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1. Introduction MOFs with desired structures can be designed by careful selection

1.1. Metal organic frameworks

Metal-organic frameworks (MOFs) are crystalline materials
composed of metal ions (or metal clusters) and organic linkers [1-
5]. As a novel class of porous materials, MOFs have attracted great
attention in recent years owing to their high surface area and
permanent porosity.

Fig. 1 shows the structures of some reported MOFs. As shown in
the figure, MOFs are made by linking inorganic and organic units
via strong chemical bonds. The organic units are divalent or
polyvalent organic carboxylates, which when linking to metal-
containing units (e.g. Zn?*, Co?*, Cu?*, Mg?*, Ni?*, AI**), can
yield architecturally three-dimensional structures with well-
defined pore size distributions. The surface area of MOFs typi-
cally ranges from 1000 to 10,000 m?/g, and pore size can be tuned
as large as 9.8 nm by altering the organic and metal-containing
units [6-9]. As O’Keeffe previously reported, the same metal
clusters could be connected by ditopic carboxylate linkers with
different lengths to produce a variety of MOFs materials with the
same network topology (Fig. 1b) [10]. The variety of constituents’
geometry, size, and functionality has led to more than 20,000
different MOFs being reported and studied within the past few
decades [2]. Transition metals (e.g. Zn, Co, Cu, Fe, Ni), alkaline
earth elements (e.g. Sr, Ba), p-block elements (e.g. In, Ga), actinides
(e.e. U, Th), and even mixed metals have been used for the
synthesis of MOFs [11-15]. For example, MOF-5 is commonly
based on nets of linked Zn,O tetrahedrons via 1,4-benzenedi-
carboxylate (1,4-BDC) ligands, resulting in a three-dimensional
cubic network structure with interconnected pores diameter of
12 A. Moreover, simply changing the metal units from Zn4O to
Cr30 results in an obvious change in structure from MOF-5 to MIL-
101, which contains large cages with the diameter of ~3 nm
(Fig. 1) [16]. Since they are comprised of two main components,

of metal centers and different organic ligands [17].
1.2. Nucleation and growth mechanism of MOFs

The most prevailing synthesis methods for MOFs are hydro-
thermal and solvothermal approaches (Fig. 2) [18], which have
reaction times from several hours to days. In a typical solution-
based MOFs forming process, a nanoporous material can be
formed through a process of nucleation and spreading, and then
multiple nucleation aggregate with surface adsorbed organic
molecules into an inorganic-organic crystal. To produce con-
trollable nanoscale MOFs crystals and shorten the synthesis time,
some alternative synthesis approaches have been attempted, such
as microwave-assisted [19-21], sonochemical [22], electro-
chemical [23], and mechanochemical methods [24].

A key structural feature of MOFs is their high porosity as well as
high surface area, which plays a crucial role in their functional
properties. Therefore, understanding the molecular forming
mechanism of MOFs has been a widely researched topic [25-27].
By in situ observing the MOFs surface features in the process of
nucleation and spreading, Moh and co-workers [26] revealed the
forming process of Zeolitic Imidazolate Framework-8 (ZIF-8) in
2011. As Fig. 3(I) shows, the nanoporous ZIF-8 occurs through a
process of surface nucleation and spreading of successive meta-
stable unenclosed sub-steps in a correlated manner, eventually
forming stable surface steps of the enclosed framework structure.
After that, Zhou et al. revealed the formation mechanism of MOF-5
[Zns4O(CgH404)3] crystals. It is demonstrated that in the earliest
stage, Zn?>* and CgH40, molecules combined with each other and
forming crystalline nanoplates with diameter of 5-10 nm. With
the assistance of 1,4-BDC molecules, the nanoplates aggregate fast
from surface adsorbed organic molecules into layered inorganic—
organic microplates. With an increase in reaction time to 6 h or
longer, all the microplates further joined together to form loosely

L

e‘g{ﬁ P
MOF-200 M

tog

MIL-101(Cr)

=

MOF-74 (Mg, Ni, Co)

MOF-5 Bio-MOF-11

b
=
£ e A
Cods” *‘r*
IRMOF-1 Zn,0(CH,CO0),
(MOF-5)
\ &
W —e
i ot - | et o :.
0 TR e
\::;.'I% " . i:_.A ‘,
’&j‘x’é'ug’ p,‘&, t %
4 mu 203
3 A
MOF-177 MOF-180 MOF-200

Fig. 1. Schematic representation of reported MOFs structures [3,16].
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Fig. 3. Schematic drawing of the proposed formation mechanism for (I) ZIF-8 and (II) MOF-5 cubes [26,27].

stacked layered particles approximately 80-200 pm in diameter
and about 20 um in thickness (Fig. 3(II)f), followed by surface
recrystallization and reversed crystal growth, leading to cubic
single crystals as the final product. The proposed formation
mechanism of MOF-5 is elucidated from (a) to (g) in Fig. 3(II) [27].

1.3. Fabrication of MOF-derived nanostructured materials

Due to the controllable micro- and meso-porous nanos-
tructures, MOFs materials have been considered as one of the most
promising candidates for the applications in energy storage and
conversion. Apart from pure MOFs, some MOF-derived materials
with highly controlled nanostrucutres have received increased
attention for electrochemical applications in recent years. By the
fact that MOFs can be converted to the desired products through
one-step calcination process, MOFs have been successfully applied
to develop nanostructured carbon, metal oxide as well as metal
oxide/carbon composites.

1.3.1. MOF-derived nanostructured carbon

The large content of carbon-based organic linkers in MOFs
facilitates the design of nanostructured carbon using MOFs as
sacrificial materials [28,29]. Because MOFs inherently consist of
metallic species which are an integral part of the whole structure,
it is essential to remove these metallic species to get high surface
area carbon. In 2012, Yamauchi et al. first reported direct carbo-
nization of Al-porous coordination polymers to fabricate carbon
[30]. The obtained nanoporous carbon possessed an extremely
high surface area over 5000 m? g~! and a large pore volume of
4.3 cm? g~ . It was also revealed that the carbonization tempera-
ture was critical to realize such high surface area and pore volume.

Another method for preparing nanostructured carbon with
high porosity can be achieved by infiltrating a secondary carbon
source into the cavities of MOFs hard-templates [31-33]. Carbo-
nization of MOFs with secondary precursor commonly results in
high surface area carbon. In 2011, Xu and co-workers reported
using pristine ZIF-8 to obtain the high surface area carbon, furfuryl
alcohol was introduced into ZIF-8 as a secondary carbon source,
which gave unexpectedly high surface area of 3405 m? g~ ! and a
total pore volume of 2.58 cm®g~! [34]. Besides furfuryl, some
other carbon-based organics like glycerol, carbon tetrachloride,
ethylenediamine, and phenolic resin have been reported for using
as secondary carbon sources in MOFs cavities for producing
nanostructured carbon.

1.3.2. MOF-derived nanostructured metal oxide

Because of the inherent structures of MOFs, which are made up
of metal centers coordinated with organic complexes, controlled
heating in various environments can produce MOF-derived metal
oxide with unique structures. A successful derivation of Fe,05 with
spindle like mesoporous structures from MIL-88 (Fe) has been
reported. Microstructure analysis showed that the product was
highly porous and consisted of uniform nanoparticles with a size
of about 20 nm [35]. In addition, another advantage of using MOFs
as template is that carbon-metal/metal oxide hybrids can be
simply produced [29,31]. In 2011, Liu and co-workers reported
using Co-MOFs as template to produce Co-N,-C nanoparticles. It
was revealed that during the thermal carbonization process, the
organic linkers would be converted to carbon while maintaining
the porous framework, with the formation of Co-N, units uni-
formly distributed in the carbon framework. The porous carbon
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Fig. 4. (a) Typical PEMFC operation [38]. (b) Status and DOE targets of fuel cell costs [42].

framework with Co-N, sites, which have been considered as an
effective electrochemical catalyst for oxygen reduction [36].

2. MOFs for fuel cell applications
2.1. Introduction, challenges, and objectives of fuel cells

A fuel cell is an electrochemical conversion device that has a
continuous supply of fuel, such as hydrogen, natural gas, or
methanol, and oxidant such as oxygen, air, or hydrogen peroxide.
Each fuel cell consists of an anode, a cathode, and electrolyte
which allows ions to move between the two sides of the fuel cell
[37]. Fig. 4a illustrates the basic operational processes within a
typical polymer electrolyte membrane fuel cell (PEMFC) [38].
Hydrogen (H,) as a fuel is delivered to the anode where it can be
oxidized by anodic catalyst producing protons and electrons. The
protons pass through the electrolyte and reach to the cathode side,
while the electrons travel to an external circuit with supplying a
current. At the cathode, with the assistant of catalyst, oxygen (O;)
combine with protons and electrons producing water and releas-
ing some heat.

The clean point of operation emissions, fast refueling times and
excellent energy density render PEMFCs promising for a variety of
applications. Hydrogen fueled PEMFCs vehicles would allow us to
significantly cut back on the over five billion tons of greenhouse
gas emissions (CO,) produced by automobiles each year [39].
However, there are two device level limitations that currently limit
the attractiveness of PEMFCs in the automotive market: high cost
and insufficient durability. The key technical U.S. Department Of
Energy (DOE) targets are to develop a fuel cell system for portable
power ( < 250 W) with an energy density of 900 W h L~ ! by 2015,
and achieve a direct hydrogen fuel cell power system for trans-
portation with a peak-efficiency of 60%, 5000 h durability and a
mass-produced cost of $30 kW~ by 2017 [40]. Among the various
components, the platinum (Pt)-based electrocatalysts required at
each electrode to facilitate the electrochemical reactions are the
biggest contributors to PEMFCs cost and durability issues [41]. The
Pt-based electrocatalysts are estimated to contribute almost 50% of
the cost of membrane electrode assembly (MEA) component
(Fig. 4b) [42]. However, Pt is currently the most efficient electro-
catalyst in practical PEMFCs due to its outstanding catalytic, elec-
trical, and corrosion-resistance properties [43]. Therefore, It is
highly desirable to find efficient and inexpensive alternatives to
Pt-based catalysts for PEMFCs [44,45].

MOFs, as described previously, could be tailored to have a high
surface area and a regular porous structure. By tuning their
structures through carefully selecting metal clusters and multi-
functional linkers, the desired MOFs product can be designed with
rich metal (e.g. transition metal: Co, Fe, Cu, etc.), nitrogen, carbon
sites and that would be beneficial for fabricating good electro-
chemical catalysts. In the field of fuel cells, MOFs and MOF-derived
nanostructured materials working as efficient electrochemical
catalyst have been widely reported in recent years. In this review,
the great designable of MOFs enables their multiple applications
on fuel cell will be discussed.

2.2. MOFs as electrocatalysts

MOFs consist of metal clusters, which can be comprised of
electrochemically active metals. Thus, by rationally designing the
composition of frameworks and taking advantages of the adaptive
encapsulation properties of MOFs, it is easy to synthesize elec-
trochemically functional MOFs with catalytic properties. The first
example for the utilization of MOFs as electrocatalysts for oxygen
reduction reaction (ORR) was demonstrated by Lanqun Mao’s
group [46]. Two kinds of Cu-based MOFs were synthesized,
[copper (II) benzene-1,3,5-tricarboxylate] and [copper (II)-2,2’-
bipyridinebenzene-1,3,5-tricarboxylate]. The synthetic [copper
(I1)-2,2’-bipyridinebenzene-1,3,5-tricarboxylate] MOFs was found
to exhibit an excellent and stable electrocatalytic activity towards
4e” reduction of O,. Based on the excellent catalytic performance
of Cu-MOFs, some graphene and Cu-MOFs composites have been
researched to overcome the poor electron-conduction properties
of Cu-MOFs and further improve the catalytic activity and stability.
In 2013, Maryam Jahan and co-workers developed a graphene
oxide (GO)-incorporated copper-centered MOFs composite
(GO-Cu-MOFs) (Fig. 5(I1)), which exhibited good catalytic activity
for ORR, oxygen evolution reaction (OER), and hydrogen evolution
reaction (HER) [47]. With the excellent tri-functional catalytic
activity, GO-Cu-MOFs composites exhibited quite little over-
potentials and high current density for all three electrocatalytic
reactions and showed excellent stability in acid media. Particu-
larly, for the oxygen reduction, there is a significant enhancement
of cathodic peak at 0.29 V (vs. RHE) in O,-saturated H,SO,4 for (GO
8 wt%)-Cu-MOFs which is better than pure Cu-MOFs at 0.16 V (vs.
RHE), which suggested that the incorporation of GO into the MOFs
improves the electrocatalytical behavior. In terms of power den-
sity, the maximum power density of 110.5 mW cm~2 was achieved
for (GO 8 wt%)-Cu-MOFs which is 76% that of Pt/C. All of these
good electrocatalytic performance combined with its low cost and
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Fig. 5. Synthetic routes to produce (I) (r-GO-FeP)n-MOFs. (II) Schematic of the chemical structures of (a) GO, (b) GO-Cu-MOFs composites, (c) Cu-MOFs [47,48].

facile synthesis makes GO-Cu-MOFs hybrids a promising alter-
native to Pt catalysts in fuel cell applications.

Except for the Cu-based MOFs, graphene-Fe-MOFs were syn-
thesized and employed as ORR catalyst by Kian Ping Loh group in
2012 [48]. The reduced GO (r-GO) sheets that are functionalized on
both sides of the plane with pyridine ligands; these functional
r-GO as struts to link metalloporphyrin (FeP) nodes to form the
r-GO-MOFs hybrids. It was demonstrated that the weight per-
centage of functionalized r-GO added to the framework plays a
great role in the structure and electrochemical property of the (r-
GO-FeP) MOFs, due to functionalized r-GO can influence the
crystallization process of MOFs. When an appropriate amount of
50 wt% 1-GO is added, (r-GO-50wt% -FeP), MOFs exhibit the
excellent ORR performance with the onset-potential of -0.23 V (vs.
Ag/AgCl). The presence of r-GO act synergistically with FeP cata-
lysts to afford facile 4-electron ORR pathway and this kind of MOFs
composite also possessed the reduced methanol crossover effects
compared to Pt catalyst (Fig. 5(I)).

2.3. MOF-derived carbon as metal-free electrocatalysts

MOF-derived nanostructured carbon materials work as elec-
trocatalysts in fuel cell have been widely investigated by many
researchers [49,50]. In 2014, the highly graphitic nitrogen-doped
porous carbons (NGPCs) derived from ZIF-8 as efficient electro-
catalysts for ORR was reported by Hong et al. In a facile carboni-
zation process, ZIF-8 worked as both the carbon and nitrogen
sources and resulted in the NGPCs product not only retain the
morphology of parent MOFs but also possess rich nitrogen, high
surface area and well-conducting network (Fig. 6). It was assumed
that the carbonization time and temperature play a critical role in
the electrochemical property of NGPCs. For 1000 °C and 10 h car-
bonization, the resultant NGPCs-1000-10 exhibit good ORR per-
formance with high current density of 4.3 mA cm~2 and oxygen
reaction onset-potential (the highest potentials for cathodic reac-
tions at which a reaction product is formed) of —0.02 V (vs. Ag/
AgCl) which is only 40 mV negatively shifted compared to that of
Pt/C. The outstanding electrocatalytic activity of this true metal-
free catalyst is attributed to the synergetic contributions of
abundant graphitic-N active sites, high surface area and the high

degree of graphitization. In order to get the in situ nitrogen-doped
porous carbon with huge surface area and narrow pore size dis-
tribution, a second carbon source was suggested to be introduced
into MOFs framework [51]. Using glucose as a secondary carbon
precursor, which was infiltrated into the pores of MOFs precursor
zinc-benzimidazole [ZIF-7], after carbonization at 950 °C for 5 h,
the proposed nitrogen-doped porous carbon was synthesized.
Importantly, the addition of carbon source glucose can not only
improve the graphitization degree of resultants, but also favors of
removal Zn metal and Zn compound impurities from ZIF-7, which
makes a real metal-free electrocatalyst for fuel cells. Compared
with the electrocatalytic performance of ZIF-7-derived carbon,
glucose-derived carbon, ZIF-7/glucose-derived carbon made by
mixing ZIF-7 and glucose precursors in liquid phase exhibit the
best ORR activity with the onset-potential of 0.86 V (vs. RHE) and
nearly four-electron selectivity (the electron transfer number is
3.68 at 0.3 V) in O,-saturated 0.1 M KOH, which is much close to
the commercial Pt/C. Besides the ORR activity, this kind of
nitrogen-doped carbon also have better stability and methanol
tolerance than the commercial Pt/C catalyst. It was revealed that
nitrogen-containing MOFs/carbon source composites can be used
as precursor to make nitrogen-doped porous carbon as efficient
electrocatalysts for ORR, owing to their structures with graphene-
like morphology, high BET specific surface area, and high porosity.

In order to develop more active sites on the MOF-derived
nanostructured carbon, some heteroatoms (e.g. N, S, P) can be
designed doping on the MOFs-carbon materials, which will make
contributions to their electrocatalytic activity. MOF-5 as template
by encapsulated with urea and dimethyl sulfoxide (DMSO) after
carbonized at 900 °C for 5h, the nitrogen and sulfur co-doped
nanoporous carbon (N, S-MOFs-C) can be synthesized, in which
MOFs, urea and DMSO act as template and carbon source, nitrogen
and sulfur source respectively [52,53]. It was revealed that the
heteroatom-co-doped N, S-MOFs-C as electrocatalyst could reduce
oxygen at the relatively high onset-potential of —0.005 V (vs. Ag/
AgCl) in O,-saturated 0.1 M KOH solution and with a 3.8 electron
transfer pathway, which is owing to the synergetic effect between
active sites of heteroatoms N, S and C (C-N,, C-S,). In terms of
long-term durability and methanol resistance ability, N, S-MOFs-C
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exhibit good selectivity for ORR and outperforms the commercial
Pt/C in the presence of methanol.

By fabricating the MOFs precursors with nitrogen containing
ligands, the self-nitrogen doped nanocarbon can be arrived after
MOFs carbonization. Generally, it should be noted that the incor-
poration of MOF-derived nanocarbon into the 1-D carbon nano-
tubes or 2-D graphene can significantly enhance the surface
polarity, electric conductivity, and electron-donor tendency of the
nanocarbon, resulting in an enhanced performance in the appli-
cations especially in fuel cells electrocatalyst. In 2014, Shim and
co-workers described a method for homogeneously coating MOFs
on the outer surface of CNTs [54]. By simply changing the con-
centrations of the MOFs in MOFs/CNTs composites, MOFs-based
continuous layers can be formed on CNTs surface.

Furthermore, Zhu's group synthesized a novel ORR electro-
catalyst based on N-containing nanocarbon produced from an in-
situ grown ZIF-8/CNTs composite, the schematic is shown in Fig. 7
(a) [55]. This strategy delivers high-performance electrocatalysts
by taking advantage of the merits of these interacting materials.
The CNTs were applied as a high conductivity skeleton in the final
electrocatalyst with N-nanocarbon decoration leading to abundant
catalytic sites on the CNTs skeleton. The excellent affinity between
the continuous thin N-nanocarbon layer and the CNTs skeleton
contribute to high ORR electrocatalytic activity and superior sta-
bility in alkaline electrolyte. The incorporation of an ultrathin layer
of nanoporous carbon, in particular nitrogen-doped nanoporous
carbon, on graphene surface has been investigated as ORR elec-
trocatalyst by Wang's group [56]. It was demonstrated that the
combination of nanoporous carbon thin layer on the graphene
leading to the formation of a N-nanocarbon/graphene/N-nano-
carbon sandwich-like structure (as shown in Fig. 7(b)) with
functionalization, high specific surface area and good electrical
conductivity, all of these make contributions to fast mass transport
and electron transfer required by ORR. During an oxygen reduction
process, graphene acts as a conductive layer to accelerate the
electron transfer in the carbon matrix and readily reach to the
catalytic layer smoothly. The high specific surface area and nano-
porous structure of N-nanocarbon/graphene nanosheets facilitate
the fast transport of reactants to reach the active sites and removal
of corresponding products due to the short transport pathway.

2.4. MOFs as precursors for non-precious metal eletrocatalysts

Accordingly, extensive efforts have been devoted to develop
highly efficient, economical, and earth-abundant catalysts for ORR
to replace Pt-based noble metal catalysts. Among them, transition
metal-nitrogen—carbon (M-N-C) materials, especially for Co-N-C
or Fe-N-C, have been a major focus of research and development,
due to their excellent electrocatalytic activity. It is worth noting
that N-doped metal species @ carbon hybrids derived from dif-
ferent MOFs precursors with the advances of homogeneous dis-
tributed active sites and nanoporous structures have attracted
wide attentions. Li and co-workers demonstrated the application
of Co-based MOFs (ZIF-67) as precursor for fabricating the nano-
porous Co-N,—C hybrid which can be used as an efficient ORR
catalyst in both alkaline and acidic electrolyte (as shown in Fig. 8).
In their work, by optimizing the pyrolysis temperature and acid
leaching process, the as-prepared Co-N,-C hybrid with rich por-
osity and ordered graphitic structure exhibited outstanding ORR
activity and good stability, which suggesting that the ideal struc-
tures of highly dispersed Co-N, active sites in the nanoporous
conductive system are essentials to drive for ORR catalyst with
high performance [57]. Except for these features, the particle size
of precursor ZIF-67 was found also has an intense effect on the
catalytic activity [58]. Comparison between the ZIF-67-derived
catalysts, it was revealed that the ORR activity and stability
increases as the size of the precursor decreases from several
micrometers to 300 nm, and Co-N,-C polyhedra prepared from
the smallest ZIF-67 particles exhibit the highest ORR activity,
which is due to the smaller particle could provide more active sites
and easily access to catalytic centers and thus promote a faster
mass and electron transfer process.

Besides Co-based MOFs, some functionalized MOFs structures
composed of Fe species can also be used as excellent precursors to
fabricate non-precious metal electrocatalyst for fuel cell applica-
tion. It was reported that the nanoscale Fe-based MOFs [MIL-88B
NHs] with controllable size and shape can be used as the pyrolytic
precursor to develop non-precious metal catalyst (Fig. 9) [59].
Pyrolysis at 900 °C, [MIL-88B NHs] could be converted to Fe and N
co-doped nanocarbon (Fe/FeN/C). As the high performance ORR
catalyst, Fe/FeN/C exhibits much more positive onset potential of
1.03V (vs. RHE) than that of Pt/C (1.01V). Furthermore, the
diffusion-limited current density of Fe/FeN/C catalyst is con-
siderably 1.2 times higher than that of Pt/C, which represents the
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Fig. 9. (a) TEM images of nanoscale MIL-88B NHs. (b) Principle of high performance electrocatalysts for oxygen reduction reaction in alkaline solution [59].

Table 1

Summary of the MOF-derived non-noble metal catalysts with high ORR activity reported in literatures.
Catalyst Electrolyte ORR onset potential Limiting current density (mA cm~2) Ref.
Cu-MOFs 0.1 M phosphate buffer —0.15V (vs. Ag/AgCl) - [46]
8 wt% GO-Cu-MOFs 0.5 M H,S04 0.29 V (vs. RHE) -532 [47]
(r-GO-50 wt%-FeP),, MOFs 0.1 M KOH —0.23V (vs. Ag/AgCl) -62 (48]
ZIF-8 derived NGPC 0.1 M KOH —0.02 V (vs. Ag/AgCl) -43 [49]
ZIF-7/glucose-derived carbon 0.1 M KOH 0.86 V (vs. RHE) —-4.6 [51]
N,S-MOF-5-C 0.1 M KOH —0.005V (vs. Ag/AgCl) - [52]
ZIF-8 derived carbon@CNTs 0.1 M KOH 1.03 V (vs.RHE) ~—6.0 [55]
ZIF-8 derived carbon@graphene 0.1 M KOH 0.92 V (vs. RHE) -5.2 [56]
Co-N-C-900 0.1 M KOH 0.93 V (vs. RHE) ~-52 [57]
Fe/FeN/C 0.1 M KOH 1.03 V (vs. RHE) - [59]
Fe/Fe;C/C@GR/CNTs 0.1 M KOH 0.04 V (vs. Ag/AgCl) - [62]
Co@Co030,@C-CM 0.1 M KOH 0.93 V (vs. RHE) ~—-46 [63]
N/Co@C-GO 0.1 M KOH 0.93 V (vs. RHE) ~-70 [64]
Pt/C 0.5 M H>S04 0.9V (vs. RHE) —-6.17 [59]
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Fig. 10. (I) Schematic illustration of the synthesis of Co@Co30,@C-CM and principle of electrocatalysis. (II) (a and b) SEM and TEM images of Co@Co30,@C-CM. (c) ORR
polarization curves of CM, Co@Co50,@C, Co@C030,@C-CM, and Pt/C (scan rate: 10 mV s~ !; rotation rate: 1600 rpm). (d) Chronoamperometric responses of Co@Co30,@C—
CM and Pt/C at 0.75 V for 20,000 s [63].
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best ORR activity of all the non-precious metal catalysts reported
so far. (Table 1 gives the summary of the non-noble metal catalysts
with high ORR activity reported in literatures.) The excellent ORR
performance highlighted that the porous nanocarbon with rich Fe/
FeN active sites are beneficial for both mass transport and catalytic
conversion during an ORR process. Additionally, Afsahi employed
Fe-containing MOFs as the sole precursor for preparing a cathode
electrocatalyst. After pyrolysis, acid leaching and heat treatment
under NH; at different temperatures, iron-nitrogen containing
carbon active sites (Fe/N/C) were formed. Their work revealed that
using only a Fe-containing MOFs does not lead to an optimized
electrocatalyst, which means Fe instead of being used as the major
constituent of the parent MOFs was applied only as a minor
component are promising as electrocatalyst precursors [60].

To develop enough effective space for the diffusion of gas (O, or
H,) and electrolyte into the catalyst, rapid mass transport prop-
erties have become a key factor in pursuing more efficient ORR
catalysts [58,61]. Though traditional MOFs have the inherent
advantage of creating porous catalysts with high surface areas, the
porous structures of the derived catalysts are usually destroyed
after the carbonization process, only resulting in disordered and
non-interconnected pore structures that are not beneficial for
mass transport. Therefore, the rational design and fabrication of
MOF-derived hybrids as efficient catalysts with ideal three-
dimensional interconnected highly ordered pores, which guaran-
tee the freely diffusion of O, and H,0, will be more significant but
very challenging. In 2015, Lan's group first reported on the suc-
cessful synthesis of a novel N-doped Fe/FesC@graphitic layer/car-
bon nanotube hybrid using MOFs [MIL-101 (Fe)] as solid pre-
cursors by a one-step and in-situ approach [62]. Taking advantage
of the merits of synergistic effect of the unique architectures, large
content of active sites (Fe/N/C species) and super excellent
electron-conductive graphitic layers/carbon nanotubes, the
obtained hybrids demonstrated excellent activities towards ORR
and OER. In the meantime, Zou and co-workers reported a novel
Co-MOFs induced strategy to prepare new Co@Cos0,@C core at
bishell nanoparticles in-situ encapsulated into a highly ordered
porous carbon matrix [63]. The central cobalt metal cores were
transformed into Co@Co50, particles, which has proved to be ORR
active (Fig. 10). The organic ligands from MOFs were transformed
into porous graphitic carbon, which could in situ wrap the
Co@Co30,4 nanoparticles resulting in not only enhancing the
electron transfer between Co@Cos0, nanoparticles and porous
carbon matrix but also making the active particles hard to detach
from the matrix support. Most importantly, the carbon matrix
provides a three-dimensional interconnected pore structure,

which produces much better transport pathways for oxygen and
the electrolyte than the catalyst prepared from pure MOFs crystals.
Furthermore, a novel hybrid with graphene oxide-supported Co-
MOFs particles (Fig. 11) has been developed by Hou and co-
workers [64]. Co-MOFs particles distributed on the surface of
graphene sheets act as a spacer and protective layer to prevent the
severe agglomeration of graphene nanosheets during high tem-
perature treatment. In addition, Co-MOFs were converted to
functional carbon materials with high specific surface area,
nanoporous structure, and nitrogen-doping carbon framework. As
a result, this kind of N/Co-doped porous carbon@GO composite
with remarkable features of the porous carbon structure, N/Co-
doping effect, introduction of graphene support leading to triple
electrocatalytic activities for ORR, HER, and OER. Additionally, the
good interaction between N/Co-doped carbon and graphene sup-
port make the catalyst composite with superior durability and
excellent methanol tolerance.

2.5. Summary and perspective

Overall, it can be concluded that MOFs, with low cost and
excellent properties, can act as electrode catalysts or catalyst
precursors by adjusting their structures to obtain the optimized
materials for fuel cells. As non-Pt fuel cell catalysts, Cu-based
MOFs, Fe-based MOFs, as well as MOFs-graphene composites
exhibit good catalytic activity, high chemical stability, and
methanol tolerance. Using MOFs as precursors for preparation of
electrocatalyst, metal/metal oxide/nitrogen/carbon hybrids with
effective catalytic activity can be simply achieved. Therefore, by
carefully selecting metal clusters and multi-functional linkers, the
desired MOFs product can be designed with rich transition metal-
nitrogen-carbon sites and which would be beneficial for fabri-
cating good electrochemical catalysts.

MOFs-based materials have shown to be a highly promising
candidate for catalysis in PEMFCs. However, to meet the require-
ments for PEMFCs commercialization, further research is required.
In particular, further understanding of the nature of the active sites
and precisely control active sites density is essential, as they play a
critical role in MOFs design for PEMFCs and are the key to further
improving activity and addressing stability problems. Once the
active sites of MOFs are understood, desired structures can be
designed precisely to improve the activity and stability of catalysts.

(a)

Fig. 11. Schematic illustration of the synthesis process of N/Co-doped porous carbon@GO composites [64].
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3. MOFs for lithium-ion battery applications
3.1. MOFs as cathode materials for LIBs

The amount of lithium ions that can be reversibly inserted and
re-inserted into a cathode material for LIBs is one of the limiting
factors affecting its energy density, together with its working
voltage [65]. Tarascon's group firstly developed a MIL-53
(Fe''(OH)o.gF0.20,CCsH4CO, - H0) MOF as a cathode material for
LIBs [66]. This MOF exhibited an initial reversible capacity of
80mAh g~ ' and maintained 70mAhg~! after 50 cycles. The
relatively low capacities can be attributed to the limited
maximum lithium insertion amount, which is x=0.6 for
LixFe"(OH )o.gF0.202CCsH4CO, - H,O with a gravimetric capacity of
75 mAh g~ . Subsequently, X-ray absorption fine structure (XAFS)
analysis of the Fe K-edge during lithium insertion and extraction
reveals changes in the local atomic environment of this MOFs [67].
These results demonstrate that the short distance of Fe-O is con-
served upon reduction of Fe(Ill) and the Fe-Fe distances along the
inorganic chain are maintained during distortion of the long-range
structure [67]. Doublet's group investigated the mechanism of
lithium insertion in MIL-53 in detail, based on density functional
theory (DFT) calculation [68,69]. Furthermore, electroactive sor-
bent has been investigated in order to increase the electrochemical
capacity of MIL-53-Fe by Tarascon's group [70]. The results show
that the extra capacity associated with this guest rapidly fades
upon cycling. Another Fe-based MOFs (MIL-68(Fe), Fe(OH)(BDC) -
(solv),) was also tested for its electrochemical properties and
shows relatively low capacities [71]. In a recent work, MIL-101(Fe)
has been also applied as a cathode material for LIBs [72]. It has
been found that the redox chemistry of Fe?*/Fe3* is not com-
pletely reversible, which led to rapid decay of the capacity. In
summary, Fe-based MOFs are the most popularly studied MOFs as
cathode materials for LIBs. However, the performance of these
MOFs is not yet satisfactory due to the low lithium-ion insertion
amount and the unstable structure change of the MOFs during
redox reactions.

In another research, Vittal et al. synthesized a new lithium
containing MOF (Liz(VO),(HPO4)(C204)) as a cathode material
[73]. The MOF exhibited a quite high electrochemical plateau at
3.9V and delivered a reversible capacity of 80 mAh g~ ! after 25
cycles. Meanwhile, this MOF exhibited high rate performance with
a capacity of 47 mAh g~! at 500 mA g~ . In their study, the pre-
sence of extractable lithium ions in the inter-layer space, together
with the feasibility of the V4*/>+ redox couple, make this com-
pound suitable for cathode applications in LIBs [73].

Table 2
Electrochemical performances of different kind of MOFs in the application of LIBs.

3.2. MOFs as anode materials for LIBs

3.2.1. MOFs as anodes

In 2006, Chen's group first reported using MOF-177 (Zn40
(1,3,5-benzenetribenzoate),) as an anode material for LIBs, in
which the different morphologies of the MOF can be controlled
through a solvothermal route [74]. The electrochemical results
show that the first discharge and charge capacities of the cubic
MOF-177 are ~400 mAh g~! and 105 mAh g~!, respectively. The
involved reactions in the MOF-177 electrode can be expressed as

Zn4O(BTB), - (DEF)m(H,0)n+e+Li* —Zn+Li,0
DEF+H,0+e~ +Li* — Lix(DEF)+LiOH
Zn+LiT +e” «LiZn

Another group studied three diamondoid MOFs, Zn3(HCOO)s,
Co3(HCOO)g, and Zn;5Co,5(HCOO)g, as anodes [75]. It was shown
that the Zn3(HCOO)s; anode obtained a stable capacity of
560 mAh g~ ! up to 60 cycles at 60 mA g~ !. Meanwhile, the other
two MOFs, Co3(HCOO)g and Zn;5Co,5(HCOO)g, also delivered large
capacities of 410 mAh g~! and 510 mAh g~!, respectively, which
demonstrate great improvements compared with that of MOF-177.
Similar reaction mechanisms are proposed for Znz(HCOO)g:

Zn3(HCOO)s+6Li " +6e~ < 3Zn+6HCOOLI
3Zn+3Li* +3e” < 3LiZn

However, there is only one conversion process for Coz(HCOO)g
without alloy formation:

Co3(HC) < 3Co+6HCOOLI

Some other kinds of MOFs, including Co,(OH),BDC [76],
Li(OBA) (H,OBA=4,4'-oxybisbenzoic acid) [77], and Prussian blue
analogs (M5"[Co™(CN)g]» - nH,0 (M=Co, Mn)) [78], have also been
studied as anode materials for LIBs. These studies show a quite
high reversible capacity and rate performance of these MOFs
anodes. Based on the above studies, the organic ligands play an
important role in the conversion process, as well as the center
metallic alloying-type process.

More recently, the electrochemical properties of bifunctiona-
lized MOFs (BMOFs, Zn(IM); 5(ablM)g 5, IM=Imidazole) have also
been studied [79]. It was proposed that Li-ions are indeed stored
within the BMOFs pores as the frameworks remain intact during
the discharge and charge processes. The host-guest interactions
between Li and amine groups/N atoms can also be attributed to
this storage behaviour [79]. Thus, for the porous-storage
mechanism, the performance can be further enhanced by
increasing the amount of active N-rich functional groups and the
surface area per pore volume [79].

Samples Electrode Current density Initial reversible capacity (mAhg~1) Cycle numbers Capacities (mAh g~ 1) Ref.
MIL-53 (Fe) Cathode 80 50 70 [66]
MIL-64 (Fe) Cathode c/10 30 - - [71]
Liz(VO)2(HPO,)2(C204) Cathode 01C 75 25 83 [73]
MOF-177(Zn) Anode 50mAg~" 105 - - [74]
Zn3(HCOO)g Anode 60 mAg~! 693 60 560 [75]
Co3(HCOO0)s Anode 60mAg~! - 60 410 [75]
Zn,5C0,.5(HCOO)g Anode 60mAg~" - 60 510 [75]
Co(OH),BDC Anode 50mAg! 1005 100 650 [76]
Co3[Co(CN)gl> Anode 20mAg" 294.2 5 304 [78]
Mns3[Co(CN)g]> Anode 50mAg" 3549 100 353 [78]
Zn(IM), 5(abIM)g 5 Anode 100mAg~! - 100 190 [79]




In brief, MOFs are attracting increasing attention both as
cathodes and anodes for LIBs, as well as the fact that the metal
ions and organic ligands can be involved in the electrochemical
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processes, undergoing the different mechanisms. Table 2 indicates
the electrochemical performances of different kinds of MOFs
directly used as cathode or anode materials for LIBs. However,

Fig. 12. (a) Schematic representation of the preparation of Si@ZIF-8-700N for anode material in LIBs. (b) TEM image of Si@ZIF-8-700N. After pyrolysis, ZIF-8 converts to
amorphous carbon with well-dispersed zinc ions. (c) Cycling performance of Si@ZIF-8-700N [81].
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Fig. 13. (a) Schematic illustration of the synthesis procedure of N-doped graphene analogous particles and the model of N-doping. (b) Cycling performance at a current
density of 100 mA g~ . (c-e) Scanning TEM image of the MOF-derived mesoporous N-C-800 polyhedron and energy dispersive X-ray spectrometry elemental maps of C and

N [83].
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there are still some serious issues for the reported MOFs as anodes,
such as their low conductivities and decomposed or collapsed
structures during cycling. And the studies on the reaction
mechanisms of different MOFs in LIBs are still ongoing. In this case,
further efforts are expected to develop and improve MOFs as
anode materials for LIBs.

3.2.2. MOF-derived materials as anodes for LIBs

For the alloying-type anode materials of LIBs, one of the most
serious issues is their large volume change during electrochemical
cycling. An alternative strategy is to use porous materials as
anodes or introduce coating layers as a buffering matrix, including
porous carbon, carbon nanotubes, graphene, or polymer. MOFs are
regarded as a new kind of ideal matrix for anodes. Wei’s group
used ZIF-8 as the coating layer on the surface of Zn,SnO,4 (ZTO)
nanoparticles to form a core/shell structure of ZTO/ZIF-8 nano-
composites [80]. The electrochemical results indicate that the thin
ZIF-8 coating layer can effectively enhance the performance of the
composites by accommodating the drastic volume expansion of
the electrode. Furthermore, MOFs are also excellent precursors for
the synthesis of mesoporous carbons after pyrolysis. In a recent
work [81], researchers designed a one-pot method to assemble
ZIF-8 on the surface of Si nanoparticles followed by further

carbonization at 700 °C, in which the schematic representation is
shown in Fig. 12(a). The morphology of the as-prepared sample
can be observed in the SEM image in Fig. 12(b), in which the Si
nanoparticles are fully covered by carbonized ZIF-8, with stable
capacity retention of 1020 mAh g~ ! after 50 cycles (Fig. 12(c)). The
significant improvement can be attributed to N-doped carbon
derived from ZIF-8 as well as the uniform distribution of Zn(II) that
facilitates lithium ion transport and buffers volume expansion.
In this case, MOFs and MOF-derived carbon can be potential
coatings and buffering matrices for alloying and conversion
anodes, with the advantages of in situ growth and large perfor-
mance improvements.

To date, the commercial anodes for LIBs mainly focus on
carbon-based materials due to their stable properties. Several
novel carbon materials have been developed, including mesopor-
ous carbon, graphene, and carbon nanotubes with higher rever-
sible capacities than commercialized graphite [82]. As discussed
above, MOFs are considered great reactive precursors for the
synthesis of nanoporous carbon materials. Meanwhile, in the
organic components, heteroatoms such as sulfur, phosphorus,
boron, and nitrogen generally exist, which makes direct pyrolysis
of MOFs an effective way for producing heteroatom-doped carbon
materials. Chen et al. reported nitrogen-doped graphene particle
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Fig. 14. (a) High-magnification TEM image of MOF-71@300N materials [86]. (b) Scheme of pseudomorphic conversion of Co-MOFs [89]. (c¢) FE-SEM image of Co304
dodecahedra derived from ZIF-67 [90]. (d) TEM image of Co30,4 prepared via the calcination of hydrolyzed product using Co-NTCDA microspindles as the precursor [91].
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analogs with a high nitrogen content of 17.72 wt%, which are
directly derived from pyrolysis of a nitrogen-containing ZIF-8 [83].
The schematic illustration of the synthesis procedure is shown in
Fig. 13(a). The TEM image and EDX elemental mappings indicate
the high distribution of nitrogen in the particles (Fig. 13(c-e)).
Interestingly, this novel carbon anode achieved a capacity of
2132 mAh g~ ! after 50 cycles (Fig. 13(b)), which can be attributed
to the nitrogen-doped hexagonal lattice and edges. Thus, it can be
useful to control the type and concentration of heteroatoms by
choosing different organic components or additional surfactants
with alternative heteroatoms. Furthermore, the ZIF-8-derived
microporous carbons have also been tested as anode materials
for sodium-ion batteries, and exhibits considerably higher capacity
and better reversibility than mesoporous carbon (CMK-3) [84]. It is
believed that the small pore size of ZIF-C can significantly reduce
decomposition of the electrolyte.
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Besides carbon materials, MOFs have also been widely studied
as precursors for metal oxides, carbon/metal composites, and
mixed transition metal oxides. In 2000, Xu's group first reported a
MOEF-precursor route for preparation of Co304 nanoparticles with
an average diameter of around 250 nm, which is converted from
cobalt-MOFs (Co3(NDC)3(DMF),) via a pyrolysis method in air [85].
The agglomerated Co304 nanoparticles favor improved cycling and
rate capability as LIB anodes. In another study, mesoporous
nanostructured Cos04 was prepared by the direct pyrolysis of
MOF-71 ([Co(bdc)(DMF)]), in which the as-prepared mesoporous
Co304 shows high specific surface area, reasonable pore volume,
and small crystallite size (as seen in Fig. 14(a)) [86]. The capacity of
the porous Cos0, was 913 mAh g~ ! after 60 cycles at a current
rate of 200 mA g~ . Other studies have mainly focused on building
different dimensions or micro/nano structures of Co304 based on
MOFs [87,88]. Moon et al. synthesized two kinds of Co304: plate-

\
>
v

s
S 200 nm

Fig. 15. (a) SEM image of as-prepared MIL-88-Fe and illustration of the fabrication of spindle-like porous a-Fe,0s. (b) TEM image of the final spindle-like a-Fe,O3 [93].
(c) SEM image of PB microcubes and schematic illustration of the formation of hollow Fe,03; microboxes. (d) SEM image of a hierarchically-structured shell consisting of

Fe,03 nanoplatelets [94].
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like (p-Co304) and rod-like (r-Cos0,4), which transformed from two
types of corresponding Co-MOFs: plate-shaped ([Cos(BDC)3(DMF)4],,
p-MOF) and rod-shaped ([Co(BDC)(DMSO)],, r-MOF), respectively
[89]. The scheme of pseudomorphic conversion of Co-MOFs is shown
in Fig. 14(b). Both as-prepared Cos0, are composed of primary
nanoparticles of 10 nm, with different sized nanopores. The elec-
trochemical results show that the different microstructures affect the
cyclability and rate capability of these MOF-derived Cos04, and the
rod-like one exhibited the best performance. Another study reports
that uniform Cos04 hollow dodecahedra have been synthesized by
direct thermal treatment of as-synthesized ZIF-67 ([Co(mim),],,
mim: 2-methylimidazolate) [90]. The uniform size and rhombic
dodecahedral morphology can be seen from the SEM image in Fig. 14
(c). Benefiting from these unique structural features, the hollow
dodecahedra exhibit high lithium storage capacities and excellent
cycling performance.

For the controllable design of structures and morphologies of
MOF-derived cobalt oxides, the release rate of Co?>* has significant
influence. This can be adjusted via the basic strength of organic
amines along with the spatial hindrance of organic linkers that
determine the thickness of hydrolyzed products, as reported by
Li's group [91]. Two kinds of Co-MOFs, i.e. Co-NTCDA (NTCDA:
1,4,5,8-naphthalenete-tracarboxylic dianhydride) and Co-PTCDA
(PTCDA: perylene-3,4,9,10-tetracarboxylic dianhydride), were first
prepared by a hydrothermal method and had different morphol-
ogies as microspindles and microflowers, respectively. After
treatment in tetramethylammonium hydroxide, both of the
hydrolyzed products of Co-NTCDA microspindles and Co-NTCDA
microflowers transformed into a nanoring structure with particle
sizes of 760 nm. The SEM image of the final Co304 nanoring after
further calcination is shown in Fig. 14(d). The as-prepared Co304
hexagonal nanorings retain a high discharge reversible capacity of
1370 mAh g~ ! after 30 cycles. This special morphology can pro-
vide shortened transfer paths for Li* and higher surface areas for
enhanced performance.

Other MOF-derived metal oxides, including iron oxide [92],
copper oxide, and titanium dioxide, have also been studied as anode
materials for LIBs, due to their lower toxicity compared with cobalt
oxides. Cho et al. first used Fe-MOFs as a template to prepare iron
oxide as an anode material for LIBs [93]. MIL-88 (Fe3O(H,0),Cl
(BDC)s - nH,0) was chosen as the precursor for synthesis of a-Fe;03,
in which the MIL-88-Fe had the spindle-like structure. Illustration
of the fabrication process is shown in Fig. 15(a). In this process, MIL-
88-Fe was first annealed at 500 °C in N, gas to obtain an FeO,—C
composite, then heated at 380 °C in air to get the final product of
a-Fe,0s3. After calcination, the a-Fe,Os still had the spindle-like
morphology with mesoporous character, as shown in Fig. 15(b). This
kind of anode exhibited a high charge capacity of 911 mAh g~ ! after
50 cycles. Prussian blue (PB) is another popular Fe-MOF consisting
of a mixed-valence iron (IlI) hexacyano ferrate (II) compound of
composition Fe4[Fe(CN)g]s, with a cubic crystal structure (Fig. 15(c))
[94,95]. The subsequent thermal process to transfer PB microcubes
into Fe,03 microboxes can be generally divided into three stages, as
shown in Fig. 15(c) [94]. At a relatively low annealing temperature
of 350 °C, the produced Fe,05 microboxes retained well the size and
cubic shape of the PB microcubes. The porous shells of Fe;03
microboxes were obtained by raising the temperature to 550 °C.
When increasing the annealing temperature to 650 °C, the as-
prepared sample was comprised of a hierarchically-structured
shell consisting of Fe,O3 nanoplatelets (Fig. 15(d)), which exhib-
ited a high specific capacity of ~950 mAh g~ and excellent cycling
performance.

Copper oxide derived from Cu-based MOFs has also been
reported as an anode material for LIBs by two groups [96,97]. The
[Cus(btc),] (btc: benzene-1,3,5-tricarboxylate) MOF was selected
as the template for both studies. The as-prepared CuO is

comprised of hollow octahedra with high surface area and meso-
porous structure, as well as excellent electrochemical perfor-
mance. TiO, has been discovered as another promising metal
oxide electrode for LIBs. A novel porous anatase TiO, has been
prepared through the calcination of MIL-125 as the precursor,
which has high reversible capacity and good rate capability [98].
Thus, in this case, MOFs can be used as a good precursor for
converting metals into metal oxides. Generally, metal oxides
derived from MOFs can maintain the initial morphology of the
MOF as well as create unique structures of hollow inner networks.
Meanwhile, the metal oxides can obtain the same porous structure
as the MOFs during removal of the organic ligand, resulting in
relatively high surface areas. All these benefits lead to their
excellent electrochemical performance due to an increased Li*
diffusion coefficient and buffered volume expansion.

Coating a carbon layer on alloying or conversion mechanism
anodes is an effective way to accommodate the serious volume
change and increase their conductivity. MOFs provide a novel
in situ approach for the synthesis of carbon-coated metal anodes.
When annealing MOFs under the protection of an inert atmo-
sphere, like N, and Ar, the organic ligands will decompose into
carbon layers [99,100]. In this way, the MOF-derived metal/metal
oxide particles are surrounded by a carbon matrix, which acts as a
buffering and conductive coating to further improve the perfor-
mance of these anodes. Porous carbon-coated ZnO quantum dots
derived from MOF-5 have been prepared by a one-step controlled
pyrolysis method. The materials exhibit high specific charge
capacities of ~1200mAhg~! and stable cycling performance
[101]. Cobalt-doped ZnO nanoparticles coated with carbon have
also been synthesized by heat treatment of Co-doped MOF-5 [102],
which demonstrated enhanced performance compared to
undoped ZnO particles derived from MOF-5. Recently, it was
reported that the direct carbonization of a synthesized Sn-based
MOF, [K3Sny(1,4-bdc)s](H,0), resulted in the stabilization of tin
nanoparticles in a porous carbon matrix [103]. When tested as an
anode material for LIBs, the as-prepared Sn@C exhibited a specific
capacity of nearly 600 mAh g~! after 100 cycles. Various metal@-
carbon matrices can be obtained using this in situ process via the
annealing of MOFs. Qian et al. first prepared Ni nanoparticles in
carbon matrices by calcination of MOF-74(Ni) and converted it into
NiS through an in situ reaction [104]. This approach provides a
simple method for fabricating metal sulfide/carbon composites
with a porous structure and high surface area, the applications of
not only LIBs but also other energy storage devices such as SIBs
and supercapacitors.

Mixed transition-metal oxides (MTMOs), including ferrites,
cobaltates, and nickelates, refer to single-phase ternary metal
oxides with two different metal cations, rather than mixtures of
two binary metal oxides [105]. MTMOs have the significant “self-
matrices” mechanism during the electrochemical process com-
pared with traditional metal oxides, which leads to improved
properties compared to individual metal oxides. For the fabrica-
tion of MTMOs, MOFs have attracted more and more attention due
to their controllable design of structure, high surface area, and
porosity. In the early stages, Li's group developed ZnMn,-ptcda
(ptcda=perylene-3,4,9,10-tetracarboxylic dianhydride) as a pre-
cursor to be transformed into spinel-structured ZnMn,O4 nano-
plates [106]. In their work, this “escape-by-crafty-scheme” strat-
egy has been extended to the synthesis of CoMn,04 and NiMn,0y,
which exhibits the typical I4;/amd tetragonal spinel structure and
cubic spinel structure in the Fd3m space group, respectively [106].
Hollow porous CoFe,04 nanocubes have also been prepared by
annealing Co[Fe(CN)s]oss7 precursor under air at different tem-
peratures [107]. A representative illustration of the formation of
these compounds is shown in Fig. 16(a). It was found that the
annealing temperature had a significant influence on the
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Fig. 16. (a) Representative illustration of the formation of hollow CoFe,04 nanocubes from MOFs [107]. (b) TEM image of as-synthesized hollow CoFe,04 nanocubes [108].
(c) Schematic illustration of the preparation of bimetallic ZIFs and their conversion to spinel Zn,Cos 404 hollow polyhedra [109]. (d) TEM image of NiFe,04/Fe,03; nanotubes.
(e) Capacity and Coulombic efficiency of the NiFe,04/Fe,05 nanotubes at a current rate of 100 mA g~ ' [111]. (f) TEM image and (g) cycling performance of as-formed porous
hollow octahedra made of ZnO/ZnFe,0,4/C nanoparticles [112]. (h) Schematic illustration of the preparation process, (i) TEM image, and (j) cycling performance at a current

density of 0.2 Ag~" of porous NiCo,04/NiO hollow dodecahedra [113].

morphologies of the MOF-derived CoFe,04. The porous and hollow
structures were not formed at 200 °C and the interior nanocube
structures were destroyed at the higher temperature of 400 °C.
The unique hollow CoFe,0,4 nanocubes (shown in Fig. 16(b)) were
obtained at 350 °C, and exhibited the best cycling performance of
1115 mAh g~ after 200 cycles. Similar progress has been reported
for the synthesis of MngFe;,04 nanocubes, which is based on
another kind of PB analog, Mns[Fe(CN)s],-nH,0 [108]. The as-
prepared Mn; gFe;,04 inherits the porous structure and relatively
high specific surface area (124 m? g~ ') of the precursor MOF. As a
result, the capacity of the porous Mn;gFe;,04 was retained at
827 mAh g~ ! after 60 cycles. Interestingly, R.B. Wuet al. prepared
porous Zn,Cosz _x04 hollow polyhedra derived from “Zn-Co-ZIF-n"
(shown in Fig. 16(c)), in which different molar ratios of Zn:Co were
used to obtain uniform polyhedral crystals [109]. In this process,
all of the Zn:Co molar ratios within the co-precipitated ZIFs were
higher than that of the corresponding reactants, which can be
attributed to the stronger coordination ability of Zn?* than Co?*
[109]. Wang et al. chose another MIL-88 as a template to design
two types of MTMOs anodes: core-shell NiFe,04@TiO, nanorods
[110] and hierarchical NiFe,04/Fe;03 nanotubes [111]. As an
example, hierarchical NiFe,04/Fe,03; nanotubes had diameters of
78 nm and lengths of around 1 mm (Fig. 16(d)) and exhibited
reversible specific capacities of 936.9 mAh g~ for up to 100 cycles
(Fig. 16(e)).

Similar to the fabrication of carbon/metals or carbon/metal
oxides, novel ultrafine ZnO and ZnFe,0,4 nanocrystals embedded in
a porous carbon framework have been derived from Fe'-MOF-5.
This composite was composed of hollow octahedral nanoarchi-
tectures and exhibited capacity retention of 1390 mAh g~ ' over
100 cycles (Fig. 16(f, g)) [112]. In the above report, researchers first

synthesized MOFs containing two types of metal elements and,
after pyrolysis, the MTMOs or their composites were obtained. In a
recent study, another new approach has been developed [113]. ZIF-
67 was used as both precursor and sacrificial template and then a
hydrothermal method and subsequent calcination were carried
out to obtain the final NiCo,04/NiO composites. A schematic
illustration of the preparation process is shown in Fig. 16(h). The
as-prepared sample shows a porous, hollow dodecahedron struc-
ture (Fig. 16(i)) and displays a very highly reversible capacity of
1497 mAh g~ ! over 100 cycles (Fig. 16(j)). This strategy represents
a general method for synthesis of hierarchically interconnected
and porous nanostructures of MTMOs and their composites.
MOFs have also been introduced for the synthesis of
hierarchical-structured anode materials for LIBs, including metal
oxide/graphene composites [114], mixed metal oxide composites
[115-117], and metal oxide/CNT composites [ 118], derived from both
MOFs and organic-coated MOF composites [119]. Lou et al.
demonstrated an approach for fabricating hierarchical hollow
microboxes via manipulation of the template-engaged reactions
between a PB template and different alkaline substances [120].
Series multi-compositional microboxes, such as Fe,03/Sn0,, Fe,0s/
Si0,, Fe;03/Ge0,, Fe,03/Al,03, and Fe;03/B,03, have been reported
in their work. A typical schematic illustration of the formation of
different hierarchical metal oxide microboxes, starting from PB
microbox templates, is shown in Fig. 17(a). Route A illustrates the
formation of different structural hollow boxes with varying com-
plexity, from single shell to multi-shells. Route B involves the pre-
paration of multi-compositional hollow boxes consisting of other
elements with uniform oxides/hydroxides of iron boxes [121]. As an
example, when tested as an anode material for LIBs, the Fe,05/Sn0O,
composite microboxes exhibit remarkable electrochemical
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Table 3

Comparison of nanostructure materials derived from MOFs in the application of LIBs.
Materials Original MOFs Current density Cycle numbers Capacities (mAh g~ 1) Ref.
N doped graphene particle analogs ZIF-8 100mAg! 50 2132 [83]
Co304 nanoparticles Co3(NDC)3(DMF),4 100mAg! 100 730 [85]
mesoporous Co30,4 Co(bdc)(DMF) 200mAg~! 60 913 [86]
Co-CP-A Co(bdc)(DMEF) 100mA g~ 50 536 [87]
Co-CP-B Co(bdc)(DMF) 100mAg! 50 651 [87]
Co-CP-C Co(bdc)(DMF) 100mAg! 50 391 [87]
Co30,4 nanoplates Co(HO-BDC)(bbb) 500mAg~! 500 852 [88]
p-Co30,4 Co5(BDC)3(DMF)4 01C 100 300 [89]
r-C030,4 Co(BDC)(DMSO) 01C 100 800 [89]
Co304 hollow dodecahedra ZIF-67 100mAg! 100 780 [90]
Co304 hexagonal nanorings Co-NTCDA 100mAg~! 30 1370 [91]
a-Fe,0, Fe;0(H»0),CI(BDC)5 - nH,0 02C 50 911 [93]
Fe,0; microboxes Prussian blue 200mAg! 30 950 [94]
Porous Fe,03; nanocubes Prussian blue 200mAg™! 50 800 [95]
CuO hollow octahedra Cus(btc), 100mAg! 100 470 [96]
Zn0@C MOF-5 75mAg~" 50 1200 [101]
Co doped ZnO@C Co doped MOF-5 100mAg~! 50 725 [102]
CoFe,04 nanocubes Co[Fe(CN)slo.s67 1C 200 1115 [107]
Mn, sFe, ;04 nanocubes Mns[Fe(CN)g], - nH,0 60mAg~" 200 827 [108]
ZnxCo3,04 hollow polyhedra Zn-Co-ZIF 100mAg! 50 990 [109]
NiFe,0,@TiO, nanorod Fe,Ni-MIL-88 100mAg! 100 1034 [110]
Zn0@ZnO Quantum Dots/C ZIF-8 500mA g~ 100 699 [125]
ZnO/ZnFe,0,4/C ZIF-8 500 mA g~ 100 1390 [112]

performance due to the uniquely designed structure. Three- alternative metal precursors for the synthesis of MOFs when

dimensional metal-oxide-coated graphene composites were also introducing organic ligands on the surface of the metal compound

developed, in which MOFs served as the precursors and were first [124,125]. Al;03, ZnO, and Cu,0 have been reported as conversion

grown on 3D graphene networks (3DGN) [122]. As shown in Fig. 17 materials for the preparation of MOFs. Very recently, a hierarchical
(b), the desired metal oxide/3DGN composites were then obtained structure of ZnO@ZnO quantum dot/C core-shell nanorod array on
by a two-step annealing process. Two types of well-known MOFs, a carbon cloth derived from MOFs was fabricated by a conversion
ZIF-8 and MIL-88-Fe, were used for the preparation of ZnO/3DGN method. Fig. 17(c) shows the process [126]. Initially, aligned and
and Fe,03/3DGN composites, respectively. For the application in ordered ZnO nanorods (NRs) were grown on a flexible carbon cloth
LIBs, the as-prepared Fe,03/3DGN composites demonstrated larger substrate by a facile and scalable low-temperature solution
performance enhancement and improved rate properties compared deposition route. Then, ZnO@ZIF-8 NRs were controllably synthe-
to the pure Fe,03 electrode. sized by using ZnO NRs as sacrificial templates in the presence of 2-

Conversion chemistry is a versatile approach for the conversion methylimidazolate. Finally, the shell layer ZIF-8 was transformed
of one compositional nanostructure into another [123]. Through into an amorphous carbon framework and ZnO QDs during the
this process, metal oxides, instead of soluble salts, can act as pyrolysis process, resulting in a stronger adhesive force between
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carbon and ZnO nanocrystals. Owing to the shortened Li* diffusion
distance, superior electron collection efficiency, sufficient con-
ductivity, and good structural stability of the nanorod arrays, the
free standing ZnO@ZnO QDs/C NRAs exhibited remarkable rate
capability and cycling performance [126].

3.3. Summary and perspective

In this section, we summarized the recent developments of and
understanding on MOFs and their derivatives for the application of
electrode materials for LIBs. Table 3 gives a brief summary and
comparison of nanostructure materials derived from MOFs in the
application of LIBs. This includes directly using MOFs as the
cathode or anode, as well as using them as precursors for syn-
thesizing anode materials. For LIB cathodes, the electrochemical
properties of MOFs are still not satisfactory in currently reported
studies. However, the existing results show that the design of
MOFs used as cathode materials can be further developed. For
anode materials, there are three types of mechanisms for lithium
ion storage: (1) the reversible reaction between MOFs and lithium
or the initial irreversible process followed by an alloying reaction;
(2) the porous-storage mechanism, in which the electrochemical
performance is related to the pore size, surface area, and het-
eroatom doping; and (3) MOFs, as a kind of porous material, acting
as the buffering matrix for huge volume change anode materials to
relieve stress during the alloying or conversion processes. How-
ever, the low electronic conductivity of MOFs is still a big issue for
this strategy. On the other hand, MOFs can be a good choice as
reactive precursors for the synthesis of nanoporous carbon mate-
rials, which provide improved coating layers and buffering
matrices with high stability and conductivity. Additionally, the
mesoporous carbon derived from MOFs can be directly used as an
excellent anode material. The main section of this part focuses on
the design and synthesis of different metal oxides and their
composites derived from MOFs. Using this strategy, desirable
structures and morphologies with high porosity and surface area
can be obtained. It has also been shown that MOFs can be selected
as suitable templates for the preparation of hollow and hier-
archical structures. Particularly, the shape, particle size, crystal
structure, and purity can be tuned by varying the experimental
conditions and annealing processes. In this case, as-prepared
metal oxides and their composites inherit the high surface area
and porosity of the precursor MOFs, which further leads to the
great electrochemical performance. MOFs and MOF-derived
materials show great potential as LIB cathodes, anodes, and
especially as precursors for the design of nanostructured carbon
and metal oxide materials. However, it should be pointed out that
there are still two problems for MOFs and MOFs derived materials
in the applications of LIBs. One of the issues should be the high
surface area of MOFs and MOF-derived materials will lead to the
large irreversible capacities during the first discharge process. The
other problem is the quite low volumetric energy and power
densities due to the low density of MOFs. Thus, in the practical
applications of MOFs and MOF-derived materials in LIBs, these two
shortages can still be the big challenge for both avoiding the
negative effect of high surface area and low energy density.

4. MOFs for next-generation battery applications
4.1. MOFs in the application of lithium-sulfur batteries
4.1.1. MOFs directly applied to Li-S batteries
Li-S batteries have been investigated for decades due to their ultra-

high energy density [127]. However, the state-of-the-art Li-S battery
systems still face many issues which hinder their commercial

1800]" /
@ 1600 YHT/// 9ni *i%";gign \
3460 N . f}c,;ﬁ‘:
-y ele MOF| ‘#5509 ny
2 ol ]
@ ¢ 10004 |
gEmi
§ %0 . sBA1s
§ o0l > MOF
a o] —*— Mesoporous carbon J
0 10 20 0 40 50

Cycle number

Fig. 18. Cycle performance comparison of commercial carbon materials and MIL-
100 as hosts for sulfur cathodes [133].

applications [128], especially in the case of sulfur cathode materials.
The inherent low conductivity of sulfur and the shuttle effect from
dissolved polysulfides result in poor cycle life of Li-S batteries
[129,130]. In order to overcome these issues, the most prevailing
strategies involve using host materials to improve the conductivity and
encapsulate sulfur within the host matrix [131,132].

MOFs have high porosity and high surface area, and are
therefore very suitable to be used as hosts for sulfur cathodes.
Tarascon et al., for the first time, used the MOF MIL-100 (Cr) as a
host material for sulfur encapsulation [133]. MIL-100 is comprised
of chromium metallic ions linked with 1,3,5-benzentricarboxylate
ligands and composed of mesoporous cages (~25-29 A) with
small windows (5 and 9 A) and large pore volumes (~1cm3g~1).
The small diffusion window is very suitable for trapping soluble
polysulfides and the large pore volume sustains over 50 wt% sulfur
load. Electrochemical performance of MOF-S composites shows an
increase in capacity retention of Li-S cathodes compared with
commercial C-S composites (Fig. 18). Investigations using TEM and
XPS reveal that MIL-100 provides a weak binding between poly-
sulfides and the oxygenated framework, which impedes the dif-
fusion of polysulfides from the host matrix.

More recently, some research efforts have focused on the inter-
action between MOF hosts and sulfur or polysulfides. Qian et al.
reported a copper-based MOF, HKUST-1, incorporated with sulfur as a
cathode material for Li-S batteries [134]. It was demonstrated from
XPS measurements that sulfur and open metal sites had reversible
interactions during discharge-charge processes, and this interaction
effectively reduced the release of dissolved polysulfides into the
electrolyte. However, it should be noted that due to the limited
conductivity of MOFs, the capacity of these sulfur composites were
limited to 500 mAh g~ ! after 50 cycles. Xiao et al. further revealed
the interaction between MOF hosts and sulfur species and proposed
the “Lewis acid-base” interaction concept for MOF-S composites, as
shown in Fig. 19 [135]. As proposed in the literature, coordinated
metallic ions from MOFs can be considered as soft Lewis acids and
dissolved polysulfide anions as soft Lewis bases. The Lewis acid center
enables a link with polysulfides and therefore suppress the poly-
sulfide shuttle effect. Based on this mechanism, the authors also
proposed an order to form stable complexes with metallic centers:
Mn (II) < Fe (II) < Co (II) < Ni (II) < Cu (Il), shedding a light on the
choice of MOFs for hosts in Li-S batteries. Cyclic performance of Ni-
and Co-based MOFs as hosts for sulfur cathodes further confirmed
the mechanism, in which Ni-MOFs performed better in terms of
cycling stability with a capacity retention of around 500 mAh g~'
after 200 cycles. However, it still should be noted that this paper did
not mention the particle size or other physical characterizations of
the as-prepared Co-MOFs and Ni-MOFs, which is very important for
Li-ion diffusion pathways and polysulfide preservation in Li-S bat-
teries. Li's group published several papers on the understanding of
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the particle size and aperture window of MOFs for Li-S batteries
[136,137]. As proposed, MOF particle size affects the utilization of
sulfur and the initial discharge capacity in Li-S batteries. The aperture
window of MOFs, on the other hand, affects the conversion of poly-
sulfides, which means a well-designed aperture window should
facilitate Li-ion diffusion and refine polysulfides in the host. These
papers investigated different sizes of ZIF-8 and also MOFs with dif-
ferent aperture sizes in Li-S batteries and concluded that ZIF-8 with a
particle size of 100-200 nm and an aperture window of 3.4 A shows
the best Li-S battery performance. The authors mentioned that the
low conductivity of the MOFs and sulfur led to low utilization of the
MOEF-S composites compared to the prevailing C/S composites. This
research investigated nanostructures not only for MOF hosts, but also
gave a general guide on the design of novel hosts for Li-S batteries.

4.1.2. MOF-derived carbon materials for Li-S batteries

Since Xu’s group first developed MOF-derived carbons from
MOF-5 (Fig. 20a), these novel materials have been receiving
extensive attention in many different energy storage fields
[138,139]. Most MOF-derived carbon obtains ultrahigh surface
area, small aperture windows, fitted pore size ranges, and unique
morphologies from MOFs. More importantly, the conductivity of
MOF-derived carbons is much higher than that of MOFs, which
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makes them very suitable as substrates in energy storage systems.
For Li-S batteries, carbon materials are the most common hosts in
sulfur cathodes. The high surface area and high conductivity of
MOF-derived carbons make them very suitable for use in Li-S
batteries [140-142]. Cheetham et al. published the first paper on
the use of different MOF-derived carbon in Li-S batteries and made
a comparison of the electrochemical performance of these MOF-
derived carbon hosts, as shown in Fig. 20(b-c) [143]. Zinc-based
MOF-derived carbons, from MOF-5 to ZIF-8, were synthesized
with different approaches and investigated as carbon hosts. Based
on the different surface areas and pore volumes, they concluded
that a higher ratio of mesopores (2-50 nm) facilitates a higher
initial discharge capacity for Li-S batteries, since Li ions can much
more easily diffuse into the carbon matrix. Further, the elevated
micropore volume of MOF-derived carbon demonstrated stable
cycle life for Li-S batteries, due to the small aperture window
readily able to block polysulfides from dissolution. This paper gave
a general introduction of different MOF-derived carbons in the
application of Li-S batteries.

Recent papers have focused on further understanding the
relation between pore structure and the sulfur cathode electro-
chemical reaction. Two recent studies from Lou's group and Yin's
group investigated short-chain sulfur molecules embedded in
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Fig. 20. (a) Preparation of MOF-derived carbon [160] and (b, c) different MOF-derived carbons applied to Li-S batteries [143].
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enriched micropores from MOF-derived carbons, illustrating in Fig.
21 [144,145]. Both showed very interesting Li-S electrochemical
reactions with the use of carbonate-based electrolytes, and per-
formed Li-S electrochemical tests different from typical reactions
in the commonly-used ether-based electrolyte. These two papers
mentioned that the microporous structure of MOF-derived car-
bons facilitates short-chain sulfur molecule formation in C/S
composites, and such “small sulfur molecules” in micropores
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exhibit very stable cycle lives. It should still be noted that the
reported sulfur loading in MOF-derived carbons micropores is very
low, only around 30 wt%. Although the microporous structure is
favorable for trapping polysulfides, it raises the resistance of the
batteries because of slower Li-ion diffusion, which leads to lower
utilization of sulfur compared to mesoporous carbon hosts.
Therefore, further studies on using MOF-derived carbons for C/S
electrodes should focus on designing favorable porous structures
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Fig. 21. Small sulfur in use for MOF-S cathodes. (a) Discharge curves and morphology of small sulfur in MOF-derived carbon [144] and (b, c) nitrogen-doped MOF-derived
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from MOFs, instead of simply attempting to select various MOFs as
precursors for nanocarbon before testing in a Li-S battery.

Following this thought, our group recently designed and
reported a facile approach to fabricate porous carbon with con-
trollable structure derived from MOFs [146]. The in situ ammonia
(NHs) etching treatment facilitates desirable pore distribution of
MOF-derived carbon from an enriched microporous structure to a
hierarchically mesoporous structure, demonstrating in Fig. 22. Our
results show that NHs-treated MOF-derived carbon as a sulfur host
material for Li-S cathodes results in double the capacity retention
compared to pristine MOF-derived carbon. Additionally, multi Li-S
electrochemical mechanisms related to the different pore struc-
tures of carbon are also investigated in this paper. A multi-phase
electrochemical reaction process of sulfur has been demonstrated,
based on hybrid porous MOF-C. More importantly, the hybrid
porous structure of MOF-derived carbon with ammonia treatment
demonstrated about 800 mAh g~ ! of discharge capacity over 100
cycles, which is over two times higher than pristine ZIF-8-derived
carbon. This ammonia treatment approach demonstrates promis-
ing Li-S battery performance and expands the application of
MOF-derived carbons in batteries.

4.1.3. Summary and perspectives

In summary of this part, MOFs and MOF-derived carbon are
very novel and highly suitable host materials for Li-S batteries.
The interaction between polysulfides and metal sites in the MOFs
and MOF-derived carbons, along with their high surface areas and
pore volumes, makes them greatly attractive candidates for host
matrices in Li-S cathodes. MOF-derived carbons, as a new family
of carbon materials, will be especially important as sulfur hosts in
Li-S batteries due to their high conductivity, controllable pore
structure, and their ability to trap polysulfides at their metallic
sites and heteroatom dopant sites.

4.2. MOFs for Lithium-0, battery applications

Lithium-oxygen (Li-O;) batteries regarding as the next-
generation energy storage systems recently attract extensive
research effort with remarkably high theoretical energy density.
Theoretically, the energy density of Li-O, batteries reaches
3500 Wh kg~ !, which is 4-6 times higher than that of commercial
LIBs. However, the rate capability, cycle life, and power performance
of Li-O,, batteries are still not satisfied for practical applications [147].
The polarization losses of cathode during discharge and charge
process limits the electrical efficiency, which is one of the biggest
challenges for Li-O, battery. To address this problem, an effective
approach to improve the efficiency of Li-O, batteries is developing
new catalyst, both for oxygen reduction reaction (ORR) during dis-
charge and oxygen evolution reaction (OER) during charge. Several
kind of catalysts, including nanocarbon materials, noble metal and
transition metal oxide, have been studied in the recent decades.
MOFs and MOFs derived materials containing different metal ions are
considered as promising cathode catalyst for Li-O, batteries, in
which micropores can mainly contribute to O, transportation and
mesopores ideally suited for electrolyte diffusion and product
deposition [148]. Wu et al. demonstrate three types of MOFs,
including MOF-5, HKUST-1, and M-MOF-74 (M=Mg, Mn, Co) as the
cathode materials for Li-O, batteries [148]. Among that, Mn-MOF-74
delivers a primary capacity of 9420 mAh g~ !, in which the popula-
tion of O, molecules in the pores is enhanced by the accessible open
metal sites in the uniform channels further assist the reaction effi-
ciently. Another Ni-MOFs (Ni(4,4'-bipy)(H3BTC)) with 3D micro-
nano structure, open catalytic sites and large surface area are studied
as potential cathode materials for Li-O, batteries possess an extre-
mely high capacity of 9000 mAh g~ ! and high round-trip efficiency
of 80%. More interesting, after fabrication of plastic Li-O, cell with
this kind of Ni-MOFs, a high energy density of 478 Whkg~! is

Table 4

MOFs and MOF-derived materials in the application of Supercapacitor.
Samples MOFs Surface area (m?g~ 1) Electrolyte Rate Capacity (Fg™ 1) Ref.
MOFs directly used
Co-MOF Co-MOF 2900 1M LiOH 06Ag! 206.76 [154]
Co-BDC Co-BDC 9.09 - 10mvVs—! 131.8 [155]
Co-NDC Co-NDC 20.29 - 10mvs~! 1473 [155]
Co-BPDC Co-BPDC 138.35 - 10mvs! 179.2 [155]
Ni-MOF-24 Ni-MOF-24 - 6 M KOH 05Ag™! 1127 [156]
Zr-MOF, Zr-MOF, 1047 6 M KOH 5mVs! 1144 [157]
Zr-MOF, Zr-MOF, 933 6 M KOH 5mVs! 811 [157]
Zr-MOF3 Zr-MOF; 732 6 M KOH 5mVs! 517 [157]
Zr-MOF, Zr-MOF, 596 6 M KOH 5mVs! 207 [157]
MOFs derived porous carbon
NPC MOF-5 2872 1.0 M H,S04 1mVs! 312 [160]
NPCs3o MOEF-5 3040 1.0 M H,S0, 5mVs! 12 [161]
NPCgs0 MOF-5 1521 1.0 M H,S04 5mVs! 167 [161]
NPCsoo MOF-5 1141 1.0 M H,S04 5mVs! 107 [161]
NPCs00 MOF-5 1647 1.0 M H,S0, 5mvs’ 122 [161]
NPC000 MOF-5 2524 1.0 M H,S04 5mVs! 120 [161]
NPC ZIF-8 1523 1.0 M H,S04 5mVs! 251 [162]
Z-600 ZIF-8 24 0.5 M H,S0,4 50mVs-! 1 [166]
Z-700 ZIF-8 520 0.5 M H,S04 50mVs~! 23 [166]
Z-800 ZIF-8 720 0.5 M H,S04 50mVs~! 130 [166]
Z-900 ZIF-8 1075 0.5 M H,S0,4 50mVs! 128 [166]
Z-1000 ZIF-8 1110 0.5 M H,S04 50mVs! 112 [166]
MOF-derived metal oxides
Porous C030,4 Co- H3ABTC-bpy 4712 2 M KOH 0.5Ag™! 137.2 [179]
Porous hollow Co304 ZIF-67 128 3 M KOH 1.25A g’1 1100 [180]
Ce0, Ce-BTC 77 3 M KOH 02Ag™! 502 [181]
Cu-Cu,0-Cu0/C MOF-199 - 6 M KOH 2mVs~! 750 [183]
Fe;0g4/carbon Fe-MIL-88B NH, 37.7 1M KOH 05Ag! 139 [184]
Ni-C Ni-BDC 140 1M KOH 1Ag! 886 [185]
Cr,03 nanoribbons MIL-101(Cr) 438 6 M KOH 2mVs! 300 [186]
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successfully achieved. This study demonstrates that pristine transi-
tion metal-MOFs can be very promising as alternative cathode
materials for Li-O, batteries due to the unique feature of MOFs.

MOF-derived nanostructure materials can be also attractive in Li-
0, batteries. Different kind of metal oxide nanocomposites including
v-Fe;03/carbon nanocomposites [149], 8-MnO, nanoboxes [150], ZnO/
ZnFe,0,4/C nanocages [151] and porous cobalt-manganese oxide [152]
derived from MOF precursors are tested as electrocatalysts in Li-O,
batteries, which all deliver very high discharge capacities and satis-
factory cycling stabilities. The reasons for the excellent catalytic
properties of these materials can be ascribed as: (1) the high intrinsic
electrocatalytic activity of transition metal oxide centers for ORR and
OER [149]; (2) the hierarchical mesoporous structure of carbon can
provide more active sites and faster electron transport; (3) the high
surface areas also contribute to the mass/electron transportation in
the multiphase discharge/charge reactions [151].

In a brief summary, different types of MOFs and MOFs derived
metal oxide composites have been studied as electrocatalysts in
Li-O, batteries battery, which indicate excellent performances due
to their high surface area, hierarchical porosity and uniformly
dispersed active sites. However, the overall studies on MOFs and
MOFs derived materials for Li-O, battery are still in the very early
state. It can be anticipated that increasing research efforts will

Metal-organic framework (MOF)

coating with
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gel electrzlyte PANI-ZIF-67-CC
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be devoted to this field in the near future. Following efforts will be
attempted to further improve the cycling performance as well as
high capacity of the MOFs and MOF derived materials as air
electrodes.

5. MOFs for supercapacitor applications
5.1. MOFs as electrodes for supercapacitors

Supercapacitors, as one of the promising energy storage devices,
have attracted increasing attention due to the high power energy
and long cycle life. One kind of supercapacitor is called electrical
double-layer supercapacitors (EDLCs), which usually uses carbon
materials with high surface area and porosity. However, the charges
physically stored and energy densities of EDLCs are quite low.
Pseudocapacitive with electrochemically active materials such as
transition metal oxide and sulfides with increased energy density
are more attractive in the recent years. In this case, MOFs and MOFs
derived nanomaterials indicate great potential and advantages in
the application of supercapacitors because of their high surface
areas, controllable pores and nanostructures. In another approach,
MOFs can be excellent template and precursors for preparation of

Polyaniline (PANI)

electrodeposition
of PANI

tweezers ‘/ \

Fig. 23. (a) Schematic illustration of the two-step fabrication process of PANI-ZIF-67-CC electrodes and SEM images of the carbon cloth fibers, after coating with ZIF-67, and
after electro-polymerization of aniline. (b) Schematic illustration of a PANI-ZIF-67-CC flexible solid-state supercapacitor device. Optical photographs of the fabricated flexible
solid-state supercapacitor device under normal, bent, and twisted states. Photograph of a red LED powered by the three supercapacitors connected in series [159].
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porous carbon and metal oxide or sulfide, which both treated as the
electrode for EDLCs and pseudocapacitive. Three types of MOFs
related nanomaterials, including MOFs, MOFs derived carbon and
MOFs derived metal oxides, are summarized in Table 4 with dif-
ferent surface area and electrochemical performances.

Similar to their applications in LIBs, MOFs can also be used
directly as electrode materials for supercapacitors due to their high
surface area, porosity and large diversity of metal ions. In the early
stages, Co8-MOF-5 (ZnsgC003,0(BDC);3(DEF)q75) was first reported
as an electrode for EDLCs [ 153]. Subsequently, another Co-based MOF
film was explored for supercapacitors with a good pseudocapacitive
behavior with specific capacitance up to 206.76 Fg~1, as well as
capacitance loss of only 1.5% after 1000 cycles [154].

Further research has been presented by the same group [155].
Three organic ligands with different molecular lengths were used
to adjust the pore size of Co-based MOFs, in which the MOF with
the longer organic linker ([Co(bpdc)(H,0),]H,0, bpdc=44-
biphenyldicarboxylic acid) had larger pores, larger surface area,
and highest capacitive properties. Enhancement of the electro-
chemical performance can be attributed to the continuously
interconnected leaflet-like microstructure with fewer structural
interfaces [155]. In another work, Wei's group firstly used a
layered structure Ni-based MOF as an electrode material for
supercapacitors with large specific capacitance, high rate cap-
ability of 1127 and 668 Fg~! at rates of 0.5 and 10Ag~!, and
cycling stability [156]. Very recently, another Zr-based MOF (UiO-
66) has been synthesized under different reaction temperatures,
resulting in different particle sizes and degrees of crystallization
[157]. The sample obtained at low temperature (50 °C) had the
smallest particle size and highest specific capacitance of
1144 F g~ ! at a scan rate of 5mV s~ . Yaghi’s group designed a
series of 23 different MOFs with a variety of structure types, such
as MOF-5, nNi-MOF-74, nHKUST-1, nMOF-177, nUiO-66, and
nMOF-867. Among these, the zirconium MOF (nMOF-867) exhib-
ited stack and areal capacitances of 0.64 and 5.09 mF cm~2, about
6 times that of commercial activated carbon [158].

Due to the low conductivity of MOFs, an effective strategy was
developed to interweave MOF crystals with conductive polyaniline
(PANI) chains, shown in Fig. 23(a) [159]. The corresponding SEM
images at each step of the coating process on carbon cloth fibers,
after coating with ZIF-67 and after electro-polymerization of ani-
line, are shown as well. Interestingly, they further developed
flexible solid-state supercapacitors using this PANI-ZIF-67-CC as
electrodes and a gel electrolyte serving as a separator (as shown in
Fig. 23(b)). They also used these devices to power small electronic
devices, such as a light-emitting-diode (LED). These MOF-based
solid-state supercapacitors show great potential for flexible and
wearable electronics [159].

According to the above discussion, MOFs can be immediately
used as the electrode materials for supercapacitors. With the
rational design of metal ions, organic linkers, and reaction condi-
tions, MOFs with controllable particle and pore sizes can achieve
satisfactory electrochemical properties. However, the studies of
MOFs directly in supercapacitors are still at an initial stage and
more exploration is needed.

5.2. MOEF-derived carbon for supercapacitors

In 2008, Xu's group first employed zinc-based MOF-5 as the
template for nanoporous carbon to be used as an electrode
material for EDLCs [160]. The as-synthesized nanoporous carbon
exhibited a high surface area of 2872 m? g~ ! and excellent elec-
trochemical performance for an EDLC. The specific capacitance was
maintained at 258 F g~ !, even at a current density of 250 mA g~ .
Further, the influence of the carbonizing temperature of MOF-5
from 530 to 1000 °C on the specific surface area, pore size

distribution, and electrical conductivity were studied [161]. The
porous carbon derived from MOF-5 at high temperatures
demonstrated ideal electrochemical performance, owing to its
high mesoporosity and good electrical conductivity. In their work,
furfuryl alcohol was used as the carbon precursor introduced into
the pores of MOF-5 by means of FA vapor. In another work, both
phenolic resin, carbon tetrachloride, and ethylenediamine were
chosen as the carbon precursors to adjust the texture and struc-
ture of MOF-5, resulting in different pore structures [33]. All the
porous carbons were investigated in both aqueous and organic
electrolytes for electrochemical performance. The as-developed
mesoporous network carbons showed excellent performance and
high capacitance retention ratios, with capacitances of 271 and
156 Fg~!, as well as gravimetric energy densities of 9.4 and
31.2 Wh kg~ in aqueous and organic electrolytes, respectively.

Zeolite-type MOFs have also shown great potential for the
synthesis of porous carbons [162-165]. Nanoporous carbon can be
achieved through the direct carbonization of ZIF-8 at different
temperatures [162,166]. With increasing annealing temperature,
the surface area and micropore volume increases. When evaluat-
ing the electrochemical performance of the obtained samples in
0.5 M H,SO4 aqueous solutions, their capacitances were obviously
enhanced with better carbonization at higher temperatures [166].
Another work selected furfuryl alcohol as the additional carbon
source for ZIF-8, in which an unexpectedly high surface area of
3405 m? g~ ! was achieved, along with good specific capacitances
of ~200 F g~ ! at a current density of 250 mA g~ ! when used as an
electrode material for EDLCs [167]. Additionally, different carbon
sources, such as glucose, ethylene glycol, glycerol, and furfuryl
alcohol, have been introduced into ZIF-7, in which the glucose
modified ZIF-7 delivered the best specific capacitance (228 Fg~!
at 01Ag™ '), high rate capability (178 Fg~! maintained at
10A g™ 1), and good cycling stability (94% capacitance retention
over 5000 cycles) [168]. It was considered that the glucose-derived
carbon helped to remove residual Zn impurities, prevent the for-
mation of macropores, and create graphene-like structures that
further contributed to the electrochemical performance [168].
Based on the importance of the pore’s influence, some studies
have focused on the design of the specific structure of porous
carbon frameworks [169-171]. 3D hierarchical porous carbon fra-
meworks with micro-, meso-, and macropores have been prepared
by carbonization of ZIF-8 synthesized by ultrasonication [171]. In
this case, the interconnected tiny pores within larger ones are
beneficial to buffer ions in order to shorten the diffusion distances
of the electrolyte to the interior surfaces, further enhancing ion
mobility and charge storage [171]. Another similar result has been
reported by Yu et al. [170]. The formation process of porous carbon
with bimodal porosity is shown in Fig. 24(a) [170]. Silica colloids
were embedded in the precursor and incorporated inside or
between aggregated crystals. After an annealing process and
removal of silica, mesopores were produced, along with the for-
mation of micropores from intrinsic ZIF-8. The hierarchical porous
carbon exhibits high capacitance, low resistance, and good capa-
citance retention (92-97%) after 2000 cycles.

In order to combine the properties of individual ZIF-8 and ZIF-
67 MOFs, core-shell ZIF-8@ZIF-67 nanocomposites have been
designed by applying a seed-mediated growth technique (Fig. 24
(b)) [172]. The respective advantages and shortages of ZIF-8 and
ZIF-67 are presented in Fig. 24(b). After thermal treatment of ZIF-
8@ZIF-67 crystals, the authors obtained functionalized nanopor-
ous hybrid carbon materials consisting of nitrogen-doped carbon
(NC) as the cores from ZIF-8 and highly graphitic carbon (GC) as
the shells from ZIF-67. As a result, the hybrid carbon material
comines the advantageous properties of the individual NC and GC,
exhibiting a specific capacitance of 270 Fg~ 1.
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(g), C0304/NiC0,04 DSNCs (h, i) [192].

Besides the most popular Zn-based MOFs, other MOFs such as 5.3. MOF-derived metal oxides for supercapacitors
Al-based [173,174], Mg-based [173,175] and Cu-based [174] have
also been investigated as precursors for porous carbons for
supercapacitors.

Generally, metal oxides always have higher capacitance and
energy density than those of conventional carbon materials as
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pesudocapacitors [176,177]. Various kinds of metal oxides, such as
MnO,, Cos304, NiO, and V,0s, have been studied as electrode
materials for supercapacitors. The requirements of ideal metal
oxide electrode materials can be summarized as follows: (1) high
surface area; (2) controlled porosity; (3) high electronic con-
ductivity; and (4) high thermal and chemical stability [178]. Based
on these requirements, MOFs show great promise as precursors or
templates for the manufacture of metal oxides. For example, a kind
of porous Co304 was obtained by the simple thermolysis of Co-
MOF crystals (((Cos(abtc)s(bpy)1.5(H20)3)(H20)2),) [179]. The as-
prepared Cos04 particles displayed well-defined porous features
with high specific capacitance and slightly enhanced capacitance
after 3400 cycles when investigated in 2 M KOH electrolyte. The
popular ZIF-67 has also been used as the precursor for preparing
hollow rhombic dodecahedral Cos0,4, which showed a large spe-
cific capacitance of 1100 Fg~! and excellent stability of 95.1% of
the specific capacitance after 6000 charge-discharge cycles [180].
In this case, the high specific surface area, porosity, and specific
structural features inherited from the MOF precursors made great
contributions to the enhanced electrochemical performance.
except of Co304, CeO, derived from Ce-MOFs has been reported as
the electrode for pseudocapacitors as well [181]. Furthermore,
MTMOs synthesized from MOFs can also be used as the electrodes
for supercapacitors. Qiu et al. prepared porous ZnCo,04 nano-
particles from zinc and cobalt mixed-MOFs (JUC-155) with an
exceptionally high specific capacitance of 451 Fg~! at a scan rate
of 5mV s~ ! and excellent cycling stability [182].

Due to the expectation of high conductivity, one general
approach is to retain the carbon layers decomposed from the
organic linkers during the annealing [183]. In a typical process,
porous Fe;O4/carbon composites were prepared via a facile one-
step calcination of Fe-MOFs [184]. Two other kinds of Cr,0s/carbon
and Ni/carbon composites were subsequently synthesized via a
similar annealing process of Cr-MOFs and Ni-MOFs, respectively
[185,186]. As a result, the as-prepared metal/carbon composites
obtained the high specific capacitance and long term cycling sta-
bility attributed to the porous structure, as well as the good con-
ductivity from the retained carbon. Very recently, a novel MOF-
templated sulfidation method has been developed to synthesize
CuygeS/carbon hybrids, in which the copper sulfide nanoparticles
are embedded within a porous carbon matrix [187]. With increasing
annealing temperatures, the composites have increasing surface
areas and carbon content, resulting in increased specific capacitance
and stability, which is related to the increased extent of the car-
bonization [187].

Recently, a novel kind of NiS nanoframe with tunable size was
synthesized by an anisotropic chemical etching/anion exchange
method [188]. A schematic illustration of the formation process
and corresponding SEM images at different stages are shown in
Fig. 25(a) and (b-e), respectively. In this process, the different
reactivity between the edges and the plane surface of the Ni-Co
PBA nanocubes is the key factor for the formation of NiS nano-
frames. The as-prepared NiS nanoframes can maintain a high
capacitance of 1290 Fg~! (91.8% retention) after 4000 cycles,
benefitting from their structural merits, including a 3D open
structure, small primary nanoparticle size, high specific surface
area, and good structural robustness. Furthermore, the hierarchical
nano/micro-structures have great potential for use in super-
capacitors due to their high surface/body ratios, large surface
areas, better permeability, and more surface active sites [189,190].
MOFs are a good choice for the fabrication of hierarchical nano/
micro-structures with various unique properties. Chen et al
designed layered double hydroxide (LDHs) hollow nano-polyhedra
with a ZIF-67 template to obtain Ni-Co and Mg-Co LDH nano-
cages. When investigating the electrochemical properties in KOH
electrolyte, the Ni-Co LDH nanocages exhibited superior

pseudocapacitance properties due to their novel hierarchical and
submicroscopic structures [191]. In another work, similar Ni-Co
LDH nanocages were prepared and subsequently annealed to
achieve Co0304/NiCo,04 double-shelled nanocages [192]. The
schematic illustration of the whole formation process is shown in
Fig. 25(f), with the SEM images of Ni-Co LDH nanocages and
C0304/NiCo,04 double-shelled nanocages in Fig. 25(g) and (h, i),
respectively. The Co0304/NiCo,04 double-shelled nanocages
exhibited a high specific capacitance of 972 Fg~! and excellent
stability, lasting for 12000 cycles as an electrode for pseudocapa-
citors, superior to that of Co304 nanocages and Co304/Co304
double-shelled nanocages.

5.4. Summary and perspectives

In this section, the potential application of MOFs in super-
capacitors has been summarized in detail (Table 3). MOFs with
controllable particle and pore sizes can be directly used as elec-
trode materials for supercapacitors. The electrochemical perfor-
mances of MOFs in supercapacitors are quite superior and stable.
However, efforts should be further attempted to develop more
kinds of MOFs for this application. Secondly, MOFs are treated as
excellent templates and precursors for the development of porous
carbons and metal oxides. The as-prepared porous carbons and
metal oxide inherit the high surface area and porosity from their
precursor MOFs, which demonstrates the great potential for their
applications in EDLCs and pseudocapacitors. More interestingly,
due to the unique structures and morphology of MOFs, they can be
used to design and fabricate hierarchical nanostructured metal
oxides or MTMOs. In this case, advantages from different MOFs can
be combined, leading to even better properties for super-
capacitors. Thus, MOFs and MOF-based materials can be promising
alternatives electrodes for EDLCs and pseudocapacitors, especially
as precursors for the design of hierarchical nanostructured
materials.

6. Outlook and perspective

MOFs, as a novel family of porous crystalline materials, exhibit a
wide range of applications, especially in the field of energy storage and
conversion including fuel cells, batteries and supercapacitors. In this
review, we summarized the recent developments and understanding
of MOFs and MOF-derived nanomaterials, as well as their applications
in clean energy.

Firstly, MOFs can be directly used as the electrocatalysts in fuel
cells and electrodes in batteries and supercapacitors. Their unique
advantages, including high surface area, high porosity, adjustable
pore size, and controllable structure make great contributions to
their electrochemical performance. However, the perform of MOFs
in most of these applications are not yet satisfactory. A common
issue for MOFs is their limited electronic conductivity due to the
existence of organic linkers. With further research, high con-
ductivity MOFs are expected to be developed and used in elec-
trochemical devices.

Secondly, MOF-derived porous carbons, metal oxides, and
metal sulfides can also be adopted for use in fuel cells, batteries,
and supercapacitors. Because of the organic ligands and metal ions
inside MOFs, they are an excellent choice as precursors and tem-
plates for the synthesis of the abovementioned materials with
different nanostructures. In general, as-prepared porous carbons
and metal oxides inherit the major advantages of the precursor
MOFs, resulting in improved electrochemical performance com-
pared to other nanomaterials synthesized from other methods. For
further performance enhancement of porous carbon-derived
MOFs, heteroatom doping such as N, S and P, is an effective
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approach, and can be achieved either during the manufacturing of
MOFs or at the post-processing stage. However, controlling these
species and the ratio of heteroatoms is still a major challenge.
Research is currently focused more on fabricating the nanos-
tructured materials of metal oxides and their composites derived
from MOFs. In addition, mixed transition-metal oxides have also
attracted more attention due to their wide range of applications,
and can be obtained from MOFs using a simple approach.

Thirdly, it is a trend to design and build novel hierarchical
nanostructures by MOFs. Obviously, complementary properties
can be realized from different MOFs, which lead to superior per-
formance based on controllable shape, particle size, crystal struc-
ture, and purity.

In conclusion, MOFs and MOF-derived nanomaterials show
great potential in the field of energy storage and conversion due to
their unique properties. Nonetheless, there are still issues and
room for improvement in both the synthesis and pyrolysis pro-
cesses of MOFs. On one hand, purposive fabrication of highly
electrically conductive MOFs is a big challenge when directly
applied to MOFs for energy storage and conversion. On the other
hand, for MOFs derived porous carbon or metal oxide composites,
manufacture of controllable structure and morphology are still
ongoing, in which the uniform distribution between metal parti-
cles and carbon matrix is still not very easily to obtain. Meanwhile,
the bonding effect, component proportional, and particle dis-
tribution of metal particles and carbon in the MOFs derived
composites through post-treatment is still calling for deeper
understanding. Another important issue that should be pointed
out is to create an effective method to mass produce both MOFs
and MOF-derived materials in large scale, which can lead the fast
development of MOFs in practical applications for energy storage
and conversion.
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