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Binder-Free MOF-Based and MOF-Derived Nanoarrays for
Flexible Electrochemical Energy Storage: Progress and

Perspectives

Dongming Cai, Zhuxian Yang, Rui Tong, Haiming Huang, Chuankun Zhang,

and Yongde Xia*

The fast development of Internet of Things and the rapid advent of
next-generation versatile wearable electronics require cost-effective and
highly-efficient electroactive materials for flexible electrochemical energy
storage devices. Among various electroactive materials, binder-free
nanostructured arrays have attracted widespread attention. Featured with
growing on a conductive and flexible substrate without using inactive and
insulating binders, binder-free 3D nanoarray electrodes facilitate fast
electronfion transportation and rapid reaction kinetics with more exposed
active sites, maintain structure integrity of electrodes even under bending or
twisted conditions, readily release generated joule heat during
charge/discharge cycles and achieve enhanced gravimetric capacity of the
whole device. Binder-free metal-organic framework (MOF) nanoarrays and/or
MOF-derived nanoarrays with high surface area and unique porous structure
have emerged with great potential in energy storage field and been extensively
exploited in recent years. In this review, common substrates used for
binder-free nanoarrays are compared and discussed. Various MOF-based and
MOF-derived nanoarrays, including metal oxides, sulfides, selenides, nitrides,
phosphides and nitrogen-doped carbons, are surveyed and their
electrochemical performance along with their applications in flexible energy
storage are analyzed and overviewed. In addition, key technical issues and
outlooks on future development of MOF-based and MOF-derived nanoarrays
toward flexible energy storage are also offered.

pollution and climate issues, such as global
warming and extreme weather conditions.
It is therefore urgent and highly desirable
to develop renewable and clean energies.!"?!
Sustainable electrochemical energy stor-
age systems, including supercapacitors,
Li/Na/K ion batteries, Li-S batteries, Zn/Al-
air, Zn ion batteries etc., have drawn much
attention in recent decades.>8] Moreover,
in order to meet mankind’s diversified en-
ergy needs, the design and realization of
novel materials with unique structure and
enhanced performance has attracted huge
research interests recently.”) At present,
however, most of the as-obtained flexible
energy storage devices are still facing the
challenges including unsatisfactory energy
efficiencies, low capacity, large overpoten-
tial and poor charge—discharge stabilities,
mainly due to the sluggish electrochemical
reactions. The use of insulated and inac-
tive binders during the electrode fabrication
process are one of the key factors account-
ing for the sluggish electrochemical reac-
tions. Moreover, the binders and conductive
additive materials can also reduce the gravi-
metric capacity of the whole cell system.[!?]
To tackle these issues, binder-free electrode

1. Introduction

The continuous growing of population and exponential con-
sumption of fossil fuels has led to energy crisis, environmental

materials, most of which are in-situ grown on a conductive sub-
strate, have emerged as effective alternatives to overcome the
inherent barriers of conventional electrode materials and have
been fast developed.*!) In particular, 3D nanoarray structured
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electrode materials with large surface area and good structural
integrity, have been widely explored, which exhibit overwhelm-
ing merits compared to their counterparts made from powder
materials. First of all, nanoarray structured materials are usually
intimately anchored on a substrate, which avoid the use of non-
active binders and consequently improve the specific gravimetric
capacity of the whole electrode. Second, 3D nanoarray structured
materials with relatively ordered architecture can enable the full
contact between the active materials and the electrolyte, which
can facilitate rapid electron transportation as well as fast ion diffu-
sion, hence enhance the kinetics of the electrodes. Third, binder-
free arrayed materials with separated structure can help maintain
structural integrity when the electrode is in bent or twisted state,
offering strong superiority in flexible energy storage area. Last
but not least, 3D nanoarray structured electrodes offer sufficient
space to accommodate the volume change and joule heat release
during the electrochemical reaction process, achieving long life
span and high performance of the devices. These advantages of
3D arrayed electrodes make them promising electroactive mate-
rials toward flexible energy storage applications with extensive
investigations.!1213]

Metal-organic frameworks (MOFs), a typical class of porous
crystalline materials assembled from metal ions/clusters with
organic ligands via coordination interactions, have been widely
investigated.'*'7] Due to the large number of metal ions and or-
ganic ligands, a great diversity of MOFs with adjustable pore sizes
and morphologies have been developed, which have attracted sig-
nificant attention in many fields, such as catalysis, gas storage
and separation, drug delivery, sensors, energy conversion and
storage etc.['®28] Most of MOF-based or MOF-derived active ma-
terials are produced in form of powder. As a result, in order for
them to be used as electrodes in electrochemical applications,
polymer binders and additives are needed to fabricate the elec-
trodes, which will inevitably increase the “‘dead mass™ of the
electrodes, decrease the electrical conductivity and limit the gravi-
metric/volumetric capacity of the whole device, thus adversely af-
fect the electron transmission.[?”! These problems can be avoided
via the utilization of nanoarray structures. When MOFs are pre-
pared in form of nanoarray on a conductive substrate or de-
posited on the surface of nanoarrays, the obtained composites
not only possess the above-mentioned merits of nanoarrays, but
also can fully utilize the high porosity of MOFs. Moreover, the
MOF-based nanoarrays can be subjected to heat treatment in
controlled atmosphere to form a variety of MOF-derived nanoar-
rays that are promising and highly sought-after materials for elec-
trochemical energy storage and conversion applications. Conse-
quently, many kinds of MOF-based or MOF-derived nanoarrays
have been developed and widely exploited in the field of energy
storage.

Driven by the needs of portable electronics and medical
devices, electric vehicles, electric grids and the emerging of
Internet of Things, flexible electrical energy storage devices
which dominantly provide power to various wearable devices
currently, hold great potential for numerous practical appli-
cations and they may revolutionize the personalized electron-
ics, health care and global supply chains remarkably.*®) The
last decade has witnessed great research interest in wearable
technologies which have been rapidly developed and utilized
in portable and flexible electronics, such as roll-up displays,
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Figure 1. A conceptual overview on binder-free MOF-based and MOF de-
rived nanoarrays as advanced electrodes for flexible electrochemical en-
ergy storage applications.

curved smartphones, as well as plenty of relevant flexible, wear-
able and portable electronic devices. Many different high perfor-
mance energy storage devices with excellent flexibility, includ-
ing Li/Na/K-ions batteries, Li-S batteries, Metal-air batteries, Zn-
ions batteries, Supercapacitors, etc. have been exploited. Particu-
larly, various binder-free nanostructured MOF-based and MOF
derived nanoarrays as advanced electrodes in flexible electro-
chemical energy storage applications have been demonstrated
(Figure 1).

However, there is still a long way to go to realize com-
mercial application of binder-free nanostructured nanoarrays.
To practically use them in flexible electrochemical energy stor-
age devices, the substrate needs to be cost-effective and pos-
sesses good conductivity, high electrochemical stability and
thermal stability, as well as good elasticity; while the active
materials are expected to have high electrochemical capacity,
long cycling stability and good adhesion to the substrate. For
whole flexible devices, they should not only be easy to pre-
pare in a large scale, but also exhibit high energy density, high
power density, good safety and even good elasticity. The re-
search directions and targeted goals of binder-free nanostruc-
tured nanoarrays for flexible energy storage are summarized in
Figure 2.

So far, there have been many reviews on MOF-based or MOF-
derived nanomaterials in electrochemical energy storage and
conversion applications, including but not limited to the syn-
thesis, the properties and their utilizations.31-*] There are also
a couple of reviews that summarized the merits of nanoar-
ray structured materials.l***!l However, there has been no sys-
tematic overview on the applications of MOF related nanoar-
ray materials in flexible energy storage. So, to bridge this
gap, the recent progress on binder-free MOF-based and MOF-
derived nanoarrays in flexible energy storage is comprehensively
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High energy density
High power density
Long cycling stability
Mechanical stability

Easy to prepare on a large scale
Good safety
Good elasticity

» High capacity

» Electrochemical stability

> Good adhesion to substrate
» Large surface area

» High porosity

> Good conductivity

v Low cost

v' Good conductivity

v Superior flexibility

v' Electrochemical stability
v Good thermal stability

Figure 2. Research directions of binder-free nanostructured nanoarrays
for flexible energy storage.

surveyed and summarized in this work. We first overview
the commonly used flexible substrates and their advantages
and disadvantages. Then we discuss the applications of vari-
ous nanoarrays scaffold loaded with MOFs/MOF-derived com-
posites or nanoarrays directly made from MOFs/MOF deriva-
tives in detail, including metal oxides, sulfides, selenides, ni-
trides, phosphides and nitrogen doped carbons, as electrodes in
flexible energy storage. Finally, we provide the challenges and
outlooks of binder-free nanostructured MOF-based and MOF-
derived nanoarrays in flexible energy storage. This review is an-
ticipated to inspire further studies and new ideas on the de-
sign and application of unique and novel MOF and MOF-derived
nanoarray structured materials in relevant flexible energy storage
field.

2. Flexible Substrates for Nanoarray Fabrication

Self-supported nanoarray structures without polymer binder in
electrodes can effectively reduce the risk of potential block-
age of active sites, maintain the morphology of nanoarrays
to enhance the accessibility of electrolyte, and accordingly im-
prove the long-term stability of the electrodes. To achieve
flexible energy storage, the use of an appropriate substrate
is crucial. Typically, the fabricated flexible electrodes require
the substrates to possess good conductivity, high porosity,
large specific surface area, considerable mechanical flexibil-
ity, etc. The key factors of some commonly used flexible sub-
strates are shown and compared in Figure 3. Representative
substrates for flexible electrodes are briefly reviewed in this
section.

2.1. Carbon Cloth
Carbon cloth (CC), a very common commercially available sub-

strate which is made from uniform carbon fibers, has been
widely used as substrate in flexible energy storage field due to
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its excellent electric conductivity, high thermal stability and com-
parable mechanical flexibility.[*~**] For example, various kinds
of active materials, such as Fe,0,,[*#¢] FeOOH,[**8] MnO,,*!
MoO,,>%31 NiCo,O,,1’?] VN3 etc., have been successfully an-
chored on CC as flexible energy storage electrodes. However, the
inherent hydrophobicity, intrinsically small specific surface area
(~5 m? g~!) and high price of CC limit its practical applications in
a large scale. In order to modify the hydrophilicity of CC, usually
strong oxidant or concentrated acid is required. Due to the poor
electrochemical reactivity and low accessible surface area, CC is
rarely directly used as active electrode. However, some studies
were devoted to modify the pristine CC in order to fully release
the charge storage capability of CC.5¢l At present, the widely
adopted methods to boost the capacitances of CC s include nanos-
tructure fabrication and doping with nonmetal elements. While
the nanostructure fabrication method can increase the porosity
and/or specific surface area of the CC, thereby provides faster ion
diffusion and enhanced electrochemical capacitance, the non-
metal element doping can effectively adjust the electron struc-
ture and improves the conductivity as well as the hydrophilicity
of the electroactive material, and therefore introduce redox re-
action and extra electrochemical capacitance. For example, Qin
et al. prepared Na-CC by one-step electrochemical reduction in
aqueous Na,SO, solution,*’l in which Na* was introduced into
the surface of CC, consequently the resulting Na-CC prevented
the adsorption of H* and expands the work potential window of
the anode. Moreover, Han et al. t successfully fabricate activated
porous CC with oxygen-containing functional groups by a chem-
ical etching plus electrochemical activation method.[%® By virtue
of such a favorable characteristic, the prepared activated porous
CC exhibited remarkable surface area of 201.3 m? g~! and excel-
lent electrochemical capacitance of 1.2 F cm™2 at 4 mA cm™2. In
the future, if CC can be produced more cheaply without alter-
ing the physical and chemical properties, the large-scale devel-
opment of flexible energy storage devices based on CC substrate
will be very promising.

2.2. Electrospun Nanofiber

In recent decades, electrospinning technique has been applied
in the preparation of nanofiber materials for flexible energy stor-
age. The high surface area and excellent surface-to-volume ratio
can offer numerous active sites and controllable porous struc-
tures, which can buffer the huge volume changes during bat-
tery cycling and boost the infiltration of electrolytes.>*-**] More-
over, electrospun nanofiber mats also possess favorable proper-
ties for flexible electrochemical electrodes, including desirable
mechanical strength, easily adjustable chemical compositions (as
the additives of electrospinning solution can range from organic
polymers to inorganic compounds), and tunable diameters of
nanofiber, which are generally controlled by the working voltages,
the distances between the needle tip and the stationary plate, the
feeding rates electrospinning solution and the fiber deposition
rates.

On account of the above merits, electrospun nanofibers have
been extensively exploited as promising flexible electrode sub-
strates for various energy storage applications.[®>%8] For instance,
Poudel et al. reported the use of hollow porous carbon nanofibers
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Figure 3. a,b) Multiangle comparison of some common substrates used in flexible energy storage field.

(CNF) as current collector in supercapacitor, which was pre-
pared by coaxial electrospinning followed by carbonization.[® Ji
et al. produced polyacrylonitrile (PAN) electrospun nanofibers as
current collector for Zn-air battery cathode,l® in which MOF
derived Co single atom particles were anchored in the carbon
nanoflakes. Moreover, Yao et al. demonstrated the use of ZIF-
67 and PAN to prepare electrospun film and then calcinated
it with melamine to obtain Co-containing CNTs (Co-C@CNEF-
CNT) substrate. After further sulfurization of the substrate, the
flexible Co-S@CNF-CNT electrode can be readily obtained.!”"]
The versatile electrospun fibers can be used not only as cur-
rent collector/ substrate, but also as separator or free-standing
electrode.

Recently, Liu et al. reported the preparation of synchronous-
ultrahigh conductive and reactive N-atom doped flexible carbon
nanofiber networks (SH-FCNNs) as free-standing electrode for
supercapacitor.l’!l The porous PAN was first prepared by wash-
ing the as-synthesized electrospun PAN/PVP nanofibers with
deionized water to dissolve the polyvinylpyrrolidone (PVP), then
polyaniline (PANI) nanowires were implanted on the porous
PAN by an in-situ polymerization reaction, which was further
pre-oxidized and calcined to get SH-FCNNs. The as-obtained
SH-FCNNs electrode achieved capacitance of 580.9 F g7! at
0.5A gt in 1 M H,SO, electrolyte solution and exhibited supe-
rior electrochemical stability and flexibility. Interestingly, when a
layer of PANI was electrodeposited on SH-FCNNs, the Zn-SH-
FCNNs@PANI composite was also an ideal cathode material for
flexible aqueous Zn ion batteries. Moreover, Kim et al. demon-
strated that well-defined 1D hollow carbon fiber with lithiophilic
Au nanoparticles could be fabricated through a dual-nozzle elec-
trospinning technique, and the resulting material can be used
as Li host for Li-ion batteries.”?] In addition, Yan et al. also di-
rectly used pre-stabilized PAN mat as separator to assemble flex-
ible Mn/Fe asymmetric supercapacitor with negative Poisson’s
ratio structure.”?]

The preparation of a uniform nanofiber film with good flex-
ibility is usually not as easy as expected, since many factors,
such as environmental temperature, humidity, viscosity and
conductivity of electrospinning solution, electrospinning oper-
ation voltage, etc., can inevitably affect the quality of the syn-
thesized nanofiber film. In addition, nanofiber film often can-
not be directly used unless it has been treated at high tem-
peratures. After heat treatment, the resulting film with en-
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hanced conductivity is often compromised by its mechanical
flexibility.

2.3. Paper-Based Materials

Apart from electrospinning nanofiber mats, paper-based materi-
als for flexible energy storage devices have also been widely ex-
plored due to their low cost, high flexibility and environmental
friendliness.”*77] The rough surface and high porosity nature
of paper enable fast ion transport, and the simple manufacture
technique of paper makes it promising for large scale fabrica-
tion. However, the poor conductivity of some paper inevitably
restricts the utilization of paper-based energy storage devices.
Many attempts have been therefore devoted to solving this prob-
lem. For example, Zheng et al. drew graphite on cellulose paper
simply by a pencil to increase the conductivity of paper based
electrode.l’®! Liu et al. directly coated graphene on commercial
paper to obtain highly conductive flexible paper substrate and
then electrodeposited polyaniline nanorods on it that was used
as electrode for flexible supercapacitor.[””! The use of green elec-
trochemical oxidation/exfoliation technique to modify graphite
paper (GP) was demonstrated by Mandal et al.®% This method
not only increased the specific surface area of GP, but also en-
hanced its capacitance and charge storage kinetics. Zhang et al.
also applied electroless deposition of Ni on a laboratory filter
paper to enhance its electrical conductivity, which was directly
used as substrate to load active materials as flexible electrode for
supercapacitor.®!]

Moreover, some researchers attempted to utilize home-made
conductive paper substrates to overcome the poor electrical con-
ductivity of pristine paper-based electrode. For instance, Wu
et al. fabricated bacterial cellulose embedded cellulosic fiber ma-
trix paper with high conductivity up to 5.9 x 107! S cm™L.182]
Bharti et al. reported the preparation of conductive carbon
nanotube (CNT) paper by filtering well dispersed muti-walled
CNTs through a vacuum filtration system.®3] Yang et al. also
demonstrated the produced black phosphorus (BP)/CNT com-
posite paper through a vacuum filtration of mixture of well dis-
persed BP/CNT ink.®¥ The as-obtained BP/CNTs paper exhib-
ited high volume capacitance and outstanding mechanical flex-
ibility. However, the high price of CNT may limit its large-scale
utilization.
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In addition, the use of recently emerged screen-printing and
inkjet-printing techniques for paper can also produce paper-
based substrates to fabricate flexible energy storage devices.[®>8¢]
For example, Sundriyal et al. reported the preparation of a flexi-
ble electrode with good conductivity by inkjet-printing graphene
oxide (GO) ink on an A4 paper.®”] The designed conducting
patterns on paper was used as flexible substrate for further print-
ing of GO-MnO, and active carbon.

2.4. Other Materials

Recently, the use of other materials, such as polymers, for the
fabrication of flexible conductive films as alternatives of CC and
electrospun fibers, have drawn increased attention due to the
high cost of CC and the poor conductivity of electrospun film.
Polymer-based substrates possess good elastic, excellent mechan-
ical flexibility and moderate chemical stability.[1*88-%°] For exam-
ple, free-standing polypyrrole (PPy) membranes with high sur-
face/mass ratio, good mechanical flexibility, high electrical con-
ductivity and satisfactory capacitance have shown great advan-
tages in flexible energy storage field.®!l Hou et.al. found that free-
standing PPy membrane could be used as flexible substrate for
supercapacitors,[®’! and the as-obtained single PPy membrane ex-
hibited a low charge transfer resistance of 0.3 Q cm™!, indicating
a fast charge transfer. Moreover, Yue et al. also demonstrated that
porous PPy scaffold could be adopted as substrate to grow con-
ductive Cu-CAT MOF, which could be used as electrode in flexi-
ble energy storage.**]

Apart from polymer films, the newly emerged 2D inorganic
compound MXene materials have also been synthesized in film
form and were applied in supercapacitors and batteries. The lay-
ered structure, extraordinary conductivity (8700 S cm™1) as well
as certain capacitance contribution make MXene a popular ma-
terial and a rising star in the family of 2D materials.®**] For in-
stance, Wang et al. directly filtered MXene solution to prepare
free-standing MXene electrode for flexible supercapacitor.’®! The
synthesized free-standing MXene film showed a specific capaci-
tance up to 400 F g=!; when the as-prepared free-standing MXene
film was matched with free-standing MnO,-CNT cathode, the as-
sembled aqueous Zn-ion capacitor exhibited an energy density
of 98.6 Wh kg~!. Moreover, Gund et al. also reported the use of
MXene/polymer hybrid materials for flexible alternating current
filtering capacitor.’’] Due to the synergistic effect of MXene and
polymer, the MXene/polymer composite achieved a high capaci-
tance of 0.56 mF cm~2 and maintained at a rate up to 1000 V s~
In addition, the as-assembled device exhibited superb flexibility
and excellent cycling stability.

Metal substrates, such as Cu, Al, Pt, Ti, Ni, Au, stainless steel,
etc., are also widely used in electrochemical energy storage and
conversion as current collectors, substrates or even active materi-
als. Notably, metal foams possess superior electrical conductivity,
low cost and good malleability, but have poor flexibility and cor-
rosion resistance. For example, metal foam substrates are often
subject to solution or high-temperature thermal treatment to load
active materials, which will inevitably introduce impurities due
to phase transitions or oxidation state alteration, thus affect the
mechanical flexibility of the electrodes. When loading the active
materials mass on the metal foam substrates, the formed impu-
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rities are often not considered, which will unavoidably affect the
overall electrochemical performance significantly.®®!

2.5. Summary

The use of an appropriate flexible substrate is important and pre-
requisite in the preparation of flexible nanoarray structures for
flexible energy storage. An ideal flexible substrate for future en-
ergy storage system requires good electronic conductivity, supe-
rior flexibility, low cost and environmental friendliness. The de-
veloping of lighter and thinner current collectors with excellent
mechanical stability is also highly sought-after and a major trend
in this area.!

3. MOF-Based Nanoarrays

Plenty of MOFs have been synthesized due to the numerous se-
lectable ligands and many kinds of metal ions. Pure MOF-based
nanoarrays can be prepared through rational design and pre-
cise synthesis. Moreover, exploitation of the direct use of con-
ductive MOFs as electrode materials for flexible energy storage
can remarkably simplify the preparation process of the elec-
trodes. However, most pristine MOFs lack of electrical conduc-
tivity, which inevitably limit their direct applications in energy
storage field. Hence, designing and preparing MOFs with good
electronic conductivity are of great importance.

Sheberla et al. reported the use of Ni;(2,3,6,7,10,11-
hexaiminotriphenylene), (Ni;(HITP),), a MOF with high
electrical conductivity as the sole electrode material in an elec-
trochemical double layer capacitor,'®! which is the first example
of a supercapacitor made entirely from neat MOFs as active ma-
terials, without using any conductive additives or other binders.
Comparable to the commercial devices, this MOF-based device
exhibited an areal capacitance exceeds those of most carbon-
based materials with capacity retention greater than 90% over
10 000 charging and discharging cycles. Feng et al. prepared a ro-
bust and conductive hexaaminobenzene (HAB)-derived 2D MOF
with exceptionally high volumetric and areal capacitance.[17 As
HAB exhibited a strong orbital interaction with Ni(ii)/Cuy(ii), the
coordination bonds were highly robust against other reactive
chemical species. Consequently, both Ni-HAB and Cu-HAB
MOFs demonstrated good chemical stabilities in both acidic
and basic aqueous environments. Impressively, the HAB-based
MOF electrodes exhibited high volumetric capacitances up
to 760 F cm™ and good cycling stability with a capacitance
retention of 90% even after 12 000 charging/discharging cycles.

Moreover, it is highly desirable to attach MOF material to cur-
rent collector through chemical bonding, which can achieve bet-
ter mechanical properties. Li et al. reported the preparation of a
conductive MOF (Cu-CAT) nanowire arrays (NWAs) grown on
carbon fiber paper, which was used as the sole electrode mate-
rial for solid-state supercapacitors.l'®2 As shown in Figure 4al,
Cu ions coordinate to 2, 3, 6, 7, 10, 11-hexahydroxytriphenylene
(HHTP) ligands in ab plane to construct a 2D hexagonal lat-
tice, which further packs along the c-axis with a slipped-parallel
ab stacking model to form a honeycomb-like porous structure.
The formed Cu-CAT has 1D channels along the c-axis with
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Figure 4. al) Crystal structure of Cu—CAT viewed along the c-axis. a2) SEM and photographic images (inset) of the carbon fiber paper. a3,a4) SEM
and photographic images (inset in a3) of the Cu—CAT NWAs grown on carbon fiber paper. b) Schematic illustration of the preparation process of V-
MOF@CNTF with hierarchical nanowire structure. c1) Crystal structure of Ni-MOF-74. c2) Illustration of the electron and ion transportation process of
Ni-MOF-74@CNTF. d) Schematic illustration of the preparation process of Cu-CAT-NWAs/PPy. e) Schematic illustration of the preparation process of
CPO-27 arrays. The crystal structure of the CPO-27 nanorod is viewed approximately along the (001) direction. H atoms are omitted for clarity. f) SEM
images of Ni-MOF-74@CNTF. g) SEM images of CPO-27 grown on the Ni foam substrate annealed at 250°C (CPO-27@250). h) Rate-dependent specific
capacitance of Cu—CAT NWAs and Cu—CAT powder. i) CV curves and capacitance retention ratio of Cu-CAT-NWAs/PPy based supercapacitor recorded
at different cyclic numbers of repeated heating/cooling. j) GCD curves of the all-solid-state fiber-shaped V-MOF-48//Zn battery at a current density of
0.2 A cm~3 under various bending angles. (k) GCD curves at different bending angles of the fiber-shaped quasi-solid-state Ni-MOF-74//Zn battery. a,h)
Reproduced with permission.!'2 Copyright 2017, Wiley-VCH. b,j) Reproduced with permission.l1%] Copyright 2019, Elsevier. c,f,k) Reproduced with
permission.l'%] Copyright 2019, Royal Society of Chemistry. d,i) Reproduced with permission.[®?] Copyright 2019, Wiley-VCH. e,g) Reproduced with
permission.!1%%] Copyright 2019, Elsevier.
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an open-window size of ~1.8 nm. In the SEM images shown
in Figure 4a2—4, blank carbon fibers with smooth surface can
be observed, but they are homogeneously covered with high-
density oriented nanowires after the growth of Cu-CAT. Due to
the nanowire array structure, high porosity and excellent con-
ductivity, the MOF Cu-CAT integrated NWA electrode exhibited a
specific capacitance of 202 F g~! at a current density of 0.5 A g~1.
When the current density was increased by 20 times, up to 66%
of its specific capacitance was remained (Figure 4h). For com-
parison, Cu—CAT powder electrode only showed half of the ca-
pacitance of Cu-CAT NWAs electrode, and retained ~33% of its
capacitance when the current density was increased from 0.5 to
10A g™

Although conductive carbon fiber paper (CFP) was used as
substrate to anchor MOF Cu-CAT NWaAs, it did not contribute
to the capacitance, but inevitably introduced inactive component
with extra mass to the electrode unit. Moreover, the rigid struc-
ture of CFP has poor mechanical flexibility. Thus, Hou et al.
addressed this issue by substituting CFP with conductive and
flexible polypyrrole (PPy) membrane.l®?] The fabrication proce-
dure and architecture design of the Cu-CAT-NWAs/PPy elec-
trode were schematically shown in Figure 4d. First, PPy mem-
brane was synthesized by constant galvanic electrodeposition ap-
proach. Then Cu-CAT-NWAs were directly grown onto the PPy
membrane via a facile hydrothermal method. The flexibility and
efficient charge transfer property of PPy membrane render it a
unique supporting backbone and current collector for the forma-
tion of Cu-CAT-NWAs as an integrated flexible electrode. A sym-
metric all-solid-state flexible supercapacitor was assembled by
employing Cu-CAT-NWAs/PPy as both electrodes. As shown in
Figure 4i, after 100 alternate heating (100 °C)/freezing (—20 °C)
cycles, the capacitance of the device remains no obvious changes,
indicating the as-assembled supercapacitor not only possesses
good flexibility, but also exhibits remarkable temperature toler-
ance.

Vanadium-based  metal-organic  framework (V-MOF)
nanowire-bundle arrays was also reported as binder-free cath-
odes for high-rate and high-energy-density wearable Zn-ion
batteries.!®] He et al. prepared 3D conductive V-MOF on
carbon nanotube fibers (CNTFs) through a simple one-step
hydrothermal method as depicted in Figure 4b. With increase
of the hydrothermal reaction time, the V-MOFs with a compact
structure served as a self-sacrificed template, and gradually
transformed into nanowire along the specific crystal faces
via Ostwald ripening and self-assembling process, forming
hierarchical nanowire bundle structures. Due to the large spe-
cific surface area and good conductivity of the active material
V-MOF, the good mechanical flexibility and stitchability of
CNTFs, the as-obtained V-MOF-48@CNTEF//Zn battery exhib-
ited good electrochemical stability and satisfactory flexibility for
next-generation wearable electronics (Figure 4j).

In addition, 1D self-standing Ni-MOF-74 grown on carbon
nanotube fibers (Ni-MOF-74@CNTF) as a binder-free cathode
of Ni-Zn batteries was constructed by Man et al.l!1% As shown
in Figure 4c1, Ni-MOF-74 possesses an open channel structure
with pore diameter of ~11 A. This unique 1D structure is very
beneficial to enhance the permeability of electrolyte and reduce
the steric hindrance, thus facilitates rapid electrolyte diffusion
in the electrochemical reaction process. Figure 4c2 illustrates
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the transportation process of ions and electrons. The SEM im-
age in Figure 4f demonstrates that Ni-MOF-74 nanoarrays were
highly aligned and well distributed on the CNTF surface with a
cone-like structure. All these features endow Ni-MOF-74@CNTF
with excellent electrochemical ability and flexibility, and conse-
quently outstanding performance as a cathode of Ni-Zn battery
(Figure 4Kk).

MOFs with multiple metal ion components, which could gen-
erate local defects and thus lead to electronic delocalization in
the MOFs,[1%7198] were also explored as flexible electrode ap-
plications. For example, Zhou et al. demonstrated the prepara-
tion of self-supported multicomponent CPO-27 MOF nanoar-
rays, which was used as anode for lithium storage and exhib-
ited high performance.'*”] The facile preparation process is il-
lustrated in Figure 4e. The CPO-27 nanorods were uniformly
aligned on the Ni foam substrate, which were thermally stable
even after heating treatment (Figure 4g). With such a structure,
the interaction between multiple metal components promotes
electronic delocalization in CPO-27, thus increases the electronic
conductivity.'%1%] Moreover, coating a conductive layer on non-
conductive substrate is a common strategy to overcome the con-
ductivity barrier of pristine MOFs. Recently, Xu et al. also pre-
pared ZIF-L coated PANT interweaved film on carbon fiber paper
as a flexible electrode for supercapacitor.!'1!

Based on above-mentioned examples, clearly the direct appli-
cation of MOF-based nanoarrays in flexible energy storage has
the following advantages: 1) the phases of those MOF-based
nanoarrays usually are simple, which is helpful to fully figure out
the relationship between the electrochemical performance and
the structures as well as the morphologies of the materials; 2)
the electrical conductivities of these kinds of MOF-based nanoar-
rays are pretty satisfying, which helps enhance the electrochemi-
cal energy storage performance; 3) free of high-temperature pro-
cess is an attractive feature during the preparation of such ma-
terials, which not only simplifies the preparation process of elec-
trode materials, but also reduces energy consumption in high-
temperature process.

However, in general, not many MOF-based nanoarray were
produced due to the following reasons: first of all, currently only
a few MOFs are electrical conductive, which inevitably restricts
their potential utilization as flexible electrodes in electrochem-
ical energy storage; second, the organic ligands used for MOF
preparation are usually expensive, which limits their large-scale
production; finally, the structure stabilities of these MOF-based
nanoarrays are moderate or even poor, thus inevitably affect their
cycling stability in electrochemical energy storage performance.
As aresult, increased attention is paid to MOF-derived nanoarray
structures for flexible energy storage applications.

4. MOF-Derived Nanoarrays

The majority of pristine MOFs possess high porosity, large sur-
face area, versatile functionalities, diverse structures, and control-
lable chemical compositions, which are beneficial to electrolyte
penetration, ion transportation and incorporation of electroactive
sites. However, their applications in energy storage field are hin-
dered due to their poor electrical conductivity, low tap density, and
irreversible structure degradation during the charge/discharge
processes.''!l Hence, most pristine MOFs are not appropriate

© 2023 The Authors. Small published by Wiley-VCH GmbH
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materials for electrodes. To address this conductivity issue, many
post-processing approaches have been exploited and a variety of
MOF derivatives have been synthesized. Usually, the most direct
approach is the one-step heat treatment of MOF materials un-
der controlled conditions (temperature, duration, and gas atmo-
sphere et al), which leads to the formation of MOF-derived car-
bons, metal/metal oxide (M/MO) doped carbonaceous materials
M@C, MO@C composites, metal sulfide, metal selenide, metal
nitride or N doped metal compounds etc.3*! The preparation and
applications of those MOF-derived nanoarray structures in flex-
ible electrochemical energy storage are discussed and summa-
rized in this part.

4.1. Metal Oxide Nanoarrays

Metal oxides are widely considered as energy storage materi-
als due to their low cost, natural abundance, environmental be-
nign, variable oxidation states, favorable electrochemical activ-
ity, good stability and large theoretical-specific capacitance in re-
dox reactions.[?>112-115] Moreover, the simple preparation process
and readily controllable morphology of metal oxides also make it
easy to construct metal oxide nanoarray structures.''121] Since
a large variety of metal ions and ligands are available for the
preparation of MOFs, various metal oxides can be derived from
the as-prepared different MOFs. Generally, different preparation
methods of MOFs and their derivatives may result in different
morphologies and consequently different electrochemical per-
formance. In this section, MOF-derived metal oxide nanoarray
structures prepared via several typical strategies and their utiliza-
tions in flexible electrochemical energy storage are summarized
as follows.

4.1.1. Hard-Templated Metal Oxide Nanoarrays

Among different metal oxide nanoarrays, nanostructured ZnO is
widely explored as hard-template to fabricate ZnO-based nanoar-
ray structures.?27126] For example, in 2015, for the first time
Zhang et al. reported MOF derived ZnO@ZnO quantum dots
(QDs)/C core-shell nanorod arrays (NRAs) utilized in lithium
ion batteries.??] First, ZnO nanoarray on CC was prepared,
then the prepared ZnO nanoarrays/CC was functioned as both
the precursor and the hard template to induce ZIF-8 growth
on the surface of ZnO nanoarrays. Finally, the vertically aligned
ZnO@ZIF-8 NRAs was transformed into ZnO@ZnO QDs/C
NRAs through one step heat treatment in N, atmosphere. In
this process, the ZIF-8 derived ZnO QDs provide extra capac-
ity, and the ZIF-8 derived carbon layer of a few nanometer can
not only greatly enhance the electrical conductivity of the ZnO
NRAs, but also efficiently endure the volume expansion and al-
leviate the pulverization problem of ZnO during the consecu-
tive charging and discharging process. When used as anode in
lithium ion batteries, the fabricated ZnO@ZnO QDs/C NRAs
showed a high capacity of 785 mA h g™' at second cycle and
maintained 500 mA g! after 100 cycles, and it kept 89% of
the first discharge capacity, implying excellent energy storage ca-
pacity and ultra-stable performance. Similarly, Li and cowork-
ers used ZIF-8 derived ZnO@C arrays as skeleton to deposit
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Zn and constructed CC-ZnO@C-Zn as binder-free anode for
flexible Zn-Co batteries.'?* The trilayer CC-ZnO@C-Zn anode
with hierarchical 3D structures can well suppress Zn dendrite
growth and maintain an ultra-stable cycling performance (71.1%
after 5000 cycles). Very recently, Liu et al. also utilized ZIF-8 de-
rived ZnO@C arrays as skeleton to load NiCo-LDH nanosheets,
which was further selenized to form ZnO/C@ (Ni,Co)Se, as cath-
ode for flexible supercapacitor.'?*) The ZnO/C@ (Ni,Co)Se, core—
shell arrayed nanostructures presented excellent specific capac-
ity of 164.18 mAh g=! at 1 A g~!. In addition, the assembled
ZnO/C@(Ni,Co)Se,//AC asymmetric supercapacitor exhibited
superior energy density of 65.67 W h kg~! at 800 W kg~!.

In 2017, Yang et al. used ZnO nanorod arrays (ZnO NRAs) on
nickel foam as both the hard template and the self-sacrificial pre-
cursor to load ZIF-8.'] ZnO NRAs not only provide Zn ions
for the nucleation of ZIF-8, but also function as skeleton for
the epitaxial growth of ZIF-8. The obtained ZnO @ZIF8 was fur-
ther used as template for the preparation of ZnO@C@LDH and
Fe,O,@C core shell NRAs respectively. The detailed preparation
process of the ZnO@C@LDH and Fe,O; @C core shell NRAs is
shown in Figure 5a. After high temperature pyrolysis of the pre-
pared ZnO@ZIF8, the ZIF-8 layer was converted into porous car-
bon, leading to the formation of ZnO@C, which was then used as
substrate for electrodeposition of CoNi-LDH nanoplatelet to ob-
tain the cathode of ZnO@C@LDH with hierarchical structures.
The introduced carbon layer of ZnO@C not only enhance the
electrical conductivity of the composites, but also provide extra ca-
pacitance. Moreover, the carbon layer can also function as an ideal
protecting layer since it firmly combines with the pseudocapaci-
tance material, prevents the collapse of the metal oxide structure
during long term charging and discharging cycles, thus results
in good electrochemical stability of the composite. SEM image
in Figure 5b shows that ZnO NRAs with diameter of ~60 nm
uniformly covered on the nickel foam substrate, and Figure 5¢
shows the ZnO@C@LDH core-shell NRAs with hierarchical
structures. The electrochemical performance was evaluated and
the GCD curves in Figure 5d showed that the ZnO@C@LDH ex-
hibited enhanced capacitance, reached 6.2578 F cm~2, almost 3.5
times that of ZnO@LDH electrode, manifesting the important
role of the ZIF-8 derived carbon layer which greatly contributed
to the electrochemical capacitance. In the case of the prepara-
tion of Fe,O,@C core shell NRAs, ZnO@ZIF8 was turned into
Fe(OH), @ZIF-Fe via ion exchange, followed by pyrolysis. A flex-
ible all-solid-state asymmetric supercapacitor based on the pre-
pared ZnO@C@LDH as cathode and Fe,O,@C as anode was
assembled. Such a supercapacitor not only showed superior cycle
stability with 95.01% of capacitance retention after 10 000 cycles,
but also exhibited good flexibility that it can light a red LED at
bent state (Figure 5e).

Besides ZnO nanoarrays, other metal oxides such as TiO,,
CoO, Co;0,, NiCo,0,, FeCo,0,, CuO, ect. based nanoar-
ray structures have also been prepared for flexible energy
storage.[118128-135] Taking NiCo,0, as an example, Li et al. re-
ported NiCo, O, nanowires on CC as template to load Ni-MOF as
a cathode for flexible hybrid supercapacitor.'**! Figure 5f shows
the schematic illustration of the preparation of NiCo,O,@Ni-
MOF core/shell hybrid arrays and the assembled NiCo,O, @ Ni-
MOF/ /active carbon (AC) hybrid supercapacitor (HSC) device.
The GCD curves in Figure 5g suggest that the NiCo,O,@Ni-
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Figure 5. a) Schematic illustration of the fabrication of ZnO@C@CoNi-LDH and Fe,O;@C core-shell NRAs for asymmetrical FSSC. b) SEM im-
age of ZnO NRAs. ¢) SEM image of ZnO@C@CoNi-LDH core-shell NRAs. d) GCD charge/discharge curves of the ZnO, ZnO@C, ZnO@LDH and
ZnO@C@LDH NRAs. e) LED lighting demonstration, powered by two FSSC devices in series.['?] Reproduced with permission. Copyright 2017, Else-
vier. f) Schematic illustration of the synthetic approach for NiCo, 0, @Ni-MOF core/shell hybrid arrays on carbon cloth. g) GCD curves of the carbon
cloth, NiCo,0,, Ni-MOF (36 h) and NiCo,0,@Ni-MOF (12 h) electrodes at 2 mA cm~2. h) CV curves recorded at 10 mV s~ under different bending
conditions, inset showing the corresponding photographs of the device.['*% Reproduced with permission. Copyright 2019, American Chemical Society.
i) Schematic illustration of the fabrication process of HCA-Co nanoarrays. j,k) SEM images of ZnO@Zn/Co-ZIF-2. ) Discharge and charge polarization
curves of HCA-Co-1 based solid-state Zn-air batteries under flat and fold status. m) Digital images showing three cells under fold status can gener-
ate a voltage of ~4.19 V.[*¢] Reproduced with permission. Copyright 2019, Elsevier. n) Schematic illustration of the synthesis of CCCH@NiCo-LDH
NWAs@Au-CuO/Cu fibers. 0) SEM images of CCCH@NiCo-LDH NWAs. p) Long-term cycling performance of the CCCH@NiCo-LDH NWAs@Au—
CuO/Cu fiber and CCH@NiCo-LDH NWAs/CC.I"?°l Reproduced with permission. Copyright 2019, Wiley-VCH.

MOF nanoarray electrode exhibited the longest discharge time
among the three studied samples, indicating superior capaci-
tance of the hierarchical NiCo,O,@Ni-MOF electrode. When
matched with AC anode, the NiCo, 0, @Ni-MOF//AC HSC de-
vice displayed good electrochemical stability and promising me-
chanical flexibility (Figure 5h).
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The above discussed core-shell metal oxide array structures
with coated MOF are basically solid structures, which inevitably
hamper the transportation of electrolyte ions and hinder the elec-
trochemical reaction reaching the inner part of the electrode. To
tackle this issue, Zhu et al. attempted to synthesize MOF de-
rived hollow carbon nanotubes (HCA) through using the porous
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characteristics of MOF and the volatile characteristic of Zn at
high temperature (boiling point 907 °C) which is formed via
the reduction of ZnO by the in-situ produced carbons.[3¢] The
schematic preparation process of HCA-Co nanoarrays is illus-
trated in Figure 5i. The ZnO nanorod arrays act as template to
grow bimetallic Zn/Co-ZIF shells. The SEM images in Figure 51,
show that ZnO@Zn/Co-ZIF-2 nanoarrays with core-shell struc-
ture uniformly covered on the CC. After high temperature pyrol-
ysis in inert atmosphere, ZnO was reduced by the in-situ formed
carbon to volatile metallic Zn which vaporized at higher tempera-
ture, and hollow N-doped carbon nanotube arrays with confined
Co nanoparticles were obtained. The HCA-Co nanoarrays were
directly used as cathode for flexible Zn-air batteries, which per-
formed very well under either flat or folded state (Figure 5l). The
assembled three solid-state Zn-air batteries in series under bent
status generated a voltage of ~#4.19 V (Figure 5m).

In addition, copper fiber with excellent electrical conductiv-
ity was also reported to be used as substrate to fabricate en-
ergy storage device. Guo et al. prepared multicomponent hier-
archical Cu-doped NiCo-LDH/CuO double arrays on Cu fiber as
cathode for flexible supercapacitor which exhibited ultralong cy-
cling life.['?] The schematic diagram of the preparation process
of Cu-doped CCCH@NiCo LDH NWAs@Au-CuO/Cu is illus-
trated in Figure 5n. Through etchant treatment of an alkaline ox-
idative solution, the Cu fiber was etched and oxidized into CuO
nanosheets, followed by coating an Au layer to improve the elec-
trical conductivity. Afterwards, CoCu-LDH nanowires were an-
chored on the surface of Au—CuO nanosheets/Cu fibers and used
as scaffold to grow ZIF-67 layer. Finally, Cu-doped CCCH@NiCo
LDH NWAs@Au-CuO/Cu was obtained by ion exchange, and its
SEM image is shown in Figure 50. The as-prepared electrode ex-
hibited ultra-long charge/discharge cycling stability and retained
90.8% of its capacitance after 30 000 cycles at 33.3 A g~L.

4.1.2. Self-Templated Metal Oxide Arrays

Most MOFs are of good thermal stability, but after heat treat-
ment of MOFs at high temperatures in controlled gas atmo-
sphere, MOF derivatives with minor morphology change can be
obtained. Direct pyrolysis of selected MOFs to obtain metal oxide
arrays has been widely reported.[''#137-140] For example, Zheng
et al. reported a facile and scalable route for the in situ fabrication
of ultrafine MnO nanocrystals embedded in porous carbon ma-
trix (MnO@C), which was used as anodes for lithium-ion batter-
ies, exhibiting a high reversible specific capacity of 1221 mAh g~!
after 100 cycles at a current density of 100 mA g=1.1'' Tan et al.
also prepared a Mn-MOF derived Mn,;0, with bulk oxygen de-
fects (04-Mn;0,@C) through valence engineering, which was
used as a cathode material for aqueous Zn ion battery with ultra-
long cycle life.[1*1]

In general, local electronic structure modified by oxygen de-
fects only appear at the surface of the material, not in the bulk
phase. However, Tan et al. successfully obtained Mn, O, with bulk
oxygen defects simply by calcining Mn-MOF nanoarrays in air.
As shown in Figure 6a, O;-Mn;0,@C nanoparticles gradually
formed along with the decomposition of Mn-MOF under ther-
mal treatment. The 04-Mn,;0, @C nanoparticles maintain the
nanorod arrays of Mn-MOF (Figure 6b). Vaporization and car-
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bonization of carbon species from lattice oxygen of crystalline
MOF leaves behind oxygen defects during calcination of Mn-
MOF, therefore, in situ carbon reduction produces not only oxy-
gen defects on the surface of the material, but also abundant
oxygen defects in the bulk phase. The presence of bulk oxygen
defects can lead to the formation of octahedron oxide (MnOy),
which can inhibit the dissolution of Mn?*. Moreover, oxygen de-
fects can also increase intrinsic conductivity of the material and
provide more active sites for Zn** and H* insertion. Hence, the
Zn-ion battery assembled with O4-Mn,0, @C NA/CC exhibits a
high specific capacity (396.2 mAh g') and an ultra-long cycle life
(12 000 cycles) as shown in Figure 6c.

Very recently, Li et al. reported the preparation of Ni doped
V,0; nanowires (Ni-V,0g) by quenching V-MOF in cool salt
solution.'*?] The as-prepared Ni-V,0, with modified local elec-
tronic structure and V coordination environment, provided fast
charge transfer and more Zn?* storage/adsorption sites. Conse-
quently, the aqueous fiber-shaped Zn-ion battery assembled with
Ni-V,Os as cathode exhibited superior rate performance and high
energy density. When the flexible battery was integrated into a
magnetically fibrous soft robot, it demonstrated promising po-
tential to provide both energy storage and load-bearing capacity.

In addition, porous transition metal oxides (i.e., ZnO, Co;0,)
nanosheet arrays derived from MOF coated 3D substrates (i.e.,
3D nickel foam, carbon fiber) can be successfully synthe-
sized by a facile liquid-phase deposition method followed by
calcination.3”1%3] Guan et al. reported a kind of hollow Co,0,
nanosphere embedded in nitrogen doped carbon arrays on flex-
ible carbon cloth (NC-Co,;0,/CC), which was used as electrode
for a solid-state Zinc-air battery.'**] The preparation of NC-
Co,0,/CC is shown in Figure 6d. NC-Co;0,/CC was obtained by
two-step calcination of the Co-MOF on carbon cloth. SEM images
of NC-Co,0,/CC in Figure 6e-f showed that the N-doped carbon
nanowalls were decorated with numerous nanoparticles. An all-
solid-state Zn-air battery was assembled using the NC-Co,0, as
a flexible air cathode, which delivered a high open circuit poten-
tial of 1.44 V, a capacity of 387.2 mAh g~!, and excellent cycling
stability with mechanical flexibility, and outperformed the Pt- and
Ir-based devices (Figure 6h).

For energy storage devices, usually both cathode and anode
are needed and the materials for both electrodes as well as their
preparation methods vary largely, which makes the assembling
of device complicated and difficult. In this regard, Guan and co-
workers developed a “one for two” concept to simplify the pro-
cedure for the preparation of electrode materials, in which both
cathode and anode of the supercapacitor are derived from 2D
MOF nanoarrays.[??! The detailed fabrication procedures and the
architecture description are illustrated in Figure 6i. Lower tem-
perature calcination of 2D Co-MOF leads to porous CC@Co;0,,
and higher temperature pyrolysis results in nitrogen doped
porous carbon. A quasi-solid-state supercapacitor, which was as-
sembled using Co-MOF derived different porous materials as
electrodes, exhibited high energy density, good flexibility, as well
as long term cycling stability (as shown in Figure 6j,k).

Apart from single metal oxide arrays, some bimetallic oxide
nanoarrays derived from MOFs were also developed.[1*5-1#]
For example, Guan and co-workers synthesized hollow
CC@NiCo,0, flakes through ion-exchange/etching and
subsequent calcination of vertically aligned Co-based MOF

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 6. a) Schematic diagram of the synthesis procedure for O4-Mn;O0,@C NA/CC nanostructure. b) SEM of Oy4-Mn;O,@C NA/CC. c) Specific
capacity of batteries composed with various cathode materials at different current densities. Reproduced with permission.['*'l Copyright 2020, Wiley-
VCH. d) Schematic illustration of the fabrication process for hierarchical NC-Co; O, arrays on flexible carbon cloth. e,f) SEM and g) digital images of NC-
Co;0, nanoarrays on carbon cloth. h) Mechanical flexibility and stability of the solid-state rechargeable Zn—air battery. Reproduced with permission.[44]
Copyright 2017, Wiley-VCH. i) Schematic illustration of the “‘one for two™ fabrication process: 2D Co;0, nanosheet cathode and N-doped carbon
nanosheet anode obtained from the same Co-MOF precursor and assembled into a flexible asymmetric supercapacitor. j) Ragone plots, and k) cycling
test result of the CC@Co;0,//CC@NC asymmetric supercapacitor with PVA-KOH as gel electrolyte. Reproduced with permission.[2° Copyright 2017,
Royal Society of Chemistry. ) SEM image of Co-MOF derived ZnCo,0,@NC NWAs. m) Capacitance retention for the asymmetrical supercapacitor
device at different bending angles. Reproduced with permission.['] Copyright 2019, Elsevier.

nanoflakes.'*] The supercapacitor using the as-obtained  The obtained 3D ZnCo,0,@NC/CTs could be directly used as a
CC@NiCo,0, with hollow and porous structure as electrode  self-standing electrode for supercapacitor with good mechanical
showed high capacitance and excellent rate capability. More-  stability. When matched with Fe;O,@r-GO/CTs anode, the as-
over, the obtained CC@NiCo,0, with hollow and porous sembled asymmetrical supercapacitor device showed very stable
structure exhibited superior OER electrocatalytic performance.  electrochemical performance at various angles (Figure 6m),
Similarly, Kong et al. reported the preparation of ultrathin zinc-  demonstrating excellent flexibility and great potential in flexible
cobalt oxide nanoflakes anchored on N-doped carbon nanowall  energy storage area.

arrays (ZnCo,0,@NC NWAs) from 2D Co-MOF nanowall In contrast to high temperature calcination for the prepara-
arrays by controllable cation ion-exchange and post annealing  tion of metal oxides from MOF precursors, many energy-saving
strategies.['*] The exchange of Zn?* ions with Co?* ions and the =~ methods such as electrochemical redox methods, ion exchange
coordination of Zn?* ions with organic linkers in Co-MOF result ~ methods have been adopted.!}61>%-153] For instance, Chen et al.
in the formation of Zn-Co precursor with core-shell structures.  designed nickel-cobalt double hydroxide (NiCo-DH) supported
As shown in Figure 6], after further carbonization and oxidation  on conductive nickel substrate.['%) The prefabricated Co-MOF ar-
process, 3D self-branched ZnCo,0, @NC with hollow nanowall  rays supported on nickel foam served as cobalt ion source and
arrays maintains the morphology of the precursor Co-MOF. the skeleton template. H* was released during the hydrolysis of
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nickel ions, leading to further decomposition of Co-MOF and
generation of NiCo-DH nanosheets on the microscale skeleton,
which resulted in 3D hierarchical micro-nano sheet arrays on
Ni substrate. The interlocked nanosheets not only ensure rapid
electron transfer, but also facilitate fast electrolyte access and ion
diffusion within the active materials. Due to the structural ad-
vantages, the optimized NiCo-DH electrode showed a high spe-
cific capacity of 303.6 mAh g~! and outstanding rate performance
(80% retention after 20-fold current increase). When the pro-
duced NiCo-DH nanosheets used as cathode in Ni-Zn battery,
the device achieved a specific capacity of 329 mAh g=1.

Tao and co-worker further demonstrated the transformation
of MOFs into high-performance flexible metal oxide electrodes
via a highly energy-saving and time-saving method.[***! They sub-
tly used an electrochemical oxidation method to fabricate amor-
phous hydroxyl-rich Co, O, with hierarchical structure. When CV
scan was applied within the potential range of oxygen evolution
reaction (OER, 2H,0 — O, +4H™ + 4e™), the Co-MOF, anchored
on CC, was etched by H* generated from the OER process, which
led to the decomposition of Co-MOF and the release of Co?* and
2-HMINH" into Na, SO, electrolyte. It is ingenious that the re-
leased Co?* was quickly oxidized by the oxygen generated from
the OER process to form Co;0, in situ. The Co;0,-5 electrode
prepared via this novel electrochemical oxidation method exhib-
ited an outstanding rate capability and stable cycle performance.
Zhang et al. also reported the synthesis of hierarchical and hollow
Co(VO;),Co(OH), composite leaf arrays on CC as supercapaci-
tor electrodes through a one-step and energy-saving method.*>*
The as-prepared Co-V composites not only preserved the intrin-
sic leaflike shape of Co-MOF, but also had 3D hollow structures
with irregular nanosheets on the outer surface. This unique hier-
archical hollow and porous structures facilitated electrolyte pen-
etration and promoted fast ion/mass transport with short diffu-
sion distance, consequently enhanced the electrochemical perfor-
mance significantly.

4.1.3. Sacrificial Templated Metal Oxide Nanoarrays

Direct assembly of active materials on CC is a promising way
to fabricate flexible electrodes for energy storage. However, the
overall surface area and mass loading of such electrodes are usu-
ally limited due to the hierarchical structures of the electrodes.
In this regard, 2D metal-organic framework anchored on flex-
ible substrate can meet the requirement of large specific area,
flexibility and high mass loading after carbonization.['*] Upon
using MOF derived carbon arrays as substrate, the sites for grow-
ing active materials are greatly increased, and the equivalent se-
ries resistance is decreased. For example, Liu et al. utilized 2D
MOF derived carbon nanoarrays grown on CC as a substrate
to load active electrode materials, which achieved a flexible su-
percapacitor with high performance.['>>! Figure 7a,b show the
schematic procedures and the actual appearance of the electrodes
made in the study. After synthesis of Co-MOF on CC, one-step
high temperature calcination and further etching of Co particles
were carried out, leading to the transformation of 2D Co-MOF
nanoflakes into N-doped carbon. Followed by electrodeposition
or hydrothermal procedure, active materials MnO, and Bi,O,
were successfully decorated on the N-doped carbon flakes re-
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spectively (Figure 7c,d). Thanks to the hierarchical structures,
the flexible CC/MOFC/MnO, and CC/MOFC/Bi,0, electrodes
exhibited areal capacitance enhanced by ~50% and 100%, respec-
tively (Figure 7e,f). Cai et al. adopted similar strategy and achieved
uniform Fe,O; nanoneedles anchored on the Co-MOF derived N-
doped carbon nanoflakes.['>*) When matched with NiO/NC@CC
cathode, the assembled supercapacitor showed good flexibility
and stable electrochemical performance.

Recently, Peng et al. reported an aqueous supercapacitor,
in which carbon coated Fe;O, nanorods anchored on the hi-
erarchical nanowall structured carbon was used as anode.[**”]
The schematic illustration of material preparation process is
presented in Figure 7g. The carbon coated Fe,O, nanorod ar-
rays and MnO, nanowire arrays uniformly covered on the
MOF derived carbon nanowalls (Figure 7h,i). The produced
CC/CW/Fe;O,@C anode exhibited an expanded operating volt-
age from —1.3 to 0 V and significantly enhanced specific capac-
itance (463 F g™! at 1 A g!) due to the ultrathin carbon protec-
tion layer and the unique hierarchical structures. When matched
with CC/CW/MnO,, the assembled asymmetric aqueous super-
capacitor could operate in a wide and stable voltage window of
2.6V, and exhibited an ultrahigh energy density of 91.1 W h kg™!
(Figure 7j), extraordinary rate capability and excellent cycle per-
formance. Moreover, the assembled quasi-solid-state asymmetri-
cal supercapacitor device based on CC/CW/Fe;O,@C as anode
and CC/CW/MnO, as cathode exhibited excellent electrochem-
ical stability and mechanical stability (Figure 7k). In addition,
Li et al. designed MOF derived Co,;0,@NiCo,0O, nanosheet ar-
rays as electrode in Li-O, batteries.'*! Due to the well-defined
3D array structures that greatly facilitated O, diffusion and full
electrolyte impregnation, together with the synergistic effect of
NiCo,O, and Co,0,, the fabricated Co;0,@NiCo,0,/CC cath-
ode exhibited a very high specific capacity of 10 645 mAh g'.

4.2. Metal Sulfide Nanoarrays

Transition metal sulfides have garnered extensive attention as
promising electrode materials in recent years due to their ad-
vantages such as variable redox states, two orders of magni-
tude higher conductivity than their metal oxides, controllable
microstructure and size, as well as attractive electrochemical
performance.!'*¥-1%] For example, NiS and CoS possess theoret-
ical capacities up to 294 mAh g1.1161l Although several nanos-
tructured metal sulfides (such as NiS, CuS, CoS, and CoS)
were synthesized and evaluated in batteries and supercapaci-
tors, those active materials are normally in form of powder and
thus need to be mixed with polymer binders to fabricate elec-
trodes, which inevitably introduces undesirable interfaces and
jeopardizes the nanosize benefits.['®!] Since the electrochemical
properties of electrode materials are determined by the nature
of the materials as well as their kinetic features, which are af-
fected by the transportation of electrons and ions into the ac-
tive materials, constructing nanoarray electrodes with direct me-
chanical and electrical contact with current collector is one of
the most effective approaches to enhance the transport kinet-
ics. It facilitates easy diffusion of ions, decreases internal re-
sistance and consequently achieve high-power performance.[*!]
Currently, there are only a few reports dedicated to metal sulfides
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Figure 7. a) Schematic diagram of the fabrication process of MOFC-decorated electrode. b) Two digital images showing the size and flexibility of the
electrodes. ¢) SEM image of CC/MOFC/MnO,. d) SEM image of CC/MOFC/Bi,05. e) Capacitance of MnO, with and without MOFC. f) Capacitance
of Bi, O3 with and without MOFC. Reproduced with permission.!’>>] Copyright 2018, Wiley-VCH. g) Schematic illustration of the fabrication process of
hierarchical structured CC/CW/Fe;O,@C nanorod arrays and CC/CW/MnO, nanowire arrays. h) SEM image of CC/CW/Fe;O,@C NRAs. i) SEM image
of CC/CW/MnO, NWAs. j) Ragone plot of the assembled asymmetrical supercapacitor compared with those previously reported samples. k) CV curves
of the flexible asymmetrical supercapacitor under different bending status. Reproduced with permission.['>”] Copyright 2019, Royal Society of Chemistry.

nanoarrays directly attached to conductive substrates for high-
rate battery/supercapacitor applications.

Thanks to the development of MOF nanoarrays with tailorable
nature, high thermal stability and large porosity, some MOEF-
derived metal sulfide nanoarrays have been prepared and eval-
uated for applications in flexible energy storage.l'92-1%] For ex-
ample, Huang et al. used one step sulfurization of Zn-Co-ZIF
on Ni foam to obtain Ni-Zn-Co-S nanosheet arrays for flexible
supercapacitor.’’?! A similar strategy was adopted by Li et al. to
synthesize P-doped ZCS/HC electrode. Due to the synergistic ef-
fect of N-doped C shells and P-doped metal sulfide, the resulting
P-ZCS/HC possessed plentiful redox reaction sites, displays good
conductivity and remarkable capacitance.!'”!]

Making use of the solubility difference between the products,
Yang et al. demonstrated to selectively prepare cobalt sulfide
quantum dots (CoySg-QDs) in Zn-MOF derived NiCoZn-LDH
nanaoarrays on carbon fiber (CF) for hybrid supercapacitor.!*”?]
Figure 8a presents the synthesis strategy of the CF@NiCoZn-
LDH/Co,S¢-QD nanosheet array electrode and the possible
mechanism of selective vulcanization. The in situ prepared
Co,S4-QDs offer more active sites, and the synergistic effect be-
tween Co,S4-QDs and NiCoZn-LDH provided improved electro-
chemical performance, such as capacitance retention, reversibil-
ity and cycling stability. As shown in Figure 8b, the hybrid super-
capacitor based on the fabricated CF@NiCoZn-LDH/Co,S¢-QD
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cathode showed 95.3% capacitance retention after 8000 cycles.
Similarly, CF@NiCo-alloy was also prepared from 2D Co-MOF
flakes and sulfidized to generate NiCo-sulfide electrode.'”?] The
interconnected NiCo-alloy@NiCo-sulfide core-shell structure en-
dowed the electrode with highly exposed active sites and extraor-
dinary electrochemical performance.

Moreover, a hierarchical CF@NiCoZn-S/NiCo,S, composite
originated from Zn-MOF nanoarrays on CF was designed and
used as cathode for flexible supercapacitor.!'’*) The 3D hier-
archical nanoarray electrode with NiCoZn-S nanosheets cou-
pled with granular NiCo,S, nanowires uniformly covered on
the carbon fiber exhibited excellent capacity of 194 mAh g!
at 1 A g7'. Liu et al. directly vulcanized Co-MOF, which was
then deposited on Co;O, nanorods to produce Co,Sg. The as-
obtained Co,Sg nanoarrays showed ultra-long cycling stability,
and maintained capacitance at 1.6 F cm™2 after 100 K cycles.['7’]
Wang et al. also prepared MOF-derived NiCo,S, nanorods for
supercapacitor.'’®l The NiCo,S,@CC exhibited capacitance of
879.6 F g7t at1 A g~!, which is higher than that of NiCo, 0, @CC.
Moreover, the NiCo,S,@CC electrode also presented excel-
lent rate performance, and 88.7% capacitance retention was
achieved when the current density was increased to 20 A g!
Interestingly, 2D MOF nanoflake derived N-doped carbon ar-
rays were also explored as secondary substrate to load metal
sulfides.[177-180]
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Figure 8. a) Schematic illustration of the fabrication of hybrid CF@NiCoZn-LDH/Co4Sg-QD nanosheet arrays, the optimized atomic configurations and
the possible mechanism of selective vulcanization. b) Cycling performance of the hybrid supercapacitor device at a current density of 3 A g~'; the inset
shows the corresponding charge—discharge curves of the first ten cycles and the SEM images of the cathode material after 8000 cycles. Reproduced with
permission.!'72] Copyright 2020, Wiley-VCH. c) Schematic illustration of synthesis of the CC@ CN@MoS, arrays. d,e) SEM images of CC@CN@MoS,.
f) Cycling performance of the CC@ CN@MoS, and the CC@MoS, at 200 mA g~'. g) Rate performance of the CC@CN@MoS, and CC@MoS, at
various current densities. Reproduced with permission.l’31] Copyright 2017, Wiley-VCH. h) Schematic illustration of the fabrication of the P-CoS, @P, S,
N-C and Co@P, N-C nanosheets grown on the CF substrate. i) SEM image of P-CoS, @P, S, N-C nanosheets. j) Schematic diagram of the as-fabricated
P-CoS,@P, S, N-C//Co@P, N-C asymmetrical supercapacitor device. k) Ragone plots of the fabricated asymmetrical supercapacitor device compared
with the reported asymmetrical supercapacitor devices in the literature. l) Capacitance retention of the asymmetrical supercapacitor device at different
bending angles. Reproduced with permission.[17?l Copyright 2019, Royal Society of Chemistry.

As a typical transition metal dichalcogenide with 2D layered  performance sodium ion battery anode. ¥ The schematic illus-
structure, MoS, and related sulfides are promising materials for  tration of the synthesis process for CC@CN@MoS, is shown in
many electrochemical reactions and energy storage and conver-  Figure 8c. First, Co-MOF nanoflakes grew uniformly on CC with
sion devices. Ultra-thin MoS, nanoflakes and carbon materials  certain flexibility; then the nanoflakes transferred into N-doped
were successfully integrated by Ren et al. and used as high-  nanocarbon chips with thickness of ~#110 nm after thermal treat-
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ment and ion etching. Finally, through hydrothermal reaction,
ultrathin MoS, nanoflakes anchored on MOF derived N-doped
carbon nanowalls (CN) were obtained (Figure 8d,e). The ultra-
thin nanoflakes can effectively shorten the ion transport path,
thus the ions can be intercalated /delaminated more quickly. The
heterostructure combined with carbon material can lead to quick
electrolyte permeation and fast ion transfer, while porous car-
bon with N doping can avoid the aggregation of MoS,. Moreover,
the array structure can effectively hamper the volume expansion,
ensuring the prepared electrode with high mechanical stability
and good conductivity. Such a unique structure also alleviates
the problems of rapid capacity attenuation, loss of active material
and corrosion risk caused by the accumulation and aggregation
of 2D MoS, layers, resulting in excellent performance in sodium
ion storage. When tested as anode in a sodium ion battery, the
CC@CN@MoS, arrays electrode not only exhibited 93.9% capac-
ity retention at 613.7 mA h g=! after 100 cycles at 0.3 mA cm~2,
which is much higher than that of CC@MoS, (Figure 8f), but
also showed a superior rate performance (Figure 8g).

Other transitional metal sulfide-based nanoarrays were also
prepared from MOFs. Ren et al. reported TiO, encapsulated
SnS, nanosheets on MOF-derived N-doped C (N-C) flakes for
Na ion batteries.'’”] The synergistic effect of hybrid structure
with open framework and the protective passivation layer of TiO,
as well as the high capacity of SnS, nanosheets resulted in ex-
cellent rate performance and good cycling stability of the pre-
pared TiO, @ SnS, @N-C electrode. Liu et al. synthesized P-doped
CoS, anchored on Co-MOF derived N-C skeleton. The illustra-
tion of preparation process is given in Figure 8h.['7°] SEM image
in Figure 8i shows hierarchical structure with rough surface of
P-CoS,@P, S, N-C nanosheets, which would provide fast elec-
trolyte ion transport. P doping could enhance the conductivity
and reduce the adsorption energy of OH- and Co species in P-
CoS,. The P dopant exhibited enhanced covalency, thus leading
to the reduction of electron migration energy during the redox
reaction. Moreover, the P-CoS, in nanoscale guaranteed rapid
charge transfer. Consequently, the fabricated P-CoS,@P, S, N-
C electrode showed great rate capability and good cycling stabil-
ity. The assembled flexible asymmetrical supercapacitor with P-
CoS,@P, S, N-C as cathode, and Co@P, N-C as anode (Figure 8j)
delivered a considerable high energy density of 56.4 Wh kg~! at
725 W kg~!(Figure 8k). In addition, the device exhibited supe-
rior flexibility and there was negligible change of the shape of
CV curves at different bent angles, as demonstrated in Figure 8.

4.3. Metal Selenide Nanoarrays

Metal selenides, an important class of transitional metal chalco-
genides, such as CoSe, CoSe,, (Ni,Co)Se,, NiV, Se,, NiFe, Se, etc.
exhibit excellent electrochemical energy storage capacity due to
their superior electrical conductivity, promising electrochemical
activity, lower band gaps and enriched redox sites compared to
metal oxides, metal hydroxides or metal sulfides etc. As a result,
they have been widely exploited as electrode materials for en-
ergy storage.['2>187-188] However, the non-negligible volume ex-
pansion of metal selenide electrodes occurred during the long-
term charge/discharge process usually causes severe pulveriza-
tion and unstable solid-state interphase, thus leading to poor
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cycling stability and inferior coulombic efficiency.'®! To tackle
these issues, incorporating metal selenides with carbonaceous
materials has been considered as a promising strategy.!**1°!] In
this respect, MOFs are ideal candidates as template or precursor
to design and synthesize metal selenides/carbon hybrids as elec-
trodes for energy storage.

For example, Zhang et al. fabricated a composite of hollow
P-doped CoSe, nanoclusters embedded in MOF derived carbon
flake arrays and applied it to Zn-air battery.'2 The fabrication
process is schematically illustrated in Figure 9a. Based on the
TEM image in Figure 9D, the P-CoSe, hollow clusters with grain
size of ~#20 nm were well confirmed. The obtained P-CoSe, /N-C
flake arrays exhibited excellent electrocatalytic performance for
OER and ORR (Figure 9c,d). The synergism between the lay-
ered sheet arrays results in excellent dual functional electrocat-
alytic performance, showing a lower overpotential of 230 mV at
10 mA cm~ and a higher half wave potential (0.87 V). When the
P-CoSe, /N-C flake arrays were used as cathode to assemble an
all-solid zinc-air battery, the device not only displayed high stable
open circuit voltage but also possessed good mechanical flexibil-
ity.

Very recently, Xie et al. reported the preparation of bifunctional
Co, g5 Se nanoparticles anchored on 2D Co-MOF derived nanoar-
rays as efficient sulfur host for Li-S batteries.[!”*] Through a
facile solution treatment and further selenization/carbonization,
Co, g5 Se nanoparticles embedded in N-doped carbon nanoflakes
were successfully covered on the carbon cloth (Figure 9¢). SEM
image in Figure 9f confirms interconnected N-doped carbon flake
network, with many Co, 4; Se nanoparticles on the surface. The
interconnected nanoflake network with numerous pores not only
facilitated full contact between the Co,g4;Se active sites and the
electrolyte, ensured rapid diffusion of lithium ions and fast trans-
port of electrons, but also well accommodated the S; molecules
and alleviated the volume change. Figure 9g shows the CV curves
of CC-S, CC/NC-S and Co, 4 Se/NC-S. All samples exhibited sim-
ilar redox peak positions, but Co, ¢;Se/NC-S exhibited the high-
est reduction current intensity, indicating Co 4;Se/NC-S is the
most active materials under the same conditions. The rate perfor-
mance in Figure 9h verified the good kinetic behavior of the pre-
pared Co, 4 Se/NC-S. Similarly, Zhu et al. selenized Co-MOF de-
rived Co-NC to prepare NC@CoSe, and used the produced mate-
rial as cathode for aqueous supercapacitor. When combined with
Co-NC@Fe, 0, anode, the supercapacitor device output a high
power density of 23.5 KW kg1.[11]

Tang et al. explored 2D MOF-derived Co,0,Se, @C/CC for
flexible alkaline Zn batteries applications.['*] As depicted in
Figure 9i,j, electrochemical analysis suggested that Co**/Co**
redox pair was the principal contributor to the capacity and
voltage plateau in alkaline Zn batteries. Moreover, Se-doping
not only enhanced the conductivity, but also sustained abun-
dant and stable Co** species in the fabricated Co,0,Se, @C/CC.
Therefore, the alkaline Zn batteries with Co,0,Se, @C/CC cath-
ode exhibited high working voltage plateau, excellent areal ca-
pacity and immense ultra-long cycling lifespan compared to
its low valence oxide counterpart. SEM image in Figure 9k
shows the leaf-like CoSe,_, @C sheets derived from ZIF-67 main-
tained the nanoarray structure and uniformly covered on the
carbon cloth, which is beneficial to the permeation of elec-
trolyte. The CV curve of Co,0,Se, @C/CC in Figure 91 shows

© 2023 The Authors. Small published by Wiley-VCH GmbH

85UB917 SUOWIOD 9AIE81D) 8|qeat|dde 8y A peusenof ae Sejoile O ‘8N JO SajnJ 1o} AkelqiT auljuQ 481\ UO (SUONIPUOD-pUe-SWUB)/W00 A8 1M ARelg 1 pUI|UO/:ScNy) SUONIPUCD Pue WS 1 8U) 89S *[£20zZ/TT/0T] o Ariqi7auljuo A8|IM ‘91 Aq 8//S0EZ0Z ' 1IWS/Z00T OT/I0p/Wod" A8 |ImArelq Ul juoy/:sdy wolj pepeojumoq ‘0 ‘6289ETIT



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

www.small-journal.com

(a) . .
@ o701 vussue () o
Co*/Co* 0847v Co —Co
0.17VusSHE f _
+ Co**/Co?* i
=
) &
oI5 £13
N-doped C FAs Hollow P-CoSe, P-doping £]% 212
(Micro-level) (Nano-level) (Atomic-level) g a>\ :! _T_u
LB ey < - c Y
(b) o) S < |3 - -~
£ = g £ I —
RS I T e s 09 12 15 18 24
E 305320 .
‘ " 20 g;w;g l I I Zn(OH),*/Zn° Voltage (V vs Zn*'/Zn)
P 1042 ‘ -1.249 V vs SHE
| e |
o S—
" ‘.zPole‘r:al(V‘js R:‘IZ) " o8 08 09 coooclcc O?

Carbon Fiber ‘

Solution method

Selenidation
[ 3

L
Carbonization

Co-MOF ¥

—Co,0 Se @cCiCC
o1
$1/82=1.92

Current (mA)
& o o
g 8 8

Rt
0.75~2.05V@5mvs’
-0.006 R2
08 1.0 12 14 16 18 20
Voltage (V vs Zn""/Zn)

Carbon Cloth (CC) CC@Co-MOF CC@Co,4sSe/NC
—— Co, SeINCS (h)'-;m)o s CogySe/NCS
— CCINC-S 51400.2.;‘; o CoNCS
—ccs £ 1200 °02¢, .
Frwo T 3C Jm=
800 h W =
g 600 -.~_
| o — o
§ 20 —n
18 20 22 24 26 28 ® %0 20 30 40 % 80 7

Voltage (V)

Cycle Number

Figure 9. a) Schematic illustration of the hierarchical P-CoSe, /N-C flake array structure. b) TEM image of P-CoSe, /N-C. ¢,d) LSV curves of P-CoSe,/N-
C and other samples for OER and ORR, respectively. Reproduced with permission.l'¥2] Copyright 2018, Wiley-VCH. e) Schematic illustration of the
fabrication process for Cogg5Se/NC. f) SEM image of CC@Coq g5Se/NC. g,h) CV profiles and rate performance of CC-S, CC/NC-S and Coy g5 Se/NC-
S, respectively. Reproduced with permission.l'%3] Copyright 2021, American Chemistry Society. i) Schematic illustration of a higher voltage plateau of
Co**/Co** redox pair compared with Co?* /Co3* counterpart; j) schematic illustration of the triggered Co®+/Co** redox pair enabling a widened operating
voltage. k) SEM image of CoSe,_,@C/CC. I) CV curves of Co,0,Se, @C/CC and CoO@C/CC. m,n) Optical photos of a thermometer-humidometer
powered by different stretched models. Reproduced with permission.['%4] Copyright 2020, Wiley-VCH.

two pairs of redox peaks which were ascribed to Co**/Co?*
and Co*"/Co*", respectively. The peaks related to the Co*"/Co**
pair (corresponding to the O2/R2 in Figure 9]) are significantly
larger than those of Co**/Co?** pair (O1/R1 in Figure 9), in-
dicating the larger capacity contribution of the Co**/Co’** pair.
In addition, the area of CV curve for Co,0,Se, @C/CC is al-
most 2 times of that of CoOO@C/CC, confirming the apprecia-
ble advantage of Co,0,Se, @C/CC in terms of the areal capac-
ity. When Co,0,Se, @C/CC was used as cathode to assemble
an aqueous quasi-solid state Zn battery, the as-assembled de-
vice showed extraordinary flexibility that it could power an elec-
tronic thermometer-humidometer in different stretched states
(Figure 9m,n).

4.4. Metal Nitride Nanoarrays
Transitional metal compounds are commonly used as active ma-

terials to enhance energy density and overall performance of su-
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percapacitors and batteries. However, compared to carbon-based
materials, transition metal oxide/hydroxide compounds gener-
ally possess poor electrical conductivity and therefore exhibit sup-
pressed energy storage performance. Metal nitride is an alterna-
tive class of materials, some of which have shown metal-like high
electrical conductivity and can therefore accelerate charge trans-
portation when used as an electrode material.l'#71%-197] Since the
electronic energy state level of N 2p orbitals in nitride materials is
higher than that of O 2p orbitals, N-doped metal oxides can have
high electronic conductivity by lowering the band gap or overlap-
ping the conduction and valence bands.

Metal nitrides have been recognized as a class of desirable elec-
trode materials due to their high electrical conductivity and struc-
tural stability. When used as electrode during charge/discharge
cycling, metal nitride nanoarrays derived from MOF provide suf-
ficient accessible reaction sites as well as facile electron trans-
portation pathway. Importantly, the metal nanoparticles embed-
ded in nitrides can further enhance the conductivity for elec-
tron transport, and therefore improve electrochemical perfor-
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mance. For example, Guan et al. prepared 2D NC-Co/CoN,
nanoarrays on carbon cloth through two pyrolysis steps and
applied it as cathode in zinc-air batteries.['®! After pyrolysis
in Ar/H, atmosphere at high temperature, Co-MOF nanoarray
flakes were converted into Co nanoparticles embedded N-doped
carbon (NC) flakes without morphology change. Followed by
nitridation in NH, atmosphere, the Co species were partially
transformed into CoN, compounds, resulting in an N-doped
carbon nanosheet arrays decorated with Co/CoN, nanoparti-
cles. The well-integrated NC-Co/CoN,, electrode material with
the merits of N-doped carbon, Co and CoN, components, exhib-
ited outstanding ORR and OER performance in alkaline media.
Moreover, such NC-Co/CoN, nanoarrays could grow on carbon
microfibers to assemble fiber-shaped solid-state zinc-air batter-
ies and showed enhanced volumetric power density and good
flexibility.

Ni-doped Co-Co, N@CC was produced via annealing of MOE-
derived NiCo,0, in NH,; atmosphere by Liu et al., during
which the 2D nanoarrays in MOF derivative maintained intact,
and metal-metal nitride heterostructures were successfully es-
tablished, as presented in Figure 10a,b.l'*”] The GCD curves
in Figure 10c showed that Ni/Co-N-350 has the longest dis-
charge time among all the samples, indicating it possessed the
highest specific capacity. Benefiting from the nanoflake frame-
works and the metal-metal nitride heterostructures, the as-
prepared Ni-doped Co-Co, N exhibited a high specific capacity of
361.93Cg .

Besides transition metal nitrides that can generally be pro-
duced via nitridation of MOF-derived composites directly, more
complicated metal nitride composites have been fabricated by us-
ing MOF-derived carbon skeleton as second substrate. Huang
et al. reported the preparation of hierarchical carbon-coated
porous vanadium nitride nanosheet arrays on MOF-derived car-
bon wall (CC/CW/p-VN@C) composites and its application as an
anode in aqueous asymmetric supercapacitors.!'*! First, V,Ox
was prepared on Zn/Co-MOF@CC derived carbon walls (CW)
through hydrothermal method, then the CC/CW/p-V,0; was
converted into CC/CW/p-VN after nitridation in NH, atmo-
sphere. Finally, a thin carbon layer was coated to enhance the
cycling stability of CC/CW/p-VN. The anode made with the re-
sulting CC/CW/p-VN@C arrays exhibited a wide working win-
dow and remarkable long-term cycling performance. As shown
in Figure 10e, CC/CW/p-VN@C could work steadily in the work-
ing window of —1.3-0 V, with specific capacitance as high as
605 F g! achieved at a current density of 1 A g~!, which was
higher than those in the working window below —1.2-0 V, and
much higher than that of CC/p-VN under the same conditions
(239 F g7!). Impressively, even at a higher current density of 60 A
g1, the CC/CW/p-VN@C anode exhibited eminent rate perfor-
mance under —1.3 to 0 V. To match with CC/CW/p-VN@C anode,
CC/CW/Na, sMnO, cathode was prepared by electrodeposition of
Mn,;O, on carbon walls, followed by electrochemical oxidation
of Mn,0, to Na,sMnO,. The as-prepared CC/CW/Na,;MnO,
could also work steadily in the range 0-1.3 V. Hence, an aque-
ous asymmetrical supercapacitor based on the above anode and
cathode (as illustrated in Figure 10d) achieved working voltage
up to 2.6 V. The hierarchical nanosheet/wall structures facilitate
the electrodes with large specific surface and high mass loading
as well as short ion and electron diffusion path, thus realize re-

Small 2023, 2305778

2305778 (17 of 28)

www.small-journal.com

markable electrochemical performance in the assembled asym-
metrical supercapacitor.

Ligand exchange is widely adopted to adjust the electron
structure of MOFs materials. Xu et al. synthesized Co/Fe-MOF
nanoarray flakes by immersing 2D Co-MOF into K;[Fe(CN)]
aqueous solution.?®! In this process, the 2D Co/Fe-MOF was
formed by ligand exchange reaction between [Fe(CN) >~ and
2-methylimidazole.?*!l After a facile combined carbonization-
ammonization process, Fe, N co-doped FeCo,N@N-C nanosheet
array on CC was successfully constructed (Figure 10gh). The
introduced [Fe(CN)¢]>~ ligand could not only generate ideal
pyridinic-N-M active sites, but also motivated the in-situ forma-
tion of N-doped carbon with defects during carbonization. The
strong coordination effect between the Fe-Co,N and N-C pro-
vided a large number of pyridinic-N-M species as active sites for
ORR. The enriched Co** sites could also motivate the formation
of targeted *OOH intermediates during OER with fast charge
transfer (Figure 10f). Consequently, the produced Fe-CoN, @N-
C electrocatalyst exhibited superior catalytic activity toward OER
and ORR in KOH media (Figure 10i,j). Meanwhile, a flexible Zn-
air battery fabricated by using the self-supported Fe-CoN, @N-C
composite array as cathode showed a high volumetric power den-
sity of 72 mW cm~ and good cycling durability.

In recent years, the application of metal-nitrogen carbon (M-
N-C) single atom catalysts (SACs) with promising ORR and OER
performance as cathode materials for metal-air batteries have at-
tracted widespread interest, since SACs possess the merits of
both heterogeneous and homogeneous catalysts, which enables
the utilization of atom efficiency to be maximized. The forma-
tion of M—N,_sites not only optimize electronic structure of metal
atoms but also enhance their stability.[??22%] Making use of the
high porosity and good thermal stability of MOF materials as well
as high catalytic activity of Co SACs, Zang et al. developed sin-
gle Co atoms anchored on N-doped porous carbon as cathode
for Zn-air battery.?%! As illustrated in Figure 11a, following a
simple carbonization and a further acid treatment processes, Co-
MOF nanoflakes grown on CC were transformed into Co single
atoms anchored on nitrogen-doped porous carbon nanoflake ar-
rays. The Co single-atom sites were coordinated with N to form
stable Co-N, sites anchored in the porous carbon flakes, and ex-
tra porosity together with active surface area were created by the
removal of Co metal clusters (Figure 11b). Thus, the obtained
NC-Co SAC nanoflake arrays exhibited a lower OER overpoten-
tial and much higher ORR saturation current than that of NC-Co
containing excess amount of Co nanoparticles. Due to the bifunc-
tional electrocatalytic activity of NC-Co SAC, the as-assembled
solid-state Zn-air battery presented long cycling stabilities, high
open circuit potential, good mechanical flexibility and high power
density (Figure 11c,d).

Isolated iron sites coordinated with nitrogen-doped carbon (Fe-
N-C) SACs deposited on CC substrate as self-supporting elec-
trode for flexible aluminume-air battery was another example.[2%!
Making use of the sublimation of ferrocene at low tempera-
ture and N-C skeleton produced from pyrolysis of Zn-MOF at
high temperature, iron single atoms anchored on N-C (Fe-SA-
NC) flakes was achieved through programmed temperature con-
trolled treatment of ferrocene and Zn-MOF@CC (Figure 11le).
The resulting Fe-SA-NC@CC displayed remarkable ORR activity
and high durability (Figure 11f). When Fe-SA-NC@CC was used
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samples and their oxide counterpart. Reproduced with permission.['47] Copyright 2018, American Chemical Society. d) The electrode design and charging
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curves tested at 1600 rpm of Fe-Coy,N@N-C, Coy,N@N-C, Co@N-C and Pt/C electrocatalysts. j) OER polarization curves of Fe-Co,N@N-C, Co,N@N-
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as cathode to assemble a flexible aluminum-air battery, an im-
pressive open-circuit voltage of 2.1 V was achieved even in bend-
ing state (Figure 11g).

Apart from metal-air batteries, single-atom catalytic materi-
als can also be applied to other kind of energy storage devices,
such as Li-CO, battery. Li-CO, battery has attracted extensive
attention because it possesses not only high theoretical energy
density (1876 Wh kg™'), but also the ability to fix and consume
greenhouse gas CO,. Lian et al. demonstrated Ru single-atom im-
planted on MOF-derived Co,0, nanoarrays as an efficient dual-
catalyst for Li-CO, batteries.[?”] The synthesis process of SA Ru-
Co,0,/CC is illustrated in Figure 11h. After ion-exchange and
further calcination process, the obtained SA Ru-Co,;0,/CC pre-
served well nanoarray structures from its MOF precursor. The
3D structured SA Ru-Co;0,/CC with large surface area could
provide enough space for electrolyte and gas transport, as well
as the storage of discharge products. Li-CO, batteries based on
SA Ru-Co,;0,/CC, CC and Co,0,/CC electrodes were assembled
to evaluate their performance in electrochemical energy storage.
The discharge curves of those Li-CO, batteries assembled from
different cathodes at current density of 100 mA g~! are shown in
Figure 11i. Interestingly, the battery with SA Ru-Co,0,/CC cath-
ode delivered the highest capacity of 30 915 mAh g~!, which was
much higher than that of CC and Co;0,/CC cathode batteries.
Moreover, Li-CO, batteries with SA Ru-Co;0,/CC cathode main-
tained 251 cycles at current density of 200 mA g~!, superior to
that of CC (41 cycles) and Co;0,/CC (97 cycles) cathode batter-
ies (Figure 11j). The significantly enhanced cycling stability of
Li-CO, batteries with SA Ru-Co;0,/CC cathode was attributed to
the atomically dispersed Ru atoms that optimized the discharge
product growth pathway and enhanced the catalytic activity.

4.5. Metal Phosphide Nanoarrays

Metal phosphides have shown excellent performance and great
potential in electrochemical applications, which has been demon-
strated by plenty of reports published in recent years.[208-210] In
particular, various metal phosphides have been utilized in elec-
trochemical energy storage and conversion field.[21%213] For ex-
ample, Ren et al. synthesized multi-metal based carbon nanorods
with hierarchical porous structure for Zn-air batteries.!?!*] In this
report, Fe,Ni-MIL-88 nanorods were first prepared, then covered
with a layer of ZIFs, finally were turned into dual MOF-derived
FeNiCo@NC-P via high temperature carbonization and further
phosphorization process. Owing to the synergetic effect of hier-
archical porous structures and multi-metal components, the pre-
pared FeNiCo@NC-P showed superior catalytic activity for both
ORR and OER, and a low voltage gap was observed when it was
used as a cathode in Zn-air batteries.

Wang et al. reported the fabrication of a self-supported
CC@CoP/C-S derived from a 2D Co-MOF precursor and the use
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of it as flexible cathode in Li-S batteries. The schematic illustra-
tion of the synthesis procedure is displayed in Figure 12a.2!51 The
SEM image of CC@CoP/C-S (Figure 12b) showed that CoP/C-S
nanoarrays uniformly covered on CC. This artful structure not
only ensured high electrical conductivity due to the conductive
matrix of CC and carbon nanoarrays, but also achieved synergis-
tic effect due to the confinement of both the physical adsorption
and the chemical interaction of polysulfides. Meanwhile, CoP
nanocrystals embedded in carbon nanoarrays catalyzed the re-
duction of lithium polysulfides. Furthermore, these hollow car-
bon nanosheet arrays with large void space not only enhanced the
amount of mass loading of sulfur, but also effectively buffered its
volume expansion during the lithiation process. Due to such a
unique structure, the fabricated CC@CoP/C-S cathode showed
excellent cycling stability and high specific capacity at different
current rates (Figure 12¢,d) in Li-S batteries. In addition, Li-S
pouch cells fabricated with the as-prepared CC@CoP/C-S cath-
ode could be curved in different angles, showing remarkable flex-
ibility (Figure 12e,f). A similar procedure was adopted by Xiao
et al. to prepare Co-MOF-derived N-doped carbon nanosheet ar-
rays embedded with CoP nanoparticles, which was used as cath-
ode for Li-S batteries.?’*l Co-MOF derived CoP anchored on
highly conductive and high N content of PAN-CNT fibers was
also produced and used as highly efficient trifunctional electro-
catalyst and cathode for Zn-air batteries.[2!!]

Though MOF derived metal compounds have been widely ex-
ploited in energy storage, all-MOF derived battery materials an-
chored on substrate were seldom reported. Zhang et al. demon-
strated the preparation and application of all-MOF derived bat-
tery materials on CNT fibers (CNTF) in wearable energy stor-
age device.?'®l As presented in Figure 12g. CNTF with good
conductivity and remarkable mechanical flexibility was used as
substrate and collector, then ZnCo-MOF and Fe-MOF were cov-
ered on the collector, respectively. After different post-processing
treatments, both ZnCo-MOF-derived NiZnCoP@CNTF cathode
and Fe-MOF-derived S-a-Fe,O,/OCNTF anode were obtained.
Typically, the NiZnCoP@CNTF cathode showed nanoarray flake
structures with rough surface (Figure 12h), which was beneficial
to larger surface area with more exposed active sites. The rate
performance of NiZnCoP @CNTF and NiCoP@CNTF electrodes
(Figure 12i) indicated that NiZnCoP@CNTF exhibited not only
much higher specific capacity, but also better capacity retention
ability. When the all-MOF-derived NiZnCoP@CNTF was used as
cathode and S-a-Fe,0,;/OCNTF as anode to assemble a wearable
device, it could be well knitted in the textile and power a LED light
(Figure 12j). In addition, the assembled device could also output
electrochemical energy stably, without obvious capacity decay un-
der various bending angles (Figure 12k), implying outstanding
mechanical flexibility.

The high theoretical specific capacity values and prominent
thermal stability of transition metal phosphides enable them as
a class of promising candidates for energy storage, but there

Figure 11. a) Schematic illustration of fabrication process of NC-Co SA. b) STEM image of NC-Co SA. c) Mechanical flexibility and stability tests with
continuous mechanical alternation of flat and bent states of NC-Co SA, NC-Co and Pt/C. d) Power—current density curves of NC-Co SA and NC-Co.
Reproduced with permission.[2%] Copyright 2018, American Chemical Society. &) SEM image of Fe-SA-NC@CC. f) LSV curves of NC@CC and Fe-SA-
NC@CC. g) Photographs of the open-circuit voltages of the aluminum-air battery working at flat, bending, and recovering states. Reproduced with
permission.!20¢] Copyright 2021, Elsevier. h) Illustration of the synthesis process of SA Ru-Co;O,/CC. i) Full discharge profiles of CC, Co;0,/CC and
SA Ru-Co;0,/CC tested at 100 mA g~'. j) Cycling performance comparison of CC, Co;0,/CC and SA Ru-Co;0,/CC at 200 mA g~'. Reproduced with

permission.l?07] Copyright 2021, Wiley-VCH.
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Figure 12. a) Schematic illustration of the detailed synthesis procedure for hybrid CC@CoP/C-S as flexible and self-supporting cathode for Li-S batteries.
b) SEM image of CC@CoP/C-S. c) Long cyclic performance of the three sulfur cathodes (CC@C-S, CC@Co/C-S, and CC@CoP/C-S) at 1.0 C rates. d) Rate
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are some concerns on their rapid faded rate capability and poor
durability. To tackle the issues, Sun et al. particularly designed
Cu-doped cobalt phosphide nanosheet arrays for flexible en-
ergy storage.’””) Cu doping was achieved during the prepara-
tion of MOF nanoarrays, which turned into mesoporous Cu:CoP
nanosheet arrays on CC after further oxidation and phospho-
rization process. The optimized Cu:CoP electrode delivered 3.3
times higher specific capacity and enhanced rate capability com-
pared to the pristine CoP. To overcome the low surface area of
CC and increase the mass loading of the active materials, sec-
ondary scaffolds have been introduced. For example, Jin et al.
adopted PECVD method to construct vertical graphene (VG)
network on CC. The cross-linked VG with an interconnected
network enabled fast charge transfer, and offered extra space
to accommodate the active materials.[?"’] To fabricate cathode
for Li-S batteries, Co-MOF derived CoP nanoarrays loaded with
sulfur was prepared. The preparation process of CoP@G/CC-
S is schematic illustrated in Figure 121. The SEM image in
Figure 12m revealed that the self-supported CoP@G/CC elec-
trode possessed nanoarrays structures. When tested as cathode
for Li-S batteries, the fabricated CoP@G/CC-S exhibited much
higher specific capacity and better rate performance than that of
CC-S or CC@CoP-S electrodes (Figure 12n). In terms of the cy-
cling stability, CoP@G/CC-S exhibited outstanding stability after
150 cycles at high specific capacity (Figure 120). The pouch cell
based on CoP@G/CC-S cathode showed good mechanical flex-
ibility and great potential in flexible energy storage application
(Figure 12p).

4.6. Nitrogen-Doped Carbon Nanoarrays

In addition to various MOF-derived metal compounds, the ap-
plication of MOF-derived nitrogen-doped carbon materials in
the field of electrochemical energy storage is equally important
and cannot be ignored due to the tailorable porous structure,
high stability and excellent electrical conductivity.218-221] More-
over, both physical confinement and chemical adsorption of sul-
fur in nitrogen-doped carbons can effectively promote polysul-
fide immobilization, thus making nitrogen-doped carbon a per-
fect host for sulfur and good cathode for Li-S batteries.[1¢222]
Though there are seldom reports on the direct use of MOF-
derived nitrogen-doped carbon nanoarrays for flexible energy
storage, N-doped carbon nanoarrays have been frequently used
as a secondary substrate because carbon nanoarray structures
possess enough interspace for the growth of active materials
and help maintain the structural integrity.'®) For example, Ren
et al. adopted MOF-derived N-doped carbon nanowall arrays
loaded with ultrathin MoS, nanosheets as anode for sodium ion
battery.'81] On one hand, N-doped porous carbon nanowall ar-
rays improved the conductivity and maintained the structural in-

www.small-journal.com

tegrity; on the other hand, N-doping-induced defects made them
favorable for effective storage of sodium ions. When directly used
as anode in sodium ion battery, the CC@CN electrode showed a
capacity of 282 mA h g! at 0.2 A g~!. Cai et al. reported a Ni-
MOF derived layered bamboo-like conductive carbon nitride (c-
CN) material, which was applied as modified separator in Li-S
battery and as flexible electrode in supercapacitor.l'®! Functional
c-CN separator with excellent flexibility and uniformity was ob-
tained through a simple vacuum filtration process. The porous
architecture and large surface area of ¢-CN facilitated the enrich-
ment of electron and ion pathways for electrochemical energy
storage.

To simplify the preparation procedure, Guan et al. adopted
“one for two strategy” that both the cathode and the anode ma-
terials of the flexible supercapacitor were derived from 2D Co-
MOF nanoarrays.[?) CC@NC anode was easily obtained via ther-
mal treatment of Co-MOFs and followed by FeCl, etching pro-
cess. The produced CC@NC anode showed near-rectangular
CV curves and triangular GCD curves, indicating typical non-
Faradaic double-layer behavior with good charge transfer. More-
over, it also exhibited superior rate performance and high specific
capacitance of 321.9 F g7!, outperforming many powder forms of
porous carbon materials. Similarly, Chen et al. assembled flexi-
ble all-solid-state supercapacitors based on Co-MOF derived CoS,
nanosheet array as cathode and nitrogen-doped carbon (CC@N-
C) nanosheet array as anode.['>®] The all-solid-state supercapaci-
tor based on CC@N-C anode not only achieved high energy den-
sity and robust cyclic stability, but also exhibited excellent flexibil-
ity under different deformation conditions and great operability
under various thermal conditions.

4.7. Overviews

Most pristine MOF arrays are restrained from being utilized as
electrode materials due to their poor electrical conductivity, but
MOF-derived nanoarray structures with enhanced electrical con-
ductivities can be readily produced via heat treatment of selected
MOFs under controlled temperature, duration, and gas atmo-
sphere. These MOF-derived nanoarray structures include but not
limited to N-doped carbons, metal/metal oxide doped carbona-
ceous arrays, metal sulfide, metal selenide, metal nitride or metal
phosphides embedded in porous carbon arrays and deposited
on flexible substrates. These binder-free nanoarray structures ex-
hibit efficient performance in various flexible electrochemical en-
ergy storage devices including supercapacitors and batteries, with
great potential to power future wearable electronic devices. Some
of the binder-free MOF based and MOF derived nanoarrays archi-
tectures as electrode materials for energy storage discussed above
are listed in Table 1.

performance of the three cathodes (CC@C-S, CC@Co/C-S, and CC@CoP/C-S) at various current rates. e,f) Qualitative demonstration of the flexibility
of Li//CC@CoP/C-S pouch cell powers the LED illumination at various folding angles. Reproduced with permission.[2">] Copyright 2019, Wiley-VCH.
g) Schematic fabrication process of the twisted FARB device. h) SEM image of NiZnCoP nanosheet arrays. i) Specific capacities of the NiCoP/CNTF
and NiZnCoP/CNTF electrodes at different current densities. j) The textiles of the FARBs device illuming a LED. k) GCD curves of the as-assembled
FARBs bent at various angles at a current density of 2 mA cm~2. Reproduced with permission.[218] Copyright 2018, Wiley-VCH. I) Schematic illustration
of the fabrication process of self-supported CoOP@G/CC-S cathode. m) SEM image of CoP@G/CC. n) Rate capabilities of CC-S, G/CC-S, CoP@CC-S and
CoP@G/CC-S cathodes. o) Cycling performance of CC-S, G/CC-S, CoP@CC-S and CoP@G/CC-S cathodes at 0.5 C. p) Digital photographs showing the
mechanical flexibility of the pouch cell. Reproduced with permission.[27] Copyright 2020, Royal Society of Chemistry.
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Table 1. MOF based nanoarrays architectures as electrode materials for energy storage.

MOF Precursors Nanoarrayed Electrode Application

Cu-CAT Cu-CAT Supercapacitor
Cu-CAT 4h-Cu-CAT-NWAs /PPy Supercapacitor
V-MOF V-MOF-48 Zn ion batteries
Ni-MOF Ni-MOF-74@CNTF Ni-Zn batteries
CPO-27 CPO-27@250 Li ion batteries
ZIF-8 ZnO@Zn0O QDs/C NRAs Li ion batteries
ZIF-8 CC-ZnO@C-Zn Zn-Co batteries
ZIF-8 ZnO NRs/C@ (Ni,Co)Se, NSs Supercapacitor
ZIF-8 ZnO@C@CoNi-LDH Supercapacitor
ZIF-67 CCCH@NiCo-LDH NWAs@Au—-CuO/Cu Supercapacitor
fibers
Mn-MOF O4-Mn;0,@C Zn ion batteries
V-MOF Ni-V,05 NWs@CNT Zn ion batteries
Co-MOF NC-Co;0,/CC Zn-air batteries
Co-MOF CC@Co30, Supercapacitor
Co-MOF CC@NiCo,0, Supercapacitor
Co-MOF ZnCo,0,@NC NWAs Supercapacitor
Co-MOF NiCo-DH Ni-Zn batteries
Co-MOF Co(VO3),Co(0OH), Supercapacitor
Co-MOF CC/MOFC/MnO, Supercapacitor
Co-MOF CC/CW/Fe;O,@C Supercapacitor
Co-MOF Co30,@NiCo,0, Li-O, batteries
Zn-MOF CF@NiCoZn-LDH/CoySg-QD Supercapacitor
Zn-MOF CF@NiCoZn-S/NiCo,S, Supercapacitor
ZIF-67 NiCo,S,@CC Supercapacitor
Co-MOF CC@CN@MoS, Na ion batteries
Co-MOF P-CoS, @P, S, N-C Supercapacitor
Co-MOF P-doped CoSe,/N-C Zn-air batteries
Co-MOF Cogg5Se/NC-S Li-S batteries
ZIF-67 Co,0,Se,@C/CC Alkaline Zn batteries
Co-MOF NC-Co/CoN, Zn-air batteries
Co-MOF Ni-doped Co-Co,N Supercapacitor
Co-MOF CC/CW/p-VN@C Supercapacitor
Co/Fe-MOF Fe-CoN,@N-C Zn-air batteries
Co-MOF NC-Co SAC Zn-air batteries
Co-MOF CC@CoP/C-S Li-S batteries
Co-MOF CoP/NC Li-S batteries
Zn-Co MOF NiZnCoP@CNTF NiCo-Fe batteries
Co-MOF CoP@G/CC-S Li-S batteries

Specific Capacitance/ Capacities Stability Ref.
202F g "at05Ag! 80% after 5000 cycles [102]

484 mFcm=2at 10 mV s™! 87% after 5000 cycles [92]
100.9 mAh cm= at 0.1Acm™3 84.6% after 400 cycles [103]
298.26 mAh cm™3 at 0.5 Acm™3 91.4% after 1000 cycles [104]
834 mAh g ' at 50 mA g’ 93% after 500 cycles [109]
785 mAh g1 at 500 mA g~ 89% after 100 cycles [122]
0.71 mAh cm=2 at 1 mA cm™2 71.1% after 5000 cycles [124]
164.18 mAh g™l at 1A g™’ 90.04% after 5000 cycles [125]
6.2578 F cm™2 at 2 mA cm™2 95.01% after 10 000 cycles [127]
1970.TmFcm™2 at 1.5 mAcm=  90.8% after 30 000 cycles [129]
396.2 mAh g~ at 0.2 A g™’ 95.7% after 12 000 cycles [147]
90.3 mAhcm™ at 0.1Acm™ 89.8% after 10 000 cycles [142]
387.2 mAh g7 at 25 mA cm™3 stably cycled for up to 60 cycles [144]
900Fg'at10A g™ 85.5% after 20 000 cycles [29]
1055.3 F g~" at 2.5 mA cm™? 86.7% after 20 000 cycles [146]
2.244 F cm™2 at 2 mA cm™? 99.37% after 10 000 cycles [145]
303.6 mAh g~ at 2 mA cm~2 73% after 850 cycles [150]
522 mF cm™2 at 0.5 mA cm™2 90% after 15 000 cycles [154]
651.7 mF cm~2 at 1.0 mA cm™2 50% after 5000 cycles [155]
463Fglat1Ag™! 92.8% after 10 000 cycles [157]

10 645 mAh g~' at 100 mA g~! stably cycled for 225 cycles [149]
350.6 mAh g lat TAg™! 95.3% after 8000 cycles [172]
194mAh g Tat TAg™! 70.1% after 10 000 cycles [174]
879.6Fglat1Ag™] 98.39% after 10 000 cycles [176]
653.9mAh g~ at 0.2 A g™’ 75.3% after 1000 cycles [181]
689Cg'at2Ag™! 95.5% after 5000 cycles [179]
None stably cycled for up to 80 cycles [192]

1361 mAh g~' at 0.1C 83.87% after 400 cycles [193]

7.42 mAh cm™2 at 10 mA cm™2 72.4% after 10 000 cycles [194]
41.5mW cm™3 at 96.6 mAcm™  stably cycled for up to 1200 cycles [198]
361.93 Cg~' at2 mA cm™2 82.4% after 5000 cycles [147]
604.8Fglat1Ag™] 90.5% after 10 000 cycles [199]

806 mAh g~! at 5 mA cm— stably cycled for up to 220 cycles [200]
0.9 mW cm™ at 31.0 mA cm™2 stably cycled for up to 125 cycles [205]
1535 mAh g~ at 0.1C 96.9% after 500 cycles [215]
1482 mAh g7 at 0.1 C 81.6% after 560 cycles [213]

0.24 mAh cm=2 at 1 mA cm—2 92.1% after 8000 cycles [216]
8.81 mAh cm=2 at 0.05 C 85% after 500 cycles [217]

5. Summary and Perspective

In summary, recent research progress in the applications of
MOEF-based and MOF-derived nanoarrays (metal oxides, sulfides,
selenides, nitrides, phosphides and N-doped carbons, etc.) as
binder-free nanostructured electrodes in flexible energy storage
has been reviewed. Fabrication methods and electrochemical
performance of these nanoarray electrodes are discussed and
overviewed. Moreover, the commonly used flexible substrates
(carbon cloth, electrospinning nanofiber, paper, MXene film,
metal foams, etc.) are also systematically overviewed, and each
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type of substrates has been analyzed and compared in terms of
chemical stability, flexibility, conductivity, cost and capacitance
contribution. Despite great progress has been achieved in binder-
free MOF-based and MOF-derived nanoarrays for flexible energy
storage, there is still a long way to go to realize the practical uti-
lizations. Further extensive researches are needed to develop high
performance flexible energy storage devices, ranging from sub-
strate fabrication, active materials preparation to device assem-
bling. Some challenges and perspectives are listed as follows.
First of all, design and preparation of new flexible substrate
with low cost, good conductivity, robust mechanical stability, as
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well as capacitance contribution to achieve high performance for
flexible energy storage devices is highly desirable. In this regard,
the development of conductive polymers with excellent propri-
eties for electrochemical energy storage will be very attractive.
Most of conductive polymers are cheap and possess good me-
chanical flexibility and elasticity, which are the prerequisites to
be an ideal flexible substrate. Moreover, it is easy to modulate
and regulate the active groups in conductive polymers via vari-
ous chemical reactions, which can benefit the control of the hy-
drophilic and hydrophobic nature of the substrates, and adjust
the adhesion force between the active materials and the sub-
strates, thus, to well maintain the structural stability of the elec-
trode in flexible energy storage devices.

Second, design and synthesis of conductive MOF nanoarrays
are very promising strategies to achieve fast energy storage in
electrochemical devices. Though some conductive MOFs have
been successfully synthesized and explored for potential applica-
tions in energy storage and conversion in the past years, 2232251
more and better conductive MOFs will be synthesized by tun-
ing the coordination and composition of ligands or introducing
mixed-valence metal ions in the future. Exploring multidentate
ligands with strong z-conjugated planners or z- = stacks would
enhance the conductivity of the related MOFs. Moreover, exca-
vating organic ligands with redox-active sites as well as the for-
mation of infinite metal-sulfur chains would also be helpful to
increase the electrical conductivity of MOFs. In addition, making
use of machine learning to guide MOF synthesis toward targeted
structures and properties, such as structurally stable MOFs with
larger surface area and more active sites, could have great poten-
tial in producing conductive MOFs nanoarrays meeting the pre-
requisites of electrodes for flexible electrochemical energy stor-
age and conversion devices.

Third, though a variety of MOF-based or MOF-derived nanoar-
rays have been synthesized, the growth mechanism of the
nanoarray is not clear. It is therefore valuable to investigate and
optimize the different synthesis parameters including tempera-
ture, synthesis duration, the types and the amounts of precur-
sors and solvents etc. that influence the microstructures and mor-
phologies of nanoarrays. Another challenge is how to effectively
control the structure evolution to avoid the collapse of nanoarrays
during long-term charge-discharge process. In this respect, un-
derstanding of the reaction mechanisms and structure evolution
of nanoarray electrodes through state-of-art in situ characteriza-
tion technologies including in situ Raman etc. is particularly de-
sirable. In addition, exploration of electrochemical dynamics of
interface between electrolyte and electrode is also highly valuable.

It is expected that this review will inspire valuable insight and
trigger more creative research in the development of binder-
free MOF-based and MOF derived nanoarrays for flexible elec-
trochemical energy storage, which may flourish and bring for-
ward these nanostructured arrays to be practical utilized in future
wearable electronic devices.
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