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ABSTRACT: The incorporation of renewable and sustainable energy sources in
electric grids has been acknowledged as a potential strategy to solve the ever-growing
environmental issues that result from the use of fossil fuels. In order to realize the full
potential of these systems, advanced electrochemical energy storage devices must be
developed. Recently, researchers have turned their attention toward obtaining high-
performance electrode nanomaterials in order to develop these next-generation
electrochemical systems. Metal−organic frameworks (MOFs), well-known for their
relatively straightforward fabrication methods, high nanoscale porosities, robust
nanostructures, and intrinsic crystallinities, have emerged as a class of nanomaterials
potentially capable of meeting the stringent demands for these systems. Specifically,
bridged MOFs and other MOF derivatives have recently been established as the primary MOF-based nanomaterials in studies on
electrochemical systems, such as batteries and capacitors, as these nanomaterials have demonstrated the potential to address the poor
conductivities that arise from separated nanoparticles in early reports on MOF-only systems. As such, we have focused this review on
these nanomaterials, and in particular, we discuss the advantages and disadvantages of electrochemical systems with a range of
support materials, including carbon nanotubes, carbon fibers, graphene, metals, metal oxides, and conductive polymers. Finally, we
highlight the remaining challenges and the possible opportunities for research in this field in order to facilitate future studies.

KEYWORDS: metal−organic framework, bridging and connecting, high-performance conductivity, electrochemical energy storage,
nanomaterial

1. INTRODUCTION

Given the contradiction that is associated with the desire to
reduce the use of fossil fuels due to environmental pollution
despite a constant increase in society’s energy demand, the
implementation of green and sustainable energy resources has
been pursued as an alternative energy generation strategy.1−3

While significant advancements regarding these promising
energy sources have occurred in recent years, numerous
challenges still must be addressed, such as the intermittence
and instability of green energy sources (i.e., solar energy and
wind energy), low conversion efficiencies, and technological
limitations. One of the most promising energy storage systems
involves using electric energy that is stored in rechargeable
batteries, which can then be utilized for various electronic
devices ranging from mobile phones to laptop computers. To
date, a wide variety of batteries have been developed, including
metal-ion batteries, metal-air batteries, fuel cells, and solar
cells.4−6 Secondary metal-ion batteries, which use alkali metal
or alkali earth metal ions as charge carriers that enable
recharging of the batteries, exhibit improved energy densities
due to the large capacity values and discharge potentials. To
further enhance the corresponding power densities (the
product of capacity and potential during unit time, W kg−1)

of these battery nanomaterials, different techniques have been
employed for combining batteries with supercapacitors to
achieve both higher energy densities (the product of capacity
and potential, W h kg−1) and enhanced power densities.7,8 In
the hybrid devices, battery-type anodes and capacitor-type
cathodes are used to completely exploit the advantages of
electrochemically active anode nanomaterials with Faradaic
pseudocapacitive cathodes to yield a device with excellent
energy and power densities. Therefore, the improvement in
device performance primarily relies on the design and
fabrication of advanced electrode nanomaterials.
Metal organic frameworks (MOFs), functional and highly

porous nanomaterials constructed from metal-based nodes and
organic linkers, have garnered immense attention in the
context of both electrodes and electrolyte materials, and
numerous MOFs with excellent electrochemical properties
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have been documented for use in multiple types of battery
systems.9−15 The intrinsically nanoporous and crystalline
frameworks are able to facilitate charge insertion, and the
multiple valence states of the metal cation nodes enable
electron absorption and desorption during electrochemical
reactions. Furthermore, the size of the organic linkers between
any two metal cation nodes generally determines the nanopore
apertures, which significantly influences the charge perme-
ability throughout the framework. Thus, these inherent
properties render MOFs a promising class of nanomaterials
with great potential when used in electrochemical systems.
Despite these favorable properties, some remaining issues

must be addressed in order for MOFs to be employed in
advanced electrochemical systems. For example, the electro-
static bonding interaction between the anionic organic linkers

and cationic metal nodes results in a decrease in performance
due to the consumption of charge carriers. Moreover, the
majority of the MOF-based nanomaterials are electronic
insulators, which is a serious disadvantage in the context of
electrode materials, as poor conductivity results in electrode
polarization and suppressed electrochemical dynamics, ulti-
mately leading to reduced efficiencies of electrochemically
active nanomaterials. In order for MOF-based electrode
nanomaterials to be employed in high-performance electro-
chemical systems, researchers must improve the inherently low
conductivities of these nanomaterials.
In particular, the introduction of “bridging” support

materials, such as carbon fibers or graphene,16−25 has emerged
as a promising method to address the poor electronic
conductivity and the agglomeration of the native MOF

Figure 1. (a) Schematic illustration of the “one for two” fabrication process: 2D Co3O4 nanosheets cathode and N-doped carbon nanosheets anode
are obtained from the same Co-MOF precursor and assembled into a flexible asymmetric supercapacitor. Reproduced with permission from ref 51.
Copyright 2017 Royal Society of Chemistry. (b) Illustration of the fabrication of UiO-66/polypyrrole-based flexible nanofiber supercapacitor
device. Reproduced with permission from ref 52. Copyright 2018 American Chemical Society. (c) Schematic illustration of the synthesis of CNF@
Ni-catecholate. Reproduced with permission from ref 53. Copyright 2019 Royal Society of Chemistry.
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nanomaterials; therefore, this implies that the material design
plays a significant role in the improvement of these
systems.26−32 Although numerous reports on this topic have
focused on composite MOF-based electrode nanomaterials,
few reports have emphasized the bridging effect when
discussing connecting MOFs or MOF-derived nanomateri-
als.33−45 Therefore, we have reviewed reports on bridged
MOFs and MOF-derived electrode nanomaterials for use in
electrochemical applications, such as batteries and capacitors,
with a focus on the material designs that yield sufficient
structural integrity as well as high electronic and ionic

conductivities. We have organized the discussion based on
the type of bridging materials used, which include carbon
nanofibers (CNFs), carbon nanotubes (CNTs), graphene,
metals, metal oxides, and conductive polymers. Additionally,
we have highlighted material design principles regarding this
class of materials and summarized the advantages and
disadvantages of each type of bridging material. Finally, we
discuss remaining challenges and the corresponding oppor-
tunities for researchers in this community, with the hopes of
stimulating future studies.

Figure 2. Electrochemical performances: (a−c) CV curves, (d) charge−discharge curves, (e) Ragone plots, and (f) the cycling test result of the
asymmetric supercapacitor with Polyvinyl Acetate-KOH gel electrolyte. Reproduced with permission from ref 51. Copyright 2017 Royal Society of
Chemistry.

Figure 3. (a) Schematic illustration for the synthesis process of different electrode nanomaterials. Reproduced with permission from ref 54.
Copyright 2018 American Chemical Society. (b) Schematic representation of electron and electrolyte conduction in a MOF and a MOF
interwoven by polyaniline. Reproduced with permission from ref 58. Copyright 2015 American Chemical Society.
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2. SUPPORTED MOFS

2.1. Carbon Nanofiber (CNF). 2.1.1. Natural CNF. CNF
is a promising current collector due to its high electronic
conductivity and inherent flexibility, and numerous CNF-
supported electrode nanomaterials have been reported with
superior electrochemical performances in devices relative to
the non-CNF analogues.46−48 Typically, carbon fiber sup-
ported electrode nanomaterials are synthesized in a high-
temperature and high-pressure environment in which the
desired nanomaterials are grown on the carbon fiber surfaces,
with solvothermal and hydrothermal methods among the most
common. This synthetic strategy enables the growth of the
active nanomaterials with various morphologies, and the highly
conductive CNF supports provide smooth electronic flow

channels that ensure an adequate supply of electrons during
electrochemical reactions. Furthermore, the supported material
structure can effectively widen the contact surface area
between the active materials and the electrolyte to attain a
high-use ratio of active material in the sample. The inherent
flexibility of CNFs imparts a significant mechanical tolerance
to the active materials for fabricating multishaped devices. In
this section, we have summarized CNF-supported MOFs or
MOF derivatives for use in electrochemical applications.
The use of CNF-interwoven carbon cloth as a support

material in bridging MOFs or MOF derivatives results in
significant improvements in conductivity. For example, Liu and
co-workers designed carbonized MOF arrays supported by
CNFs and employed them for use in supercapacitors.49

Figure 4. (a) Schematic illustration of polyaniline−ZIF-67−carbon cloth flexible solid-state SC device. Reproduced with permission from ref 58.
Copyright 2015 American Chemical Society. (b) Schematic diagram and performances of the fabricated flexible quasi-solid-state Ag−Zn battery:
CV curves at different scan rates, galvanastatic charge/discharge curves, rate performances, Ragone plots, and galvanastatic charge/discharge curves
of a device bent at various angles. Reproduced with permission from ref 62. Copyright 2018 American Chemical Society.

Figure 5. Schematic illustration of the synthesis of the flexible quasi-solid-state Ag−Zn battery. Reproduced with permission from ref 62. Copyright
2018 American Chemical Society.
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Through careful control experiments, it was found that the
supercapacitor contributes an energy density of 124.8 μW h
cm−2 under the power density of 2.55 mW cm−2. More
importantly, the use of CNFs renders the supercapacitor

flexible, even when it is used with hard carbon-based electrode
materials.
The incorporated flexibility by using CNFs as active material

supports has been further demonstrated by Li and co-
workers.50 In this study, the authors fabricated CNF-supported
MOFs with a cactus-like morphology via a hydrothermal
method. The optimized composite electrode exhibits a high
specific capacitance of approximately 1100 F g−1, and the
assembled full-cell displays an energy density of approximately
34 W h kg−1 based on the specific capacitance of approximately
100 F g−1. The authors emphasized the flexibility obtained
from the use of CNFs. In a related study, Guan and co-workers
used a single MOF precursor to fabricate a porous carbon- and
metal oxide-based electrode for use in the same supercapacitor,
which was achieved through the etching and exposed heating
of the carbonized MOFs (Figure 1a).51 This system
demonstrates robust mechanical flexibility, as the outstanding
electrochemical performances and high capacitance values are
retained under a variety of bending treatments. The fabricated
asymmetric supercapacitors exhibit superior power and energy
densities (41.5 W h kg−1 at a power density of 6.2 kW kg−1) in
comparison with the other supercapacitors (Figure 2a).
Owing to the flexible nature of CNF-based electrodes, a

wearable supercapacitor has been demonstrated by Qi and co-
workers in which the authors deposited the MOF/polypyrrole
composite through a one-pot electrodeposition strategy
(Figure 1b).52 This strategy resulted in an all-solid-state
supercapacitor with specific capacitance, power density, and

Figure 6. (a) Schematic illustration of the preparation of a NiCo-
MOF cathode. Reproduced with permission from ref 64. Copyright
2019 Elsevier. (b) Schematic illustration of the formation for porous
CoSe2 and CoSe2. Reproduced with permission from ref 65.
Copyright 2017 American Chemical Society.

Figure 7. Electrochemical performances: (a) CV plots, (b) charge/discharge profiles, (c) rate capacity, (d) charge/discharge profiles, (e)
photograph of the full cell lighting up LEDs, and (f) cycle stability. Reproduced with permission from ref 64. Copyright 2019 Elsevier.
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energy density values of 206 mF cm−2, 2102 μW cm−1, and
12.8 μW h cm−1, respectively. Strikingly, the fabricated device
exhibits temperature and mechanical compatibility even under
extreme environments, such as repeated bending (360°) and
heating/cooling (100 to −15 °C) (Figure 1c). Zhao and co-
workers reported a free-standing supercapacitor electrode by
growing the MOFs on core−shell type carbon fibers that were
formed by electrospinning, followed by a carbonization
treatment (Figure 1c).53 The composite electrode provides a
capacitance of up to 502.95 F g−1 at a current density of 0.5 A
g−1, which was attributed to the synergetic effect between the
CNFs and Ni-catecholate. Finally, good electrochemical

performance with this device was obtained, with an energy
density of 18.67 W h kg−1 under a power density of 297.12 W
kg−1. In this work, the use of CNFs efficiently solved the
agglomeration issue of two-dimensional MOFs. Young and co-
workers demonstrated that the CNF-supported ZIF-8 and ZIF-
67 materials are compatible with supercapacitors.54 The ZIF-8
and ZIF-67 frameworks were grown on rod-type metal oxide
cores, followed by a heat treatment to yield conductive metal
oxides encapsulated inside the nanoporous carbon framework
(Figure 3a). When employed as electrode materials in
supercapacitors, the Co3O4/nanoporous carbon hybrid elec-

Figure 8. (a) Schematic illustration of the fabrication of ZnO@C@NiCo2O4 nanorod sheet arrays. Reproduced with permission from ref 66.
Copyright 2016 Royal Society of Chemistry. (b) Schematic illustration of the synthesis of amorphous and graphite carbon−CoS2@NCNFs.
Reproduced with permission from ref 67. Copyright 2020 Elsevier.

Figure 9. (a) The schematic synthesis of nitrogen-doped porous carbon materials from ZIF-8/CNTs composites. Reproduced with permission
from ref 71. Copyright 2017 Science China Press. (b) Schematic illustration of the formation process of layered double-hydroxide−carbon cloth−
CNT nanosheets. Reproduced with permission from ref 72. Copyright 2018 Royal Society of Chemistry.
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trode exhibited a high capacitance of 1.22 F cm−2 at a current
density of 0.5 mA cm−2.
Srimuk and co-workers introduced a facile approach for

preparing electrode nanomaterials for supercapacitors in which
carbon fiber paper was employed as a conductive substrate and
graphene was used as a conductive agent.55 Consequently, the
synthesized carbon fiber paper-supported Hong Kong
University of Science and Technology-1 MOF/reduced
graphene composite exhibited a superior capacitance (385 F
g−1 at a current density of 1 A g−1). Liu and co-workers studied
CNF-reinforced three-dimensional polyhedral network materi-
als in which the highly porous features were prepared by
sacrificing a MOF.56 In this study, the CNF was fabricated by
electrospinning a N,N-dimethylformamide-dissolved polyacry-
lonitrile solution and subsequent heat treatment. Similarly, Xu
and co-workers developed an asymmetric hybrid super-
capacitor by using a MOF as a precursor for fabricating
mesoporous carbon nanosheets.57 The as-fabricated meso-
porous carbon nanosheets are doped with different species
according to their function as a cathode or anode
(Na3V2(PO4)3 species for cathode, VO2 species for anode).
As a result, the fabricated quasi-solid-state sodium-ion
capacitors have been demonstrated to exhibit excellent
electrochemical performances (78% retention after 2000 cycles
at a current density of 1 A g−1).
A dual-conductive layer structure has been demonstrated by

Wang and co-workers in which an interconnected conductive
net was formed by polyaniline and a carbon cloth located at

the upper and the lower layers, respectively.58 Between these
two layers, a MOF layer is embedded; this sandwich-type
composite material was used as an electrode material in a
flexible solid-state supercapacitor (Figure 4a), displaying a high
capacitance of up to 2146 mF cm−2 at 10 mV s−1. Guan and
coauthors synthesized CNF-supported porous metal oxide
plates and studied their electrochemical performance as
electrode materials for supercapacitors and in the context of
electrocatalytic reactions.59 These materials were synthesized
using a wet chemical etching technique followed by heat
treatment, and the resulting hollow electrode exhibited an
excellent rate capability (85.6% of capacitance is retained at an
8-fold increase in the current density) and a long life-span
(86.7% of the capacitance is preserved after 20000 charge/
discharge cycles at a current density of 5 mA cm−2). Ke and co-
workers synthesized a carbon fiber-supported H-TiO2@
Ni(OH)2 heterostructure using a wet chemical method, and
the resulting material was employed in a high-performance
supercapacitor.60 The authors noted several key considerations
for electrode materials that result in supercapacitors with
excellent performance, including a large specific surface area,
an improved electronic conductivity, and a high cation
intercalation/deintercalation that can synergistically facilitate
excellent electrochemical performances.
By hydrothermally growing bismuth-based MOFs on CNFs,

Zhang and co-workers fabricated CNF-supported bismuth-
doped carbon arrays, and this composite electrode nanoma-
terial was observed to demonstrate outstanding properties in

Figure 10. (a) Formation mechanism of necklace-like mesoporous CNT/CoSe2@N-doped carbon composite. Reproduced with permission from
ref 76. Copyright 2019 Elsevier. (b) Schematic illustration of the procedure used to fabricate multiwall CNTs/Co3O4. Reproduced with permission
from ref 77. Copyright 2015 American Chemical Society. (c) Schematic of the synthesis process of the spindle-like-α-Fe2O3@C/oxidized carbon
nanotube fiber electrode. Reproduced with permission from ref 78. Copyright 2018 American Chemical Society.
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the context of sodiation and desodiation.61 The generation of
many active sites and boundaries facilitates rapid sodium ion
storage kinetics that are generated through the incorporation

of bismuth within the highly conductive and flexible CNFs. Li
and co-workers fabricated a solid-state aqueous Ag−Zn battery
system by using carbon cloth that serves as a current collector

Figure 11. (a) Schematic illustration for the preparation of a CoP/C@multiwalled carbon nanotubes sample. Reproduced with permission from ref
79. Copyright 2019 Springer. (b) Schematic illustration of the preparation process for the V-MOF@carbon nanotube fiber. Reproduced with
permission from ref 80. Copyright 2019 Elsevier. (c) Schematic illustration of the preparation of ZnO@CNTs and ZnCo2O4@CNTs composites.
Reproduced with permission from ref 81. Copyright 2019 Royal Society of Chemistry.

Figure 12. (a) Nyquist plots of the CoP/C@multiwalled carbon nanotubes and CoP/C electrodes before a cycle and after the 50th cycle.
Reproduced with permission from ref 79. Copyright 2019 Springer. (b) Cycling performances of the ZnCo2O4@CNTs, ZnO@CNTs, and
ZnCo2O4 samples at 100 mA g−1. Reproduced with permission from ref 81. Copyright 2019 Royal Society of Chemistry.
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for both anodic and cathodic materials (Figure 5a).62 By taking
advantage of the fast electrochemical dynamics and numerous
reaction sites of the MOF-derived Ag electrode (Figure 4b),
the fabricated flexible battery exhibits a high capacity value of
1.87 mW h cm−2. Guan and co-workers demonstrated that a
hollow Co3O4 nanosphere encapsulated inside the porous
carbon cloth-based arrays can be employed in flexible solid-
state zinc−air batteries.63 The carbon cloth provides a large
degree of flexibility for these solid-state batteries, yielding
excellent electrochemical performance when the device was
either bent or flat, which was mainly attributed to the carbon
cloth support and unique-structuring of the composite
nanomaterial.
2.1.2. Derived CNFs. Electrospinning is a well-known

method for the preparation of carbon nanofiber precursors,
and this strategy allows for different types of species to be
introduced during the synthetic process to yield functionalized

carbon nanofibers. Using this technique, Zhang and co-workers
demonstrated that the hierarchical NiCo2O4/NiO/CNF
composite can be used as a high-performance electrode
material for sodium-ion storage, exhibiting a sodium-ion
storage capacity of 210 mA h g−1 at a specific current of 100
mA g−1. A simultaneous improvement in both electronic and
ionic conductivities can be simultaneously achieved by using
carbon nanofibers as supports as well as by employing an
expended atomic interplanar spacing of active materials. Li and
co-workers designed innovative MOF materials with an
expended interspace produced by organic pillars (Figure
6a),64 and by using the materials with high electronic and
ionic conductivities, the fabricated alkaline batteries exhibit a
high capacity retention of 82% when the current densities
increase from 1 to 20 A g−1. Furthermore, the assembled cell
containing a cathode comprised of the expended MOF and an
organic anode exhibited a high capacity of 280 mA h g−1 and a
long lifespan (Figure 7). A similar concept has been
demonstrated by Chen and co-workers, in which the authors
improved both the electronic and ionic conductivities of a
MOF-based nanomaterial by using a combination of CNFs and
a highly porous CoSe2 that was prepared by etching the MOF
template, followed by an annealing treatment (Figure 6b).65

Consequently, this material exhibits excellent performance in a
variety of supercapacitor-based applications (713.9 F g−1 at a
current density of 1 mA cm−2 and 92.4% capacitance retention
after 5000× cycles at 5 mA cm−2) as well as in the oxygen
evolution reaction (1.48 V vs H+/H2 onset potential). Zeng
and co-workers fabricated NiCo2O4 nanosheets arrayed on the
carbon fiber-supported ZnO@C nanorods and studied the
electrochemical performance of this composite material when
used as an electrode material for supercapacitors (Figure 8a).66

This electrode exhibited an excellent electrochemical perform-
ance with an areal capacitance of 3.18 F cm−2 at a current
density of 6 mA cm−2 and 2650 F g−1 at a specific current of 5
A g−1. Furthermore, a sufficient capacitance of 1.21 F g−1 was
demonstrated at a significantly higher current density of 36 mA
cm−2, and a reasonable cycling stability was demonstrated, as
76% of the capacitance is retained after 4000 charge/discharge
cycles at a current density of 10 mA cm−2. Zhang and co-
workers employed a modified electrospinning strategy to
fabricate CoS2 on highly porous carbon fiber supports for use
as an anode material in sodium-ion batteries.67 Specifically, the
fabrication process was conducted via a three-step heat
treatment process: carbonization, oxidation, and sulfuration
(Figure 8b), and the prepared electrode exhibited a superior

Figure 13. (a) Schematics of the synthesis of carbon nanotube
hybrids. Reproduced with permission from ref 83. Copyright 2018
Elsevier. (b) Schematic of the formation process of porous N,S-co-
doped carbon-supported CoS2. Reproduced with permission from ref
85. Copyright 2019 Elsevier.

Figure 14. (a) Ragone plot of the assembled symmetric supercapacitor device compared with reported mixed MOFs-based supercapacitor devices.
Reproduced with permission from ref 103. Copyright 2019 Elsevier. (b) Discharging current vs scan rate with a linear dependence up to 5 V s−1.
Reproduced with permission from ref 111. Copyright 2016 Elsevier.
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electrochemical performance in terms of the capacity (876 mA
h g−1 at 100 mA g−1) and cycling stability (148 mA h g−1 at 3.2
A g−1). Ren and co-workers elucidated the conductivity and
structural integrity enabled by carbon fibers by preparing MoS2
nanosheets@N-doped carbon nanowall arrays that were
composed of MOFs and studied the electrochemical perform-
ance of this composite material as an anode in sodium-ion
batteries.68 The fabricated electrode exhibited excellent

properties of 619.2 mA h g−1 (200 mA g−1) and 265 mA h
g−1 after 1000 cycles (1 A g−1).
Overall, CNFs comprise a promising, low-cost class of

support or bridging materials employed for composite
electrodes that are potentially suitable for practical applica-
tions. These materials exhibit good electronic conductivities,
providing a sufficient supply of electrons during the electro-
chemical reactions at high current densities. Furthermore, the

Figure 15. (a) Schematic representation of the synthesis route to layer-by-layer MOF/GO hybrid films. Reproduced with permission from ref 108.
Copyright 2017 Royal Society of Chemistry. (b) Illustration of an in situ hybrid of Ni-MOFs with graphene oxide nanosheets. Reproduced with
permission from ref 109. Copyright 2016 American Chemical Society. (c) Schematic illustration of the preparation of the CoNiMOF/rGO catalyst.
Reproduced with permission from ref 110. Copyright 2019 American Chemical Society.
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high mechanical strength, combined with the flexible fiber
shape, enables the formation of foldable electrodes for use in
wearable devices. On the other hand, a specific manufacturing
process is required for growing the MOFs or MOF derivatives
on the CNFs, which may increase the complexity of the
manufacturing process.
2.2. Carbon Nanotubes (CNTs). CNTs, including single-

wall CNTs and multiwall CNTs, are robust support materials
with appropriate electronic conductivities for use in electro-
chemical systems. CNTs, which have hollow structural
features, differ from the densely packed internal structures of
CNFs; the larger degree of porosity in CNTs may allow for
better mass transfer properties relative to those of CNFs. In
addition, similar to carbon nanofibers, carbon nanotubes
exhibit mechanical flexibility and high conductivity, and the
nanotube-based systems are perhaps even more advantageous
than their nanofiber counterparts, as better electrolyte
infiltration and lower weights have been observed in CNT-
based materials, resulting in better rate performances and
greater energy densities. Given the numerous reports on the
CNT-supported MOFs and MOF derivatives,69,70 we focused
on two prevalent and main systems in this section: (1) rooted
CNT supports and (2) in situ grown CNT supports.
2.2.1. Rooted CNT Supports. Rooted CNTs, also known as

introduced CNTs, are classified as a type of CNT-containing
material prepared by the introduction of CNTs inside the
product. While this strategy can effectively improve the
conductivity, generating uniform dispersions of CNTs inside
the product has not proven straightforward in some cases. Tan
and co-workers prepared a MOF-derived, CNT-connected
porous carbon nanomaterial (Figure 9a) that demonstrated
high-performance both when employed in a supercapacitor
(75.1 F g−1 at a current density of 1 A g−1) and when used in

the oxygen reduction reaction (the reduction current density is
comparable to that of the noble metal-containing Pd/C
catalyst).71 The authors attributed the superior performance to
the combination of suitable conductivity (∼5 Ω in charge
transfer), favorable porosity (1249.1 m2 g−1, 0.53 cm3 g−1), and
accessible nitrogen dopant species benefiting from the
hierarchical porosity. Xu and co-workers fabricated a flexible
and foldable electronic device composed of CNTs and a
nanocellulose-supported zeolitic imidazolate framework-67
(Figure 9b).72 A solid-state device fabricated by the electrode
and PVA/KOH gel electrolyte exhibited an areal capacitance
of 168 mF cm−2 and an energy density of 0.6 mW h cm−3 at a
power density of 8.0 mW cm−3, which is much lower than that
in the half-cell (1979 mF cm−2), suggesting that researchers
should consider properly matching the anode and cathode.
The well matching factor of an anode and a cathode is also
emphasized by previous reports in which the authors not only
demonstrated new electrode materials but also studied the
matching between anodes and cathodes.73−75 After employing
ZIF-67 growing on CNTs as a precursor, Yang and co-workers
performed a selenization reaction to synthesize CoSe2@C
nanoparticles connected by CNTs (Figure 10a).76 This
material exhibited excellent sodium-ion storage with high
specific capacity values and good rate capabilities (404 mA h
g−1 at a current density of 0.2 A g−1 and 363 mA h g−1 at a
current density of 5.0 A g−1), which was attributed to the
favorable interaction between the CoSe2@C active nanoma-
terial and the CNT host. In addition to building on CNT
supports to yield a CNT@product texture, CNTs can also be
used to form a skewered, rod-like structure with MOFs or
MOF derivatives during the synthesis. For example, Huang and
co-workers grew MOF precursors on the CNT hosts followed
by a heat treatment process to generate a multiwall CNT/

Figure 16. (a) Schematic illustration showing the fabrication process for porous carbon building using MOFs and graphene oxide as precursors.
Reproduced with permission from ref 111. Copyright 2016 Elsevier. (b) Schematic illustration of the synthesis procedure of the Ni−Co layered
double hydroxide hollow nanocages/graphene composite. Reproduced with permission from ref 112. Copyright 2017 American Chemical Society.
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Co3O4 composite product (Figure 10b).77 When this
composite material was inserted into the anode of a lithium-
ion battery, excellent electrochemical performance was
maintained, with specific capacities of 813 mA h g−1 at 100
mA g−1 and 514 mA h g−1 at 1000 mA g−1.
Zhou and co-workers fabricated asymmetric supercapacitors

by growing the spindle-like α-Fe2O3@C on carbon fibers made
from nanotubes using MIL-88-Fe (MOF) as a precursor
(Figure 10c), which resulted in improved electronic and ionic
conductivities relative to those of the simple Fe2O3 electrode.

78

The fabricated composite electrode exhibited a high
capacitance of 1232.4 mF cm−2 at a specific current of 2 mA
cm−2 as well as a considerable rate performance of 63%
capacitance retention when the current density was increased
from 2 to 20 mA cm−2. The rooted CNT concept has been
also demonstrated by Jiao and co-workers, who prepared a
CoP/C@MCNT composite material using a cobalt-based
MOF as a template (Figure 11a).79 The introduction of CNTs
significantly improved the capacity values relative to the
material without CNTs (547.5 mA h g−1 and 190.7 mA h g−1,
respectively, at a current density of 500 mA g−1 after 200
charge/discharge cycles) despite the observation of smaller
electrochemical impedance values, indicating that the rate
performance remained constant (Figure 12a).
In addition to rooted CNTs, CNTs can also be used as

promising support materials for growing MOFs. For example,
He and co-workers demonstrated this concept by growing a V-
based MOF on CNT fibers (Figure 11b) to yield a binder-free

electrode material that exhibited a 50-fold increase in current
density with a capacity retention of 64.3%.80 Tang and co-
workers synthesized a CNT-supported ternary metal oxide
(ZnCo2O4) to obtain superior anode materials for lithium-ion
batteries.81 In this study, the authors grew MOF precursors on
the highly conductive CNT supports, followed by post-heat
treatment (Figure 11c), which led to the formation of a
composite material that exhibited a desirable capacity value of
1507 mA h g−1 at a current density of 100 mA g−1 after 200
cycles of repeated charge/discharge cycles (Figure 12b).

2.2.2. In Situ Grown CNT Supports. As an alternative
method to the introduced or inserted CNTs discussed in the
previous section, some metal species can serve as seeds for in
situ grown CNT supports when exposed to a continuous
supply of carbon. Due to the well-ordered atomic arrangement
of metal species that serve as seeds for nucleation, these in situ
grown supports may yield composite systems with better
bridging effects relative to those formed via inserted CNTs due
to the greater degree of chemical bonding that can form during
the former process. Tabassum and co-workers synthesized a B/
N-codoped, CNT-encapsulated, cobalt phosphide material
derived from a MOF precursor for use in electrochemical
hydrogen evolution reactions at all pH values.82 The CNT in
this study plays two main roles: (i) it acts as a support material
to protect the cobalt phosphide nanoparticles from agglomer-
ation, and (ii) it behaves as an active material to synergistically
improve the hydrogen revolution reaction.

Figure 17. (a) Schematic diagram of POM-based nanocomposites.
Reproduced with permission from ref 113. Copyright 2018 Elsevier.
(b) Schematic of the synthesis process of FeS2@RGO. Reproduced
with permission from ref 114. Copyright 2018 Royal Society of
Chemistry. (c) Concept for Ni doping and incorporating graphene to
form a composite of graphene and Ni-doped MOF-5 and its use as an
electrode. Reproduced with permission from ref 115. Copyright 2015
American Chemical Society.

Figure 18. (a) Preparation processes for graphene oxide/MOF- and
graphene/MOF-derived composite aerogels. Reproduced with
permission from ref 116. Copyright 2017 American Chemical Society.
(b) Schematic of the formation process of CoOx/N-doped graphene
aerogels and C/N-doped graphene aerogels. Reproduced with
permission from ref 117. Copyright 2017 American Chemical Society.

ACS Applied Nano Materials www.acsanm.org Review

https://dx.doi.org/10.1021/acsanm.0c00702
ACS Appl. Nano Mater. 2020, 3, 3964−3990

3975

https://pubs.acs.org/doi/10.1021/acsanm.0c00702?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00702?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00702?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00702?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00702?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00702?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00702?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00702?fig=fig18&ref=pdf
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c00702?ref=pdf


Gao and co-workers synthesized a CNT-supported carbon
polyhedron derived from ZIF-67 (Figure 13a) that exhibited a
high capacitance of 343 F g−1 when used as an electrode for
electrochemical supercapacitors.83 The improved performance
for this composite material is attributed to the rich space
(171.6 m2 g−1) and short ion diffusion pathways (mesopores
and micropores, ∼0.2 cm3 g−1). Additionally, highly con-

ductive CNT scaffolds can also be formed by using a Co-
containing MOF as precursors. For example, Xiong and co-
workers demonstrated the rapid, facile intercalation of K+ ions
in CNTs derived from the pyrolysis of cobalt-containing
MOFs, suggesting the feasibility of using an electrode for K+

ion storage.84 A similar in situ grown CNT method has been
studied by Lei and co-workers in which a Zn/Co-based zeolitic
imidazolate framework was used as a precursor, and following a
heat treatment process, the CNT was in situ rooted, owing to
the existence of cobalt species.85 Finally, sulfuration con-
duction formed the final CoS2 product (Figure 13b), leading to
a composite anode material that exhibited high capacitance
(635.8 F g−1 at 1 A g−1), suitable rate performance (544.2 F
g−1 at 10 A g−1), and long-term cycling stability (88.0%
retained after 2000 cycles).
CNTs have been demonstrated to be an important type of

support material with many attractive advantages; however,
some disadvantages exist, such as the aggregation of CNTs and
the difficulty of manufacturing electrodes that necessitates the
use of binders. In this context, aggregation is unique from the
agglomeration of active materials loaded on the CNT tubes.
Although CNTs can effectively separate the MOF or MOF-
derivative particles, as discussed above, the small size of CNTs
(dozens of nanometers) generally aggregate to a larger bulk
form after the products are dried. As such, the aggregation of
CNTs remains the more significant drawback relative to the
difficulties encountered during the physical preparation of the
electrodes using the CNT-supported MOF or MOF derivative
powers, and the issue of aggregation will have to be solved for
CNT-based composite systems to find use in commercial
applications.

2.3. Graphene. Graphene, a robust, two-dimensional
material comprised of a monolayer of sp2-hybridized carbon,
exhibits excellent conductivity and has been regarded as a
potential candidate for use in support materials. In recent
years, a significant number of graphene-supported MOF
composite materials have been reported for use in electro-
des.86−102 Importantly, the graphene support is able to disperse

Figure 19. (a) Schematic diagram of the fabrication of NiSx@C-600.
Reproduced with permission from ref 118. Copyright 2019 Elsevier.
(b) Schematic illustration of the spatially confined pulverization
process. Reproduced with permission from ref 122. Copyright 2018
American Chemical Society.

Figure 20. (a) TEM images of GO/Co-MOFs/polypyrrole and (b) Co-MOF nanocrystals encapsulated in N-doped carbon/graphene at 350 °C.
(c,d) HRTEM images of Co-MOF nanocrystals encapsulated in N-doped carbon/graphene at 350 °C. The inset shows a histogram of the size
distribution of nanocrystals. (e) The corresponding lattice structure, (f) selected area diffraction pattern, and (g−i) element mapping images.
Reproduced with permission from ref 122. Copyright 2018 American Chemical Society.
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the MOF (or MOF derivative) while physically bridging them,
resulting in improved stability and conductivity when the
composite material is employed in an electrode; as such, we
have summarized the design methods and principles for
graphene-supported MOF electrode materials in this section.

Rajpurohit and co-authors synthesized a graphene-sup-
ported, bimetallic Cu- and Fe-based MOF and studied the
electrochemical performance of this composite material when
it was used as an electrode material for a symmetric
capacitor.103−107 In this report, the benefit from incorporating
the highly conductive graphene support is evident from the
greater retention of initial capacitance values (78.4 and 69.0%
at current density of 5.0 A g−1 for the materials with and
without graphene, respectively) as well as from the high power
density of 26973.13 W kg−1 (Figure 14a).
A common design concept employed to incorporate the

two-dimensional graphene support involves a sandwich-
structured composite electrode in which the graphene and
active materials are integrated in layers. For example, Yu and
co-workers developed a sandwich-type composite electrode
material by using one precursor for the preparation of both
anode and cathode materials, as shown in Figure 15a and
found the material exhibited exceptional energy storage
performances.108 In this material design concept, the graphene
sheets display a dual functional feature in which they disperse
the MOF particles, and the MOF particles separate the
graphene sheets to simultaneously obtain electrolyte infiltra-
tion and electronic flow throughout the electrode material.
Similar to rooted CNTs, graphene supports can also be

rooted into the final electrode materials through the growth of
MOFs directly onto graphene sheets. For example, Zhou and
co-workers demonstrated this concept by fabricating Ni-MOFs
on graphene supports, resulting in the formation of a GO@
MOF structure (Figure 15b) that exhibits excellent electro-
chemical performances, including a long-term operational
lifetime (3000 consecutive charge/discharge cycles), a good
rate performance (85% of capacitance retention when current
density increased from 1 to 10 A g−1), and a high capacitance
(2192.4 F g−1 at a current density of 1 A g−1).109 Zheng and
co-workers further demonstrated this concept by forming a
graphene-wrapped, bimetallic Co−Ni MOF as a cathode
material for Zn−air batteries (Figure 15c).110 The authors
emphasized the synergistic effect between the graphene

Figure 21. (a) Schematic of fabrication of the flexible two-dimensional MOF/graphene hybrid papers through an electrostatic self-assembly route.
(b) Schematic of the process of the preparation of Co-MOF/graphene−40%//Ni-MOF/graphene−40% asymmetric microsupercapacitor devices
on a substrate. Reproduced with permission from ref 124. Copyright 2018 Royal Society of Chemistry.

Figure 22. (a) Schematic diagram of the preparation of Co3O4/C-
modified wood substrates. Reproduced with permission from ref 125.
Copyright 2012 Royal Society of Chemistry. (b) Schematic
illustration of the detail preparation processes of uniform ternary
FeS@TiO2@C nanotubes derived from a facilely prepared Fe-MOF
precursor. Reproduced with permission from ref 126. Copyright 2019
Elsevier.
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support and MOFs in which the graphene wrapping layers
serve as electronic pathways, and the MOFs provide the active
sites, resulting in great performance when employed in
electrochemical reactions. In a similar strategy, Wang and co-
workers synthesized a sandwich-type graphene/porous carbon
electrode material that was formed following an acid wash of a

MOF-5 precursor (Figure 16a), leading to an improvement in
both charge (0.26 Ω) and mass transfer properties (relaxation
time constant value of 215 ms with a right shifted frequency at
a −45° phase angle in Bode curves), even at the high scan rate
of 5 V s−1 (Figure 14b).111 Similar sandwich-structured
materials can also be formed using graphene supports and

Figure 23. (a) Schematic illustration of the formation of NiCo-MOF nanosheet arrays on nickel foam. Reproduced with permission from ref 131.
Copyright 2019 Elsevier. (b) Schematic illustration of the design and fabrication of the CuCo2S4 nanosheets and Fe2O3/nitrogen-doped graphene
aerogel and their application in all solid-state asymmetric supercapacitors. Reproduced with permission from ref 132. Copyright 2019 Royal Society
of Chemistry. (c) Schematic illustration of the synthesis process of the composite and fabrication of the asymmetric supercapacitor. Reproduced
with permission from ref 133. Copyright 2018 American Chemical Society.
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other compounds for energy storage applications, as shown in
previous reports (Figure 16b and 17a and b).112−114 In these
studies, improvements in electrochemical performance, such as
capacity and conductivity, are observed following the
introduction of graphene into the electrodes.
Another effective method used to increase the redox activity

of the electrode material involves the synergetic activation in
which the performance of the composite material exceeds the
sum of each individual component. For example, Banerjee and
co-workers prepared a composite electrode material consisting
of a redox-active Ni-doped MOF and graphene sheets.115 This
composite material exhibited a high capacitance value of 240 F
g−1, which was more than the sum of the parts, by
incorporating a Faradaic redox reaction (one-electron transfer)
between NiO−(OH) and Ni(OH)2 (Figure 17c). Xu and co-
workers demonstrated a facile strategy for synthesizing an
aerogel using graphene/MOF composites as precursors.116

This preparation method can be conducted rapidly (within
several minutes) to yield materials with well-controlled
compositions (Figure 18a).
Similarly, Xia and co-workers fabricated monodispersed

metal oxides and porous carbon materials in which the
graphene aerogel-assisted method was used together with the

Co-based MOF precursor (Figure 18b).117 Shuang and co-
workers demonstrated a composite electrode material that is
carbon shell-confined in which a Ni-based MOF was used as a
precursor, followed by a carbonization process (Figure 19a).118

The best rate performance was obtained by the small Ni3S2
nanoparticles (∼15.9 nm) confined within the carbon shell,
suggesting the small particle size is crucial for shortening the
ionic and electronic pathways during electrochemical reac-
tions.119−121 While the use of support materials can help
mitigate losses in performance arising from longer ionic/
electronic pathways, the best performance is generally
observed when the active materials are less than 10 nm in
size. Xiao and co-workers reported the synthesis of an
ultrasmall (less than 5 nm), graphene-supported, Co-based
MOF.122 In this innovative design (Figure 19b), the authors
improved the decomposition temperature for the Co-based
MOF by coating a polymer on the surface; after heating this
material at 350 °C, the Co-based MOF would collapse rather
than being oxidized. Using this strategy, active materials with a
significantly smaller size can be obtained (Figure 20). In
addition to the stacking of graphene layers that has been
observed during the preparation of electrode materials,
graphene sheets can also be used as wrapping layers. For
example, Cao and co-workers demonstrated this wrapping
concept using graphene and a one-dimensional Mo-based
MOF in which the wrapping was achieved by stirring a mixture
of the graphene precursor and the MOF.123 When this
composite material was used as an electrode in a super-
capacitor, an excellent rate capability (∼61% of the capacity

Figure 24. (a) Illustration of the fabrication of Co3O4−carbon
nanowires on Ni foam. Reproduced with permission from ref 134.
Copyright 2017 American Chemical Society. (b) Schematic
illustration of the synthesis of CoMoO4−hollow microplate array on
Ni foam. Reproduced with permission from ref 135. Copyright 2019
Elsevier. (c) Schematic diagram of preparing Co-MOF-derived Co3O4
on Ti nanowire arrays. Reproduced with permission from ref 136.
Copyright 2018 Elsevier. (d) Schematic illustration for the design of
the Li-ion capacitor. Reproduced with permission from ref 138.
Copyright 2019 Elsevier.

Figure 25. (a) Schematic synthesis of CoSx@MnO2. Reproduced
with permission from ref 139. Copyright 2017 American Chemical
Society. (b) Schematic illustration of the fabrication process of a Co−
Co3O4@ZIF−NiCo2O4 core−shell nanowire array electrode on Ni
foam. Reproduced with permission from ref 146. Copyright 2016
Royal Society of Chemistry.
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remained when the current density increased from 1 to 10 A
g−1) and a long cycle life (∼87.5% of the capacity remained
after 6000 charge/discharge cycles at 6 A g−1) were observed,
potentially resulting from the graphene wrapping layers
providing good electronic conductivity and inhibiting
aggregation of the MoO3 active material.

Overall, graphene has been widely used as a two-dimen-
sional support material due to its good inherent conductivity as
well as its high flexibility that enables the fabrication of foldable
devices. Despite these advantages, however, the two main
disadvantages regarding graphene-based support materials
include graphene lamination and graphene oxidation pre-
vention difficulty. The use of stacked graphene offsets the
advantages gained from the implementation of separated
MOFs and MOF derivatives on graphene, significantly
reducing the anticipated benefits from using graphene.
Additionally, the susceptibility of graphene to oxidation
necessitates an activation process conducted by heating the
substrate under a reducing or inert gas flow at around 300 °C,
which increases the manufacturing costs and limits the use of
graphene in practical applications. Thus, more consideration
should be given to these key factors to facilitate the
development of advanced, but practical, electrode materials.

2.3.1. Mechanistic Considerations. In addition to excellent
conductivity, graphene sheets also exhibit robust mechanical
properties. For example, Cheng and co-workers fabricated
high-strength, flexible, and two-dimensional MOF/graphene
paper-type electrodes (Figure 21a) that demonstrate a tensile
strength of 89.9 MPa and a Young’s modulus of 34.4 GPa;
importantly, the significant structural integrity observed for this
material originates from the presence of graphene due to the
synergistic effect between the reduced graphene oxide (rGO)
and the two-dimensional MOF sheets via both electrostatic
forces and van der Waals forces.124 Furthermore, a micro-
supercapacitor was fabricated using this paper-type electrode
(Figure 21b), suggesting a variety of devices can potentially
benefit from the use of graphene supports.

2.4. Other Carbon Supports. In addition to the well-
known CNTs and graphene sheets, other carbon-derived
materials have been studied for use as bridges for both MOFs
and MOF derivatives. For example, Zhao and co-workers

Figure 26. (a) Charge-storage mechanism of the CoSx@MnO2 cathode and the activated carbon anode in the hybrid supercapacitors system. (b)
CV curves at different scan rates and (c) charging−discharging curves at different current densities of the hybrid supercapacitors. (d) Cyclic
stability of the hybrid system at 5 A g−1. (e) Ragone plot of the CoSx@MnO2//AC hybrid supercapacitors and related reports elsewhere. (f) Digital
image of the hybrid supercapacitor’s cell voltage and the inset of a red-light-emitting diode lighted by the hybrid supercapacitor device. Reproduced
with permission from ref 139. Copyright 2012 American Chemistry Socieity.

Figure 27. (a) Schematic illustration of the synthesis process of
SnO2−Co3O4 nanofibers. Reproduced with permission from ref 147.
Copyright 2012 American Chemical Society. (b) Schematic
illustration for the synthetic procedure of carbon-coated Mo-based
composites. Reproduced with permission from ref 148. Copyright
2012 American Chemical Society.
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demonstrated this concept by using a channel-rich carbon
support that is derived from wood (Figure 22a).125 Loading
the Co-based, MOF-derived Co3O4 on the surface of this
carbon support results in a composite material that features
ultrafast mass transport properties resulting from rich tunnels
formed by the wood vessels as well as a uniform reaction
interface formed by the homogeneous dispersion of the
Co3O4/C active material. Similarly, Xu and co-workers
demonstrated the use of a carbon tube derived from an Fe-
based MOF, a protected dual phase (FeS and TiO2) anode
material for use in sodium-ion batteries (Figure 22b).126 In this
study, multiple benefits of the carbon tubes were apparent,
such as the mitigation of volume changes during battery
operation as well as an increase in both the ionic and electronic
conductivities, all of which result in improved rate and cycling
performances. For example, the carbon tube-containing sample
exhibited a 26% greater capacity retention relative to that of
the control when the current density was increased from 0.1 to
5 A g−1, and the composite material containing carbon tubes
demonstrated significantly better cycling performance in

comparison to the noncarbon tube sample after 150 cycles
(444 and 384 mA h g−1, respectively).

2.5. Metal supports. In addition to carbon-based support
materials, metallic supports have also been demonstrated to be
competent bridging materials. Several recent reports have
detailed the growth of MOFs and MOF derivatives on metal
surfaces, such as Ni or Cu foams, to improve the performance
when these composites are employed in supercapacitors and
other electrochemical applications.127−130 In another example,
Wang and co-workers synthesized nickel foam-supported MOF
nanoarrays (Figure 23a), and this material demonstrates an
excellent capacitance value of 2230 F g−1 at a current density of
1 A g−1, which is a significant improvement relative to the
capacitance values for many previously reported electrode
materials. Importantly, the superior electrochemical perform-
ance of this composite material was attributed to the well-
aligned MOF nanosheets in addition to the excellent electronic
contact that is achieved through the use of the metallic nickel
foam support.131

Similarly, Bahaa and co-workers reported nickel foam-
connected CuCo2S4 nanosheets through a two-step method

Figure 28. (a) Schematic of the synthesis procedure for CNF@c-MOF hybrid nanofibers. Reproduced with permission from ref 154. Copyright
2012 American Chemical Society. (b) Schematic illustration of the synthetic process for the attainment of nanoporous carbon−polyaniline core−
shell nanocomposite materials. Reproduced with permission from ref 155. Copyright 2012 Royal Society of Chemistry. (c) Schematic illustration of
the procedure for the fabrication of ZIF-67 and ZIF-polypyrrole. Reproduced with permission from ref 157. Copyright 2012 American Chemical
Society.
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using Co- and Cu-based MOFs as precursors (Figure 23b).132

In this study, the fabricated electrode material exhibited a good
capacity and a rate performance with a 77.9% capacity
retention after increasing the current density from 3 to 50
mA cm−2. By employing a similar strategy and using nickel
foam as a support material, Guo and co-workers also fabricated
metal sulfide flakes derived from ZIF-67 (Figure 23c).133 In
this report, the authors emphasized the use of a highly
conductive matrix for improving the mass and electron transfer
as well as shortening the charge and ion diffusion path. The
superior bridge material, nickel foam, has also been
demonstrated in many other reports, such as nickel foam-
supported Co3O4−C nanowire arrays and hollow CoMoO4

microplate arrays (Figure 24a and b).134,135

Metal nanowires comprise another class of support materials
that exhibit good electronic conductivity. Zhao and co-workers
prepared a Ti nanowire-supported, Co-based MOF through an
electrochemically assisted method, resulting in a composite
electrode that demonstrates both a high capacity of 700 mA h
g−1 at a specific current of 1.0 A g−1 as well as an excellent rate
performance of 300 mA h g−1 at a current density of 20 A g−1,
owing to the well-dispersed and strongly adhered active
materials on the Ti wire supports (Figure 24c).136 Similarly,
Hong and co-workers synthesized a composite material
comprised of Ni wire-supported Bibased MOF sheets for
supercapacitor applications.137 The as-prepared Ni@CoNi-
MOF electrode imparts an excellent rate performance (325 C
cm−3) at a current density of 5 A cm−3, while maintaining the
specific capacity of 813 C cm−3 at a current density of 0.5 A

Figure 29. (a) Normalized resistance of CNF@Ni-2,3,6,7,10,11-hexaiminotriphenylene nanopaper at different bending states; schematic diagram
showing the charge transfer and electrolyte ion transport. (b) Electrochemical performances of the CNF@Ni-2,3,6,7,10,11-hexaiminotriphenylene
double-layer supercapacitor: cyclic voltammetry curves, galvanostatic charge and discharge curves, calculated areal capacitances, cyclic performance
and capacitance retention data, cyclic voltammetry curves, and photograph of LED powered by the devices. Reproduced with permission from ref
154. Copyright 2012 American Chemical Society. (c) Electrochemical performances: Ragone plot for symmetric supercapacitors and long-term
cycling performance. Reproduced with permission from ref 155. Copyright 2012 Royal Society of Chemistry.
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cm−3. Finally, Cheng and co-workers fabricated lithium-ion
capacitors using nickel foam-supported vertically aligned
carbon nanoflakes as the cathode and copper-supported

MOF-derived NiCo2O4 as the anode (Figure 24d).138

Importantly, this hybrid lithium-ion capacitor displayed a
high rate performance of 40 kW kg−1 while having an energy
density of 26.44 W h kg−1.

2.6. Metal Oxide Supports. In addition to pure metals,
well-shaped metal oxides have also been used as support or
bridging materials for both MOFs and MOF derivatives.
Generally, metal oxides are used as active materials for
electrochemical applications, and based on previous reports,
metal oxides have also demonstrated significant potential for
use as anode materials in lithium-ion batteries. Therefore,
metal oxides that are incorporated with the other active
materials may potentially serve as both the active and support
materials, and as a result, both the metal oxides and MOFs or
MOF derivatives should be treated as active materials in the
context of specific capacity calculations. Therefore, more
attention should be paid on this factor. Similar to the other
aforementioned support materials, the incorporation of
structured metal oxides with MOFs (and MOF derivatives)
has been shown to effectively disperse the MOF-based active
materials, resulting in superior electrolyte infiltration. In this
section, we have summarized the metal oxide-supported MOFs
and MOF-derived composite materials for use in electro-
chemical applications.
Chen and co-workers reported a graphene-like MnO2 sheet

used as a support for a MOF-derived hollow cobalt sulfide

Figure 30. Electrochemical performances: (a) CV curves, (b)
maximum areal capacitances, (c) areal capacitances, and (d)
calculated areal capacitances. Reproduced with permission from ref
157. Copyright 2012 American Chemical Society.

Table 1. Comparison of Electrochemical Performance for the CNF-Supported MOFs or MOF Derivatives

entry materials capacity/capacitance current density reference

1 MnO2 and Bi2O3 flakes/CNF 124.8 μW h cm−2 2.55 mW cm−2 49
2 NiCo-P/NiCo−OH 1100 F g−1 100 F g−1 50
3 Co3O4/nanoporous carbon 1.22 F cm−2 0.5 mA cm−2 54
4 PANI−ZIF-67−CNF 2146 mF cm−2 10 mV s−1 58
5 CNFs/porous CoSe2 713.9 F g−1 1 mA cm−2 65
6 NiCo2O4 nanosheets/ZnO@C/CNF 2650 F g−1 5 A g−1 66
7 CoS2/porous CNF 876 mA h g−1 100 mA g−1 67
8 MoS2 nanosheets@N−C nanowall/CNF 619.2 mA h g−1 200 mA g−1 68
9 CNT-porous C 75.1 F g−1 1 A g−1 71
10 CoSe2@C/CNTs 404 mA h g−1 0.2 A g−1 76
11 CNT/Co3O4 813 mA h g−1 100 mA g−1 77
12 spindle-like α-Fe2O3@C 1232.4 mF cm−2 2 mA cm−2 78
13 CoP/C@MCNT 547.5 mA h g−1 500 mA g−1 79
14 CNT/ZnCo2O4 1507 mA h g−1 100 mA g−1 81
15 CoS2/CNT 635.8 F g−1 1 A g−1 85
16 GO@Ni-MOF 2192.4 F g−1 1 A g−1 109
17 FeS/TiO2/CNT 444 mA h g−1 0.1 A g−1 126
18 FeS/TiO2/CNT 384 mA h g−1 5 A g−1

19 nickel foam-supported MOF nanoarrays 2230 F g−1 1 A g−1 131
20 Ti nanowire/Co-MOF 700 mA h g-1 1.0 A g-1 136
21 Ti nanowire/Co-MOF 300 mA h g−1 20 A g−1

22 Ni@CoNi-MOF 325 C cm−3 5 A cm−3 137
23 Ni@CoNi-MOF 813 C cm−3 0.5 A cm−3

24 nickel foam/carbon nanoflakes 26.44 W h kg−1 40 kW kg−1 138
25 MnO2 sheet/hollow cobalt sulfide 1635 F g−1 1 A g−1 146
26 Co3O4 nanowire/NiCo2O4 nanoflakes 30.2 W h kg−1 11.1 kW kg−1

27 SnO2−Co3O4 nanofiber 1287 mA h g−1 500 mA g−1 147
28 polyaniline nanorods/porous carbon 21 W h kg−1 12 kW kg1− 155
29 polypyrrole coated polyoxometalate-based MOF 5147 mF cm−2 same current density 156

polyoxometalate-based MOF 432 mF cm−2

30 polypyrrole/ZIF-based MOF 597.6 F g−1 same current density 157
ZIF-based MOF 99.2 F g−1
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material (Figure 25a).139−145 Importantly, this composite
electrode material exhibited excellent electrochemical perform-
ances, including the capacitance values (1635 F g−1 at a current
density of 1 A g−1), rate performance (71% capacitance
retention when current density increased from 1 to 10 A g−1),
and lifespan (5000 cycles with 80% of capacitance retention,
Figure 26), that result from the MnO2 sheets favorably
directing the active material particles. In addition to two-
dimensional metal oxide supports, wire-type metal oxide
supports comprise another class of potential candidates. For
example, Yu and co-workers synthesized Co3O4 nanowire-
supported NiCo2O4 nanoflakes with core−shell structures
(Figure 25b), and similar to other one-dimensional support
materials, this design results in electrodes that exhibit fast
charge transfer and ion diffusion properties (maintaining 30.2
W h kg−1 at power density of 11.1 kW kg−1).146

Similarly, Cheong and co-workers synthesized SnO2−Co3O4
nanofiber supports through the use of ZIF-67 as a template
(Figure 27a).147 Specifically, the Sn-ZIF-67 composite was
prepared via an electrospinning method, and upon calcination
at 600 °C, the dual metal oxide nanofiber was successfully
isolated. The synergetic effect between SnO2 and Co3O4
yielded a composite electrode that exhibited a high capacity
of 1287 mA h g−1 at 500 mA g−1 with a lifetime of 300
repeated charge/discharge cycles. Using a similar strategy, Tian
and co-workers used a ZIF-based template to synthesize a
molybdenum oxide-based wire-type electrode material.148 In
this study, the ZIF was used to form a carbon shell around the
MoO3 starting material, and the molybdenum oxide/carbon
composite nanowire electrodes were isolated following
calcination (Figure 27b). When this material was employed
as an anode in a lithium-ion battery, high capacity values of
810 and 530 mA h g−1 can be obtained for MoO2/C and
Mo2C/C, respectively, both of which exhibit long lifetimes of
up to 600 cycles.
2.7. Conductive Polymer Bridges. Distinct from other

bridging materials, conductive polymers represent attractive
materials for potentially improving the electronic conductivity
of both MOFs and MOF derivatives, as they can provide both
structural support and electronic conductivity. In recent years,
various polymeric materials have been reported for protecting
both MOFs and MOF derivatives as well as optimizing the
performance of these composite materials in electrochemical
applications.149−153 In this section, we have selected
representative examples in order to discuss this material design
strategy.
In one example, Zhou and co-workers fabricated conductive

substrates by using cellulose nanofibers, followed by the
growth of MOFs on the nanofiber surfaces to yield conductive
MOFs, resulting in the formation of free-standing, flexible
nanopapers (Figure 28a).154 When employed as electrode
materials for supercapacitors, excellent charge transfer and
efficient electrolyte permeation values were achieved, with an
electrical conductivity of up to 100 S cm−1 (Figure 29a).
Furthermore, the prepared supercapacitor provided a suitable
long-term cycling stability with a high capacitance retention
over 10000 cycles of continuous charge/discharge measure-
ments (Figure 29b).
Using an alternative approach, Salunkhe and co-workers

synthesized polyaniline nanorods on a porous carbon matrix
derived from ZIF-8 (Figure 28b) and found that a synergetic
effect between the organic rods and porous carbon leads to an
improvement in supercapacitor performance.155 The as-

sembled symmetric supercapacitor exhibits the highest energy
and power densities of 21 W h kg−1 and 12 kW kg1−,
respectively, with a high capacity retention of 86% after 20000
cycles (Figure 29c). The use of a conductive polymer can
greatly improve the usage rate of active materials, thereby
enhancing the performance of these composite materials in the
context of electrochemical applications. For example, Wang
and co-workers employed a conductive polypyrrole coating
layer for a polyoxometalate-based MOF, resulting in a material
that exhibits a more than 10-fold improvement in its
capacitance value relative to that of the bare MOF material
(5147 and 432 mF cm−2, respectively; Figure 30).156 Finally,
Xu and co-workers also employed a conductive polypyrrole
backbone to greatly improve the capacitance of a ZIF-based
MOF when used as an electrode material in a capacitor (Figure
28c).157 Specifically, they synthesized a ZIF-based material and
incorporated a woven polypyrrole component that can deliver
a much higher capacitance of 597.6 F g−1 relative to the
capacitance value of 99.2 F g−1 observed for the bare MOF
electrode.
One significant challenge regarding the use of conductive

polymers is related to the poor conductivity, relative to metal-
and metal oxide-based supports, commonly observed for these
materials; however, advances in this context have recently been
achieved. One potential strategy that can be used to
incorporate polymeric support materials in electrodes consists
of a sacrificial concept in which the polymeric material forms a
graphitic carbon material that has improved conductivity and
ionic diffusion capabilities, which are critical for good rate
performances in electrochemical systems. Moving forward,
more studies regarding polymer supports are needed to achieve
a greater understanding of these supports employed in
functional electrode materials.
Recently, some pioneering works on conductive MOFs

exhibited potential electrochemical performance when used as
electrode materials directly.158−160 The conductive MOFs can
certainly solve the conductivity issue of the normal MOFs.
Further development and progress are required for emerging
conductive MOFs. The highly conductive MOFs may also
become a type of promising electrode materials for use in
electrochemical devices. In addition, summarized electro-
chemical performances of bridged MOFs and MOF derivatives
are recorded in Table 1, in which the connected MOFs or
MOF derivatives demonstrated superior capacities at higher
specific currents. A series of bridging materials consistently
suggest the bridging concept for the MOFs and MOF
derivatives, highlighting the remaining efforts for the research
communities.

3. CONCLUSIONS
In this Review, we have summarized the reported MOF-based
heterogeneous electrode nanomaterials for use in electro-
chemical devices, such as batteries and capacitors, with a focus
on the connection, or bridge, between the active nanomateri-
als. In the absence of a bridging material, MOFs commonly
exhibit low conductivities that partially stem from separated
nanoparticles; through the integration of a conductive bridging
support material, however, composites can be developed that
exhibit a more complete utilization of the active nanomaterials,
resulting in improvements in desirable electrochemical proper-
ties, such as greater electrolyte infiltration and improved rate
performances. Furthermore, the decay of the electrochemcial
performance over long-term use is another disadvantage, which
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is mainly attributed to the loss and decomposition of the active
materials. The integrity of single MOFs and MOF derivatives
with supporting materials is able to suppress the loss of active
materials, thereby prolonging the lifetime of devices. We
focused our discussion based on the different types of bridging
materials that have been employed with MOFs and MOF
derivatives, including graphene, CNFs, CNTs, metals, metal
oxides, and conductive polymers.
Depending on their composition, these bridging materials

have intrinsic advantages and disadvantages for use in materials
design, suggesting the choice of supporting materials may be
application-dependent. For example, all of the studied bridging
materials exhibit high electronic conductivities, carbon-based
supports are probably the most suitable support nanomaterials
for the fabrication of flexible electrode materials, especially
when compared to metals and metal oxides. Furthermore, both
carbon- and metal-based bridging materials demonstrate
promising conductivities and serve to generate electronic
transfer pathways. Metal oxide supports generally serve as
active nanomaterials, along with the introduced MOFs and
MOF derivatives, which are significantly different from other
composite nanomaterials where the bridging materials
generally are used for bridging MOFs and MOF derivatives,
attaining improved structure integrity and conductivity.
Therefore, researchers should carefully consider the energy
and power densities for these electrodes.
An important issue regarding electrode materials arises from

the degradation of active nanomaterials during electrochemical
processes, suggesting a potential disadvantage for these
supported material designs. The polymers generally exhibit
limited electronic conductivity, especially in comparison with
metallic supports, which may potentially hamper the perform-
ance of the active nanomaterial; however, it can well-bridge the
MOFs or MOF derivatives. As a potential solution, hybrid
support materials that are comprised of multiple types of
bridging supports may yield electrode materials with more
favorable performances and greater stability. Alternatively,
conductive sheets could be employed in conjunction with the
bridged composite materials to yield a favorable electron
transfer pathway and ionic diffusion through the complete
exposure of active nanomaterials toward electrolytes, which
could potentially combine multiple advantages: (i) good
electronic and ionic conductivities and (ii) improved stability
of the composite nanomaterial. Overall, the use of conductive
bridging supports with MOFs and MOF derivatives has
resulted in a promising class of nanomaterials for use in a
variety of electrochemical applications, with more exciting
advances surely to come.
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