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1. Introduction

Nanoscale materials are very different from the corresponding
bulk materials and have special properties, such as an extremely
small size, quantum effects and a large specific surface area.
With the development of nanoscience and technology, metal
oxide nanostructures (MONs) have attracted increasing atten-
tion. Metal-organic frameworks (MOFs) have been used to
synthesize a variety of metal/ MONs (M/MONSs) that are of
interest in many applications related to porosity and secondary
building units.

MOFs consist of transition metal ions or clusters of metal
ions occupying the nodal positions in a crystalline framework
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paper reviews the use of MOFs as matrices for solid-state decomposition and in the synthesis of metal/
metal oxide micro- and nanostructures, porous carbon and composite materials.

and held in place by bi- or multi-nodal rigid organic linkers
(Fig. 1). The term coordination polymer is used as a synonym for
MOFs." MOFs have been developed very quickly, not only in
terms of their broad range of structures, topologies and
compositions, but also in their potential applications. Their
special properties (e.g. a low-density porous structure, high
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Fig. 1 Components and structure of MOFs. Reproduced with
permission from Dhakshinamoorthy et al.,> Chem. Soc. Rev., 2012, 41.
Copyright The Royal Society of Chemistry (2012).
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surface area, hybrid features and tunable porosity) have led to
their application in gas separation and storage,> sensors,
catalysis® and in drug storage and drug-delivery systems.* There
are a number of advantages in using MOFs as precursors to
synthesize M/MMONS: (1) there are a large number of MOFs of
different compositions, morphologies and structures; (2) MOFs
have a flexible structure that behaves dynamically and responds
to external factors, such as the presence of guest molecules and
changes in temperature or pressure; (3) MOFs allow the entry
and polymerization of additional precursors inside the pores,
similar to mesoporous silica and zeolites; (4) MOFs consist of
inorganic clusters and organic linkers, leading to a relatively
low stability; and (5) the size and pore structure of MOFs are
controllable.

Several reviews have been published on applications® and
methodologies for the synthesis of MOFs and the encapsulation
of active species in MOFs.”®> However, a review of the methods
of synthesis and applications of M/MMONSs has not yet been
published. This paper reviews the literature and gives an
accessible summary of this field, including various synthetic
approaches and applications of the derived materials. This field
is at a stage where trends in synthetic approaches can be
identified and applications are becoming more diverse. Some
challenges have been identified that suggest long-term research
directions.

2. Synthesis of M/MMONs

The rational synthesis of well-defined MONs with uniform
dimensions and controlled architectures is very important in
adjusting their chemical and physical properties. This is
because the electronic structure, bonding, surface energy and
chemical reactivity of these materials are directly related to their
surface morphology. There have been tremendous advances in
the last two decades in the synthesis of size- and morphology-
controlled metal oxides using chemical methods. However,
there are still many challenges in creating nanostructures with
particular morphologies and in exploring well-controlled
methods. Using the MOF template pyrolysis route, we can
obtain the desired product without agglomeration, avoiding the
complex aqueous chemistry and multistep processes that often
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lead to impurities. More importantly, this method is practical
for forming metal oxide micro/nanostructures with various
controlled shapes, including microplates,'® nanowires," nano-
rods, nanoparticles,"”” spongy shapes,” nanosheets and
hollow" and coralloid nanostructures.'® This can be achieved by
controlling reaction conditions such as the temperature and
reaction time, and the precursors. Recent reports on metal/
metal oxide structures derived from MOFs have focused on
Cu/CuO, Co/Co304, ZnO, Fe,03/Fe;0,4, CdO, MnO and InO. As a
result of their porosity and the broad range of structures and
compositions of matrix MOFs, the as-synthesized metal oxide
materials have specific morphologies and tunable nanocrystal-
line frameworks.

2.1 Cu/CuO

Pure Cu/CuO metal/metal oxide structures with hollow, spongy,
coralloid and spherical shapes have been synthesized using
Cu;(BTC),, a well-known Cu-MOF (also called HKUST-1; BTC =
benzene-1,3,5-tricarboxylato) as the template. Using the same
template, CuO/CeO, composites with high catalytic activity have
also been synthesized when loaded with a Ce precursor. The
thermogravimetric analysis (TGA) curve of Cuz(BTC), in Fig. 2a
shows that MOFs undergo considerable weight loss on heating
to 300 °C as a result of the decomposition of organic ligands.
Wu et al.*® successfully synthesized porous CuO hollow octa-
hedral structures using Cuz(BTC), as a template and heating at
300 °C in nitrogen gas, followed by annealing at the same
temperature in an air flow. In the heating step, the carbon
generated during calcination may have acted as a temporary
buffer, preventing further contraction of the MOFs. In the
annealing step, the air flow oxidized and removed the carbon to
form the porous material. Why the product showed a hollow
morphology was unknown. However, in a similar study,” a
calcination method was used to prepare hollow CuO/Cu,O
polyhedrons and the mechanism of formation of the hollow
structures deduced in this work might explain the work of Wu
et al.*® Cu;(BTC), polyhedrons were heated at 350 °C based on
the TGA results and it was deduced that a thin intermediate
shell was formed on the surface of the precursor polyhedron at
the start of the thermal oxidation process. This thin layer acted
as an interface to separate the inner Cuy(BTC), from

100 200 300 400 500 600 700 800

Fig. 2 (a) TGA curve of as-synthesized Cu-BTC MOF precursor
microcrystals at a heating rate of 10 °C min~t in a flow of N, gas. (b)
TEM image of hollow octahedral of CuO. Reproduced with permission
from R. Wu et al.,** J. Mater. Chem. A, 2013, 1. Copyright The Royal
Society of Chemistry (2013).

This journal is © The Royal Society of Chemistry 2015
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atmospheric oxygen. However, the interface consisted of an
intermediate shell with many vacancies, which allowed
Cu3(BTC), to diffuse out. The diffusion rate of Cu;(BTC), is
greater than that of atmospheric oxygen during the oxidation
reactions and voids are therefore generated, which eventually
results in a hollow cavity (Fig. 2b). This diffusion behavior has
been referred to as the Kirkendall effect.

Table 1 lists other kinds of specifically shaped Cu/CuO
structures derived from MOFs. The synthesis of Cu from
MOFs must take place under the protection of an inert gas or
without the circulation of air. Chen et al.*® realized the trans-
formation of HKUST-1 into symmetrical coralloid three-
dimensional Cu microstructures in a tube closed at one end
at 500 °C. At 500 °C in air, this coralloid Cu was converted from
Cu to CuO in situ and the morphology remained unchanged.
The formation of Cu is a result of the high reduction potential of
Cu*" in MOFs and the ease with which the atmosphere is
reduced. This phenomenon has been widely reported and is
illustrated in later sections.

The kinds of Cu-MOFs used as precursors for the synthesis
of Cu/CuO have so far been limited. As Cu is such an important
transition metal, more research should be carried out on MOFs
containing Cu ions.

2.2 ZnO

With our deepening understanding of MOFs, it has been found
that the highly dispersed ordered metal ions separated by
organic linkers in MOFs are not only good precursors for
preparing well-shaped M/MONSs, but also ideal candidates for
metal oxide quantum dot (QD) materials. MOF-5 [also known as
IRMOF-1; Zn(BTC),] is chosen as a case study as a result of its
semiconductor and luminescence behavior arising from ZnO
QDs. Yang et al.*® synthesized ZnO QDs without intrinsic defects
or agglomeration that were embedded in hierarchical porous
carbon matrices by heat-treated IRMOF-1 at 550 °C under
nitrogen at a heating rate of 10 °C min". This unique micro-
structure had an outstanding electrochemical performance
(capacity, cyclability, and rate of charge and discharge) when
evaluated as an anode material for lithium ion batteries (LIBs).
A temperature-programmed mass spectrometry (TP-MS) study
of the gas and liquid products formed during the decomposi-
tion of MOF-5 indicated that the products of MOF-5 decompo-
sition were CO,, benzene and C/ZnO nanoparticles, in which
the ZnO was covered by amorphous carbon. Fig. 3 shows the
proposed decomposition mechanism of MOF-5. There are three
types of breaking of the carboxylic bridges: (a) Zn-O bond-
breaking between the Zn,O cluster and the carboxylic group;
(b) O-C bond-breaking of the carboxylic group; and (c) C-C
bond-breaking between the carboxylic group and the benzene
ring. When the breakage occurred at positions (a) and (c), CO,
molecules and C¢H, intermediates were formed. The C¢H,
intermediates then connected to each other to form amorphous
carbon with the release of some hydrogen. At the same time,
one C¢H, intermediate was able to accept two hydrogen atoms
to form a benzene molecule. The Zn,O clusters did not obtain
any oxygen atoms from a carboxylic group in this mode of
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bond-breaking. In contrast, if the carboxylic bridges broke at
position (b), a C-C¢H,-C intermediate was formed and Zn,O
obtained two oxygen atoms. To form a stoichiometric ZnO
product, each Zn,O only needed 1.5 bridges to be broken at
position (b). Because each Zn,O cluster had six carboxylic
bridges, the formation of crystalline ZnO particles in the
decomposition of MOF-5 indicated that 4.5 bridges (75% of six
bridges) were broken at positions (a) and (c) and 1.5 bridges
(25% of six bridges) were broken at position (b).

The number of different MOFs used as precursors to form
ZnO is more than that for the transformation of MOFs into Cu/
CuO. In addition to MOF-5,22> Zn3(NTA), (NTA = nitrilotri-
acetic), Zn(TDA)H,0* [TDA = S(CHCOO),”"], Zn-MOF with
amino acids as organic linkers** and many other MOFs**** have
been used. However, although the organic linkers will eventu-
ally decompose and volatilize, the influence of different ligands
of precursor MOFs on the morphology of the product should
not be neglected. For example, ZnO rings were synthesized from
MOFs with N,N'-phenylenebis(salicylideneimine)-dicarboxylic
acid and 1,4-benzendicarboxylic acid linkers. The MOFs using
TDA or 2,2-bipyridine-4,4’-dicarboxylic acid as ligands realized
the transformation into ZnO flakes and micro-particles. The
same ligands affected the crystal structure of the product metal
oxide if the MOFs were synthesized under different conditions.
This may be a result of different spatial structures. Nitrilotri-
acetic acid (H3NTA) reacts in the solid phase with zinc
hydroxide (1 :1) to form three-dimensional ladder-like MOFs
that transform wurtzite (ZnO) nanoparticles when heated to
>600 °C. Another mixed coordination network was formed with
an excess of Zn>" hydroxide, which, on decomposition at about
500 °C, formed microwires of ZnO (Fig. 4a and b).*®

We can learn this distinction through structural analysis.
The previous method resulted in a coordination polymer that
looked like an array of zinc-containing metallo-macrocyclic
molecules containing hexa-coordinated Zn>" with a distorted
octahedral geometry.”® Fig. 5a shows that three of the coordi-
nation sites were occupied by water molecules, two were bonded
to the ligand and the remaining site was occupied by the tertiary
amine bridgehead N-atom of the ligand. The compound
synthesized in the second method was a dimeric Zn nitrilo-
triacetato complex containing the hexa-aquazinc(u) cation, the
dimeric Zn-NTA complex anion and with water in the crystal
lattice. Fig. 5b shows that there were three symmetry-
independent Zn sites in the structure. The first two (Zn1 and
Zn2) were distorted octahedral sites with five carboxyl oxygen
atoms and one amine nitrogen making up the coordination
environment. The other zinc cation, Zn3, was coordinated to six
water molecules. Although the mechanism of how the spatial
structure worked in the growth of metal oxides was not deter-
mined, a unique correlation between the size of the nano-
particles and the distance between the secondary building units
inside the MOF precursors was demonstrated.

This theory was further confirmed by the thermolysis of
Co-MOFs and Cu-MOFs.* It was shown that the Cu and CuO
particles synthesized by the thermolysis of three-dimensional
[Cu3(TMA),(H,0)3], were larger than the particles synthesized
from two-dimensional [Cu,(hfbba),(3-mepy),]- (DMF),(3-mepy).

RSC Aadv., 2015, 5, 7267-7279 | 7269
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Table 1 Metal oxides derived from MOFs and their applications

Target

temperature (°C),
MOF* rate (°C min~')  Atmosphere Product and morphology Application Ref.
Zn(TDA)H,O >500, — — Sponge-like ZnO — 23
Mn;,0;15(0,CR)16(H20), (R = CeHs, CH3, 400/500/600 Air Novel MnO nano- and microscale particles — 66
and CcH50CH,)
Zn-MOF 550, — — Hexagonal rings of ZnO — 25
Zn,O(BDC), 480, 10 Vacuum Sphere-shaped ZnO@C — 19
Zn,O(BDC), 900, 10 Air Zno —
MOF-5 550, 10 Inert Zn0O QD@C LIBs 18
[(HNTA)(H,0);:Zn]-H,O 600, — — Microparticle of ZnO Solar cells 20
[(H,0)6Zn][(NTA),Zn,]-2H,0 500, — . Microwires of ZnO Solar cells 20
ZnMn6-PTCDA MMOFs 450, 5 Air Spinel ZnMn,O, nanoplates LIBs 47
[Mg,(adipate),(DMA)- (H,0)]- 500, 5 N, Nanoporous MgO — 67
5DMA-2MeOH-4H,0
Cu;(BTC), 500, — — Microplates of CuO — 10
Cu,(BTC), 500, 10 — Coralloid Cu — 16
Cu;(BTC), 400, 10 — Spongy CuO — 13
Cus(BTC), 600, — Air CuO/CeO, CO oxidation 46
HKUST-1 400 Air CuO-Ce,O nanoparticles CO oxidation 12
[Cu;(BTC),], 550 Air CuO LIBs 68
[Cus(BTC),], 350 CuO/Cu,0 composite hollow polyhedrons LIBs 17
[Cu,(BTC)s], 400, 5 N, Cu@C Sensors 69
[Cuy(BDC-NH,),(DABCO)|DMF-3H,0 500 Air CuO — 70
[Cu;(BTC),], 300 N,-air Hollow octahedral CuO LIBs 15
[CsH;0CdO;],,-4H,0 520, 5 Air Nanowires of CdO — 11
Co3(NDC)3;(DMF), 600, 10 Air Co30, nanoparticles LIBs 35
CPP-3 550, — — Hexagonal rod-shaped In,O3 — 71
CPP-6 700, — — Hollow hexagonal In,03 — 71
CPP-5 550, — — Hexagonal disk-shaped In,0O; — 71
Fe-EDTA 550, 10 — Nanosheets of Fe;0, — 14
PB 650, — — Hierarchical shell of Fe,O; — 32
TiO, loading MIL-101 550 Air Fe,0; TiO, nanocomposite Hydrogen production 72
MIL-10 600-800 N, N-doped graphene/Fe-Fe;C LIBs 73

nanocomposite
MIL-53 600 N, Carbon-Fe;0, nanocomposite Superadsorbent material 58
Fe,(BDC);3 700 N, Nanorods of Fe;0, 33
MIL-88-Fe 500 N,-air Spindle-like mesoporous o-Fe,03 LIBs 59
[Alg(OH);5(H,0)3(BTC)s],, 500/750 — Cubic structured and coral structure — 74
dAl,O; nanoparticles
Cd(NDC)(DMF) 600 cdo — 75
Cd,(NDC), 600 cdo — 75
Gd(H,0);Co 400/700/800 Air GdCoO; Photocatalytic 76
degradation of dyes

Co3[Co(CN)s]» 550 Air Co30, nanocages LIBs 34
Co3[Co(CN)s]» 400 Air Co;0, porous nanocages LIBs 37
[Co3(ABTC)3(BPY);.5(H,0)3] - (H,0), 550, 4 Ar Porous C030,4 Supercapacitors 38
Co[Fe(CN)6]0.667 350 Air Porous CoFe,0, LIBs 77
CoMn-MOF 400 Air CoMn,0, spinel — 78
NiMn-MOF 400 Air NiMn,0, 79
In loading Co-BTC 700 Argon Co3InCy 75 ORR 80
Al loading MIL-101 500/600/700/800/ Air Cr,03/Al,04 Isobutane 81

900 dehydrogenation
Co loading MIL-100-Fe 700 Air CoFe,0, Phenol degradation 82

% TDA = S(CH,COO),; CPP = coordination polymer particles; CPP-3 = In,(bdc)s; CPP-6 = In[2,6-bis[(4-carboxyanilino)carbonyl]pyridine],; PB =
Prussian blue; NDC = 2,6-naphthalene-dicarboxylate; DMF = N,N-dimethylformamide; MIL-101 = Fe;(H,0),(BDC); acid.

The TEM images of the Co/Co;0, nanoparticles formed after
thermolysis of three-dimensional Cog(BTC),(HCOO)s(DMF)
showed that the particle size was 40 nm, which is larger than the
particle size of the Co/Co;0, nanoparticles formed after
thermolysis of Co,(hfbba),(3-mepy),-(DMF); (Co-HFMOF-D) or clusters

7270 | RSC Adv., 2015, 5, 7267-7279

during the reaction.

(Fig. 6A-D). This result confirmed that the three-dimensional
structure of the MOFs was responsible for particle growth

Compared with other transition metal MOFs, the Zn(u) ions
in the Zn-MOFs were more

resistant to

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Schematic illustration of the mechanism of decomposition of
MOF-5. Reproduced with permission from Y. H. Hu et al,** J. Phys.
Chem. C, 2010, 114. Copyright American Chemical Society (2010).

Fig. 4 (a) SEM micrographs of ZnO microwires. (b) SEM micrographs
of ZnO nanoparticles. Reproduced with permission from H. Thakuria
etal,® Eur. J. Inorg. Chem., 2007, 2007. Copyright Wiley-VCH Verlag
524 GmbH & Co. KGaA, Weinheim (2007).

Fig. 5 Molecular structure of (a) the Zn—-NTA complex with a metal to
ligand ratio of 1: 1. (b) Zn—NTA complex synthesized with a metal to
ligand ratio of 3: 2. Reproduced with permission from H. Thakuria
et al.,®® Eur. J. Inorg. Chem., 2007, 2007. Copyright Wiley-VCH Verlag
524 GmbH & Co. KGaA, Weinheim (2007).

Fig. 6 (A and B) TEM images of Co nanoparticles prepared by ther-
molysis of (A) Co—-HFMOF-D and (B) Co—BTC in nitrogen. (C,D) TEM
images of CozO4 nanoparticles prepared by thermolysis of (C) Co-
HFMOF-D and (D) Co—BTC in air. Reproduced with permission from R.
Das et al.,** Nanoscale, 2012, 4. Copyright The Royal Society of
Chemistry (2012).
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agglomeration. In addition, the boiling point of Zn was lower.
As a result of these properties, Zn-MOFs have recently attracted
attention in the formation of porous carbon, e.g. Xu et al.>* More
detailed information has been published elsewhere.>”°

2.3 Fe,03/Fe;0,

Iron oxide particles have been explored as a result of their wide
range of functional applications. For example, hematite is used
in diverse applications, including catalysis, LIBs and sensors.
Magnetite has unique magnetic, optical, electronic and catalytic
properties. Its versatility is largely determined by its
morphology and structure; however, conventional methods,
including hydrothermal synthesis, sol-gel synthesis, the use of
templates and thermal decomposition have resulted in only
limited success in finding relatively simple ways to produce iron
oxide particles with a tunable size and specific shapes and
structures.

Based on crystallography and growth mechanisms, MOFs
have been used as templates for the synthesis of iron oxide
particles via solid-state thermal decomposition. Many inter-
esting iron oxide materials with the desired properties have now
been reported.

Fe,0; microboxes with hierarchically structured shells have
been synthesized simply by annealing microcubes of Prussian
blue (PB).*> Based on the results of TGA, which showed that PB
undergoes considerable weight loss at about 320 °C, the first
transformation was performed at 350 °C. In this step, PB was
transformed into a relatively smooth and dense iron oxide shell
in the near-surface region. Continuous decomposition was
completed at 550 °C with an outward gas flow, resulting in the
formation of highly porous microboxes from enlarged Fe,O;
particles. Further increasing the annealing temperature to 650
°C transformed the highly porous shell into a well-defined,
hierarchically structured shell consisting of Fe,O; nano-
platelets. Fig. 7 shows products with distinct morphologies and
structures that were obtained at different temperatures. This
indicates that, with controlled procedures, aesthetically inter-
esting micro/nanostructures can be harvested and their
performances enhanced.

Chen et al.** synthesized single-crystal Fe;O, nanosheets
with an average edge length in the range 80-100 nm and a
thickness of about 30 nm via the direct pyrolysis of an EDTA
iron(m) salt at 350 °C in a horizontal tube furnace closed at one
end. They investigated how the Fe*" changed into Fe** without

Hierarchical
Fe,0, Microboxes

Fe,[Fe(CN)]; Fe,O, Porous
Microcubes Microboxes Fe,0, Microboxes

Fig. 7 Schematic illustration of the formation of hollow Fe,Osz
microboxes and the evolution of the shell structure with increasing
calcination temperature. Reproduced with permission from X. W. Lou
et al.,** J. Am. Chem. Soc., 2012, 134. Copyright American Chemical
Society (2012).

RSC Aadv., 2015, 5, 7267-7279 | 7271
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any additional reductant at this low temperature. It was
proposed that, with increasing temperature, the EDTA ferric
sodium salt began to decompose thermally and the organic
parts of the molecule decomposed into carbon and gases such
as hydrogen and carbon monoxide, together with other frag-
ments from the incompletely decomposed molecule. Reduction
by this carbon and the decomposed gases converted some of the
Fe’" into Fe*'. Fe;0, was finally formed in the reducing
atmosphere.

Cho et al.*® developed a method to convert an Fe-MOF to
hematite and then to magnetite. 1,4-Benzenedicarboxylate
(BDC) and Fe** were used to form Fe-MIL-88B, a coordination
polymer. Calcination of Fe-MIL-88B at 380 °C in air using a
conventional furnace resulted in the formation of Fe,O; nano-
rods. When the calcination conditions were slightly modified,
magnetite was produced from the Fe-MIL-88B instead of
hematite. The pyrolysis temperature was reduced to 300 °C to
obtain hematite with incompletely calcined organic residues;
this was confirmed by TGA and powder XRD. Cho et al.** sug-
gested that the organic residues within the particles may act to
reduce Fe(m) to Fe(u). The second thermal treatment, the
calcination of hematite containing organic residues at up to
700 °C under a nitrogen atmosphere, resulted in pure magnetite
nanoparticles. To investigate the role of the organic residues
during the conversion process, several comparative experiments
were performed. It was found that the rate of transformation of
hematite into magnetite was related to the amount of organic
residue and therefore to the holding time and temperature
during the first thermal treatment. Based on these observations,
the role of the organic residues generated in the incomplete first
calcination as reducing reagents was confirmed.

The synthesis of Fe;O, by a solid template method avoids
harsh aqueous chemistry. In the transformation process, the
residue and the atmosphere generated from the decomposition
of the ligand both played a part in the reduction. This idea can
be applied to other systems for producing metal compounds
with a low valence state or the elemental metal.

2.4 Co/C0;0,

Another important MOF-derived nanostructured metal oxide is
Co304, which has been considered as a potential material for
use in LIBs since 2000 as a result of its high theoretical capacity
as an electrode material. As a result of its enhanced capacity
retention on cycling, various structures and textures of Coz;0,
have attracted much attention, as have Co-MOFs. Xu et al.*
successfully converted cobalt oxide subunits in a Co-MOF into
agglomerated CozO, nanoparticles. MOF-derived Co;0, was
widely studied in subsequent years.***® The Kirkendall effect
has been used to explain the fabrication process for Coz;0,
porous nanocages®” using MOFs as a template in a similar
manner to other MOF-derived hollow or shell structures, such
as the Fe;O, hierarchically structured shells and CuO hollow
octahedral structures mentioned previously. Hu et al.*” used a
specific method involving dropwise addition through a syringe,
low concentrations of reactants and PVP to obtain the uniform
nanosized precursor Co;[Co(CN)g],-nH,0. The solid particles
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were converted into Co;0, porous nanocages at 400 °C in air
after 1 h. During the thermal decomposition process, inter-
diffusion led to the formation of cavities and the release of
CO,/N,O,, gases generated from CN contributed to the
porosity. The morphology and microstructure of the Coz0,
nanocages were determined by TEM and HRTEM (Fig. 8). As the
temperature increased, the inter-diffusion of Co;[Co(CN)], and
CO,/N,Oy, increased and the porous cages collapsed. Similar to
the synthesis of Co3[Co(CN)g],-nH,0O, the Prussian blue
analogues (PBA) M;"[M™(CN)4],-nH,0 (M = Mn, Fe, Co, Ni, Cu
and Zn) could transform into metal oxides and even bimetal
oxides. The controllable synthesis of PBA with different shapes
and sizes has promoted the development of PBA-derived metal
oxides because the performance of the metal oxides is closely
related to the size, morphology and surface area.

The specific solid-state thermal conversion of Co-MOF into
Co3;0, using Co3(ABTC);(BPY), 5(H,0); as the precursor instead
of PBA was reported by Meng et al.*® After annealing under Ar at
550 °C for 1 h, the black powder was placed in a furnace at
400 °C for 1 h to remove the carbon residue generated from the
organic linkers. The as-synthesized porous Co;0, particles had
a high specific capacitance of 150 F g~ * at a current density of
1 A g ! and retained a slightly enhanced capacitance after 3400
cycles. This could be ascribed to its higher specific surface area
and accessible channel structural features.

After publishing their work on the synthesis of hollow M/
MONSs, Zheng et al.*® obtained hollow Co;0, dodecahedrons
with controllable interiors by one- or two-step pyrolysis. Fig. 9
shows that, at the initial stage of calcination, a Co;0, dodeca-
hedral shell was formed on the surface of the ZIF-67 [Co(2-
methylimidazole)] core during the one-step method under an
air atmosphere. Two forces with opposite directions acted on
the interface between the Co;0, shell and the ZIF-67 core as the
calcination continued. The contraction force (F.) associated
with the formation of the Co;0, crystallites led to the inward
contraction of the Co;0, core, whereas the adhesive force (F,),
resulting from the release of gases, prevented the inward
contraction of the outer shell of Co;0,4. For the two-step calci-
nation method, the amorphous carbon generated from the
organic ligands of ZIF-67 in the first calcination step served as a
temporary framework to distribute the Co or CoO, particles.
During the second-step calcination under an air atmosphere,
the outward force induced by the release of gases from the
oxidization of carbon led to the outward diffusion of Co or CoO,
particles, which were simultaneously oxidized to Coz;O, by
the air.

200nm 10 nm

Fig. 8 (a) SEM image of the CozO4 nanocages. (b,c) TEM images of
Coz04 porous nanocages at different magnifications. Reproduced
with permission from Hu et al.,*” Chem. Eur. J., 2012, 18. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim (2012).
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Fig. 9 (a) Schematic illustration of the formation of ball-in-dodeca-
hedron CozO4 by one-step calcination. (b) Schematic illustration of
the formation of CozO, dodecahedrons with concave surfaces by
two-step calcination. Reproduced with permission from Zheng et al.,**
J. Mater. Chem. A, 2014, 2. Copyright The Royal Society of Chemistry
(2014).

It is important to investigate the conditions and mecha-
nisms of decomposition when synthesizing the desired mate-
rials. The pore and void volumes of particles can be controlled
by gas flow-rates as well as temperature. The challenge in
calcination is the contraction of MOFs, which leads to crystal
aggregation. Some methods using mild conditions have there-
fore been reported. An immersion method was used to
construct Co(OH), with [Co(BDC)(DMF)] as the precursor.* Co-
NTCDA (NTCDA = 1,4,5,8-naphthalenetetracarboxylic dianhy-
dride) or Co-PTCDA (PTCDA = perylene-3,4,9,10-tetracarboxylic
dianhydride) was treated with an organic amine solution to
form hydroxides via the hydrolysis of MOFs* (Fig. 10). An
aqueous solution of TMAOH (25 wt%) or TPAOH (25 wt%) was
added to a solution of Co-MOFs (Co-NTCDA or Co-PTCDA) in a
cold bath at 10 °C with stirring to obtain CoO(OH) powders,
which were then calcined in a furnace at 500 °C for 1 h at a

X Soft chemical
assembly

CoO(OH)

Fig. 10 Schematic illustration of the fabrication of CozO4 hexagonal
rings from Co-based MOFs. Reproduced with permission from Yang
et al.,** J. Mater. Chem. A, 2014, 2. Copyright The Royal Society of
Chemistry (2014).
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heating rate of 1 °C min~". The final morphology of the metal
oxides did not depend on the initial morphology of the MOF
precursors. This result is different from previous reports of the
preparation of metal oxides via the calcination of MOFs. The
factors influencing the morphology of the metal oxides may
involve the type of organic linker, the metal ion and the organic
amine used.

2.5 Bimetal oxides

The porous structure of MOFs is effective in dispersing metal
ions. However, the metal ions or clusters of metal ions occu-
pying the nodal positions in a crystalline framework are already
well dispersed. Many metal-doped MOFs and metal@MOFs
(MOFs loaded with metal ions), such as Cu, Ru, Pd, Au, Ag and
Pt@ MOFs, have been reported.**** The metal-doped MOFs and
metal@MOFs can yield neat bimetal oxide composites when the
metal ions are simultaneously converted into metal oxides.

For example, impregnating HKUST-1 with a 1 M ethanolic
solution of Ce(m) nitrate hexahidrate before heat treatment
allows the synthesis of a mixture of CuO and CeO, nano-
particles in intimate contact. This CuO/CeO, composite has a
high catalytic activity for the oxidation of CO.*>*

A series of MMn,0, (M = Ni, Zn, Co) particles with a spinel
structure by the pyrolysis of mixed-MOF (MMOFs) precursors in
air at 450 °C has been reported.” MMOFs consisting of two
metal cations were synthesized using the corresponding metal
acetates and PTCDA (PTCDA = perylene-3,4,9,10-tetracarboxylic
dianhydride) as a ligand. The mixed transition metal oxide
materials showed a high initial capacity of 1100 mAh g ' and a
retained capacity of 600 mA h g~ " after 20 cycles.

An etching method has been used to synthesize hollow
MMONSs by Zhang et al.*®* NaOH was used as an etching agent
and the reaction between PB microcubes and the NaOH solu-
tion led to the formation of Fe(OH); microboxes with a
controllable multishelled structure. In addition, the PB micro-
cubes reacted with the conjugated bases of weak acids based on
metal oxides, generating multicompositional microboxes
(Fe,03/Sn0,, Fe,0;/Si0,, Fe,0;/Ge0,, Fe,03/A1,0; and Fe,03/
B,03). These consisted of uniformly dispersed oxides/
hydroxides of Fe and another designed element (Fig. 11).
Fe,03;/MO, were then obtained by annealing the cubes. The as-
formed Fe,03;/MO, was etched by HCI with the preservation of
the MO, configuration.*® The MO, -nH,0 should be a weak acid
so that the Fe(m) can simultaneously react with the conjugate
bases during hydrolysis; the weakly acidic MO,-nH,O is not
etched by HCI. These hollow cubes and atomically integrated
multiple compositions have the usual physiochemical
properties.

2.6 Metal/metal oxide-carbon composite

The organic framework decomposes into gaseous products
(CO,, NO, and hydrocarbons) and carbon when there is a lack of
oxygen, so the pyrolysis of MOFs always yields carbon-coated
metal oxides; this method has been reported since 2008.%%*-%7
MOF-derived carbon has attracted much attention as a result of
its porosity, high surface area, hierarchical structure and use as
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MO,?~ Fe(CN)g*—

' Fe(OH),

B Fey[Fe(CN)l, B Fe(OH),/MO,

Fig.11 Schematic illustration of the formation of hierarchical (left) and
multicompositional (right) metal oxide microboxes starting with MOF
templates. The metal oxides microboxes were synthesized by
manipulating the ion-exchange reaction between an alkaline
precursor (strong base or conjugate base of the weak acid) and
sacrificial PB. Reproduced with permission from Zhang et al.,*® J. Am.
Chem. Soc., 2013, 135. Copyright American Chemical Society (2013).

an sorbent for gases or liquids, as a catalyst support, electrode
material and in fuel cells as carbon-coated oxides.'®** A carbon
composite with Fe;O, nanoparticles was synthesized by the
pyrolysis of Fe-containing MOFs at different temperatures in an
argon atmosphere.*® Cu/CuO, Co/C0;0,4, ZnO, Mn,03, MgO and
Cds/CdO embedded in a carbon matrix have also been synthe-
sized through the controlled thermolysis of MOFs. MOF-5 has
been used as a sample to systematically investigate the changes
in the carbon during the thermal process."” MOF-5 was heated
to 480 °C at a heating rate of 10 °C min~' in a vacuum and
40.5% of the weight was lost. The remaining 59.5 wt% consisted
of ZnO powder and carbon as determined by elemental analysis
and XRD. The Raman spectrum of the decomposed MOF-5
showed the same bands located at 325, 328, and 433 cm ™! as
in commercial ZnO powder. After removing the ZnO by washing
with hydrochloric acid, the characteristics of amorphous
carbon were observed in the XRD pattern and the Raman
spectrum. The bands at 1320 and 1592 cm ™" were the same as
those observed for amorphous carbon. With heat treatment in
flowing air, the carbon was oxidized to CO,.">* After further
heating at 900 °C in air for 3 h, the Raman spectrum of the
sample was almost the same as that of commercial ZnO as a
result of the removal of carbon from the decomposed MOF-5.
Carbon doped with transition metals and nitrogen (TM/N/C)
has been used in electrocatalysts for the oxygen reduction
reaction (ORR) in fuel cells. Liu and co-workers®>®* pyrolyzed
Co-ZIF and Fe-ZIF to produce Co-N-C and Fe-N-C, respec-
tively. Increasing the pyrolysis temperature was detrimental
as a result of the loss of N and a decrease in the specific
surface area. To circumvent these shortcomings, Fe-ZIF was
mixed with ZIF-8, which provided both a high N content and a
high specific surface area. ZIF-8 dilutes the Fe content and
disturbs the crystallization of carbon, making graphitization
difficult as a result of the evaporation of Zn. ZIF-8 produces
the pyrolyzed product at even higher temperatures and
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retains the amorphous carbon structure. As a result of this
amorphous structure, FeIM/ZIF-8 has a better mass transport
property and a higher N content brought about by the facile
reaction with NH;. Research focused on the use of bimetal
ZIF to synthesize N-doped nanotubes has been reported.®>*
The conversion benefitted from the use of materials con-
taining Fe as the catalytic sites for graphitization and Zn to
form pores.

The design of MOF precursors, such as controlling their
shape or size and changing the ratio of the ligand C and N
atoms to the transition metal may increase the performance of
the derived materials. This is worth exploring and the mature
methodologies for the synthesis of MOFs have made it possible.
As an example, MOFs grown on Cu foil were designed to prepare
hybrid porous nanowire arrays composed of strongly interact-
ing Co;0, and carbon by a facile carbonization method.** The
resulting material was used as the working electrode in an
oxygen evolution reaction. In another study, ZIF-8 coated with
organic molecules (e.g. hydroxyl, pyrrolyl and/or carboxyl func-
tionalized organic molecules) was decomposed at 800 °C to
prepare metal oxide-carbon nanocomposites.®® The uniformly
distributed ZnO in the carbon is beneficial for storing more
lithium ions in the anodes and thus leads to high specific
capacities and better retention.

We have drawn the following conclusions: (1) calcination of
the relevant template is an important method for the trans-
formation of MOFs into metal oxides; (2) the temperature, time
and atmosphere are key factors in thermal decomposition, and
can be guided by the TGA curve - in general, larger crystals are
formed at higher temperatures, carbon-coated metal oxides are
formed in inert gas and pure metal oxide are formed in air; (3)
the gas generated from the decomposition of the organic ligand
and crystal growth both lead to the development of porosity,
although inter-diffusion may lead to hollow structures; (4) the
spatial structure of MOFs affects the size and morphology of the
as-synthesized metal/metal oxides; and (5) metal ions with a
reduction potential of —0.27 V or higher in MOFs always form
metal nanoparticles during thermolysis in N,, whereas metal
ions with a reduction potential less than —0.27 V form metal
oxide nanoparticles during thermolysis in N, (Fig. 12). Table 1
summarizes all the reported MMONs and their possible
applications.

+2 +2

M «—m M —M
—¢ -027V B
Mg Mn" 7?7 w”? w? "
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Fig. 12 Effect of the reduction potential of metal atoms present in
MOFs on the formation of metal/metal oxide nanoparticles. Metals
with a reduction potential higher than —0.27 V undergo thermolysis in
an N, atmosphere to give pure metal nanoparticles, whereas metals
with reduction potential less than —0.27 V, even in an N, atmosphere,
produce metal oxides only. Reproduced with permission from Das
et al.,* Nanoscale, 2012, 4. Copyright The Royal Society of Chemistry
(2012).
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3. Applications

As the performance of metal/metal oxides depends strongly on
their morphology and size, MOF-derived micro/nanostructures
with defined morphologies show many unique properties, e.g.
a high photocatalytic activity, a high adsorption capacity, good
electrocatalytic activity and outstanding electrochemical
performance. These properties have led to applications in many
fields, such as LIBs,'>1718323433,37,59.83-85 electrochemical capaci-
tors,**® sensors, in catalysis'>*¢*¢7>8182 and in gas absorption/
separation.®®

3.1 Electrode materials for batteries

The poor electron-conducting properties of most MOFs
excludes them from electrochemical applications. However,
several methods, such as isomorphous replacement,® intro-
ducing MOFs directly as counter ions*” and loading MOFs on
conductive materials,*® have been applied to improve their
proton/electron conductivity properties. The most common and
practical method is to use MOFs as sacrificial precursors in the
formation of transition metal oxide nanoparticles, which are
often used as electrochemical materials. Agglomerated Coz0,
nanoparticles derived from Co-MOFs have been used success-
fully in LIBs.** Fig. 13a shows the charge/discharge curves of
as-prepared Co;0, in an Li" test cell at a current density of
50 mA g~ '. A high discharge capacity (1118 mA h g~ ') was
produced during the first discharge process. The initial capacity
retention is up to 75% in the first cycle. The capacity shows a
gradual increase in subsequent cycles to a peak value of 965 mA
h g~* at the 50th cycle (Fig. 13b), which is 86% of the initial
capacity. This may be attributed to the unique structural char-
acteristic of the agglomerated Coz;0,. The cycle performance at
a higher current density of 100 mA shows a similar behavior to
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Fig. 13 (a) Charge—discharge curves and (b) cycle performance at a
current density of 50 mA g~* and (c) charge—discharge curves and (d)
cycle performance at a current density of 100 mA g~ for the as-
prepared CoszO4/Li half-cell cycled between 3.0 and 0.01 V. Only the
mass of CozO,4 was considered in calculating the specific capacity.
Reproduced with permission from Liu et al.,** J. Power Sources, 2010,
195. Copyright Elsevier B.V. (2009).
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that measured at a current density of 50 mA g~ * (Fig. 12c and d).
The capacity in the first discharge cycle is 1090 mA h g%,
730 mA h g~ * of which remains beyond 100 cycles with a highest
value of 824 mA h g™ " at the 39th cycle (Fig. 13d). In spite of the
agglomerate structure and low surface area of the Co30,, its
capacity for Li storage compares favorably with non-
agglomerated cobalt oxide nanostructures.® It is clear that the
agglomerated Co;0, nanocrystalline particles have a superior
electrochemical performance as electrode materials for LIBs as
a result of their unique primary/secondary agglomerated
structure.

Carbon-coated ZnO showed promising Li storage properties
and a high specific charge capacity (about 1200 mA h g™ at 75
mA g~ ').*® The capacity was estimated on the basis of the total
composite weight, the stable cycling ability (about 50 cycles with
nearly 100% capacity retention) and the good performance rate
(about 400 mA h g~ " at 3750 mA g~ *). A number of metal oxides,
such as Fe,O; microboxes with hierarchical shell structures and
porous CuO hollow octahedral mesoporous ZnCo,0O, micro-
spheres synthesized from MOFs, have been used in LIBs and the
corresponding data are given in Table 1.

Sulfur-loaded MOF-derived carbon was used to fabricate
cathode structures for lithium-sulfur batteries by Xi et al.>* Four
types of Zn-containing MOFs were carbonized to give unique
carbon materials with different hierarchical pore structures. A
thermal process was used to load the pyrolyzed carbon with
sulfur and 55 wt% sulfur was incorporated into the porous
carbon host matrix. The [Zns(fumarate);(DMF),]-derived
cathode materials produced higher mesopore (2-50 nm)
volumes that showed increased initial discharge capacities,
whereas the carbons with higher micropore (<2 nm) volumes
made from ZIF-8 led to cathode materials with better cycle
stability.

3.2 Electrode materials for supercapacitors

The special surface texture and morphology of Co;O, nano-
particles obtained by simple thermolysis of Co-MOF crystals via
a two-step calcination treatment was used in a supercapacitor
electrode.®® The storage performance tested in KOH solvent
showed that the porous Coz;O, particles had a high specific
capacitance of 150 F g~" at a current density of 1 A g~ '. As a
result of their high specific surface area and accessible channel
structural features, the well-defined Co3;0, particles retained
slightly enhanced capacitance after 3400 cycles.
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Fig. 14 Proposed structural conversion from Co-ZIF to the active
catalytic site. Reproduced with permission from D. J. Liu et al,®°
Chem.-Eur. J., 2011, 17. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim (2011).
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In spite of their advantages of controllable shapes and
structures, it is difficult to find examples where the use of MOFs
as electrode materials resulted in a clear advantage in perfor-
mance and durability. For real breakthroughs, MOFs will
probably need to be designed and optimized with respect to
their ionic and electronic conductivities.

3.3 Homogeneous catalysts

CoFe,0, has been synthesized using a MOF template and
precursors.?” Co(NO,),-6H,0 dispersed in ethanol was drop-
ped into MIL-100-Fe prepared according to the method
reported by Horcajada et al.*® at a Fe/Co molar ratio of 1 : 1 or
1 : 2. The mixed ethanol solution was evaporated at 80 °C for 4
h. The obtained solid was then heat-treated at different
temperatures (400, 500, 600 and 700 °C) for 4 h. The cobalt
nitrate hexahydrate used as a second precursor was immobi-
lized in the pores of the MOFs by incipient wetness impreg-
nation. The as-synthesized CoFe,0, nanocomposite particles
retained the morphology of the template. Using potassium
peroxymonosulfate as an oxidant, the magnetic nano-
materials showed a relatively high catalytic performance for
the oxidation degradation of phenol. After 120 min of degra-
dation, the phenol concentration was reduced by approxi-
mately 95%. The regenerated catalysts showed a high catalytic
performance in consecutive runs, except for the product
obtained from precursors at a Fe/Co molar ratio of 1:2 at
700 °C. It was suggested that Fe(ur) promoted the regeneration
of the Co(u)-OH complexes, which is the rate-limiting step for
Co(un)-mediated PMS activation process; Co3;O, has been
demonstrated to be inferior in this process. However,
MIL100-Fe 1:2-700 was composed of Coz0, and CoFe,0y,,
with no Fe(m).

Isobutene dehydrogenation over mesoporous Cr,03/Al,03
catalysts synthesized from the MOF MIL-101 has been repor-
ted.®* The catalytic activity and selectivity were related to the
Cr**/Cr®" ratio. The template method facilitates the control of
the Cr**/Cr®" volume during the catalysis. A series of non-
ordered mesoporous chromia/alumina catalysts with large
specific surface areas (149.4-381.6 m> g ') and high pore
volumes (0.77-1.24 cm® g~ ') was synthesized. With increasing
chromia loadings (5-25 wt%) and calcination temperatures
(500-900 °C), the specific surface area of the catalyst
decreased, whereas the amount of surface Cr** species and the
molar ratio of the Cr’" and Cr®" species (Cr**/Cr®") increased.
The catalyst with 10 wt% Cr,0; loading calcined at 800 °C
showed the highest isobutene conversion 60.1%, with an
isobutene selectivity of up to 93.2%. The addition of potas-
sium to the catalyst system promoted the selectivity toward
isobutene and the catalyst stability. The catalyst with 1.5 wt%
K,O showed an ideal performance. The catalytic reactivity
showed high stability over ten dehydrogenation-regeneration
cycles.

Other catalytic nanomaterials such as CuO-CeO, nano-
particle catalysts for CO oxidation," GdCoOj; for the photo-
catalytic degradation of dyes’® and Fe,03;-TiO, nanocomposites
for hydrogen production” are listed in Table 1.
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3.4 Oxygen reduction reaction

The catalytic ORR at the cathode is a critical process in the
operation of proton-exchange membrane fuel cells. The
cathode in the ORR is six or more orders of magnitude slower
than the anode and thus limits the performance of fuel cells;
there is an urgent need to develop suitable catalysts for the
ORR. The current cathode catalyst materials of choice are the
platinum group metals (PGMs), but these are expensive, have a
low tolerance to methanol and limited stability. However, R.
Jasinski have reported ORR activity for a Co-polypyrrole
composite, which was attributed to Co ligated by pyrrolic
nitrogen at the catalytic site. Inspired by the ORR catalytic
activity of cobalt phthalocyanine, the search for non-PGM
electrocatalysts is mainly focused on TM/N/C composites. A
significant enhancement in ORR activity has been demon-
strated in C-supported Fe-based catalysts and it was suggested
that micropores (width <2 nm) have a critical influence on the
formation of the active site, which has a structure of cationic
ions coordinated by four pyridinic nitrogens.**

Co-ZIF has been reported to be a precursor for a TM/N/C
nanomaterial with a uniformly distributed catalytic center
and a highly active site for the ORR. During thermal activa-
tion, the C and N in the imidazolate ligand become the active
site, as evidenced by X-ray photoelectron spectroscopy before
and after heat treatment. It was found that C remained
mainly as the original organic moiety at 500 °C and was
converted to carbonaceous (at 750 °C) and graphitic
(at 900 °C) forms with increasing activation temperature. N
maintained the imidazolate form at 500 °C. After activation at
750 °C, X-ray photoelectron spectroscopy showed that N was
converted to a mixture of pyridinic- and pyrrolic-like moie-
ties, with the former the dominant component (Fig. 14).
Fe-ZIF has also been used as a precursor to prepare electro-
catalysts because Fe is more efficient than Co in TM/N/C
catalysts.®** A common difficulty is that, although high
temperatures favor the transformation of the precursor into
an active site, this is detrimental as a result of the loss of N
and a decrease in the specific surface area. To overcome this
limitation, the mixing in of additional N, the addition of C
and enhancement of the ratio of porosity have been investi-
gated. A typical example is the novel design of a bimetal ZIF.**
Zn as the major component in this ZIF forms pores and
suppresses graphitization, which decreases the specific
surface area and mass transport property; Fe as the minor
component forms the catalytic sites.

4. Conclusions and outlook

We have drawn the following conclusions.

(1) There has been an unprecedented rapid growth in the
field of MOFs in the last decade. Although early studies focused
mainly on the structural diversity and applications of MOFs, the
research trend has now shifted toward different MOF-derived
materials and their potential applications.

(2) The pyrolysis of MOFs has been a focal point in MOF
studies since 2005.%° Significant progress has been made in the
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synthesis of metal/metal oxides, metal oxide@C and porous
carbon with various structures and compositions. Their appli-
cations are mainly in electrochemistry, including super-
capacitors, batteries, fuel cells, sensing and catalysis. They may
have other potential applications, such as in semiconductors or
electronic devices.

(3) The main challenge in this field is determining the
mechanism of conversion from the MOF to the derived mate-
rials. A transformation model should be developed to guide
future investigations. A method to induce a controlled conver-
sion with packing of the atoms on the surface or exposed facets
of a nanocrystal would be of great interest.

(4) Other transformation methods are needed to replace the
inadequate calcination and immersion techniques. In addition,
the design of novel MOFs with different particles sizes and
structures may be an effective way to improve the properties of
the derived materials.

(5) Except for oxides, hydroxides and porous carbon, the
MOF template method is a potential synthesis method. It has
been used to obtain Cus$ by selecting [CH;3(CH,);5COO],Cu as a
molecular template.”* More compounds may be synthesized
using this method in the future.

In conclusion, research into MOF-derived nanostructures
has made great progress in the last decade, although this is just
the tip of the iceberg with respect to their potential applications
and synthesis methods. Many new types of nanoparticles will
emerge as research topics. The advantages of this environ-
mentally friendly technology, the possibility of mass production
and low costs may make this material promising for future
industrial applications.

Abbreviations

IRZIF Isoreticular zeolitic imidazolate framework
TDA S(CHCOO0),*~

CPP Coordination polymer particles

PB Prussian blue

NDC 2,6-Naphthalene dicarboxylate

DMF N,N-Dimethylformamide

BTC Benzene-1,3,5-tricarboxylate

BDC Benzenedicarboxyylate

NTA Nitrilotriacetic

H;ABTC Azobenzene-3,5,4 -tricarboxylic acid

BPY 4,4'-Bipyridine

Mepy 3-Methyl-pyridine

H,hfbba  4,4’-(Hexafluoroisopropylidene)bis(benzoic acid)
NTCDA 1,4,5,8-Naphthalenetetracarboxylic dianhydride
PTCDA Perylene-3,4,9,10-tetracarboxylic dianhydride
ZTC Zeolite-templated carbon

ORR Oxygen reduction reaction

MCNTs Multiwalled carbon nanotubes

TMAOH  Tetramethylammonium hydroxide

TPAOH Tetrapropylammonium hydroxide
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