived single-atom catalysts. Therefore, this sectionmainly reviews
the research progress of MOF derivatives for OER catalysis based on the first two
categories.

5.4.1 MOF-Derived Atomically Dispersed Material for OER

The activity of the electrocatalyst strongly depends on the number of active sites,
which can be increased by reducing the size of the electrocatalyst. Due to the atomic-
level active sites, single-atom catalysts have attracted special attention. However,
research related to MOF-derived single-atom materials for HER, OER, and water
splitting is very scarce. Due to its superior catalytic performance compared with
other transition metals, cobalt is often used as a research object earlier in the process
of exploring related new fields. In the study of single-atom-level catalysts for cobalt
and its compounds, obtaining atomic-level CoOx catalysts is a huge challenge. The
cobalt-based metal–organic framework (MOF) possesses atomically dispersed Co
ions, which stimulates a possible way to partially convert these Co ions into active
atomic-level CoOx species on-site, while retaining the high porosity of MOF. Wang
and his colleagues applied O2 plasma to treat ZIF-67 to form atomic CoOx species
(CoOx-ZIF) in situ in ZIFs as an effective OER electrocatalyst (Fig. 5.7a) [40]. The
porous structure ofMOF provides the possibility for O2 plasma to activate atomically
dispersed Co species (Fig. 5.7b). In addition, plasma is highly efficient for a rapid
treatment, which would not severely destroy the overall structure of the MOF during
treatment. The CoOx species obtained in ZIF-67 shows advanced electrocatalytic
performance for OER, and the coupling of CoOx-ZIF with the conductive support
produces better activity than RuO2 (Fig. 5.7c).

Controlling the size of the catalyst at the atomic level is a very promising way
to improve the performance of the catalyst. Although the research results of SAC
catalysts have appeared in the field of OER, it should be realized that these studies
are still at an initial stage [41]. And the OER performance of SACs is still lower than
other advanced OER catalysts, such as metal (hydrogen) oxides, which is far from
meeting the requirements of industrial applications. The main reasons for this situa-
tion may be the low loading of metals and the limited coordination environment. The
unique atomic-level dispersion structure of MOF provides an excellent precursor for
the on-site atomic-level catalyst formation of OER. Theoretically, MOF itself is a
single-atom-dispersed metal ion, while the low conductivity and fewer electrocat-
alytic active sites of MOF limit their application in electrocatalysts. Therefore, the
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Fig. 5.7 a Preparation of CoOx-ZIF. b TEM images of CoOx-ZIF. c enlarged HAADF-STEM
images of CoOx-ZIF (the atoms of Co are marked by red circles). d LSV curves for OER on
ZIF-67, CoOx-ZIF, CoOx-ZIF/C, and RuO2

construction of uncoordinated metal sites is very important for the research of MOF
derivatives in the field of single-atom electrocatalysis. In the research and exploration
of MOF-derived atomically dispersed OER catalysts, broad prospects and unknown
challenges coexist.

5.4.2 MOF-Derived Metal Materials for OER

Many transition metals have OER activity and are largely insoluble in alkaline elec-
trolytes, for which efficient, alternative, homogeneous, and heterogeneous electro-
catalysts have become a subject of intense focus. Due to their inherent characteristics,
including large surface area, unique porosity, and tailorable functionality,MOFswith
various types of catalytic sites can be used to construct homogeneous and heteroge-
neous catalysts. Although MOFs have abundant metal sites, few of them have been
directly used for electrocatalysis due to their poor conductivity. It is reported that
Ni-, Fe-, and Co-based MOFs are catalytically active for OER according to recent
researches, while there is still much room for the MOFs with large sizes to improve
their catalytic performances [42].

Cobalt-based MOF has obvious catalytic activity for OER, but the catalytic
performance of large-size MOF still needs to be further improved. As an emerging
kind of nanomaterial, ultra-thin 2D nanomaterials have been extensively studied by
researchers. Therefore, in recent years, ultra-thin two-dimensional MOF nanosheets
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have emerged as an attractive class of chemical and structural materials, but their
applications in catalysis are very few. Xu and colleagues synthesized ultra-thin two-
dimensional Co-MOF nanosheets from a mixed solution of Co2+ and phthalic acid
(BDC) by a one-pot hydrothermal method (Fig. 5.8a and b) [43]. Due to its ultra-
thin thickness and high accessibility of active sites exposed on the surface, two-
dimensional Co-MOF nanosheets exhibit excellent electrocatalytic performance.
Under alkaline conditions, the Tafel slope (74 mV dec−1) of the ultra-thin two-
dimensional Co-MOF nanosheet catalyst is lower than that of the micro–nano-Co-
MOFs (94 mV dec−1), and the bulk Co-MOFs (122 mV dec−1) and RuO2 (118 mV
dec−1), indicating that the ultra-thin 2D Co-MOF nanosheet catalyst has excellent
OER kinetics. The obtained product exhibits excellent electrocatalytic activity for
OER and has excellent and rapid electron/mass transfer capability. It only needs a
low overpotential of about 263 mV to reach 10 mA cm−2 under alkaline conditions
(Fig. 5.8c) and maintains good electrochemical stability within 12000 s, which is
better than most previously reported catalysts based on MOF.

During the pyrolysis of MOF, carbon or an external reducing agent can reduce
metal ions tometal or alloy nanoparticles,which is expected to provide excellentOER
activity. Adjusting the type and proportion of metal ions in the MOF precursor can
affect the composition of metal/alloy nanoparticles in the pyrolysis product. Unlike
monometal-based MOF derivatives, metal atoms in metal/alloy nanoparticles with
different compositions have different electronic structures, so MOF-derived bimetal
and even multimetal-based catalytic materials exhibit different OER activities. Zou
et al. prepared a Fe and Ni-based MOF (Fe2Ni MOF) on nickel foam by a one-
pot method. The MOF exhibited a loose nanosheet structure [44]. The interaction
between the adsorbed OOH species and the transition metal 3d orbital is the key
to determine the OER activity of transition metal-based materials. The bimetallic
system accelerates the electron transfer between Fe3+ and Ni2+ through the oxygen
of the ligand, thereby increasing the 3d orbital electron density of Ni. Fe2Ni MOF

Fig. 5.8 a Schematic illustration of the synthesis of ultra-thin two-dimensional cobalt–organic
framework (Co-MOF) nanosheet catalysts. b EDX elemental mapping images of C, Co, and O in
the nanosheets. c Magnified polarization curves of ultra-thin 2D Co-MOF nanosheet, micro–nano-
Co-MOF, and bulk Co-MOFmaterials. Comparative potentials at current densities of 10 mA cm−2.
dSchematic illustration for the synthesis ofCo-MOF@Fe-MOF. e–gTEMimages ofCo-MOF@Fe-
MOF. h LSV polarization curves toward OER in 1 M KOH with scanning rate of 5 mV s−1
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is different from other NiFe-MOFs. Firstly, the MOF is not just a mixture of Fe-
MOF and Ni MOF, but a composite of Fe and Ni, so that electron transfer can be
performed between Fe andNi elements to improveOERactivity. Secondly, the ligand
of Fe2NiMOF is different from other NiFe-MOF, so it has a special morphology that
can increase active sites. Finally, the success of the Fe2Ni MOF/NF catalyst of the
present invention is attributed to the synergy between MOF and NF. In particular,
Fe2Ni MOF/NF has better performance in OER compared with single-metal MOF
materials (Fe-MOF/NF and Ni MOF/NF). It exhibits a low overpotential of 222 mV
at a current density of 10 mA cm−2, and the Tafel slope is 42.39 mV dec−1.

In addition to bimetallic MOF composites, metal-based MOF hybrid systems can
also exhibit excellent catalytic performance. It is generally believed that the high
activity of IrO2 and RuO2 catalysts in OER is attributed to the moderate bonding
of their intermediates, such as OH and O–O. By contrast, the adsorption energy of
these intermediates on non-precious transition metals (e.g., Fe, Co, Ni) is too strong
or too weak, making the catalytic activity of the catalyst relatively low. The coupling
of iron and cobalt sites can adjust the bonding strength of these species on the metal
sites, thereby obtaining enhanced OER activity. For FeCo-based bimetallic catalysts,
Fe sites are the main catalytic active centers, while the main function of Co species
is to provide a conductive network and synergistic effects of sites. Liu et al. used
a step-by-step synthesis strategy to synthesize a hybrid MOF material composed
of iron-based MOF and cobalt-based MOF, with graphene oxide nanosheets as an
additive (Fig. 5.8d–g) [45]. The results show that the electrocatalytic activity of
hybrid MOF materials for OER is higher than that of single-phase materials. The
electrochemically inert Fe-MOF material on the surface of Co-MOF can signifi-
cantly enhance the catalytic performance. In order to achieve a current density of
10 mA cm−2, MOF based on mixed CoFe requires only 290 mV of overpotential
in 1 M KOH (Fig. 5.8f) The catalytic activity can be maintained for a longer time,
while the current density is only slightly reduced, indicating its good cycle stability.
According to a series of characterization analysis, in the hybrid, the tightly packed
Fe-MOF and Co-MOF nanosheets can expose more metal centers to achieve effec-
tive intermolecular synergistic interaction. The excellent OER activity of Co-MOF@
Fe-MOF can also be attributed to the abundant formation of defects or voids during
electrochemical activation to promote active site exposure. At the same time, the
presence of graphene oxide nanosheets and carbon-based framework in MOF may
also inhibit the agglomeration of active Co–Fe species.

Althoughmany reported bimetal ormultimetalMOFderivative catalyticmaterials
exhibit certain advantages over single-metal catalysts, it is not just a simple hybridiza-
tion ormixing ofMOF-derived single-metal catalysts leads to better catalytic activity
than that of the component of the MOF. Many factors, such as the ratio of the metal,
the choice of the matrix, the form and structure of the catalyst, the synthesis method,
and the solvent, will affect the activity of the non-monometallic catalyst [31].
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5.4.3 MOF-Derived Other Compound Materials for OER

For certain metal-based active materials, including metal oxides, chalcogenides,
nitrides, and phosphides, surface oxidation during OER can further enhance their
OER activity. Due to the improved surface properties and electronic structure, TMP
shows great OER catalytic activity. In general, TMP materials have lower electrical
conductivity and smaller surface area, resulting in poor electrocatalytic performance.
Generally speaking, under certain conditions, MOF-derived functional nanomate-
rials can retain part of the precursor characteristics with higher specific surface
area and uniform element distribution. This inspired researchers to combine the
favorable structure of MOF with TMP materials to construct effective catalysts.
Some studies have used MOF materials as precursors to produce a series of TMP
materials (CuP, CoP, NiP, FeP, NiFeP, etc.) for electrocatalysis. Xu et al. prepared
Fe3Co bimetallic MOFs with different compositions by a sodium hydroxide-assisted
method. Through continuous carbonization and phosphorylation reactions, a series of
MOF-derived multi-component products were synthesized (denoted as FexCoy-P/C)
(Fig. 5.9a and b) [37]. Compared with the commercial RuO2 catalyst, the obtained
P-doped product has enhanced OER electrocatalytic performance in alkaline elec-
trolyte (Fig. 5.9c). The characterization result proves that the FexCoy-P/C product
made from FexCoy-P/C also shows a lower charge transfer resistance (the resistance
of the charge transfer) Rct than FexCoy/C product and the commercial RuO2 catalyst,
which is attributed to the increase in electronic conductivity in the presence of multi-
componentmetal phosphides. In theprocess of preparing transitionmetal phosphides,
the phosphating process uses an external phosphorus source, which is usually accom-
panied by the presence of toxic gas PH3 and/or explosive white phosphorus, which
is toxic and dangerous. Huang et al. [46] designed a novel and less toxic strategy for
preparing TMP materials without adding external phosphorus sources. Appropriate
P-containing ligands and transition metal salts were selected to synthesize a stable
cage structure. And thenwith the P-containingMOFused as the precursor, 3D hollow
barrel-shaped FeNiP/C-900 nanoparticles are easily obtained by Fe(NO3)3 etching
and heat treatment (Fig. 5.9d). Furthermore, the bimetallic phosphide embedded in
the carbon matrix is pyrolyzed at 900 °C (expressed as FeNiP/C-900), maintaining
the shape of a hollow barrel precursor (Fig. 5.9e), having a high specific surface
area, and exhibiting high efficiency. The OER electrocatalytic activity has a current
density of 10 mA cm−2 at an overpotential of 229 mV. And the Tafel slope is only
74.5 mV dec−1 (Fig. 5.9f and g).

Transition metal oxides of MOF derivatives are the main research object in this
field and have been widely used in energy conversion. Ma et al. prepared Co3O4

nanocrystals in an N-doped mesoporous graphitic carbon layer/multi-walled carbon
nanotube (MWCNT) hybrid through the carbonization and subsequent oxidation
process of a MOF based on carbon nanotubes (Fig. 5.10a and b) [47]. As a result, in
an alkaline medium, the hybrid material catalyzes OER with an initial potential of
1.50 V (relative to the reversible hydrogen electrode) and an overpotential of only
320 mV to achieve a stable current density of at least 25 of 10 mA cm−2 (Fig. 5.10c).
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Fig. 5.9 a Synthetic process of the FexCoy-P/C. b SEM and TEM (inset) images of Fe1Co2-P/C.
c LSV curves of the as-prepared FexCoy-P/C and CoP/C. d Schematic illustration of the synthesis
of in situ MOF-derived bimetallic phosphide composite. e TEM images of Fe–Ni-HNP. f The OER
polarization curves. g The corresponding Tafel plots at 1.0 V vs. scan rates of FeNiP/C-700, 800,
900, 1000 and Ir/C in 1.0 M KOH electrolyte
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Fig. 5.10 a Schematic illustration on the synthesis of Co3O4@C-MWCNTs. b TEM image of
Co3O4@C-MWCNTs. cLSVcurves ofMWCNTs,MOF,MOF-MWCNTs, Co@C-MWCNTs, and
Co3O4@C-MWCNTs in an O2-saturated 1.0 M KOH solution (scan rate 5 mV s−1). d Fabrication
of Ni3 [Co(CN)6]2 microcubes and preparation of NCMC by heat treatment of the precursors at
different temperatures. e The OER overpotentials of carbon paper, NCMC, and RuO2 to achieve a
current density of 10mA·cm−2. f Schematic illustration of the fabrication process of CeOx/CoS@L-
CeO2NRs. g Schematic illustration of the synthesis of in situ MOF-derived bimetallic phosphide
composite

Compared with oxides, metal sulfides have higher electrical conductivity, which
are a new frontier in finding affordable, active, and stable OER catalysts. Recently,
due to good catalytic performance, low cost, and structural stability, transition metal
sulfides (TMS) have attracted great interest. In particular, S, which has high elec-
tronegativity in TMS, can extract electrons from transition metals and then can be
used as an active site to stabilize reaction intermediates, thereby improving the effi-
ciency of OER. Manthiram and his co-workers successfully prepared MOF-derived
mixed metal sulfide catalyst (FeCoNi-S@ZIF) by combining cobalt, iron, and nickel
into a MOF structure (ZIF-67) followed by a vulcanization process [48]. The onset
potential to OER is about 1.56 V vs. RHE. Under the chronoamperometric test, the
catalyst showed excellent stability. The study also found that through proper pretreat-
ment and proper control of the synthesis temperature, the OER performance of the
catalyst can be greatly improved, increasing the onset potential by approximately
100 mV (compared to RHE from 1.66 to 1.56 V).

Based on the extensive research on transition metal oxides and sulfides, people
have also tried to combine the two to obtain hybrid catalytic materials with excel-
lent catalytic performance. In the field of lattice strain engineering, MOF with
unique dynamic characteristics becomes an ideal candidate material. Tang et al.
stringed together a single CeOx/CoS unit derived from MOF with CeO2 nanorods
(NRs) through an ingenious strategy of simultaneously engineering lattice strain and
high-energy interface (Fig. 5.10d) [49]. The homologous long CeO2 nanorods (L-
CeO2NRs) were selected as hard templates to induce the nucleation and growth of
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the prototype zeolite imidazole salt skeleton ZIF-67. After that, ZIF-67 was used
as a sacrificial template to produce CeOx/CoS@L-CeO2N with a core–shell hybrid
nanostructure similar to the riboshell form. The wire penetrating nano-cage struc-
ture similar to candied haws can achieve strong coupling between adjacent CeOx and
CoS units, improve electrical conductivity, and facilitatematerial transport and corre-
sponding synergistic effects (Fig. 5.10e and f). The interconnection between adjacent
CeOx/CoS cells causes lattice strain, which in turn forms a large number of lattice
distortions and lattice defects. This series of effects brings more available active sites
to this special structure. Characterization data indicate that the synthesized catalyst
can effectively promote OER process. In an alkaline environment, it can effectively
catalyze water oxidation, with a low onset potential of 238 mV (at a current density
of 10 mA cm−2) and a low Tafel slope of 42 mv dec−1 (Fig. 5.10g), and it has consid-
erable operational stability. The multifunctional MOF derivative with the shape of
Chinese candied haws inherits the advantages of theMOF-derived CeOx/CoS hybrid.
The function of this material can be compared with or even surpassed most reported
cobalt-based electrocatalysts and commercialized Ir/C catalysts.

To sum up, MOF-derived metal-based carbon materials and metal compounds
have been widely used in the catalytic process of OER. Among metal-based carbon
materials, in addition to single metals, bimetal and mixed-metal-based carbon mate-
rials are constantly studied and show excellent catalytic activity and stability. It
was found that other elements in metal compounds could bring more active sites.
Through reasonable structural design, optimization of synthesis process, and crystal
engineering to induce lattice strain and generate high-energy interfaces, many effec-
tive strategies have been developed for the preparation of functionalMOFderivatives.
However, researches on the OER reaction under alkaline conditions still make up
the majority. The transition metal-based catalysts applied under acidic conditions
still need to be studied to replace the noble metal-based RuO2 and IrO2 and obtain
cost-effective catalysts for industrial-scale applications.

5.5 MOF-Derived Materials for ORR

The increasing energy consumption and environmental degradation around theworld
have aroused great interest in the research of using green and efficient electrochem-
ical technology to develop sustainable energy conversion and storage systems. Fuel
cells and metal–air batteries have become highly anticipated electrochemical energy
conversion devices due to their high energy density, excellent energy conversion effi-
ciency, and low fossil fuel dependence. The performance of fuel cells and metal–air
batteries depends on the oxygen reduction reaction (ORR) on the cathode, but the
reaction is very slow in kinetics, so ORR electrocatalysts are needed to accelerate.

The ideal oxygen reduction reaction should be that O2 is fully reduced to H2O,
and no intermediate product H2O2 is produced, because H2O2 will cause serious
oxidation and corrosion problems under the excitation of catalysts (including Pt).
But in fact, for most catalysts, a mixture of 2e− and 4e− often occurs. Therefore,
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the 4e− reaction selectivity of the catalyst has also become an important indicator
for evaluating the quality of ORR catalysts. Similar to HER, at present, Pt-based
catalysts are still ORR catalysts with the highest activity, the lowest overpotential,
and the highest 4e− reaction selectivity. However, the current low-Pt catalysts still
do not meet the standards for industrial application in terms of total Pt dosage and
intrinsic activity, which hinders their large-scale application in fuel cells and metal–
air batteries. In addition to high cost, Pt-based catalysts also have many problems
such as easy poisoning, aggregation, and poor durability. Therefore, the development
of high-activity, low-cost, and stable ORR catalysts is of great significance to the
practical application of fuel cell technology [50].

MOF derivatives, especially MOF-derived porous carbon nanomaterials, have
been extensively studied as ORR electrocatalysts to solve the difficult problem of
industrial application of Pt-based catalysts. The surface area and porosity of MOF-
derived NPC nanomaterials play an important role in their catalytic performance
for ORR. The best ORR performance of catalysts derived from MOF precursors
is usually obtained by optimizing the porosity and surface area of those derived
catalysts [51].

5.5.1 MOF-Derived Nonmetallic Carbon-Based Materials
for ORR

Since the doping of nonmetallic heteroatoms (especially nitrogen) can adjust the
intrinsic characteristics of functional carbon materials, such as internal microstruc-
ture and composition, electronic characteristics, and surface and partial electrochem-
ical characteristics, it always leads to a lower oxygen adsorption energy barrier and
activates or significantly improves the electrocatalytic activity of ORR. Therefore,
nonmetal-doped carbon-based electrocatalysts show a huge research prospect for the
development of ORR. Researchers have observed that carbon catalysts containing
nitrogenmaterials involving carbon nanotubes (CNTs), graphene, and hollow carbon
spheres show good electrical conductivity and high selectivity to ORR and serve as
excellent nonmetallic electrocatalysts for ORR. This can be attributed to the inherent
electronic properties derived from the conjugation between the graphene π system
and the nitrogen lone pair of electrons. So that the carbon-based material exhibits
good catalytic activity, low overpotential, and good electrochemical properties. In
recent years, more and more researchers have prepared nonmetal-heteroatom-doped
carbon-basedmaterials usingMOF as a template, applied them to the electrocatalytic
reaction of ORR, and obtained satisfactory results.

Zhu et al. developed aMOF (ZIF-8)-derived N-doped porous carbon (NPC) nano-
material as a highly active ORR catalyst, which not only enhances the exposure
activity of NPC through the KOH activation strategy, and the surface defects are
enhanced due to the expansion of the holes (Fig. 5.11a) [52]. Experiments show that
KOH activation not only enlarges the pore size of ZIF-8-derived NPC nanomaterials
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Fig. 5.11 a Schematic diagram of the synthesis of the pore size-enlarged NPC nanomaterials
derived from ZIF-8 precursors. b High-resolution TEM images of the NPC-4 sample. c Linear
sweep voltammograms of ZIF-8-derived NPC nanomaterial, KOH-activated ZIF-8-derived NPC
nanomaterials, and Pt/C (20%) in O2-saturated 0.1 M KOH solution at a scan rate of 10 mV·s − 1

with 1600 rpm. d Free energy of different N structures. e Schematic illustration of the fabrication
of the N, S co-doped nano-carbon as the electrocatalyst toward ORR. The ZIF-8 precursor and
thiourea are used as C/N and S precursors, respectively. f TEM image of N,S-NH3-C-7. g Bar
diagrams representing the atomic concentration of four kinds of nitrogen species (left); atomic
structure of the N,S-doped nano-carbon with chemical bonding configurations of nitrogen and
sulfur dopants (right). h Linear sweep voltammograms (LSVs) of ZIF-C (black), NH3-C-7 (blue),
N,S-NH3-C-7 (red), and 20% Pt/C (cyan) in O2-saturated 0.1 M KOH solution at 1600 rpm with a
scan rate of 10 mV s−1 after background subtraction
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and produces many mesopores, but also produces a large number of defects in NPC
nanomaterials (Fig. 5.11b). MOF-derived NPC nanomaterials activated by 4 h in
KOH (NPC-4) showed an activity of 0.257 mA cm−2 at 0.9 V vs. RHE, which is
almost 10 times that of NPC nanomaterials (0.0265 mA cm−2). Compared with the
commercially available Pt/C, NPC-4 has comparable ORR activity, higher stability,
and better tolerance to methanol. Moreover, compared with N-doped carbon, defec-
tive N-doped carbon is more beneficial to ORR, because the existence of defects will
increase the O adsorption capacity and promote the ORR process (Fig. 5.11c and d).

When nitrogen is doped, other heteroatoms are added at the same time. Because
nitrogen and other heteroatoms have a direct synergistic effect, they can jointly
improve the electronic structure of the catalyst. Therefore, this co-doped carbon-
basedmaterial can also be used as an electrocatalyst to improve the electrical conduc-
tivity and chemical properties of ORR. Sun et al. introduced the preparation of N and
S co-doped nano-carbons derived fromMOF precursors as electrocatalysts for ORR
(Fig. 5.11e) [53]. The results show that theMOF-derived N, S co-doped nano-carbon
has a higher specific surface area (2439.9 m2 g−1) and a porous structure (Fig. 5.11f).
Importantly, compared with the commercially available Pt/C catalysts, the N and S
co-doped nano-carbons exhibit higher catalytic activity for ORR, better long-term
stability, andmethanol tolerance. The calculation results show that the excellent elec-
trochemical performance of nano-carbon co-doped with N and S is mainly due to
the synergistic effect of N and S dopants. In addition, this work revealed for the first
time that N, S coupled dopants in nano-carbon can produce active sites with higher
ORR catalytic activity than separate N and S dopants (Fig. 5.11g and h).

The discovery of the relationship between structure and performance of
nonmetallic heteroatom-doped/co-doped nano-carbon provides guidance for the
design of high-performance electrocatalysts.

5.5.2 MOF-Derived Metal Single-Atom Dispersion Materials
for ORR

Carbon-based catalysts with transition metals and nitrogen (M-Nx/C, M = Fe, Co,
etc.) are one of the most promising alternatives to Pt-based catalysts. Because of
its excellent ORR performance and rich ingredients, it has attracted widespread
attention. It is generally believed that the high intrinsic activity (such as turnover
frequency) of the active center in the M-Nx/C catalyst is mainly derived from the
nitrogen coordinated single atom embedded in the carbon matrix, and its oxygen
adsorption energy is close to optimization. In addition, the high specific surface area
and good porous structure of M-Nx/C promote ORR performance by exposing a
large number of active centers.

At present, Fe single atom is one of the single-atom catalysts most synthesized by
researchers. Deng et al. reported a hollow carbon nanopolyhedral catalyst dopedwith
N and a single Fe atom, which was prepared by pyrolyzing hollow ZIF-8 with iron
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acetylacetonate and g-C3N4 [54]. The catalyst retains the polyhedral morphology
of its precursor and only has the Fe-N4 part promoted by g-C3N4 nitridation. The
catalyst exhibits excellentORRactivity in both acidic and alkalinemedia. In addition,
its ORR stability in acidic and alkaline media exceeds that of commercial Pt/C.
Most notably, the catalyst exhibits ultra-high performance in H2/O2 proton exchange
membrane fuel cells (PEMFCs). Lin et al. used an open framework platform with
abundant chelating ligands to prepare a series of stable metal SAC [55]. The metal
ions are first fixed on the active bipyridine site by post-synthesis modification and
then undergo pyrolysis and acid leaching. Interestingly, it is found that each metal
atom is coordinated to five N atoms, while the average coordination number reported
previously is four. The prepared Fe SAC/N–C catalyst has excellent ORR activity
(half-wave potential of 0.89 V), excellent stability, and good methanol tolerance.
DFT calculation results show that the coordinated pyridine can well regulate the
interaction strength of oxygen on Fe ions, thereby improving ORR activity. More
importantly, it has been proven that this strategy can be successfully extended to
the process of preparing other transition metal SACs, only by changing the metal
precursor used in the metallization step.

Whenpreparing atom-dispersedFe–N-Ccatalysts, it is difficult to avoid the forma-
tion of iron clusters containing iron carbides (FexC/Fe) and the required carbon
matrix containing dispersed FeNx sites. Therefore, an indeterminate amount of ORR
occurs,making it difficult tomaximize the catalytic efficiency. Therefore, Zhang et al.
proposed to use sulfurization to improve the activity of FexC/Fe for ORR catalysis
(Fig. 5.12a) [56]. In addition to its excellent activity in alkaline media, FeNC-S-
FexC/Fe exhibits better ORR activity and durability in acidic media, its 0.821 V
half-wave potential is better than commercial Pt/C catalysts (20%), and even after
10,000 cycles, its activity will not decay. Therefore, FeNC-S-FexC/Fe can be used
as a high-performance ORR catalyst in zinc–air batteries. The FexC/Fe clusters and
Fe-S and C–S–C bonds increase the original FeNx active centers (Fig. 5.12b–e).
Similarly, Jin et al. prepared Fe, N, and S co-doped carbon matrix/carbon nanotube
nanocomposites (Fe–N–S CNN) by pyrolysis of ZIF-8 impregnated with iron salts
[57]. Benefiting from the synergistic effect of carbonmatrix and nanotubes, abundant
iron nitride, and thiophene-S active sites, Fe-NS CNN has excellent ORR perfor-
mance, and the half-wave potential under alkaline conditions is 0.91 V vs. RHE.
Under acidic conditions, it was 0.78 V vs. RHE, while commercial Pt/C catalysts
were 0.85 V vs. RHE and 0.795 V vs. RHE, respectively.

In addition to Fe single atoms, Co single atoms can also be used in electrocat-
alysts to improve the electrochemical performance of ORR. Yin et al. reported a
new strategy, which pyrolyzes the Zn/Co metal–organic framework at high temper-
ature, evaporates Zn, and can achieve stable Co single atom on nitrogen-doped [58].
The obtained Co-Nx single center shows excellent ORR performance, its half-wave
potential (0.881 V) is more positive than commercially available Pt/C (0.811 V)
and most reported non-noble metal catalyst, and the metal loading exceeds 4 wt%.
Surprisingly, the obtained Co-Nx single center shows excellent ORR performance,
and its half-wave potential (0.881 V) is more positive than commercially available
Pt/C (0.811 V) andmost reported non-noble metal catalyst. The durability test shows
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Fig. 5.12 a Synthesis scheme of the FeNC-S-FexC/Fe catalyst. b Atomically scaled HAADF-
STEM image. c Room-temperature 57Fe Mössbauer spectrum of FeNC-S-FexC/Fe. d FT of the
EXAFS of FeNC-S-FexC/Fe. e LSV curves of ORR in O2-saturated 0.1 M HClO4 at 1600 rpm
for different catalysts. f Schematic illustration for the two-step synthesis of Fe2-N–C. g HAADF-
STEM images of Fe2-N–C. h The k3-weighted Fourier transform experimental Fe K-edge EXAFS
spectrum (black line) and the fitting curve (red line) of Fe2-N–C. i ORR polarization curves in
O2-saturated 0.5 M H2SO4 solution at a sweep rate of 10 mV s−1 and rotation speed of 1,600 rpm.
jLT-FTIR spectra after O2 adsorption on Fe1-N–C, Fe2-N–C, and Fe3-N–C at 140K. The optimized
adsorption configurations, adsorption energies (EO2), and O–O bond lengths for O2 molecules on
Fe1-N–C, Fe2-N–C, and Fe3-N–C
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that the Co single atom exhibits excellent chemical and thermal stability during the
electrocatalytic process, and can resist sintering at 900 °C. This discovery opens up
a new procedure for conventional and practical synthesis of various materials with
single atoms, whichmay help new discoveries at the atomic level in condensedmatter
materials.

Atom-dispersed transition metals are ideal for N-doped carbon catalysts in alka-
line solutions, but they still have low activity and durability in acidic media. Xiong
et al. reported a new strategy to precisely rotate the number of Fe atoms in clusters
on N-doped carbon from the perspective of the oxygen adsorption configuration on
the catalytic center and the substrate effect (Fig. 5.12f and g) [59]. Due to the adsorp-
tion of peroxygen-like oxygen and appropriate N species and content, Fe2-NC has
good acidic ORR activity. Compared with commercial Pt/C, the half-wave potential
difference is only −20 mV, and it has good durability (Fig. 5.12h–j). These results
show that the design of the catalyst, by precisely adjusting the number of Fe atoms
in the cluster, can promote the understanding of the oxygen reduction mechanism
and promote the commercialization of proton exchange membrane fuel cells.

Fe–N–C materials have been proven to be promising non-noble metal electro-
catalysts for ORR, but their activity and durability in acidic electrolytes are still far
from satisfactory. Jiang et al. prepared bimetallic (Fe, Ni)-nitrogen-doped carbon
(FeNi-NC) by thermally blending Fe and Ni ZIF-8 [60]. The activity of FeNi0.25-
NC catalyst on ORR is equivalent to that of commercially available Pt/C catalyst.
In particular, due to the excellent tolerance of Fe and Ni active sites to phosphate
anions, FeNi0.25-NC shows superior ORR activity in phosphorous acid electrolytes
than commercially available Pt/C catalysts. Studies have shown that Ni plays a dual
role in improving ORR activity and Fe–N–C stability. On the one hand, Ni–N and
Fe–N partially synergize ORR, especially in high ORR overpotential regions; on the
other hand, Ni acts as a catalyst during high-temperature carbonization to promote
graphitization and improve the stability of FeNi-NC catalyst. This work provides
an effective bimetallic strategy for adjusting the activity and stability of the ORR
M–N–C catalyst in acid electrolytes.

5.5.3 MOF-Derived Other Metal Materials for ORR

Metal/metal compound nanoparticles show high activity for the catalytic process
of ORR. However, the dissociation, migration, and aggregation of these nanoparti-
cles always result in decreased activity and stability. Anchoring metal nanoparticles
on the surface of the carbon substrate through structural defects and heteroatoms,
or confining them in the cavities, is an effective method to solve these problems.
MOFs are sacrificial agents and templates widely used in porous carbon materials.
An obvious advantage of MOFs rawmaterials is that by simply replacing the organic
ligands ormetal centers of the composition, the composition ofMOFs can be changed
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to bind specific heteroatoms and metal species in situ. In addition, additional func-
tional metals can be introduced by constructingmultimetal centerMOFs or confining
metal ions to the cavities of MOFs.

Cui et al. adopted a simple strategy to limit the growth of MOFs in graphene
aerogel (GA) and rationally designed and synthesized a new type of nitrogen-
containing graphene aerogel–cobalt in the catalyst (Co–N-GA) (Fig. 5.13a) [61].
It is worth noting that Co–N-GA exhibits hierarchical porosity, involving microp-
ores, mesopores, and macropores, and a high specific surface area (466.6 m2 g−1)
(Fig. 5.13b). More importantly, thanks to the synergistic effect of layered porosity,
high surface area, N-doped carbon, and internal metal Co, the catalyst Co–N-GA
exhibits exceptionally excellent activity on ORR and has good stability (Fig. 5.13c).
This strategy opens up a new platform to construct various hierarchical porous GA-
based catalysts as superior electrocatalysts for energy storage and conversion tech-
nologies. Wang et al. developed a molten salt-assisted solid-state assembly strategy
to prepare Fe/CoZn MOFs composites [62]. The subsequent carbonization of these
MOFs produces Fe/Co-modified nitrogen-doped mesoporous carbons (Fe/Co-NCs).
Inclined NCS has many advantages, such as a sheet structure with high porosity and
tubular macropores (15 nm), N-doped carbon skeleton, and highly dispersed Fe/Co
nanoparticles. Due to the existence of synergy between these structural advantages
and active sites, Fe/Co-NC exhibits high activity on both ORR and HER. Among
them, FeNC exhibits excellent ORR activity, has undergone a four-electron ORR
process, and has a higher initial potential (0.963 V), half-wave potential (0.877 V vs.
RHE), and excellent durability (95% current after 20000 s). The Co-NC exhibited
high HER activity, with a current density of 10 mA cm−2 and a low overpoten-
tial of 242 mV. The remarkable ORR and HER performance is mainly attributed
to the simultaneous binding of multiple active centers. For instance, nitrogen-based
and metal species (Fe/Co) synergistically promote ORR and HER processes, and
high porosity accelerates mass and electron transfer. Chen et al. synthesized a

Fig. 5.13 a Illustration of the preparation procedure of Co–N-GA. b TEM of Co–N-GA. c ORR
polarization curves at 10 mV s−1 under 1600 rpm. d Schematic illustration of the synthesis of
Co-ZnO@NC/CNT-700. e SEM images of Co-ZnO@NC/CNT-700. f The specific capacitance of
the electrodes as a function of current density. g The ORR LSV curves of Co-ZnO@NC/CNT-700
and 20 wt% Pt/C at 1600 rpm and the scan rate of 5 mv s−1
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series of metallic Co-ZnO (Co-ZnO@NC/CNTT) coated in N-doped carbon/carbon
nanotubes by annealing bimetallic MOFs containing Co and Zn in N2 atmosphere
(Fig. 5.13d) [63]. In the hybrid, the metallic Co combines with ZnO and is wrapped
by NC, while coral-like carbon nanotubes are grown from Co-ZnO@NC nanopar-
ticles (Fig. 5.13e). When applied to ORR catalysis, Co-ZnO@NC/CNT-700 has a
half-wave potential of ~ 0.86 V and a limiting current density of 5.98 mA cm−2, even
better than 20wt% Pt/C (Fig. 5.13f). In addition, this work also shows that the pres-
ence of ZnO is closely related to high ORR catalytic activity from two aspects. ZnO
catalyzes the formation of the main active species for ORR: Co0, Co2+, pyridine, and
graphitizedN.ZnOpromotes thegrowthof carbonnanotubes andmicro-/mesoporous
structures and improves the electrochemically active surface area and mass transfer
in the ORR process.

Heteroatom-doped carbon materials can be used as high-efficiency ORR electro-
catalysts, which are expected to replace noble metal electrocatalysts and are used
in advanced electrochemical energy conversion systems, including proton exchange
membrane fuel cells and metal–air batteries. The doping of different elements, the
preparation of multi-dimensional structures, and the construction of layered pores
have been widely used in well-designed ORR electrocatalysts. The preparation of
MOF-derived heteroatom-doped carbon electrocatalysts usually has the advantages
ofmild reaction conditions, convenient operation, and low cost. In addition, due to the
unique and adjustable structure of the MOF precursor, the obtained electrocatalyst
has ultra-high specific surface area, layered pore structure, and high-density active
centers with good dispersion, which will provide fast mass, and protons transfer and
enhance the catalytic activity of ORR.

Carbon electrocatalysts doped with multiple heteroatoms can further improve the
electrocatalytic activity of ORR, which can be attributed to the synergistic effect
between various heteroatoms. These heteroatoms can produce larger asymmetric
spins, and the charge density is optimized for the carbon skeleton. At the same
time, adjust the porous size and structure to expose more active specific surface
area, introduce heteroatoms to provide more active site centers, and prevent the
aggregation of M-Nx sites to form uniformly dispersed high-density active sites,
which is useful for improving ORR. The catalytic activity of the electrocatalyst is
effective. In addition, the size is also closely related to the transport properties and
electrocatalytic activity of ORR electrocatalysts. It has been proven that smaller
electrocatalysts can provide more favorable quality and electron transfer processes.
However, most of the synthesis routes of MOF-derived M-Nx-doped carbon-based
catalysts involve high-temperature pyrolysis, which may produce two or more metal
compound species at the same time, which is not conducive to determining the speci-
ficity of each species in catalysis effect. Therefore, this may be one of the key issues
for the future improvement of MOF-derived metal-doped carbon catalysts. In addi-
tion, there are serious obstacles to the development ofMOF-derived carbon catalysts;
that is, they are prone to agglomeration, are difficult to grow on the substrate during
high-temperature processing, and may become another research hotspot to improve
ORR transmission kinetics and improve electrocatalytic activity. Based on the above
review, in recent years, MOF-derived heteroatom-doped carbon electrocatalysts with
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high-performance ORR have made many significant progresses, which is expected
to create more innovations for carbon-based electrocatalysts in the future.

5.6 MOF-Derived Materials for CO2RR

With the increasing consumption of fossil energy, CO2 emissions increased signifi-
cantly, which broke the balance of carbon cycle in nature, and led to the aggravation
of greenhouse effect. This not only brings negative impact on the environment, but
also is not conducive to the sustainable development of human society. If CO2 can be
recovered and converted into available resources, the above problems can be effec-
tively solved and carbon recycling can be realized. In many ways of CO2 conver-
sion, electrocatalytic reduction has attracted extensive attention due to its simple
experimental equipment, mild reaction conditions, and the use of renewable energy
to provide electricity. However, CO2 is a very stable thermodynamic gas (C = O,
806 kJ mol−1), coupled with the fierce competitive reaction. Therefore, the conver-
sion process is still facing great challenges. Thus, the key to the effective utilization
of CO2 reduction technology lies in the rational design and development of elec-
trocatalysts with high activity, selectivity, and stability. In the early period of the
electrocatalytic CO2 reduction reaction (CO2RR) research, the selection of electro-
catalysts is mainly focused on bulk metals, especially noble metals such as Pt and
Au [64]. However, the high cost, poor long-term stability, and low natural reserves
of noble metals hinder their commercialization.

In recent years, it has been found thatMOF-derivedmaterials include heteroatom-
doped carbon-based materials, transition metal single-atom dispersion materials,
transition metal nanoparticles and oxides, among which the carbon-based mate-
rials doped by heteroatom and transition metal single-atom dispersion electrocata-
lyst can effectively reduce CO2. In this section, MOF-derived nonmetallic carbon-
based materials, metal single-atom dispersion materials, and other metal materials
(including nanoparticles, oxides, and alloys) are introduced, and their performance
and research status in the electrocatalytic reduction of CO2 are described.

5.6.1 MOF-Derived Nonmetallic Carbon-Based Materials
for CO2RR

There are two main types of MOF-derived nonmetallic carbon-based materials,
including intrinsic defect carbon materials and heteroatom-doped carbon mate-
rials. Heteroatom doping can optimize the electronic structure of carbon mate-
rials, redistribute the spin and charge density locally, and improve the surface
adsorption/desorption behavior of intermediates [65–68]. In addition, the doping of
heteroatoms can also stimulate the adjacent carbon atoms to improve the conductivity
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of carbon materials, thus enhancing the overall electrocatalytic activity of carbon
materials [69]. However, recently, Yao and Dai et al. have shown that the intrinsic
carbon defect of pentagon has higher activity than that of carbon catalyst doped with
N heteroatom [70]. Themain reason is that with the deepening of research, it has been
found that the proper design of intrinsic defects in the carbon skeleton can affect the
overall charge state of undoped carbon nanomaterials, increase the density of active
sites, and thus improve electrocatalytic performance [71, 72]. In particular, the exis-
tence of topological defects can effectively improve the catalytic performance of CO2

reduction. In particular, the existence of topological defects can effectively improve
the catalytic performance of CO2 reduction. The main method to construct topolog-
ical defects is nitrogen removal. Nitrogen removal is the process of carbon-based
nanomaterials in the high-temperature treatment process, and the original N atoms
are removed, forming edge or vacancy defects in the carbon skeleton. The resulting
dangling bonds of some carbon atoms will be connected with each other, further
forming topological defects [73]. This method can also limit the intense thermal
motion of C atoms to avoid the recovery of the defective carbon skeleton formed.
For example, Kang et al. synthesized a hierarchical porous carbon catalyst rich in
topological defects (DHPC) by pyrolyzing ZnO NP@ZIF-8 (Fig. 5.14a–d) [74]. The
mesoporous and carbon defect structure in DHPC improved its adsorption and acti-
vation capacity for CO2. FECO can reach 99.5% at −0.5 V versus RHE in 0.5 M
KHCO3 electrolyte. The DFT calculation shows that pentagon defects can adsorb
CO2 spontaneously, and the barrier of DHPC electrocatalytic reduction of CO2 to
CO is lower than that of pyridine-n-doped catalyst, but it still reaches 0.33 eV. More-
over, the desorption of intermediate *CO on DHPC catalyst is also a spontaneous
process (Fig. 5.14e–g). Therefore, MOF-derived intrinsic carbon defect engineering

Fig. 5.14 a Synthetic process of DHPC and HPC. b High-resolution transmission electron
microscopy (HRTEM) ofDHPC.Magnification of one segment of theHRTEM image (c and d) after
fast Fourier transformation (FFT) filtering. e LSV curves of DHPC and HPC in a 0.5 M KHCO3
electrolyte. f Faradaic efficiencies of DHPC and HPC in 0.5 MKHCO3 at various potentials. g Free
energy diagram for CO2 reduction to CO over different defect sites. h Schematic illustration of the
synthetic route. i The FESEM image of DPC-NH3-950. j Faradaic efficiencies of CO (gray) and
H2 (red) and the partial current of CO on DPC-NH3-950. k The calculated free energy diagram for
CO2RR
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is expected to become a new paradigm for improving the performance of ECR cata-
lysts and provide guidance for improving and developing new carbon-based elec-
trocatalysts. Chen et al. completely removed pyridinic-N and pyrrolic-N in N-rich
porous carbon particles by NH3-heat treatment to obtain a high-density topologically
defective carbon catalyst (Fig. 5.14h and i) [75]. X-ray absorption near-edge structure
(XANES) measurements confirmed that as the processing temperature increases, the
N content decreases and the topological defect density continues to increase, and the
catalytic performance of CO2 reduction was also improved (Fig. 5.14j and k).

The catalytic performance of undoped carbon nanomaterials can be greatly
improved by properly adjusting the intrinsic defects of carbon skeleton, and intrinsic
defects will inevitably exist in the synthesized carbon nanomaterials. Therefore,
combining various advanced characterization techniques and theoretical calcula-
tions, studying the effect of intrinsic carbon defects on the ECR performance of the
catalyst is of great significance to obtain a more efficient and stable catalyst.

5.6.2 MOF-Derived Metal Single-Atom Dispersion Materials
for CO2RR

Atomic-level structure catalyst is a kind of catalyst with atomic scale and mainly
refers to the metal/nonmetal active center on the support to disperse at atomic
level without agglomeration. When the size of nanocrystals is constantly reduced
to atomic clusters or single atoms, the energy-level structure and electronic struc-
ture of nanocrystals will change fundamentally, which makes them show different
catalytic characteristics from nanomaterials, so they can show distinctive activity,
selectivity, and stability in electrocatalytic CO2RR [76–78]. It is well known that
the surface free energy of metal single atoms is large, and it is easy to migrate and
agglomerate in the process of pyrolysis synthesis [79]. Therefore, various strate-
gies are used to prevent agglomeration, such as strategies of spatial confinement
[80], coordination design [81], and defect engineering [82]. It is a simple and effec-
tive method to prevent atom agglomeration by using metal–organic frameworks to
assist the construction of single-atom catalysts. The formed single-atom catalysts are
mostly metal-N–C (M–N–C) materials, which is one of the most studied and most
effective catalysts. Li et al. dispersed Ni ions on the surface of ZIF-8, heat-treated at
a high temperature of 1000 °C, and Ni atoms replaced Zn and finally formed Ni–N
active sites (Fig. 5.15a–c) [83]. The Ni monoatomic catalyst can effectively convert
CO2 to CO (FE > 70%) (Fig. 5.15d and e). The Faraday efficiency of Co single-
atom catalyst constructed by similar method is as high as 94%, the current density
is 18.1 mA cm−2 under 520 mv overpotential, and the TOF value of CO generation
reaches 18,200 h−1 [84]. At the same time, the author found that Co atoms with
less N coordination number have more unoccupied 3d orbitals, which is conducive
to the adsorption of CO2· intermediates, and increase the CO2 reduction rate. Jiang
et al. also reasonably constructed a series of single-atom catalysts (M1-N–C, M
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Fig. 5.15 a Scheme of the formation of Ni SAs/N–C. b HAADF-STEM images of Ni SAs/N–C.
c Magnified HAADF-STEM images of Ni SAs/N–C. d LSV curves in the N2-saturated (dotted
line) or CO2-saturated (solid line) 0.5 M KHCO3 electrolyte at a scan rate of 10 mVs − 1. e FEs
of CO of Ni SAs/N–C and Ni NPs/N–C at different applied potentials. f Illustration showing the
general fabrication of single-atom M1-N–C catalysts based on MTV-MOFs for electrocatalytic
CO2 reduction. g Transmission electron microscopy (TEM) images of Ni1-N–C. The aberration-
corrected HAADF-STEM images of (h) Fe1-N–C. i Co1-N–C. j Ni1-N–C. k Cu1-N–C. l FEs and
(m) TOFs of M1-N-C for CO in pure CO2-saturated 0.5 m KHCO3. n Tafel plots of M1-N-C for
CO2RR

= Fe, Co, Ni, and Cu) with the same structure of porphyrin polymetallic organic
frameworks, which have almost the same characteristics (particle size, surface area,
porous structure) in Fig. 5.15f–k [85]. Under the condition of pure CO2, Ni1-N–C
with monoatomic Ni as the active center exhibited the most satisfactory CO2RR
performance with the highest co selectivity of 96.8%, followed by Fe1-N–C, then
Co1-N–C, andCu1-N–C (Fig. 5.15i–n). In viewof the ultra-high selectivity of single-
atom catalyst, researchers also usedNi1-N–C to catalyzeCO2RRunder low pressure.
The results showed that even at 30% and 15% CO2 concentrations, Ni1-N–C was
highly selective and feasible in industrial production, which further demonstrated
the superiority and ultra-high selectivity of Ni1-N–C over CO2RR. In recent years,
it has been discovered that bimetallic-N–C catalysts have attracted the attention
and study of researchers with their bimetallic active sites and possible synergies.
For example, Zhao and colleagues successfully synthesized isolated diatomic Ni–
Fe anchored nitrogenated carbon (Ni/Fe–N–C) catalysts using ZIF-8 as a template
[86]. The diatomic structure exposed a large number of active sites and improved
the activity of the catalyst. Ni/Fe–N–C has suitable adsorption/desorption energy for
ECR intermediates. Over a wide range of potential, CO2 can be selectively reduced
to CO, FE up to 98%, and has a robust stability (>30 h) at –0.7 V versus RHE.
DFT calculation shows that when Co adsorbs Ni/Fe–N–C, the binding strength of
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*COOH and *CO is weaker than that of bare Ni/Fe–N–C; therefore, after CO adsorp-
tion, the theoretical overpotential of Ni/Fe–N–C decreases and the potential barrier
of catalytic formation of CO is greatly reduced.

By constructing suitable carbon precursor materials, atomicmetals can be trapped
and stabilized. Because the electronegativity difference between metal and carbon
atoms is very large, sufficient charge transfer can be generated to make this structural
unit (M–N–C/M–C) the active center of electrocatalysis, reducing the activation
energy barrier and overpotential of the reaction. These strategies provide an important
guidance for the preparation of high-performance ECR catalysts and are also one of
the current research hotspots.

5.6.3 MOF-Derived Other Metal Materials for CO2RR

MOF-derived other metal materials for CO2RR include metal oxides, alloys, and
metal nanoparticles. Among them, alloys and metal oxides are widely studied elec-
trocatalytic CO2 reduction catalysts. Metal alloys often show more excellent or
completely different catalytic performances than single-metal catalytic materials,
which not only improves the conversion efficiency of CO2, but also reduces CO2 to
specific target products in a targeted manner, so as to achieve the purpose of regu-
lating the product ratio. Metal oxides often form alloy oxides with metals to improve
the CO2RR performance of the catalyst. For example, Han’s team first proposed a
simple MOF-derived method in 2013 to synthesize porous In-Cu bimetallic oxide
catalysts with various Cu/In ratios for CO2 electroreduction (Fig. 5.16a–c) [87]. The
tunable CO/H2 ratio has been easily achieved by controlling the In-Cu ratios in the
MOF precursors. The maximum Faradaic efficiency of CO could reach 92.1% with
a current density of 11.2 mA cm−2 and has good stability (>24 h) (Fig. 5.16d and e).
The excellent catalytic performance of In-Cu bimetallic oxides is mainly attributed
to the high CO2 adsorption efficiency, large mass diffusion space, and the incorpora-
tion of Cu into In2O3 resulting in higher electrochemical surface area, stronger CO2

adsorption, and lower charge transfer resistance. Feng and co-workers used copper
phthalocyanine as ligand and ZnO4 as bond to prepare a two-dimensional c-MOF
catalyst with bimetallic center (PcCu-O8-Zn) by solvothermal method [88]. The
PcCu-O8-Zn exhibits high CO selectivity of 88%, turnover frequency of 0.39 s−1,
and long-term durability (>10 h) under −0.7 V vs RHE. The results show that the
ZnO4 coordination in the PcCu-O8-Zn catalyst has a high catalytic activity for the
conversion of CO2 to CO, while the CuN4 complex in Pc macrocycle plays a syner-
gistic role, promoting the protonation of adsorbed CO2 during CO2RR. Therefore,
the bimetallic active sites in the catalyst have a good synergistic effect on CO2RR.
Reddy et al. used MOF as a template to derive Co/Ce0.8Zr0.2O2, which also showed
outstanding CO2 methanation activity and stability [89]. Metal nanoparticles (NPs)
have also been extensively studied in the field of catalysis due to their high conduc-
tivity, large specific surface area and high stability. Jeong et al. used Cu-based MOF
(MOF-74) derivatization to synthesize highly isolated Cu NPs to achieve enhanced
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Fig. 5.16 a Schematic illustration for preparation process of InCuO.bTEM images of InCuO-0.92.
c Elemental mapping image of InCuO-0.92. d Faradaic efficiency of CO for different catalysts at
the applied potentials. e The long-term stability of InCuO-0.92 at −0.8 V vs. RHE during 24 h
electrolysis

CH4 production in the CO2RR [90]. The experimental results found that MOF-
derived Cu NPs have low aggregation, excellent electrocatalytic performance, and
high activity and selectivity for C1 product. The high selectivity of Cu NP catalysts
to CH4 is attributed to the isolated NP clusters inhibiting the coupling of C–C bonds.

Inmost of the cases, comparedwithMOF-derived othermetal compounds, the pre-
designed reaction sites and porous structure of the single-atom catalyst can facilitate
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the adsorption or desorption step of CO2 reduction. However, due to the high surface
structure of the supported single-atommetal catalyst, the activity will be significantly
reduced during the electrolysis process. Therefore, enhancing the metal–support
interaction through rational design is of great significance for improving the long-
term durability of MOF-derived single-atom catalysts in practical applications.

5.7 Conclusion

In summary, the recent progress of MOF-derived materials, such as MOF-derived
metal-dispersed monatomic carbon-based materials, MOF-derived metal nanopar-
ticle carbon-based materials, and MOF-derived metal-heteroatom-doped carbon-
basedmaterials, in various energy conversion reactions, such as hydrocracking,HER,
OER, ORR, and CO2RR, is reviewed. Relative to the prototypeMOFs,MOF-derived
materials heavily inherited the characteristics of porous MOF materials, at the same
time with the unique advantages of the structure and composition of MOF material.
These advantages can achieve derived materials in precise control of active ingredi-
ents, and canbevery good to overcome the poor stability and electrical conductivity of
MOFs. In addition, it also can provide a new type of reaction sites to expand the
applicable scope of the reaction, and can provide great convenience for performance
optimization. Therefore, this class of materials has been widely used in electrocat-
alytic applications. In addition, various synthetic strategies (water/solvent thermal
synthesis) were demonstrated to prepare MOF-derived materials with good conduc-
tivity and controllable morphology. So far, various strategies have been developed to
prepare MOF-derived materials to improve charge transfer and morphology control,
component manipulation, and structural engineering, and some potential directions
have been listed. First of all, the doping of heteroatoms can regulate the internal
characteristics of functionalized carbonmaterials, such as internalmicrostructure and
composition, electronic characteristics, and surface and partial electrochemical char-
acteristics, which can significantly improve the electrocatalytic activity of the mate-
rials. Secondly, the high intrinsic activity (turnover frequency) of the active center in
the single-atom catalyst mainly comes from the nitrogen coordination single-atom
embedded in the carbon matrix. In addition, metal/metal compound nanoparticles
showed higher activity in the electrocatalytic process, and the preparation process
was simpler than that of single-atom catalysts. Therefore, various high-performance
MOF derivative materials prepared by improving synthesis conditions have great
application prospects in energy conversion.

MOF-derived materials have become very promising electrochemical catalysts
for energy conversion, owing to their adjustable pore channels, high specific surface
area, controllability of composition, and multiple morphological structures. Even
though advances have been achieved in the exploration of MOF-derived materials
as catalysts, there is still a long way to go before MOF-based catalysts are widely
applied in industrial-level energy conversion applications.
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It is still not enough for the reports about the electrochemical reaction mecha-
nism of MOF-derived materials. Further study on this field will be beneficial for
researchers to design structures and improve the performance of these materials
rationally. Besides, the study of MOF-based single-/dual-atom and cluster catalyst
is still in its primary stage. Therefore, more studies are needed to develop in this
direction because of its potential electrochemical properties and attractive prospect
toward huge energy conversion applications. Regarding the applications of MOF-
derived catalysts, at present, most of the researchers mainly focus on ORR and
CO2RR, while less studies are about overall water splitting, HER, and OER. In addi-
tion, MOF-derived catalysts used in acid condition are especially scarce for water
splitting and its half reactions.

For MOF-derived materials, regulating and controlling the coordination environ-
ments, more efficient characterization, and novel strategies for the designation of the
structure are highly important to their further applications in catalysis.
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Chapter 6
Summary and Perspectives

Huan Pang

Research on the exploration of MOFs as platforms for electrochemical energy appli-
cations is certainly one of the most active topics among chemistry and materials
community. Thanks to the efforts of researchers, significant progresses have been
made in recent years in the development of MOFs, and MOF derivates for batteries,
supercapacitors and water splitting. With these advanced functional materials, we
can see both opportunities and challenges towards practical applications:

(1) The thermal, mechanical, and chemical stability of MOFs should be further
improved. Up to now, most of MOFs undergo decomposition and skeleton
collapse in water, acid, or base, extremely obstructing their extensive applica-
tion in electrochemical energy fields. This problem can be solved by sensible
choice of organic ligands andmetal secondary building units.Moreover, special
methods such as pressing and phase change treatment strategies can be applied
to manufacture freestanding MOFs membranes, thereby overcoming inherent
fragility and finite processability of MOFs without endowing their original
properties.

(2) The conductivity of most MOFs are poor. However, how to further improve
conductivity is of greatest importance. On the one hand, the conductivity
of most MOFs should be further improved by deepening understanding the
conductivity mechanism ofMOFs so that to design and develop newly conduc-
tive MOFs. On the other hand, the conductivity of MOFs should be further
enhanced by combining with highly conductive materials (CNT, GO, rGO,
AC, and conducting polymer etc.).

(3) At present, there is a lack of systematic and comprehensive understanding of
the mechanism of MOFs. The understanding of the mechanism is of great
significance for the realization of electrode materials with high performance,
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low cost and easy preparation. In order to systematically reveal the potential
electrochemical mechanism, advanced characterization tools and theoretical
calculations are essential. So far, only a few reports have provided a detailed
explanation of this machine. Therefore, the electrochemical mechanism should
be further explored.

(4) In comparison with MOFs, MOF-derived materials, including porous carbon,
metal oxide, metal (oxide)/carbon composites and single-metal-atoms/carbon,
obtained by the high-temperature pyrolysis, possess a large number of exposed
(S, N, metal) active centers with excellent structural stability and electrical
conductivity. They have been widely used as high-performance catalysts or
catalyst supports in various electrocatalytic processes even at harsh conditions.
However, the increased cost of the involved MOF precursors and the complex
synthetic techniques usually reduce the economic viability of such MOF-
derived nanomaterials. It should be noted that the high-temperature pyrolysis
leads to considerable difficulties in precise control of the microstructures of
MOF-derived nanomaterials. Though recent significant progresses have been
made in precise control of the microstructures of MOF-derived materials, such
as single-atom, di-atom, and metal-cluster catalysts, continuous efforts are still
necessary for making this technique viable in practical applications.

(5) Choosing judiciously organic linker is significant for the construction ofMOFs.
For LIBs, organic linkers with abundant redox active sites in MOFs are
preferred, making per formula of MOFs store more Li ions. For Li–S batteries,
MOFs with functional organic linkers that can effectively confine polysul-
fides are advantageous, blocking the shuttle effect of soluble polysulfides. For
SCs, opportune organic linkers contribute to construct electrically conduc-
tive MOFs, enhancing the electrochemical performance. In the field of energy
conversion, a series of MOFs-derived materials are used in electrocatalytic
reactions. These materials retain the original advantages of MOF materials
to a great extent, such as ultra-high porosity and specific surface area, and at
the same time well overcome the common problems of poor conductivity and
stability of MOFs, and provide new reaction sites. It expands the applicable
response range and also provides convenience for performance optimization.

There is nodoubt thatMOFs are useful platforms for electrochemical energy appli-
cations. The future work in this field should be focused on reducing the shortcomings
of the current developed MOFs, MOF derivates, and on designing/developing new
materials on the basis of MOFs without the current disadvantages. In addition, with
the aid of advanced instrumentation techniques, deeper insights into the formation
processes of MOFs and MOF derivates and their working mechanisms during elec-
trochemical energy applications should be further explored. We hope that this book
can help readers design and develop new electrochemical energy materials based on
MOFs, and apply them to the world economy in the near future.
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