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Metal-organic frameworks (MOFs) have potential application prospects in the electrochemical energy
storage and conversion area on account of their high specific surface area, high porosity, tunable pore
size, and structural diversity when compared to traditional porous materials. In order to expand the appli-
cation scope of MOFs, thermal decomposition can be carried out via calcination treatment in order to
convert them into porous metal oxide materials. In this review, we summarize the synthetic methods of
MOF-derived transition metal oxide (TMO) composites and their applications in lithium-ion batteries
(LIBs) as anodes. A variety of TMOs and composites with different structures and morphologies derived
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zenetricarboxylic acid (HsBTC), 2-methylimidazole, ferricyanide, and other unusual organic linkers, have
been discussed. Finally, current challenges and possible solutions of MOF-derived anode materials have
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1. Introduction

Environmental and energy issues are two of the most serious
problems of the 21st century. The key to solving these pro-
blems is to produce renewable energy in a green and environ-
mentally friendly way. In order to maximize the utilization rate
of electrical energy and minimize environmental pollution,
much effort has been put into the design and advancement of
efficient electrochemical energy storage and conversion
technology. Lithium ion batteries (LIBs) are considered to be
one of the significant breakthroughs in the electrochemical
energy storage area in the recent decades.” The practical
applications of LIBs include electric and hybrid vehicles, porta-
ble electronic devices and smart grids due to their advantages
of low cost, long cycle performance, small size, high energy
density, high reversible capacity, and no memory effect.>*
Until now, graphite has been considered as a commercial
material for Li-ion battery anodes. However, the traditional
graphite anode has problems of relatively low theoretical
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capacity (372 mA h g7') and low efficiency, which are insuffi-
cient to fulfill the growing demand of energy storage.’
Therefore, development and fabrication of new anode
materials with excellent electrochemical behavior are the need
of the hour.

Metal-organic frameworks (MOFs), as a new category of
porous crystal nanomaterials composed of metal centers and
organic linkers, have been applied in a wide range of appli-
cations, such as gas storage and separation,® catalysis,” drug
delivery,® and energy storage and conversion,” ! owing to their
tunable pore size, high specific surface area, and distinct mor-
phology. It is well known that the structures of electrode
materials have a significant effect on the electrochemical pro-
perties of batteries. One of the first MOFs that was used as an
anode material for LIBs was MOF-177."> Unfortunately, MOFs
are not suitable for direct use as electrode materials for LIBs
due to the disadvantage of poor electronic conductivity.
However, they have been widely used as potential precursors
and templates in order to fabricate transition metal oxides
(TMOs) for LIBs by taking advantage of their designable and
unique advantages: (1) self-template-directed formation of
metal oxides with controllable particle size, shape and mor-
phology can be achieved via calcinations of MOFs. In particular,
the nano-size and hollow/porous structure can offer more active
sites, shortening the distance of ion transport and buffering the
volume expansion. (2) Multimetallic oxides can be readily pre-
pared from heterometallic MOFs as precursors under calcina-
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tions, and they deliver better electrochemical performance
when compared to their counterpart single metal oxides due to
the synergistic effect between metal species. (3) MOFs are con-
sidered as a rich source of carbon and nitrogen, and the in situ
resulting carbon and nitrogen atoms can be retained at proper
temperature and atmosphere, which can enhance the electro-
chemical performance and mechanical stability of the final
materials in the anode application. Meanwhile, another
effective approach has been adopted by mixing excellent con-
ductive materials such as carbon cloth, carbon nanotubes and
carbon fiber as flexible and sturdy substrates to obtain TMO/
carbon hybrids as competent anode materials for LIBs.

The electrochemical application of MOFs and their deriva-
tives have made considerable advancements in the past several
years, and reviews have summarized the previous investi-
gations of MOFs for electrochemical energy storage
applications.”” ™ Compared with other MOF derivatives, tran-
sition metal oxides have attracted most attention and present
more superiority, probably due to their high capacities and
ease of handling. MOFs precursors can convert into corres-
ponding TMOs through one or two-step thermal treatment.
However, post-acid washing treatment is necessary to comple-
tely remove the residual metallic species within the MOF-
derived carbon matrix. However, for MOF-derived nitrides and
phosphides, the comparable large volume expansion is
approximately twice as high compared to that of TMOs, poten-
tially causing obvious mechanical deterioration of the elec-
trode during cell reaction.'®'” The sulfides derived from MOFs
usually involve in complicated preparation processes, and the
products are also harmful and toxic. In the following, the
application prospects of MOF-derived metal oxides for Li-ion
batteries have been discussed (Fig. 1). The synthetic strategies,
composition, morphology, and structure-performance
relationship are briefly introduced. Finally, the problems and
challenges of MOF-derived TMOs as anode materials for LIBs
are highlighted, and some possible solutions and prospects
for future applications are also proposed.

Fig. 1 MOFs and MOF—derived metal oxides.®>~7°
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2. MOF-derived TMOs and
composites as anode materials for
LIBs

MOFs are sometimes also named porous coordination polymers
(PCP). The abbreviation “MOFs” was popularized by
O. M. Yaghi, the pioneer who devoted considerable efforts to the
assembly of extended frameworks and molecular level-controlled
orientation in solid-state building blocks containing transition
metal cations and organic linkers.”"”> The term “MOF” was
used since such materials can be fully activated to show perma-
nent porosity by removing the solvent molecules in the pore.
The immense possibilities of linking inorganic metal ions and
organic ligands created a breakthrough, which resulted in the
synthesis of a huge number of MOFs and further studies of their
applications in various research areas, including energy storage
and conversion. However, without any pretreatment, pristine
MOFs often face problems when used as anode materials for
LIBs, which include poor conductivity, short cycling life, and
incomplete electrode reaction. Fortunately, enormous porous
TMOs based on an MOF-template have been obtained through
facile pyrolysis in inert gas or in air. MOF-derived TMOs and
their composites have lots of advantages, such as controllable
chemical composition, adjustable porosity, high surface area,
and shortened ion and electron transmission distance. Although
great progress has been achieved in the synthesis of MOF-
derived TMOs for the application of anodes in LIBs, they are
mainly concentrated on different MOFs based on 1,4-benzenedi-
carboxylic acid (H,BDC), 1,3,5-benzenetricarboxylic acid
(H3;BTC), 2-methylimidazole, and ferricyanide, probably due to
their low cost and strong coordination ability. The superiority of
these organic linkers resulted in the gathering of a series of
representative  MOFs, such as ZIF-67, ZIF-8, MOF-5, and
HKUST-1, with the possibility of large-scale production with easy
modifications, and they are even easily available from commer-
cial sources. Therefore, we focused on these organic linker
based MOFs to provide a particular classification and full-scale
discussion to show the merits of these organic linkers over other
organic linkers in the preparation of TMOs and their compo-
sites. Table 1 lists the precursors, preparation and LIB anodic
performance of these MOF-derived TMOs and composites.

2.1. TMOs derived from 1,4-benzenedicarboxylic acid based
MOFs

One of the typical representatives of the MOF series of organic
framework compounds is MOF-5. As a three-dimensional
porous structure material, MOF-5 is composed of an organic
linker (1,4-benzenedicarboxylate) and a metal center (Zn**).
The inorganic [0Zn,]*" groups are connected to an octahedral
array of [0,C-C¢H,-CO,]>~ groups, where an oxygen-centered
Zn, tetrahedron ([OZn4(CO,)s]) occupies each corner that is
linked by six carboxylates of organic linkers.”> Due to the
strong coordination ability and low cost, many analogues of
this MOF have been prepared by using different metal ions
(zn**, Co®*, Cu®", Mg**, Ni**, and AI**) and same type ligands.
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Transition metal oxides (TMOs) are a category of anode
material candidates for LIBs owing to their larger theoretical
capacity than that of the commercial graphite anode. By using
1,4-benzenedicarboxylic acid (H,BDC) as an organic ligand,
many MOF-derived TMOs, such as NiO,'® Sn0,,"® Ti0,,>**! and
Fe,03,>>** have been brought forward as promising anodes with
high capacity and better cycling performance. Among various
MOF-derived TMOs, Coz;0, is one of the most potential p-type
semiconductor materials because of its high theoretical capacity
(890 mA h g'), environmentally friendly nature and low cost.
Bu et al fabricated two-dimensional Co;O, with wrinkled
porous nanosheets by using a Co-based MOF (Co-BDC) as the
template.>® The resultant Co;0, product exhibited an excellent
capacity of 1477 mA h g™" after 160 rounds. Even at the current
rate up to 1 A g7', the capacity reached up to 775 mA h g™* after
200 cycles. Hu et al obtained mesoporous nanostructured
Co30, based on a [Co(bdc)(DMF)] template by one-step calcina-
tion under air atmosphere. This Co;0, anode material displayed
a high discharge capacity of 913 mA h g™ at 200 mA g™ after 60
cycles.”® The exceptional lithium storage performances were
ascribed to the unique nanostructure, which shortened the
transmission path of the Li ion and eased the volume change
during repeated cycling. The initial charge and discharge
capacities were 879.5 and 1286 mA h g™, respectively. The for-
mation of SEI layers and interfacial lithium storage led to an
irreversible capacity loss with a low coulombic efficiency of 68%.

Recently, many bimetallic MOFs have also been used as tem-
plates to fabricate bimetal oxides (M,N,0) with a spinel struc-
ture. Their electrochemical performances have been found to be
superior to those of single metal oxides due to the synergic
effect of the two active metals and the low activation energy of
electron transportation. Kim et al synthesized MOF-derived
Co3V,05 with a sponge network, which offered an exceptional
lithium storage capacity of 1000 mA h ™" at 200 mA ¢™*, and a
good cycle performance of 501 mA h g~' after 700 loops.>®
Interestingly, they also produced porous Co;V,0g microspheres
by using a one-pot technique, which offered a specific discharge
capacity of 940 mA h g~ at 1 A g™' after 100 rounds and
650 mA h g”" at 5 A g7 after 400 rounds.”” The better rate per-
formance was ascribed to the morphology and nanoscale
dimensions of the electrode, which minimized the volume
change during the lithiation and delithiation processes. The
above-mentioned examples illustrated that the materials having
the same composition but different morphologies may have
different electrochemical properties.

Mixed transition-metal oxides (MTMOs) refer to chemical
mixtures of metal oxides having two different metal cations,
which should be distinguished from the physical mixture of two
metal oxides. The MTMOs possess precise chemical composition
and display better lithium storage capacity than single metal
oxides due to their strong synergistic effect, enhanced ionic con-
ductivity, electrochemical kinetics and mechanical stability. Xu
et al synthesized 3D hierarchical porous ZnO/ZnCo,0,
nanosheets by one-step thermal treatment, and the resultant pro-
ducts showed an outstanding reversible capacity of 1016 mA h
gl at 5 A g7'. A capacity of 630 mA h g™ was maintained even
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at a high current rate of 10 A g~'. To a certain extent, the meso-
pores and the porous space helped avoid the electrode pulveriza-
tion problem and keep the electrode integrity intact.® Li et al.
obtained yolk-shell ZnO/NiO microspheres by calcination treat-
ment of bimetallic organic frameworks at 600 °C in air. This elec-
trode delivered an excellent specific capacity of 1008.6 mA h g™
after 200 rounds and a remarkable cycling stability of 592.4 mA
h ¢™" at 0.5 A g™* after 1000 cycles. The unique yolk-shell struc-
ture can offer plenty of channels for electrolyte penetration and
ionic transfer, which can also help compensate the volume
changes of the anode during repeated cycling processes.*

In order to counter the issue of volume expansion and
enhance the electrical conductivity of TMOs, an effective solu-
tion is to prepare TMO/C composites. One of the most impor-
tant methods to obtain TMO/C composites is mixing/doping
MOF-derived TMOs with in situ generation of porous carbon
materials. Zou and co-workers used Fe(ur)-modified MOF-5 as
both the precursor and self-sacrificing template to fabricate
new porous ZnO/ZnFe,0,/C octahedra with a hollow interior
structure. When applied as an anode for LIBs, porous ZnO/
ZnFe,0,/C octahedra showed better rate performance. Even at
10 A g%, the specific capacity reached up to 762 mA h g™,
which is two-fold the theoretical capacity of graphite. The 3D
carbon matrix is beneficial in hindering the volume changes
during the lithiation and delithiation processes, which can
ensure the structural integrity of the electrical circuit.** Chen
et al. obtained hierarchical ball-in-ball ZnO/ZnFe,O,@C nano-
spheres through one-step carbonization. After the first 100
cycles at 100 mA g ', the reversible capacity of the products
reached up to 1308 mA h g™' due to the activation process of
TMO-based electrodes during the cycling.>* Moreover, Ge et al.
obtained porous core-shell ZnO/ZnCo,0,/C hybrids by using
ZnCo-MOF precursors as templates (Fig. 2). These electrodes
displayed long-term and excellent cycling performance (the
capacity can be retained at 669 mA h g™* at 0.5 A g~* after 250
loops), with average discharge capacities of 995, 953, 883, 844,
and 715 mA h g_1 at current densities of 0.1, 0.2, 0.4, 0.8, and
1.6 A g, respectively. The excellent electrochemical properties
were ascribed to the coating of a carbon layer on the surface of
ZnCo,0, shells, which effectively enhanced the conductivity of
the composite by preventing ZnCo,0O, from disintegration and
aggregation. Moreover, the core-shell structure can provide
enormous active sites and expand the contact area between the
electrolyte and electrode.®® Composites with carbon can
improve the capacity of the active material to some extent.
However, the existence of the C component in the TMO/C com-
posite is significantly crucial. An excess of carbon will reduce
the whole capacity of electrode materials since the C com-
ponent cannot provide capacity as much as metal oxides can.
Too low carbon content will limit the function of carbon con-
tributing to the electron transfer. Therefore, it is of great sig-
nificance to regulate the C content in TMO/C composites,
which ensures improved electrical conductivity and meanwhile
helps achieve the optimal specific capacity.”*””

In addition to the abovementioned MOF-derived metal
oxides based on 1,4-benzenedicarboxylate, there is another class

This journal is © the Partner Organisations 2020
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of MOFs, named after Materials Institute Lavoisier, and is
abbreviated as MILs. This kind of MOF is constructed from a
1,4-benzenedicarboxylate ligand and is suitable to synthesize
iron oxides. For instance, Jin and co-workers obtained Fe;O,
and Fe;0,/C derived from MIL-88B through thermal treatment,
and Fe;0,/C showed a high capacity of 928 mA h g™" after 200
cycles.*® Another example is MnO/Fe;0,@C nanospheres based
on MIL-53 through one-step annealing under an Ar atmo-
sphere.** The as-prepared electrode displayed a large capacity of
1297.5 mA h g~ after 200 loops at 200 mA g~ ". The hierarchical
porous microstructure was proved to be beneficial for the pene-
tration of the electrolyte, shortening the movement path of Li"
ions and boosting the ionic conductivity of the whole electrode
system. The more effective electronic interaction between Fe;0,
and MnO species increased the electronic conductivity of the
as-prepared nanospheres and also enhanced the reaction kine-
tics. Additionally, Gao et al. obtained NiFe,O,NSs@CNR and
this anode delivered excellent electrochemical performance (an
average capacity of 1355 mA h g™ after 100 rounds).*®> In
addition, Huang and co-workers synthesized Fe,Ni MIL-88
nanorods via a hydrothermal method, which was used as a seed
for the growth of a layer of Fe MIL-88 on the surface.

This journal is © the Partner Organisations 2020
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Subsequently, the resulting core-shell Fe,Ni MIL-88/Fe MIL-88
nanorods were heated at 450 °C for 6 h to generate hierarchical
NiFe,0,/Fe,0; nanotubes.®® The electrode showed a good
electrochemical performance of 936.9 mA h g™ after 100 loops.
The transmission electron microscopy (TEM) and high angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM) images perfectly proved that the improved
electrochemical behaviors originated from their hierarchical
porous 1D structures, hollow tube structures, better redox chem-
istry and synergetic effect between nickel and iron ions (Fig. 3).
The storage mechanisms involved in the electrochemical reac-
tion during lithiation and delithiation are explained as follows:

NiFe,0, + 8Li* 4+ 8¢~ — Ni + 2Fe + 4Li,O (1)
Ni+ Li,O < NiO+2Li" +2e~ (2)
Fe,03 + 6LiT + 8¢~ « 2Fe + 3Li,0 (3)

2.2. TMOs derived from 1,3,5-benzenetricarboxylic acid
based MOFs

In 1999, Williams and co-workers reported a new MOF called
HKUST-1 ([Cu;(BTC),(H,0);3],), which is synthesized with the
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Fig. 3 (a) Preparation process of NiFe,0,/Fe,Os nanotubes. (b) and (c) TEM images. (d) HAADF-STEM and elemental mapping.>®

help of 1,3,5-benzenetricarboxylic acid as an organic moiety,
whereas HKUST corresponds to Hong Kong University of
Science and Technology.”® This kind of MOF has a “pore-
cage—pore” structure with open unsaturated Cu metal sites and
presents excellent catalytic and adsorption properties.””””®
1,3,5-Benzenetricarboxylic acid (H3BTC) is a rigid and planar
molecule, in which the two carboxylate moieties are rigidly
predisposed at 120°. As a good bridging ligand with oxygen
donors, it has been extensively used for building multidimen-
sional metal-organic networks. HKUST-1 is also known as
MOF-199, which has been widely used as a template to syn-
thesize suitable electrode materials due to its low price, easy
preparation, high yield, and commercial availability.**”%%°
Recently, Chen et al. fabricated porous hollow Co;0, micro-
fibers via a chemical precipitation method, which demon-
strated high lithium storage performance (1177.4 mA h g™*
under 100 mA g~") and long-term cycling capability (capacity
of 787.6 mA h g™' after 200 loops). The improved electro-
chemical performance was attributed to the large surface area
(38.5 m> g7') and total pore volume (0.27 cm® g~), which
offered large lithium storage sites and accelerated the move-

4944 | Inorg. Chem. Front., 2020, 7, 4939-4955

ment speed of electrolyte molecules and Li* ions.*® Zhang
et al. obtained porous Coz;0, flower-like structures through a
solvothermal method and subsequent thermal decomposition
after 90 rounds under a current density of 100 mA g™, and the
reversible capacity was still maintained at 529.2 mA h g™ It is
worth noting that hierarchical porous Cos;0, structures dis-
played better electrochemical behavior due to their unique
porous structures, which could perfectly compensate the
volume expansion and facilitate lithium ion reactions during
charge-discharge processes.*"

Copper oxide (CuO) is another p-type semiconductor with
great potential because of its improved safety, high theoretical
capacity (674 mA h g™') and environmental benignity. Wu
et al. synthesized porous CuO hollow octahedra by annealing
of Cu-MOF templates. This as-prepared material delivered
high reversible capacity and remarkable cycling stability, when
assembled as an electrode. A capacity of 470 mA h g~ was
attained at 100 mA g~ over 100 rounds. The good cyclability
was ascribed to its porous octahedral morphology, hollow
structure, and crystal plane structure, which was shown to
have great influence on the electrochemical performance.*?
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Ogale and co-workers obtained CuO based on Cu-MOF-199 by
controlled pyrolysis. This resultant CuO attained 90% of the
initial reversible capacity after forty loops,”> and even when
the current rate reached up to 2 A g™, the capacity was still
maintained at 210 mA h g~ Yin and his partners successfully
prepared hollow porous CuO/C through controllable pyrolysis
of [Cus(btc),],, and this electrode showed a good reversible
capacity of 232.78 mA h g™* at a high current rate of 3.2 A g™
The in situ generated amorphous carbon could improve the
electrical conductivity. In addition, the hollow porous struc-
ture can mitigate the volume expansion/contraction and struc-
ture destruction problem, enhancing the cycling stability.**

In addition to the CuO and Cos;0, outlined above, many
other TMOs have been fabricated, which showed distinctly
enhanced electrochemical performances. For example, Zheng
and colleagues developed ultrafine MnO nanocrystals incor-
porated within a porous carbon matrix. These MnO@C compo-
sites displayed an excellent capacity of 1221 mA h g™" after 100
cycles.”” Besides, Kong and co-authors have prepared yolk-
shell NiO microspheres through a microwave-assisted hydro-
thermal method, which displayed a remarkable capacity of
1060 mA h g™' at 0.2 A g* and good current performance
(high capacity of 678, 612, and 454 mA h ¢ ' at 2, 3, and 5 A
27! respectively).’® Maiti et al. obtained porous Mn,0O; nano-
bars by thermal treatment, where the resultant products
showed an excellent cycling capability of 410 mA h g~ over
300 cycles.”

Tremendous efforts have been put into the research on
mixed transition metal oxides/carbon composite materials.
Zhao et al. obtained yolk-shell ZnO/Ni;ZnC, 5/C hybrid micro-
spheres by using a solvothermal method (Fig. 4). This anode
material showed outstanding cycling performance (high
capacity of 1002 mA h g~ over 750 loops) and rate capability.*®

Fig. 4 Preparation process of yolk—shell ZnO/NisZnCq ,/C.*®

This journal is © the Partner Organisations 2020
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The remarkable electrochemical behavior is mainly credited to
the yolk-shell structure and tiny pore size, which offers large
specific surface area and porosity, providing a large number of
electrochemically active sites and more channels for the
effective penetration of the electrolyte. Niu at al. obtained
Mo, W ,0,-Cu@PC based on a polymetallic metal-organic
framework (NENU-5) by thermal treatment at 600 °C under an
atmosphere of an inert gas, and the ultra-long cycling perform-
ance and remarkable rate capability are mainly ascribed to the
introduction of W and Cu elements.*’

2.3. TMOs derived from 2-methylimidazole based MOFs

Zeolitic imidazolate frameworks (ZIFs) are a novel category of
porous crystalline materials with the same topological struc-
ture as traditional zeolite molecular sieves.?' ZIF compounds
can be represented as M(IM),, where M and IM stand for
metal ions and N-containing imidazole or imidazole deriva-
tive-based ligands, respectively. The angle of M-IM-M is
similar to that of Si-O-Si (145°).%> ZIFs not only displayed
strong thermal stability and chemical stability, but also pro-
vided various structures and functions on adjusting the metal
ions and organic linkers. This kind of MOF has been applied
in gas storage and separation,®® catalysis® and drug delivery®®
applications. However, ZIF-67 and ZIF-8 are two of the most
typical representatives of ZIFs, which are linked by 2-methyl-
imidazole anions with cobalt or zinc ions, respectively.®® Metal
oxide composites can be synthesized through post-modifi-
cation of ZIF-67 or ZIF-8 and thermal treatment, which have
huge application prospects as anode materials for LIBs.
Considering MOF-derived single metal oxides based on
2-methylimidazole, Wu et al. obtained porous hollow Co3;0,
dodecahedra after the thermal treatment of an MOF at 350 °C.
The porous hollow Coz;0, dodecahedra displayed a high

Yolk-shell
Zn0O/NiyZnC, ,/C
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capacity of 780 mA h g~" over 100 cycles.”* Zhao and his part-
ners reported a Coz0, film with an electrochemically assisted
process due to its good controllability and the in situ growth of
MOFs during electrochemical processes.” These electrodes
exhibited an impressive cycling performance of 2000 cycles at
a current rate of 20 A g~ and a coulombic efficiency of almost
100% after the 2000th cycle. In addition to mixing in situ
porous carbon which retains the morphology of MOFs by high
temperature carbonization with MOF-derived TMOs, the com-
posite materials can be obtained by mixing/doping TMOs and
external carbon sources (graphene oxide, carbon nanotubes,
etc.). Sui et al. reported ZIF-67-derived porous CozO, in a
N-doped graphene network (Co;O,/NGN) as the anode for
LIBs. This as-prepared anode displayed high discharge
capacity (955 mA h g™ after 200 rounds), long-term cycling
capability (676 mA h g~* over 400 cycles), and remarkable rate
performance. The existence of synergistic interactions between
NGN and Co;0, was credited for the good electrochemical per-
formance. However, the initial decline in the discharge
capacity was attributed to the formation of a solid electrolyte
interphase (SEI) layer and an incomplete conversion
reaction.>

Iron is a highly abundant metal in the Earth’s crust, and
because of that Fe;O, has garnered much attention due to its
low cost and a high theoretical capacity of 926 mA h g~'. Wang
et al. successfully synthesized ultrafine 3D hierarchical archi-
tecture Fe;O, nanodots with N-doped carbon nanowebs
(NCW@Fe;0,/NC). The initial cycle exhibits a discharge and
charge capacity of 2867 and 1585 mA h g™, respectively, and a
better coulombic efficiency (55.3%). The low initial low cou-
lombic efficiency was ascribed to the irreversible lithium con-
sumption of the NCW and Fe;0, during the first cycle, while
the conductive agent caused the irreversible capacity loss.>

Although single metal oxides and their carbon composites
show good electrochemical behavior in lithium ion batteries,
they still cannot fulfill the current demand in energy storage
applications. Multi-component metal oxides have been devel-
oped for propelling the improvement of their electrochemical
performance, such as ionic conductivity, electrochemical con-
ductivity and mechanical stability. Zhang et al. obtained hier-
archical Fe,O;@Co0;0, by using MIL-88B and ZIF-67 as an
external iron source and an internal cobalt source, respect-
ively.”> This composite material displayed a high initial cou-
lombic efficiency of 77% and a high capacity of 951 mA h g™*
at the end of 80 cycles. Sun and co-authors synthesized porous
hollow NiCo0,0,/NiO dodecahedra by using a solvothermal
method.>® This electrode demonstrated a high reversible
capacity of 1535 mA h g~! and excellent cycling behavior with
97.2% retention of coulombic efficiency over 100 loops.

The electrochemical behavior of multi-component metal
oxides also can be enhanced through mixing/doping carbon,
such as MOF-derived porous carbon, carbon nanotubes and
MXenes. Ma et al. obtained ZnO/ZnFe,0,/N-doped C by calcin-
ing a ZnFe-MOF precursor and subsequently annealing the
material in a muffle furnace for 2 hours under air atmosphere.
This electrode displayed high specific capacity (after 100 loops

4946 | Inorg. Chem. Front., 2020, 7, 4939-4955
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at 200 mA g, the capacity was retained at around 1000 mA h
¢~ ") and good cycling behavior. The unique structural features
and N-doped carbon matrix offered extra conductivity for the
electrode.” Li and co-authors synthesized an interesting sand-
wich-like ZnCo,0,-ZnO-C wrapped in reduced graphene oxide
(RGO) on nickel foam. The RGO/ZnCo,0,~ZnO-C/Ni sand-
wich-like material showed the importance of RGO over the
ZnCo,0,-Zn0O-C/Ni anode without RGO. The RGO/ZnCo0,0,-
ZnO-C/Ni electrode exhibited a high capacity of 1184.4 mA h
g~ over 150 loops, whereas the capacity of ZnCo,0,~ZnO-C/Ni
was 854.9 mA h g~' under similar conditions. The RGO
nanosheets serve as not only a conductive matrix, but also a
flexible protector to anchor ZnCo,0,-ZnO-C on the Ni foam,
in turn strengthening the mechanical stability of the anode
during intercalation/de-intercalation processes.’® Moreover,
much attention has been paid to the usage of MXenes in
lithium ion batteries due to their 2D structure, metallic con-
ductivity, low diffusion barrier for lithium ions, and low
volume changes during discharge-charge processes.®” Zhao
et al. successfully obtained a CoO/Co,Mo;0g@MXene by
annealing of a CoMO LDH polyhedron and an MXene at
350 °C under a N, atmosphere for 2 hours.’® This mixed com-
ponent metal oxide/MXene electrode showed better cycling be-
havior (the capacity was retained at 545 mA h g~" at a current
rate of 2 A g~ at the end of 1200 cycles) and rate capability. It
was demonstrated that the MXene played a significant role by
efficiently reducing the charge-transfer impedance of CoO/
Co,Mo050g4 due to the decreased diameter of the semicircle at a
high-frequency regime (Fig. 5).

2.4. TMOs derived from ferrocyanide based MOFs

Prussian Blue (PB) is one of the earliest artificial coordination
compounds, which has been mostly used as a pigment and
dye since its discovery. The open framework structure of PB is
linked by transition metal ions and cyanide ligands, and it is
composed of a mixed-valence iron(m) hexacyano ferrate(u)
compound of Fe,[Fe(CN)s]; with a face-centered-cubic (fcc)
crystal structure.®® ' Generally, PB and Prussian blue ana-
logues (PBAs) can be obtained from ferrocyanide ligands as
starting resources, which can be converted into the corres-
ponding metal oxides under controllable thermal treatment
based on the Kirkendall effect and hold great potential appli-
cations as templates/precursors.”>

Initially, Zhang et al. reported hierarchical shell-structured
Fe,O; microboxes based on K,Fe(CN)s, and compared the
electrochemical performances of Fe,O; obtained by heating
treatment at different temperatures. It is worth noting that the
decomposition of PB produced outward gas flow and led to the
formation of an iron oxide shell with a large interior cavity.
The as-prepared hierarchical shell-structured Fe,O; micro-
boxes displayed the highest capacity of 945 mA h g™' at
200 mA g~' over 30 rounds when compared to the other
samples (Fe,O; microboxes and porous Fe,O; microboxes)
under the same conditions.®® Jiang et al obtained porous
Fe,0; wrapping by 3D graphene (3DG) by one-step annealing
of 3DG/PB at 250 °C in air. The as-prepared 3DG/Fe,O; exhibi-
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Fig. 5 Synthesis of CoO/Co,Mos0s@MXene hollow polyhedra.>®

ted extraordinary cycling behavior (a high capacity of 523.5 mA
h g7 at a current rate of 5 A g~ " at the end of 1200 cycles) and
good rate performance.®*

In order to boost the electrochemical properties of PB-
derived metal oxides, Yu et al synthesized porous spinel
AFe,0, (A = Ni, Zn, Co) hollow structures. Among these,
NiFe,0, exhibited the most excellent electrochemical perform-
ance (high specific capacities of 841 and 447 mA h g~ over
100 rounds at 1.0 and 5.0 A g™, respectively).®> In addition,
Yang et al. prepared a porous ZnO/ZnFe,0, composite with a
microwave-assisted synthesis protocol, where the as-prepared
electrode showed excellent cycling stability (497 mA h g™" after
1000 rounds at 2000 mA g ‘). Among them, ZnO can react
with Fe,Oj; to form ZnFe,0, and it offers large specific capacity
for the electrode.®® Zhao et al. obtained carbon-coated Fe;0,/
VO, (Fe30,/VO,@C) hollow microboxes based on Prussian
blue. The discharge capacity of Fe;0,/VO,@C reached up to
742 mA h g~ over 400 cycles. The electrochemical properties
of Fe;0,/VO,@C were proven to be better than those of Fe;0,
and Fe;0,@C, indicating the importance of the presence of

This journal is © the Partner Organisations 2020
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VO, in the as-prepared electrode.®® Wang et al. mixed Ce
(NO3),-6H,0 and PB suspension, and then refluxed with stir-
ring for 2 h. Subsequently, the resultant solid was heated at
different temperatures for 3 h in air to produce Fe,O;@CeO,
composites. The electrochemical performance of three electro-
des (Fe,O;@Ce0,-400, Fe,0;@Ce0,-500, and Fe,0;@CeO,-
600) demonstrated the influence of calcination temperature on
material properties (Fig. 6). Furthermore, CeO, was expected to
play a significant role in this electrode by shortening the dis-
tance of lithium-ion diffusion, alleviating the volume expan-
sion, and enhancing the thermal stability of the electrode.
Furthermore, the CeO, layer can ease the collapse of Fe,0O;
and enhance the electrode-electrolyte interface stability.”®

2.5. TMOs derived from other unusual MOFs

As one brand of MOFs, porous coordination networks (PCNs)
were developed and popularized by Zhou’s group.®® This kind
of porous material contains multiple cubic octahedral nano-
pore cages and shows great potential in gas storage and
adsorption.’® However, probably due to the complicated syn-
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Fig. 6 (a) Schematic illustration of the Fe,Os@CeO, fabrication process. (b) CV curves of Fe,0s@CeO,. (c) Voltage profiles at 100 mA g~*. (d)

Cycling performance.”®

thetic methods of organic ligands and expensive raw materials,
there are no examples of the application of metal oxides utiliz-
ing PCNs as precursors. In this section, we present some
research results based on unusual organic linkers in order to
broaden the discussion on the development of TMOs derived
from various MOFs in the electrochemical energy storage and
conversion field.

Hu and co-authors obtained manganese oxide (Mn;O,)
from MOF-74 templates.”” Hierarchical mesoporous MnO,
microcuboids possessed higher specific surface areas than
Mn,0; mesoporous nanobars, which exhibited most durable
high rate performance and the highest capacity. Peng et al.
synthesized a mesoporous spindle-like hollow CuO/C anode
for LIBs based on [Cu,(abtc)(H,0),]s (Hsabtc = 1,1-azo-
benzene-3,3,5,5-tetracarboxylic acid). This electrode delivered a
high capacity of 789 mA h g™ at the end of 200 cycles at

4948 | Inorg. Chem. Front.,, 2020, 7, 4939-4955

100 mA g~'. When compared with other CuO hybrid anode
materials, a better electrochemical performance of this anode
was observed, which can be attributed to the advantages of
structural and compositional features with hollow interior
structure, and porous characteristics.”®
Interestingly, by using another Mn-PBA MOF as a template
constructed with 5-(4-pyridin-3-yl-benzoylamino)-isophthalic
acid, mesoporous Mn;0O,/C microspheres were obtained
through thermolysis at 500 °C in air and they exhibited a large
capacity of 1032 mA h g~ over 500 rounds.” As it is well
known that nitrogen-doping can substantially improve the
electrochemical activity, N-rich organic ligands were usually
chosen as precursors. For example, Kang and co-workers suc-
cessfully obtained porous hollow Co;0,/N-doped carbon poly-
hedra based on [CocO(TATB),](H30"),-Py (TATB = 2,4,6-tris(4-
carboxyphenyl)-1,3,5-triazine and Py = pyridine) through a

small size,
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solvothermal method (Fig. 7). The as-prepared porous anode
displayed excellent electrochemical performance (620 mA h
g~ after 2000 rounds at 1000 mA g ). This electrode showed a
capacity retention of 65% when the current density increased
from 0.1to 5.0 A g "%

Much effort has also been put into the design of multi-
metallic derivatives in order to improve the electrochemical be-
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havior of LIBs. The multi-metallic materials can greatly utilize
the advantages of different components and provide special
performance through a reinforcement and/or modification
between each metal."”"®® Sun et al. obtained Fe-Mn-O/C
microspheres based on Fe/Mn-MOF-74 (Fig. 8). This multi-
metallic oxide displayed good cycle capability (1294 mA h g™*
over 200 cycles at 100 mA g~ ') and rate performance (722, 604,
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and 521 mA h ¢”" at 0.2, 0.5, and 1 A g, respectively). The
remarkable electrochemical properties can be ascribed to the
well-designed hollow microsphere morphology and synergistic
effect between these two metal species."®*

3. Summary and outlook

Great progress has been made in the field of lithium ion bat-
teries (LIBs) over the past few decades as important energy
storage devices. It has been established that the presence of a
hollow/porous structure can exert a great influence on the
electrochemical behavior of the anode. In order to address the
abovementioned problems, much effort has been made in the
development of MOF-derived metal oxides as anode materials
for LIBs in green and facile ways. With the help of these strat-
egies, various structures and morphologies of MOF-derived
metal oxides and composites can be designed and prepared
through annealing, microwave-assisted processes and solvo-
thermal methods, eventually solving the problem of energy
storage and conversion.

4950 | /norg. Chem. Front., 2020, 7, 4939-4955

Although tremendous progress has been made in the appli-
cation research of MOF-derived metal oxides, many issues still
hinder the practical applications of these materials such as the
following: (1) some organic linkers are too expensive and the
synthetic routes are too complicated. Therefore, it is necessary
to create simple, abundant, and green synthesis methods. (2)
It is difficult to achieve mass production starting from MOF
precursors to target materials due to the low-quality yield.
Fortunately, some MOFs (ZIF-67, ZIF-8, MOF-5, etc.) are easily
available from commercial resources, which provides us more
confidence to study the detailed transformation pathway. In
particular, different linkers for the use of these MOF-derived
oxides for LIBs have significant effects on the morphology of
the final product. For instance, MOF-5 and Prussian blue
possess a cubic shape, while ZIF-8 or ZIF-67 presents a dodeca-
hedral morphology. Following the previous comments and our
practical perspective, 2-methylimidazole and ferricyanide
should be better for serving as precursors to make metal
oxides for LIBs in future studies. These two types of linkers
contain abundant N elements, and the incorporation of opti-
mized N-doping can lead to stronger binding with lithium
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ions and enhance the electrochemical properties. Additionally,
MOFs constructed with these two linkers can be generally used
under mild conditions without heating or solvothermal reac-
tion. This synthetic chemistry approach shows low energy con-
sumption and is environmentally friendly. (3) Many TMOs
derived from MOFs usually display low initial coulombic
efficiency because of the side reactions originating from the
decomposition of the electrolyte. However, effective strategies
such as pre-lithiation techniques in surface chemistry can be
put into practical applications. Nevertheless, MOF-derived
metal oxides still hold the place of important potential tem-
plates in the electrochemical energy storage and conversion
field due to their advantages of controllable structure, mor-
phology and composition. Deeper insights into their working
mechanisms can be achieved with the help of advanced instru-
mentation techniques. Overall, this review aims to provide
information on interesting recent attempts and innovations by
scientists and industrial partners who are planning to explore
the application of TMOs as high-performance LIB anodes
derived from MOFs.
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