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Abstract

Metal organic frameworks (MOFs) represent a class of porous material which is formed by strong bonds between metal ions and organic
linkers. By careful selection of constituents, MOFs can exhibit very high surface area, large pore volume, and excellent chemical stability.
Research on synthesis, structures and properties of various MOFs has shown that they are promising materials for many applications, such as
energy storage, gas storage, heterogeneous catalysis and sensing. Apart from direct use, MOFs have also been used as support substrates for
nanomaterials or as sacrificial templates/precursors for preparation of various functional nanostructures. In this review, we aim to present the
most recent development of MOFs as precursors for the preparation of various nanostructures and their potential applications in energy-related
devices and processes. Specifically, this present survey intends to push the boundaries and covers the literatures from the year 2013 to early 2017,
on supercapacitors, lithium ion batteries, electrocatalysts, photocatalyst, gas sensing, water treatment, solar cells, and carbon dioxide capture.
Finally, an outlook in terms of future challenges and potential prospects towards industrial applications are also discussed.
© 2017, Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-

cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
1.1. Metal organic frameworks (MOFs)

Porous materials such as porous ceramics, zeolites, acti-
vated charcoals, porous metal, polymer foams, and porous
glass are being used in many ways in our daily lives. Due to
their well-known properties and wide range applications, the
field of porous materials, in particular the nanoporous mate-
rials, has undergone rapid development in the past two
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decades. Among the recent developed porous materials, metal
organic frameworks (MOFs) are distinct from other traditional
porous materials because of their high porosity and thermal
stability. Formed by the three-dimensional crystalline assem-
bly of inorganic metal ions and organic ligands, MOFs enable
flexible structure design of which well-defined pore sizes,
surfaces areas and functionalities can be tailored by selecting
different building blocks. This high degree of customizability
of MOFs properties has attracted the interest of many re-
searchers. To date, there are more than 20,000 different
structures of MOFs being reported and studied [1]. A few
examples of different MOFs structures are illustrated in Fig. 1.

Depending on the final structures and properties, MOFs may
be prepared using several distinct synthetic methods such as:
slow diffusion [3], hydrothermal (solvothermal) [4], electro-
chemical [5], mechanochemical [6], microwave assisted heat-
ing and ultrasound [7]. These synthesis methods and formation
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List of abbreviations

MOFs Metal organic frameworks

ZIF Zeolitic imidazolate framework

EDLCs Electric double-layer capacitors

LIBs Lithium ion batteries

MWCNTs Multi-walled carbon nanotubes

TEM Transmission electron microscopy

NPC Nitrogen-doped porous carbon

NPM Non-precious metal

AQ Anthraquinone

NQ 1,4-napthoquinone

TCBQ Tetrachlorobenzoquinone

BDC 1,4-benzenedicarboxylic acid

BTC 1,3,5-benzenetricarboxylic acid

NTCDA 1,4,5,8-naphthalenetetracarboxylic
dianhydride

PTCDA Perylene-3,4,9,10-tetracarboxylic
dianhydride

MMT Montmorillonite

RHE Reversible hydrogen electrode

SCE Saturated calomel electrode

mechanisms of MOFs have been comprehensively reviewed by
Seoane and co-workers recently [8]. A wide range of potential
applications of MOFs, ranging from gas (e.g. hydrogen) stor-
age and separation, sensing, catalysis, to drug delivery, has also
been reviewed [9,10]. After nearly three decades since the first
report on synthesis MOFs [11], a few MOFs are now produced
commercially. One of the most prominent commercialized
MOFs is Cu-BTC (also known as HKUST-1) produced by
BASF (marketed under the trademark BASOLITE® C 300) and
sold by Sigma Aldrich [2]. Among other companies which hold
patents for large scale synthesis of MOFs are MOF Technol-
ogies, Ford Global Technologies, Toyota, and Strem Chem-
icals. A search on the World Intellectual Property Organization
(WIPO) database revealed a constant increment of the number
of patents published by the world-wide research community.
This indicates that MOFs are gaining a considerable mo-
mentum towards commercial applications. The number of
patent publications from the years 2007—2017 and the number
of patents filed by each country are shown in Figs. 2 and 3,
respectively. These patents cover the production and applica-
tions of various MOFs or their composites. Fig. 3 also high-
lights that the top two highest numbers of patents are filed by
innovators from United States and China. This is a clear evi-
dence that the researchers from these two countries are
committed to the exploration of the commercial opportunities
of MOFs. On the other hand, according to the WIPO database,
the company which currently owns the highest number of
patents is BASF, with 133 patents published so far.

In addition, the huge library of MOFs structures and the
optimized synthesis methods are helpful for researchers to
explore some other potential applications of MOFs, such as
the usage of MOFs as sacrificial materials for the synthesis of

various nanostructures. This has opened a new direction in
application of MOFs, and might contribute to a better under-
standing of the properties of porous materials. It is evident that
many of the papers published from the years 2008—2013 are
short communications or research work focusing on the syn-
thesis of various new nanostructures from MOFs and deter-
mination of the basic physical properties of the resultant
structures. Very few have measured the performance of these
materials against specific applications and study their recy-
clability. The synthesis method of nanostructures from MOFs
has been reviewed thoroughly by Mai et al. [12]. However, to
the best of our knowledge, there is not yet a review that is
specifically devoted to the synthesis and characterizations of
MOFs-derived nanostructures for applications in energy
related materials, devices, and processes. For this very reason,
we intend to seize this opportunity to review on recent ad-
vances in MOF-derived nanostructures for energy-related ap-
plications from the years 2013—2017, and to anticipate the
prospects of these MOF-derived nanostructures.

1.2. Synthesis of various nanostructures from MOFs

Porous carbon, metals, metal oxides, and their multicom-
ponent hybrids are important inorganic materials for energy
and environmental applications. Dependent on the desired
application purposes, porous materials can be prepared by
several synthetic approaches such as hard templating and soft
templating. Hard templating method involves the framework
precursors filling the cavities present in the structured solid
template of which the template can be removed from the
porous structure after synthesis. In comparison, soft templating
method involves a more subtle physical or chemical in-
teractions between framework source and template which
direct the self-assembly synthesis to allow better control of the
material properties [13]. When compared between these two
templating approaches, soft templating provides a more suc-
cessful pathway for the synthesis of ordered and disordered
porous matrices [14]. In the soft templating route, porous
materials are generally synthesized using the solvothermal
method. This solvothermal method is also the most preferred
method for large scale production, owing to its relative
simplicity and scalability. Aside being used for the synthesis of
zeolite, the concept of solvothermal synthesis method has also
been applied with great success for the synthesis of MOFs.

In the context of synthesizing various nanostructures from
MOFs, MOFs can act as a precursor in which the metal
components provide an intrinsic metal source to derive
nanostructures of metals or metals oxides, as well as a self-
sacrificing template, in which the organic components can
be used as a carbon source to prepare nanoporous carbon [15].
In general, certain MOF structures, such as Cu-BTC and
MOF-5, are collapsed during the carbonization process,
whereas other MOF structures, such as ZIF-8 and ZIF-67, are
better in providing a template to guide the formation of pores
by allowing evaporation of confined organic moistures during
pyrolysis, resulting in a spongy-pore system. Nevertheless, a
homogeneous distribution of nanoparticles in their respective
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Fig. 1. Illustration of nanoporous structures of different MOFs synthesized by different research groups. Reproduced from Ref. [2], with permission from the Royal

Society of Chemistry.

medium is expected. Some of the advantages of using MOFs
as a precursor/sacrificial template for preparation of various
nanostructures include, but not limited to,

i) the fabrication of MOF-derived nanostructures with
desired topological textures and material properties are
made possible with the controlled-calcination of MOFs

ii)

iif)

iv)

undesired structural collapse of the framework during
calcination can be reduced with the use of MOFs as tem-
plates since they generally show structural robustness [16]
allow easy functionalization with other heteroatoms and
metal/metal oxides, therefore able to increase overall
performance and efficiency

the preparation of MOFs can be carried out under mild
conditions and simple processes
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organic framework).

Benefiting from these advantages, MOF-derived nano-
structures have narrower distributions of pore volumes, and
higher specific surface area, and have more variations in
morphology, such as nanocages, hollow spheres, and hollow
polyhedrons, compared to other nanostructures. Additionally,
this synthesis approach also helps solve the potential in-
compatibility issue between electroactive material and 3D
substrate support through some unique growth and decompo-
sition mechanisms. However, on-going research is aiming to
address and overcome the limitations of using MOF as pre-
cursors/templates. Some of these limitations include poor
control of the pore size of the MOF-derived nanostructures
due to the lack of understanding of the MOF decomposition
mechanisms, and relatively high calcination temperatures are
required.

Notably, by subjecting MOF precursors of various struc-
tures and crystallinity to different calcination temperatures,

material with different topologies, crystallographic phases,
and porosities can be obtained. Fig. 4 shows the overview of
different types of nanostructures synthesized from thermal
treatment of MOF precursors. It is worth mentioned that ion-
exchange method has also emerged recently as an alternative
method to thermal treatment for preparation of various nano-
structures from MOF precursors. Although more chemicals
and experimental steps were involved in the ion-exchange
method, nevertheless, the as-synthesized nanostructures from
this method have demonstrated some exciting properties
[30,32,58].

Overall, this article aims to present a comprehensive review
on the recent development in the synthesis and applications of
various nanostructures derived from different MOFs. In the
subsequent sections, we will summarize some recent exciting
examples of these applications across the field of electro-
chemical energy storage, catalysis, sensing, and water treatment.

p
o Multi-metal oxides, metal/carbon,
Metal Calcination in air Metal/Metal Oxide
\
Organic P
Frameworks ) Metal oxide/carbon, Metal-Metal
Pyrolysis Oxide/Carbon, Metal carbide, Metal sulfide
\

Fig. 4. Overview of different types of nanostructures derived from MOFs Precursor.
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2. Applications of MOF-derived nanostructures in
electrochemical energy storage

The demand for efficient use of clean and renewable en-
ergy, as well as, the popularization of portable electronics and
electric vehicles has prompted the development of energy
storage materials, especially for electrochemical energy stor-
age [17]. The use of nanomaterials for electrochemical energy
storage has emerged as a promising approach [18]. Given their
unique electrical, mechanical properties, and high surface
area, nano-sized active materials are expected to bridge the
gap towards the realization of the next generation of energy
storage device [19]. For being competitive, these materials
also need to have long cycle-life, good charge/discharge effi-
ciency, good retention of charge and adequate operate voltage
to ensure high energy and power density of the storage devices
[20]. Many investigations had been carried out in the search
for a better synthesis method for producing materials to cater
different electrochemical energy storage purposes. The direct
pyrolysis/carbonization of MOFs is a new method for syn-
thesis of porous materials for energy storage. The use of
pristine MOF and MOF-derived structures for electrochemical
energy storage and conversion has been reviewed by Xia and
co-workers in early 2015 [17]. Nonetheless, this review will
cover the MOF-derived nanostructures and their applications
as electrode materials for supercapacitors and LIBs, with a
focus of more recent works published between 2015 and 2017.
In order to compare and show the classifications of various
electrochemical energy storage devices, a graphical illustra-
tion of a simplified Ragone plot of specific power versus
specific energy is shown in Fig. 5.

Ragone Plot
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Fig. 5. Illustrative Ragone plots of specific power versus specific energy for the
various electrochemical energy storage devices and internal combustion en-
gine [21].

2.1. Supercapacitors

A capacitor is a passive component designed to store en-
ergy in an electric field. It generally consists of two conducting
plates separated by an insulator (dielectric) [21,22]. A super-
capacitor (electrochemical capacitor), on the other hand, is an
ideal electrical energy storage device with higher power
capability, longer cyclic life, and higher packaging flexibility
compared to traditional energy storage devices [23]. Presently,
there are two types of supercapacitors, namely: the electric
double-layer capacitors (EDLCs) and pseudocapacitors (which
employ a reversible Faradaic reaction to store charges)
[21,24]. Carbon materials are commonly used as electrode
materials for EDLCs. However, they do not have very high
specific capacitance despite their high surface area. The
incorporation of heteroatoms such as nitrogen or oxygen into
the carbon structures can improve the capacitive storage of the
carbonaceous materials. This is well demonstrated by Zhong
and co-workers, who prepared a series of nitrogen-doped
porous carbon (NPC) from ZIF-8 (prepared from zinc salts
and 2-methylimidazole) with the addition of carbon sources
(melamine, urea, xylitol and sucrose) [25]. Their results
proved that the introduction of additional carbon sources
would form a protective layer around the samples, thus
reducing their nitrogen loss during carbonization. This was
evident from the fact that the NPC sample with the highest
nitrogen content (4.5 wt.%) had the best capacitive behavior
(285.8 F g~ ' at a mass normalized current of 0.1 A g™ ').

Aside from nitrogen doping and carbon capping, another
strategy that could increase the performance of MOF-based
carbon materials is support modification and redox-active mol-
ecules functionalization. In the year 2016, Wang's team coated
ZIF-8 derived carbon onto multi-walled carbon nanotubes
(MWCNTS) to form necklace-like structures [26]. The sche-
matic illustration for the synthesis of C@ MWCNTs, its resultant
TEM image, and the specific capacitances at different current
densities are illustrated in Fig. 6. The synthesis began by stirring
a mixture solution of ZIF-8 and MWCNTs, kept still for 24 h,
then followed by annealing at 800 °C for 3 h. After carboniza-
tion, the porous carbons were embedded on the surface of
crystalline MWCNTSs, as evident from the TEM image (Fig. 6).
When compared to other core—shell structures and MWCNTs
based core—shell structures, this MOF-derived C@MWCNTSs
provide some extra accessible surfaces for ion transports which
does not agglomerate or restack. The MOF-derived nano-
structures have some improved performances, such as high
specific capacitance (326 F g~ at a mass normalized current of
1 A g Y, good rate capability, and excellent cycling stability
(99.7% capacitance retention after 10,000 cycles).

Guo's group had attempted the functionalization of some
NPC materials by the incorporation of anthraquinone (AQ),
1,4-napthoquinone (NQ), and tetrachlorobenzoquinone
(TCBQ) to the NPC framework via a noncovalent interactions
method [27]. Results indicated that AQ-NPC had the best
current response in the negative potential region with a spe-
cific capacitance of 373 F g ' at a mass normalized current of
1A gfl, whereas a variant combination, (TCBQ + NQ)-NPC,
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Fig. 6. Schematic illustration for (a) the synthesis of C@ MWCNTs, (b) its resultant TEM image, and (c) the specific capacitances at different current densities.

Reproduced from Ref. [26], with permission from Elsevier.

showed a current response in the positive potential region.
Together they generated a potential self-matching behavior in
the two-electrode configuration, which led to a high perfor-
mance asymmetrical supercapacitor with a high specific en-
ergy value of 23.5 Wh kg~'. More importantly, this
functionalized method had enhanced the overall capacitance
of carbon by 1.4 times.

In general, the performance of carbon-based materials as
EDLC is affected by pore size distribution and pore volume.
On the other hand, the redox active species for Faradaic ca-
pacitors are dependent on the size of the redox active species,
porosity, crystallinity and surface area of the electrode mate-
rials for energy storage [17]. Redox active species are transi-
tion metal oxides or conductive polymers which have a storage
mechanism based on reversible Faradaic redox reactions. The
preparation of redox active species using MOF precursors are
less common compared to the preparation of carbon materials
from MOFs.

In 2014, Zhang's team described the calcination of ZIF-67
(prepared from cobalt salts and 2-methylimidazole) in air at
450 °C for 30 min (with a slow heating rate of 1 °C/min) for
the preparation of porous hollow Co304 with rhombic
dodecahedral structures [28]. This hollow rhombic structure
provided structural stability for the charging/discharging cycle
whereas the highly mesoporous Co;04 structures enabled the
facile penetration of electrolyte and guaranteed a relatively
high electroactive surface area. These properties had suc-
cessfully increased the overall rate capacity and cycle life of
the hollow Co304 nanoparticles. These nanoparticles reported
a remarkable specific capacitance of 1100 F g~ ' at a high mass
normalized current of 12.5 A g~

The incorporation of NiZt cations, S~ anions or OH™ an-
ions could increase electrical conductivity and aid the forma-
tion of new active sites. In 2015, Hu's group synthesized
Co0304/NiC0,0,4 double shelled nanocages from ZIF-67 and
Ni—Co layered double hydroxides (source of Ni** cations)
[29]. The formation process of these nanocages is shown in
Fig. 7. The as-synthesized materials were evaluated as elec-
trodes for pseudo capacitors and electrocatalysts for oxygen
generation. Results showed that the Co;04/NiCo,04 nanocages
exhibited a high capacitance of 972 F g ' at 5 A g~ ' and even
an impressive 615 F g~ ' of capacitance at 50 A g~ '. A superior
cycling stability of 12,000 cycle life was also achieved. Besides
that, as an electrocatalyst, the bimetallic nanocages delivered a
current density of 10 mA cm 2 at a potential of 1.57 V vs.
reversible hydrogen electrode (RHE). The greatly enhanced
performance was attributed to the composition and complex
structure of the double shelled nanocages and the incorporation
of Ni?* cations. On the other hand, the incorporation of S~
anions to the nanostructures was demonstrated by Jiang's team
who fabricated hollow CoS nanocages from ZIF-67 template
and thioacetamide using ion-exchange method [30]. Even
though the cycling stability was not high, however, these CoS
polyhedral nanocages had the highest reported specific
capacitance among those nanostructures discussed in this
Section 2.1 (~1400 F g~' at a mass normalized current of
10 A g~ 1. The study had successfully proved the importance
of $*~ hydrolyzing of ZIF-67 and the effectiveness of using
MOF template in producing nanostructures with high per-
forming pseudo capacitance properties. Hu and co-workers
worked on a similar method of using ZIF-67 to produce CoS
nanocages but added an additional step of reaction with water
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Fig. 7. Schematic illustration of the formation process of Co304/NiCo0,0,4 double shelled nanocages. Reproduced from Ref. [29], with permission from American

Chemical Society.

(OH™ anions) to obtain double-shelled hollow CoS nano-
structures surrounded by outer CoS nanosheet-constructed
shells [31]. Without the presence of carbon, the double-
shelled hollow structures had showed a large specific surface
area of 11 m* g~'. Not only did the double-shelled assembly
supply more active sites for electrochemical reactions, it also
resulted in good structural robustness to enhance electro-
chemical stability. The stability of CoS was demonstrated when
a specific capacitance of 765.6 F g~' (at a mass normalized
current of 10 A g ') was achieved after 10,000 cycles.
Recently, Guan's team carried out two ion-exchange reactions
(with S*>~ anions and then with Ni** cations) to obtain onion-
like NiCo,S, particle from a Co-MOF [32]. Remarkably, the
seven-layered onion-like structure delivered better rate per-
formance, higher energy density, higher power density, and
comparable capacitance retention (after tested for 10,000 cy-
cles) than those Ni—Co sulfide based electrodes derived from
non-MOF template reported in Ref [33—35]. Benefiting from
the complex composition and multi-shelled structure, a specific
capacitance of 765.6 F g ' was achieved after 10,000 cycles at
a mass normalized current of 10 A g~ .

Furthermore, among the novel MOF-derived redox
active species, the binary mixed metal/metal oxide@carbon
composites prepared by Wang and co-workers had showed
excellent super capacitive performance [36]. The group
carbonized Co—Mn-MOF-74 nanoparticles at 600—800 °C
under nitrogen flow for 2 h to obtained Co—CoO—MnO@C
composites. The schematic illustration for the preparation
of Co—CoO—MnO@C composites is shown in Fig. 8. At a
pyrolysis temperature of 700 °C, the porous electrode delivered

Hydrothermal \

B e 1
Crystalization

.
'( =

a maximum specific capacitance of 800 F g~' at a mass

normalized current of 1 A g~ '. The reasons for such good result
included the support gained from embedment of metal oxides
particles in the carbon framework, more active contact area
provided from the uniform dispersion of active metal oxide
nanoparticles, and reduced transport length, faster electrons
transport, and better charge—discharge efficiency provided by
porous carbon framework (from the original MOF framework).
Given the effectiveness and relatively straightforward syn-
thesis procedures, other researchers had also employed this
method for the synthesis of various other metal/metal oxides.
In 2017, Han's team fabricated NiO (from Ni-MOF) with a
reversible specific capacitance of 324 F g~' at a mass
normalized current of 1 A g~ [37]. Comparatively, Wu and
Hsu embedded Ni nanoparticles in partially graphitic porous
carbon and found that it had much superior capacitive
behavior [38]. Optimization was carried out to increase elec-
trical conductivity while maintaining large surface area. At the
end, NiO nanoparticles synthesized from an optimum pyrol-
ysis temperature of 800 °C, was able to achieve a reversible
specific capacitance of 886 F g~ at a mass normalized current
of 1 A g'. These well-dispersed NiO nanoparticles also
provided extra redox capacitance for Faradaic reactions.
Meanwhile, Zeng and co-workers reported the room tem-
perature synthesis of CeO, from Ce-BTC (prepared from
cerium salts and benzene-1,3,5-tricarboxylic acid (BTC)) by
treatment of Ce-BTC in an alkaline solution of KOH for 2 h [39].
SEM images of both structures are shown in Fig. 9. After alkali
treatment, some of the original dumbbell-shaped from Ce-BTC
remained, while some collapsed into half dumbbell-shaped

) Direct

Carbonization

St
e Co* eoMn* CoMn-MOF-74 M/MO@C

CaHeO nanocrystals nanocrystals
@ CsHeUs

Fig. 8. Schematic illustration for the preparation of Co—CoO—MnO@C composites and SEM image of Co—CoO—MnO@C composites. Reproduced from

Ref. [36], with permission from The Royal Society of Chemistry.
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Fig. 9. SEM images of (a—b) Ce-MOF and (c—d) CeO,. Reproduced from Ref. [39], with permission from Elsevier.

structures. Nevertheless, CeO, had demonstrated a remarkable
stability up to 10,000 cycles and a capacitive performance of
235 F g~ '. This specific capacitance of this CeO, can also be
increased more than three-fold to 779 F g~ with the addition of
K4Fe(CN)g (redox-active agent) into the alkali KOH solution.
Lastly, the electrochemical capacitive performance MOF-
derived Cr,O3 — carbon composite was also studied by
Ullah's group [40]. The as-synthesized nanocomposites
exhibited a specific capacitance of 291 F g~' at a mass
normalized current of 0.25 A g~ ' and a 95.5% long-term cycling
stability over 3000 cycles. The porosity and high surface area of
the composites obtained using this approach had made them
promising electrode material for use as supercapacitors.

In summary, despite their disadvantages such as lower
specific capacitance and lower power density, MOF-derived
carbon, metal oxides, and their composites have promising
applications in supercapacitors. In general, ZIF-8 derived
carbon has the largest surface area, whereas Co-MOF derived
nanostructures exhibit the highest specific capacitance. A
more detailed comparison of the performance of various
nanostructures synthesized from MOF precursors as super-
capacitors, which are discussed in this section, is summarized
in Table | and graphically presented in Fig. 10. The strategies
which are crucial for improvement of supercapacitive perfor-
mance could be summarized as: i) well dispersion of nano-
particles, ii) presence of porous carbon framework (or hollow

Table 1
Comparison of the performance of various nanostructures synthesized from MOF precursors as supercapacitors.
Materials Doping Original MOF Specific surface Mass Specific Cycle Reference

area (m* g~ ) normalized capacitance numbers

current (A g ') (Fg™h

Carbon Nitrogen ZIF-8 934 0.1 285.8 1000 [25]
Functionalized C Nitrogen ZIF-8 1140 1 373 5000 [27]
C@MWCNT - ZIF-8 569.3 1.0 326.0 10,000 [26]
Co304 - ZIF-67 128 125 1100 6000 [28]
C0304/NiCo0,04 Nickel ZIF-67 46 5 972 12,000 [29]
CoS Sulfur ZIF-67 96.3 10 ~1400 1000 [30]
Double-shelled CoS Hydroxide, Sulfur ZIF-67 110 769.9 10,000 [31]
NiCo,S4 Sulfur, Nickel Co-MOF 72 10 765.6 10,000 [32]
Co/MnO/CoO/C - CoMn-MOF-74 242.4 1 800 1000 [36]
NiO - Niz;(HCOO)e 34 1 324 1000 [37]
Ni@Graphitic C - Ni-BDC 140 1 886 1000 [38]
CeO, - Ce-BTC 205 1 779 10,000 [39]
Cr03 Carbon MIL-101 438 0.25 291 3000 [40]
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Fig. 10. Comparison of the performance of various nanostructures synthesized from MOF precursors as supercapacitors [denoted by their reference number].

shells) which provide support to hold nanoparticles and larger
channels for easy transport of electrolyte ions, iii) addition of
nitrogen or other doping to improve electrical conductivity,
and iv) presence of a conductive network which facilitate the
transport of electrons.

2.2. Lithium ion batteries

Lithium ion batteries (LIBs) are the most vital system for
state-of-the art rechargeable batteries. However, despite their
long lifespan and ease of integration into portable devices,
they are not able to meet the requirements for higher energy
and power demand nowadays [41]. In the recent years, aside
from graphite, the commercial negative electrode material,
various nanostructured materials such as carbon nanotubes,
graphene composites, transition metal oxides, etc. have been
extensively investigated for applications in LIBs. The quest for
these alternative materials is motivated by the limited capacity
and energy density of graphite.

Previous works have demonstrated that the incorporation of
nitrogen atoms into the carbon networks could facilitate the
formation of stronger interaction between the nitrogen-doped
carbon structure and the lithium ions [42,43]. In 2014, Zheng
and co-workers synthesized NPC from the pyrolysis of ZIF-8
under nitrogen flow [44]. The team manipulated the nitrogen
content to improve the electrochemical performance without
sacrificing the structural stability of the NPC. At an optimized
nitrogen content of 17.72 wt.% and carbonization temperature
of 800 °C, the synthesized materials achieved a specific ca-
pacity of 2132 mAh g~ ' after 50 cycles at a mass normalized
current of 100 mA g~ '. This facile MOF-carbonization method
had produced excellent capacity more superior than other NPC
materials reported in Ref [45] and [43].

Zn(NOs):2
+ o0
OH DMF: ethanol = 5:3
HO
150 °C 6h
o +

PVP

Besides carbon materials, MOFs have also been used as
precursors for the fabrication of metal oxides, transition metal
oxides, metal/metal oxides, and metal oxides/carbon composites
for LIB negative electrode materials. Earlier in 2013, Yang's
team examined the synthesis of porous carbon-coated ZnO
quantum dots from the controlled pyrolysis of Zn,O-MOF-5
[46]. The as-synthesized material achieved a high reversible
capacity of 1200 mAh g~' at a mass normalized current of
75 mA g~ '. As such, this study revealed the importance of
optimization of pyrolysis temperature, duration of heating, and
the heating rate, because these properties directly affected the
crystal size of the ZnO particles, which in turn affected the rate of
lithium ions diffusion and the overall electrochemical perfor-
mance. ZnO quantum dots supported on graphene produced by
MOF precursor had also shown better performance compared to
those synthesized using atomic layer deposition method, which
had a recorded reversible capacity of 960 mAh g~ ' at a mass
normalized current of 100 mA g~ !, reported in Ref. [47].

Recently, Song and co-workers synthesized a hollow porous
ZnO distributed evenly on carbon nanocages at a moderate
pyrolysis temperature of 500 °C [48]. A schematic illustration of
their preparation process is shown in Fig. 11. Given its pristine
structure which effectively accommodated the agglomeration of
ZnO and volume expansion/shrinkage during discharge/charge
process, the prepared materials had demonstrated higher spe-
cific capacity compared to cobalt-doped ZnO@C reported in
Ref. [49]. At a similar mass normalized current of I00 mA g~ la
hollow ZnO@C had a reversible capacity of 750 mAh g~ over
100 cycles, whereas a cobalt-doped ZnO@C had a reversible
capacity of 725 mAh g~ ' over 50 cycles only.

Furthermore, Gao and co-workers have attempted the
synthesis of ZnO@C using formic acid as an organic ligand
instead of the usual terephthalic acid (H,BDC) and tested its

Y500 °C, 5 °C/min

Fig. 11. Schematic illustration of the preparation process of the hollow porous ZnO/C nanocomposites. Reproduced from Ref. [48], with permission from Elsevier.
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performance as negative electrode materials for LIB [50].
Results (Entry 5, Table 2) showed that it has better reversible
capacity than those prepared from MOFs containing H,BDC.
The authors attributed the excellent stability and lithium ion
storage properties to the carbon support and the appropriate
carbon content matrix from formic acid which suppressed the
agglomeration and growth of ZnO nanoparticles during
cycling process. In 2016, Zou's group dispersed porous ZnO
nanoparticles (derived from ZIF-8) on MWCNTs [51]. When
using methylimidazole as organic ligands and carbon nano-
tubes as support, the resultant material exhibited a lower
reversible capacity of 419.8 mAh g ' at a mass normalized
current of 200 mA g™, but it showed excellent rate capability
when tested at various current rate between 100 and
1000 mA g~ '. Even when the mass normalized current was
increased to 1000 mA g_l, the material was able to retain a
specific capacity of 326.8 mAh g .

The aforementioned examples demonstrate that ZnO can be
synthesized from various Zn-MOFs. By manipulating the
choice of organic ligands, pyrolysis conditions, and choice of
support, ZnO with different pore sizes and specific capacity
can be synthesized. Besides ZnO, ternary Zn-based oxides
have also generated much research because of their high
specific capacity, low cost, and environmental friendliness.
Challenges remained as to improve their inherent poor elec-
trical conductivity and large volume changes upon cycling. In
2014, Zou's group fabricated a novel porous ternary Zn-based
oxides, ZnO—ZnFe,0,@C hybrid structures which had one of
the most outstanding electrochemical lithium storage perfor-
mance reported so far [52]. At optimum conditions, a revers-
ible capacity of 1060 mAh g~' at 500 mA g~ ' mass
normalized current was achieved. This high rate performance

was attributed to the near equal molar ratio of Zn to Fe, and
the incorporation of nanoparticles in carbon matrix with hol-
low spaces which helped to relieve the volume effect and
maintained the electrical connectivity integrity. Recently, Cai's
group synthesized similar ZnO/ZnFe,0, hybrid nanostructures
but with ZnFe Prussian blue analogue and without a carbon
support [53]. This unique structure had displayed a high
reversible discharge capacity of 704 mAh g~ after 200 cycles
at 200 mA g '. The synergistic effect from the two well-
distributed ZnO and ZnFe,O, phases within the hybrid
nanostructures have contributed to this superior cycling sta-
bility at high mass normalized current. Moreover, this study
had proven the potential applications of various MOFs in
preparation of hybrid nanostructures with excellent electro-
chemical performance as negative electrode materials.

In addition to ZnO, Co30;, is another metal oxides which
has high theoretical capacities (890 mAh g~ ') [54]. In 2017,
Du and co-workers employed a controlled calcination of Zn-
doped MOF-74 at 400 °C to fabricate porous ZnCo,O,4 [54].
When compared with Coz;0,4, the obtained porous nano-
structured ZnCo,0O4 has demonstrated improved specific ca-
pacity, cycling stability, and rate capability, owing to the
strong synergistic effect between Zn and Co. It was shown that
with an additional doping step during MOF synthesis, the
pyrolysis of MOF could yield metal/metal oxide compounds
with superior properties. Knowing that Co;0, have limited
cycling stability and rate capability, Su's team has employed a
new strategy to overcome these limitations. They synthesized
Co-MOFs with different organic linkers (1,4,5,8-
naphthalenetetracarboxylic dianhydride (NTCDA) and per-
ylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA)) and
then treated them with organic amine solution before

Table 2
Comparison of the performance of various nanostructures synthesized from MOF precursors as negative materials for lithium ion batteries.
Materials Doping Original Pore Mass normalized Reversible capacity Cycle Reference
MOF size (nm) current (mA g’l) (mAh g’l) numbers
Carbon Nitrogen ZIF-8 2 100 2132 50 [44]
ZnO(QD)@C - MOFEF-5 35 75 1200 50 [46]
Hollow ZnO@C - MOF-5 - 100 750 100 [48]
Co—ZnO@C Cobalt MOF-5 - 100 725 50 [49]
Zn0@C - Zn;(HCOO)g 30 100 955 50 [50]
ZnO/MWCNTs ZIF-8 3.8—144 200 419.8 100 [51]
Zn0O/ZnFe,04/C - MOF-5 7 500 1060 60 [52]
Zn0O/ZnFe,0,4 — ZnFe Prussian — 200 704 200 [53]
blue analogue
ZnCo,0, Zinc MOF-74 ~18 100 1243 80 [54]
Co50,4 nanorings — Co-NTCDA — 100 1370 30 [55]
Co-PTCDA
Co0304/3D nickel foam - ZIF-67 - 5000 976 500 [56]
CoSe@carbon nanoboxes Selenium ZIF-67 2—-20 100 660 100 [57]
CoS; hollow prisms Sulfur ZIF-67 2—10 1000 737 200 [58]
FeS, @S-doped C Sulfur MIL-88-Fe 3—-10 100 1336.5 200 [59]
NiP,@C Phosphorus Ni-MOF-74 4-30 50 656 50 [63]
SnO,@C Tin (Sn) Cu-BTC 100 100 880 200 [64]
CuO/3D graphene network - Cu-BTC 16 100 409 50 [65]
CuO - Cu-BTC - 100 470 100 [66]
Anatase TiO, - MIL-125 ~1.25 10,000 127 1100 [67]
Anatase TiO, - MIL-125 ~1.9 1000 166 500 [68]
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calcination [55]. The enhanced lithium storage performance
(1370 mAh g~' reversible capacity at a mass normalized
current of 100 mA g~ ') of the obtained material has proven
that the synthesis method was feasible for the preparation and
modulation of metal oxides and their morphology. Besides
that, the electrical conductivity of Co3;04 can also be improved
by coating the metal oxides on electro-conductive substrates.
This has been demonstrated by Fang's group, who coated
porous Co3;04 on three-dimensional nickel foam to optimize
its structural and mechanical properties [56]. A schematic
illustration of the synthesis process and SEM images of the
material is shown in Fig. 12. The as-synthesized material
sustained a reversible capacity of 976 mAh g~ ' at a high mass
normalized current of 5000 mA g~' for 500 cycles, putting
this material as one of the negative electrode materials with
superior cyclic stability reported in the literatures. Moreover,
aside from coating porous Co;0, on conductive substrates, the
electrical conductivity and structural stability can also be
improved by confining the particles within a hollow carbon-
enriched outer shell. In 2016, Hu and co-workers pyrolyzed
Se-doped ZIF-67 to obtain CoSe nanoparticles confined within
hollow carbon shell [57]. Benefiting from the structural pro-
tection and pathways for charge transport provided by the
hollow carbon matrix, the as-synthesized CoSe@C showed
excellent cyclability by retaining a 91.6% discharge capacity
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Calcination

Porous Cos04/3DNF
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(660 mAh g~ ') after 100 cycles at a mass normalized current
of 100 mA g~'. On the other hand, Yu's group had employed
an ion-exchange method to convert ZIF-67 MOF into CoS,
hollow prisms [58]. They first developed a fast ion-exchange
method to produce ZIF-67 hollow prisms, followed by a sul-
fidation reaction to convert ZIF-67 into CoS, bubble-like
particles. A subsequent thermal treatment then produced
crystalline hierarchical CoS, prisms with multilevel hollow
interiors. The unique structural features of hollow interior and
ultrathin shells had allowed the as-synthesized nanoparticles to
perform remarkably as negative electrode material for LIB
with high rate capability and long-term cycling stability
(reversible capacity of 737 mAh g~ after 200 cycles at a mass
normalized current of 1000 mA g~ ").

In 2016, Fe-based and Ni-based MOFs were used to
fabricate derivatives of porous nanostructures for high per-
formance LIBs. Pang and co-workers synthesized FeS,@S-
doped C from MIL-88-Fe and sulfur powder [59]. The as-
synthesized material had a rice skeleton which was mainly
inherited from the templating effect of the rice-like Fe-MOF
precursor. This rice-like morphology was also said to be
roughly maintained at a MIL-88-Fe to S powder mass ratio of
1: 2.5, in which over-sulfurization will destroy its morphology.
Benefiting from the MOF derived heterogeneous porous
structure as well as the sulfur-doped carbon of this composite,

Nucleation

‘Growth

Co-MOF/3DNF

Fig. 12. (a) Schematic illustration of synthetic process of C0304/3D nickel foam hybrid, (b—c) SEM images of Co304/3DNF grown for 1 h. Reproduced from

Ref. [56], with permission from Elsevier.
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the FeS,@S-doped C had achieved a large reversible capacity
of 1336.5 mAh g~ " after 200 cycles, which was more superior
than other FeS,-based materials such as those reported in Ref
[60—62]. In contrast, Li's group prepared nanostructured
NiP,@C via calcination of Ni-based MOF-74 with phosphorus
[63]. The use of a MOF had retained the porous structures of
the composite, whereas the introduction of porous carbon
round the NiP, nanoparticles had greatly enhanced the elec-
tronic conductivity and stopped nanoparticles coalescence
from Ostwald ripening. As a result, a reversible capacity of
656 mAh g~ after 50 cycles at the mass normalized current of
50 mA g ' was reported. Lastly, other examples of MOF-
derived metal oxides which exhibited some electrochemical
properties are SnO,@C (from Cu-BTC) [64], CuO octahedral
on 3-D graphene (from Cu-BTC) [65], CuO octahedral (from
Cu-BTC) [66], and porous anatase TiO, (Ti-MIL-125) [67,68].
All the examples discussed in this section and their electro-
chemical measurements are tabulated in Table 2 and graphi-
cally presented in Fig. 13.

In summary, these MOF-derived nanostructures demon-
strated high reversible capacities, rate capabilities, and cycling
stabilities more superior, or at least comparable with graphite
(specific capacity = 372 mAh g~' [69]), the commercial
negative electrode material. The most widely studied nano-
structures are MOF-derived zinc oxides. However, the highest
reversible capacity was achieved by MOF-derived cobalt ox-
ides. Overall, this two-step MOF-derived method is also cost
effective, convenient, and can be extended to the fabrication of
other porous metal oxides with defined structures for other
applications other than energy storage. Currently, improve-
ments in terms of durability and energy density of LIBs are
still very much needed. These improvements are expected to
be done through more modifications of coating and doping.
Lastly, while all the aforementioned examples in this section
are centered on their performance as negative electrode ma-
terials for LIBs, it is also worth mentioning that MOF-derived
nanostructures could also be used as positive electrode mate-
rials for lithium sulfur batteries [70,71], lithium-oxygen bat-
teries [72,73], and lithium-selenium batteries [74].
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3. Applications of MOF-derived nanostructures in
catalysis

In order to meet stricter environmental standards, the
chemical industry is always interested in the development of
chemical processes that produce the least amount of chemical
waste. In principle, catalysts with good activity and selectivity
will help to increase the productivity and reduce the chemical
waste produced. Therefore in the chemical industry, catalysis
study is an important tool and will continue to be a key for the
development of sustainable chemical processes [75]. Although
homogeneous catalysts have been successfully applied in
many industrial processes [76], however, they still suffer from
several intrinsic drawbacks of homogenous catalysts, such as
difficulty in recovery of the catalysts from the reaction mix-
tures and poor thermal stability of the catalysts. In compari-
son, heterogeneous catalysts offers the advantages of longer
catalyst life, easier separation, and more efficient recycling,
thus allowing energy conservations and an improved overall
handling and process control [77]. As a rapidly developing
class of porous materials, MOFs have continued to show their
potential applications in the field of heterogeneous catalysis.
The catalytic applications of the direct use of MOFs for a
variety of organic reactions, photocatalysis, and tandem re-
actions have been reviewed comprehensively in Ref [78—80].
In addition to their applications in electrochemical energy
storage (cf. Section 2.0), nanostructures prepared from calci-
nation or pyrolysis of MOFs can also be used as chemical
catalysts. Conventional synthesis methods of chemical het-
erogeneous catalysts, such as solvothermal, hydrothermal, and
wet-impregnation methods, are challenging in obtaining cat-
alysts with uniform active sites and surface areas [81].
Therefore, facile alternatives for new/improved catalyst com-
pound with better long-term stability and better pore size
control are of research interest. When compared to porous
materials synthesized from conventional methods, MOF-
derived nanostructures generally have improved catalytic ac-
tivities and selectivities due to their larger surface areas (with
well-defined and interconnected pore system) and facilely

2500 1
- o 44]
2000 -
2
£ 1500 A
= (597 8 5]
© o ©[54]
o [46] o (52
g 1000 o [50] (52] o [56]
2 : 48] o [58]
D 00 [63] e [4918 (57] [53]
2 5007 fes) 8 (661 e [51]
= ® [68] [67] o
0 T T \
10 100 1000 10000

Mass normalized current (mA g')

Fig. 13. Comparison of the performance of various nanostructures synthesized from MOF precursors as negative materials for lithium ion batteries [denoted by

their reference number].
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tailored functionality [12]. The following sections will present
the recent developments of MOFs as precursors for the prep-
aration of various functional materials, such as metal and
metal oxides, in heterogeneous catalysis applications,
including electrocatalysis, photocatalysis, and for the pro-
duction of fine chemicals.

3.1. Electrocatalysts

Electrocatalysts shape the future of sustainable energy
technologies by enhancing the rates of electrochemical re-
actions, such as oxygen reduction reaction (ORR), oxygen
evolution reaction (OER), and hydrogen evolution reaction
(HER) that take place on the surface of electrodes. Their
respective half-equations are shown in Fig. 14. Due to the high
cost of platinum metal, researchers are interested in devel-
oping low cost non-precious metal (NPM) catalysts that could
match the performance of commercial platinum-based cata-
lysts in terms of stability and activity. Some examples of NPM
catalysts that have been studied include metal oxides, carbon
materials (graphene, nanotubes, N-doped carbon), carbides
and borides [82].

Meanwhile, MOFs (as precursors) have been proved to be
suitable in derivation of highly active NPM electrocatalysts
[86—88]. Some the earlier works which motivated researchers
to develop MOF-derived metal/metal oxide-carbon nano-
hybrids for electrocatalysis was carried out by Chaikittisilp
and his team in 2014 [89]. Their works included the synthesis
of ZIF-9 derived Co30,4/C hybrid that has shown similar cat-
alytic activity in ORR in comparison to the commercial Pt/C
catalyst. Since then, there has been many works reported on
Co-MOF derived electrocatalysts. Xia's group synthesized
ZIF-67 of various crystalline sizes ranging from 300 nm to a
few um and studied the effect of crystalline sizes on the
preparation of Co@N-doped carbon polyhedrons and their
ORR activities and stabilities [90]. After pyrolysis under argon
gas flow for 2 h (at a temperature of 750 °C), the Co@N-
doped carbon polyhedrons prepared from the smallest MOF
crystals exhibited the highest ORR activity. The ORR onset
and half-wave potential values obtained were 0.86 V and
0.71 V vs. RHE, respectively. The protective carbon shells

M.H. Yap et al. / Green Energy & Environment 2 (2017) 218—245

around the cobalt nanoparticles has successfully increased the
stability of the electrocatalyst, one that is even superior to that
of Pt/C in an acidic medium. The commercial Pt/C catalyst has
suffered from a drastic current loss of approximately 87% after
15,000 s, whereas the as-synthesized Co@N-doped carbon
catalyst exhibited only a lower attenuation of 58%. The team
has then improved the preparation method to synthesize a
novel Co—Co030,@C mixed metal oxide nanoparticles
encapsulated in a highly ordered porous carbon matrix [91].
When coated on glassy carbon (GC) electrode, these highly
dispersed nanoparticles (diameter of 15—30 nm) recorded an
increased onset potential of 0.93 V and half-wave potential of
0.81 V vs. RHE in ORR.

Recently, bimetallic MOF structures were used to prepare
ORR electrocatalysts with a low catalyst loading and high
catalytic activity. You and co-workers reported the synthesis of
a Co—N—C polyhedron electrocatalyst by direct pyrolysis of
Zn—Co bimetallic MOF without any post treatment [92]. An
illustration of the carbonization of Zn—Co bi-MOF is shown in
Fig. 15. At optimum conditions, an excellent onset potential of
0.98 V (almost comparable to the 0.982 V of Pt/C) and a half-
wave potential of 0.871 V vs. RHE were obtained. Overall, the
synthesized structure had well dispersed Co nanoparticles
(~9.5 nm) with excellent catalyst stability and comparable
ORR activity than commercial Pt/C tested in the same study.

Shang and co-workers reported a synthesis method for
Co,N-doped carbon which is slightly complicated but effective
in increasing the activity of the as-synthesized electrocatalysts
[93]. They coated Zn—Co bimetallic ZIF nanoparticles with
mesoporous silica, followed by pyrolysis at a temperature of
900 °C, and removal of the silica shell by wet chemical
etching. The coating of mesoporous silica had offered pro-
tection to the Co,N-doped carbon nanoframework by pre-
venting their irreversible fusion and aggregation during high
temperature pyrolysis. The optimal as-synthesized material
showed that it had a superior ORR catalytic activity perfor-
mance (a onset potential value of 0.88 V vs. RHE) as
compared to commercial Pt/C of the same loading in alkali
media reported in the same study.

There are some reported application of metal phosphates
and mixed metal oxides as electrocatalysts for OER. A facile
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Fig. 15. Illustration of carbonization of the Zn/Co bi-MOF to produce Co—N—C. Reproduced from Ref. [92], with permission from American Chemical Society.

strategy was employed by He's team to synthesize Ni—Co—P/
C nanoboxes by chemical treatment of ZIF-67 with Ni(NOj3),
and annealed with NaH,PO, under nitrogen gas flow [94].
This phosphidation approach has yielded a Ni—Co—P/C
catalyst with superior OER activity (with an onset potential of
1.56 V vs. RHE). This is comparable to the performance of
other metal-phosphate-based catalysts such as Mn—Co—P
(1.56 V vs. RHE) [95], Co—P/reduced graphene oxide (rGO)
(1.57 V vs. RHE) [96], and Ni,P (1.52 V vs. RHE) [97]. The
researchers have attributed the enhanced OER performance (as
compared to Ni—Co—P in the same study) to the existence of
carbon which improved the charge transfer conductivity and
the nanoboxes' hollow structure which presented more elec-
trolyte/electrode contact area for the electrochemical reaction.
On the other hand, Ni—Co mixed oxides nanocages were
prepared by Han's group by thermally treated Ni—Co Prussian
blue analogue nanocages in air [98]. The Ni—Co Prussian blue
analogue was first treated with ammonia at room temperature
to undergo structural evolution and transformation into a cage-
like nanostructure. The complex 3D cage-like hollow and
porous structure had provided a large electrolyte/electrode
contact area, to which an excellent OER performance was
achieved with an onset potential of 1.61 V vs. RHE.
Furthermore, nanoparticles embedded in NPC has proved
its ability to function as bi-catalysts for both ORR and OER
reactions. In 2015, Li's team loaded ZIF-9 derived Co304
nanoparticles onto N-doped graphitic carbon layer/MWCNT
hybrid [99]. By tuning the ratio of MWCNTSs to ZIF-9, the
electrocatalyst has optimum ORR performance with an onset
potential of 0.89 V and a half-wave potential of 0.81 V vs.
RHE. Furthermore, this highly active catalyst also catalyzed
OER with an onset potential of 1.50 V vs. RHE. These results
have demonstrated the important role of MWCNTs in
providing active sites and influencing the electron-conductive
properties of the hybrid materials. In 2016, Lu and co-workers

fabricated metallic Co nanoparticles embedded in NPC layers
(Co@NPC) through pyrolysis of Co-BTC crystals [100]. The
carbon layered structures, with a relatively uniform distribu-
tion of Co nanoparticles, exhibited a good ORR and OER
bifunctional catalytic activity. For ORR, an onset potential
value at 0.88 V vs. RHE was obtained. This performance was
comparable to that of commercial Pt/C catalyst. As for OER,
the potential value recorded was 1.61 V vs. RHE as compared
to the commercial RuO, (1.50 V vs. RHE). Furthermore,
Dong's team has adopted a similar MOF-derived approach to
prepare Co-embedded NPC nanosheets [101]. They employed
montmorillonite (MMT) as a template to obtain an intercalated
layered structure of ZIF-67 and MMT, and subsequently
removal of MMT by hydrofluoric acid etching to yield a Co-
embedded porous carbon nanosheets. A schematic illustra-
tion of this synthesis strategy is shown in Fig. 16. This
effective and novel strategy had produced MOF-derived
nanostructures with comparable onset potential, half-wave
potential, density, and durability with respect to Pt/C elec-
trodes tested in the same study.

Similar to their applications in derivation of ORR and OER
electrocatalysts, ZIF-67 and Cu-BTC can also be used as pre-
cursors to prepare promising catalysts for HER. The major
challenges remain for HER electrocatalysts are low over-
potential and poor stability. In 2015, Hou and co-workers py-
rolyzed a mixture of graphene oxide and ZIF-67 to obtain a
layered structured electrocatalyst of N-doped graphene/Co-
doped C/N-doped graphene oxide [102]. The as-synthesized
structures possessed excellent electrocatalytic activities for
HER, OER, and ORR, with a low onset overpotential of 0.058 V
vs. RHE for HER, a small onset potential of 1.66 V vs. RHE for
OER, as well as a potential of 0.97 V vs. RHE for ORR. The
enhanced performance of this electrocatalyst was attributed to
the larger surface area, doping of nitrogen, and the presence of
dual active sites provided by graphene oxide sheets.
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Fig. 16. Schematic illustration of the synthesis of the porous carbon nanosheets by ZIF intercalation, carbonization, followed by HF etching. Reproduced from

Ref. [101], with permission from Elsevier.

The synergistic effects between various transition metal
elements and the synergistic effects between these transition
metals and heteroatom-doped carbon were studied by various
researchers. In 2016, Chen's group developed NiCo bimetallic
sulfide nanoparticles embedded in N,S-co-doped porous car-
bon that showed electrocatalytic activity for HER with an
onset overpotential of 98 mV vs. RHE, and a current density of
10 mA cm ™ was achieved at an overpotential of 247 mV vs.
RHE [103]. This HER performance is comparable to the most
active NPM electrocatalyst reported to date. This composite
catalyst also exhibited excellent activities towards the OER
with an onset potential of 1.43 V vs. RHE. The researchers
attributed the outstanding electrochemical performance to the
uniformly distributed sulfides nanoparticles supported on high
surface area carbon, the protection of core—shell carbon, and
the synergistic effect between metal sulfides and S,N co-doped
carbon. Also in 2016, Ming and co-workers prepared a similar
CoNi bimetallic electrocatalyst (Co—Ni—Se/C@Ni foam) but
with Se powder and Ni foam [104]. The team first coated ZIF-
67 on Ni foam, then refluxed the sample with Ni(NO3),-6H,O
before heated under nitrogen atmosphere with Se powder.
When tested on the electrocatalytic performance towards
HER, the as-synthesized sample needed an overpotential of
merely 90 mV and 183 mV to achieve a current density of
10 mA cm™? and 100 mA cm ™~ respectively (vs. RHE).
Subsequent OER performance was evaluated and an onset
potential of 1.51 V vs. RHE was achieved. The sample also
demonstrated good stability by showing negligible decrease in
potentials after 24 h and 2000 CV cycles. The study had
demonstrated the effectiveness of the co-existing of NiSe, and
NizSe, in providing more active sites, the good conductivity of
the NiSe,/NizSe,/C hydric nanomaterials, and the in situ for-
mation of electrochemically active NiOOH phase at the sur-
face which promoted the OER reaction. Besides that, another
two research works which evaluated both OER and HER
bifunctional catalytic performance using MOF-derived elec-
trocatalysts are reported in Ref [105,106]. Yu's group fabri-
cated Ni—P porous nanoplates through low-temperature
phosphidation of Ni—Ni Prussian blue analogue [105]. The as-
synthesized material delivered a current density of
10 mA cm~2 at a OER onset potential of 1.53 V vs. RHE,
lower than that of Ni(OH), (1.59 V vs. RHE) and NiO (1.66 V

vs. RHE) obtained from Ni—Ni Prussian blue analogue in the
same study. The electrocatalytic properties of Ni—P nano-
plates was further investigated for HER activity in acidic so-
lutions. An overpotential of only 110 mV vs. was required to
achieve a current density of 10 mA cm 2. Benefiting from this
MOF-assisted synthesis method which enabled the incorpo-
ration of carbon into nickel phosphides and the presence of
metallic nickel phosphides with high electrical conductivity to
facilitate electron transfer. As a result, an electrocatalyst with
excellent electrocatalytic activity was synthesized. The phos-
phidation strategy was also employed by Li and co-workers to
obtain Co,P@N,P-doped C/CNT hybrid through pyrolysis of
Co3(PO4), MOF and further addition of CNTs by strong
sonication treatment [106]. The resultant catalysts displayed a
high onset potential of 1.51 V vs. RHE for OER and an
overpotential value of 0.154 V vs. RHE for the HER. This
Co,P@N,P-doped C/CNT hybrid also maintained an excellent
stability of up to 25 h when used as an electrocatalyst for both
anode and cathode in an overall water electrolyzer. Even
though the stability was inferior to that of the well-established
IrO,/Pt couple, the study had proved the effectiveness of Co,P
for water splitting and the importance between the interaction
of Co,P and carbon structure to promote its performance as a
bifunctional electrocatalyst.

Moreover, the very first work on the growth of NiFe
bimetallic nanoparticles enveloped in N-doped graphene
microtube for HER was demonstrated by Wu's team in the year
2017 [107]. They proved that by controlling the pyrolysis
temperature, the morphologies of N-doped graphene micro-
tubes could be tuned into bamboo-like submicro-tubes and
amorphous nanotubes. Although the HER performance of
these bimetallic catalysts was low as compared to the com-
mercial Pt/C electrode, however, they exhibited the highest
HER activity at an overpotential of 0.071 mV vs. saturated
calomel electrode (SCE) as compared to other NiFe nano-
crystals [108] and single metal HER catalyst [109] reported to
date. Motivated by the feasibility to control the thickness of
carbon protection shell, Zhou and co-workers developed a 3-
step strategy to synthesize CoSe, bimetallic nanoparticles
embedded in defective carbon nanotubes [110]. They used
ZIF-8 as precursor for the growth of defective carbon nano-
tubes and ZIF-67 as the cobalt metal precursor. A schematic
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illustration for the synthesis is demonstrated in Fig. 17. The
HER activity testing revealed that the CoSe,@deffective car-
bon nanotubes has an onset potential of —0.04 V vs. RHE.
This same study has showed the importance of a core-shell
structure in enhancing the stability and current density of the
catalysts.

Additionally, other MOF-derived metal-carbon composite
which has demonstrated electrochemical properties for HER
was Cu/nanoporous carbon formed by the direct carbonization
of Cu-BTC. Raoof has prepared a Cu-BTC derived Cu/C
catalyst which had an overpotential of approximately —0.8 V
vs. AglAgCIIKCl [111]. The same group also prepared
bimetallic Cu—Pt@nanoporous carbon with improved elec-
trocatalytic activity for HER with an onset potential of
—0.01 V vs. RHE [112]. Their works has also proven that the
synergistic effect of bimetallic nanoparticles was vital in
enhancing the electrocatalytic activity of the nanomaterials.

In summary, owing to their thermal and chemical stability,
ZIF family, in particular ZIF-67 and ZIF-9, were widely used
as precursors for synthesis of electrocatalyst for ORR, OER,
and HER. These ZIF-derived cobalt oxides exhibit superior
electrocatalytic performance especially after metal doping and
encapsulation by carbonaceous materials. A comparison of the
performance of various nanostructures synthesized from MOF
precursors as electrocatalyst for ORR, OER, and HER which
were discussed in this Section 3.1 is tabulated in Table 3.
Aside from the comparable onset potentials, long term sta-
bility towards, ORR, OER, and HER (especially in acidic
medium) will be an important indicator in future research.
Overall, the strategies which are crucial for improvement
of electrocatalyst performance could be summarized as:

ZIF-67

carbonization

CoSe:@DC

(i) prevention of aggregation and improvement of structural
stability by carbon or silica protection, (ii) presence of
carbonaceous material to improve charge transfer efficiency
and conductivity, (iii) nitrogen or phosphorus doping to pro-
vide additional active sites, (iv) introduction of macro/meso-
porous structure with high specific surface area to provide
better mass/electron transport pathways, and (v) introduction
of suitable transition-metal or phosphorus to create synergistic
combination which may contribute to the overall enhanced
electrocatalytic activity. Lastly, to the best of our knowledge,
MOF-derived nanostructures have yet to be studied as elec-
trocatalyst for other types of reaction, such as oxidation of
methanol or ethanol. This may be an interesting area of
research worth exploring.

3.2. Photocatalysts

The use of solar energy to drive chemical processes such as
air treatment [113], hydrogen production from water [114],
carbon dioxide reduction [115], water treatment [116], and
organic synthesis [117], provides an environmental friendly
and alternative to traditional methods which often involve the
usage of toxic chemicals, high operating cost, and generation
of toxic wastes. Titanium dioxide (TiO,) based materials are
commonly used as photocatalysts. However, given that the
band gap of these materials falls in the UV region, therefore, it
is of paramount importance to develop photocatalysts with
band gap in the visible region to maximize the utility of the
solar light irradiation [118]. In general, preparation of nano-
porous semiconductor-based materials for photocatalytic ap-
plications is achieved through methods such as sol—gel

Co:0:@DC

\> ZIF—67% carbon nanotube Co @ Co:0: @ CoSe:

Fig. 17. Schematic illustration of the synthesis procedure for CoSe,@defective carbon. Reproduced from Ref. [110], with permission from Elsevier.
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Table 3
Comparison of the performance of various nanostructures synthesized from MOF precursors as electrocatalyst for ORR, OER, and HER.
Electrochemical Materials Original MOF Catalyst loading Onset potential Reference Electrolyte References
reaction (mg cm~?) values (V) electrode
ORR Co3;0,—C ZIF-9 0.25 —0.05 Ag/AgCl 0.1 M KOH [89]
ORR Co@N-doped C polyhedron ZIF-67 0.40 0.86 RHE 0.1 M HCIO4  [90]
ORR Co—Co03;0,—C@C matrix ZIF-9 0.10 0.93 RHE 0.1 M KOH [91]
ORR Co—N—C Nano polyhedron Zn—Co Bimetallic ZIF  0.28 0.98 RHE 0.1 M KOH [92]
ORR Co—N-doped C Zn—Co Bimetallic ZIF  — 0.88 RHE 0.1 M KOH [93]
OER NiCoP/C ZIF-67 - 1.56 RHE 1.0 M KOH [94]
OER Ni—Co Cages Prussian Blue Analogue — 1.61 RHE 1.0 M KOH [98]
ORR OER Co304@N-doped graphitic ZIF-9 0.33 0.89 RHE 0.1 M KOH [99]
C/MWCNT hybrid 1.50 1.0 M KOH
ORR OER Co@NPC Co-BTC 0.40 0.88 RHE 0.1 M KOH [100]
1.61
ORR OER Co@NPC ZIF-67 0.10 1.02 (0.71) RHE 0.1 M KOH [101]
1.50 (0.5 M H,S0,)
0.1 M KOH
ORR OER HER N-doped graphene/Co@/ ZIF-67 0.71 0.97 RHE 0.1 M KOH [102]
N-doped graphene oxide 1.66 0.1 M KOH
Overpotential 0.5 M H,SO,
0.058
OER HER Ni;Co,@N,S-doped C ZIF-67 0.14 1.43 RHE 0.1 M KOH [103]
Overpotential 0.5 M H,SO,
0.098
OER HER Co—Ni—Se—/C@Ni Foam ZIF-67 1.50 1.51 RHE 1.0 M KOH [104]
Overpotential
0.090
OER HER Ni—P Nanoplate Ni—Ni Prussian Blue 0.20 1.53 RHE 1.0 M KOH [105]
Analogue Overpotential 0.5 M H,SO,
0.11
OER HER Co,P@N,P-doped C/CNT hybrid Co3(PO,), 0.36 1.51 RHE 0.1 M KOH [106]
Overpotential
0.154
HER NiFe@N-doped Graphene tube NiFe(CN)sNO - Overpotential ~ SCE 0.5 M H,SO,  [107]
2H,0 0.071
HER Co@N,B-doped C cages ZIF-67 - Overpotential RHE 0.5 M H,SO, [109]
0.096
HER CoSe,@defective C ZIF-67 0.36 —0.04 RHE 0.5 M H,SO,  [110]
HER Cu@C Cu-BTC - Overpotential ~ Ag/AgCI/KCI 0.5 M H,SO, [111]
—0.80
HER Cu—Pt@C Cu-BTC - —0.01 RHE 0.5 M H,SO,  [112]

method, hydrothermal method, sonochemical method, spray-
drying method, anodization method, and deposition method
[119]. These methods focused on enhancing the catalytic
performance of the photocatalysts through ligand modifica-
tion, photosensitization, metal doping, modification with noble
metal nanoparticles, modification with carbon materials, and
coupling with semiconductors [120]. In principle, these stra-
tegies aim at increasing the accessibility of the active sites (to
increase light absorption) and decreasing the recombination
rate of photo-generated charge carriers.

Despite the increasing complexity of waste water, semi-
conductor photocatalytic processes have shown a great po-
tential as a sustainable treatment technology in the water/
wastewater industry. Among the photocatalytic materials
studied (such as hydro complexes of copper, iron, and metal
oxides), MOF-derived ZnO was found effective to remove
organic compounds from wastewater. In 2013, Du and co-
workers obtained porous ZnO powder by direct thermal
treatment of ZIF-8 in air and investigated its performance on

the degradation of methylene blue [121]. Despite showing
better photocatalytic activity than ZIF-8 and commercial TiO,,
the catalytic evaluation of this ZnO was carried out under UV
light, which only accounts for 5% of the natural light. In 2016,
Pan's group employed a two-step calcination strategy to
overcome the challenges in obtaining ZnO from ZIF-8. These
challenges include complete removal of organic ligands and
prevention of structural collapse and serious aggregation of the
ZnO particles [122]. They first calcined ZIF-8 at 350 °C for
2 h, followed by 1 h calcination at 400 °C. The size,
morphology, and crystallinity of the materials were controlled
by tuning the calcination temperature, time, and heating rate.
The photocatalytic performance of the ZnO particles was
evaluated on the visible light degradation of organic dyes
(rthodamine-B and phenol) and photoelectrochemical (PEC)
water splitting. Their experiment has demonstrated that the
two-step calcined samples has the highest photoactivity and
PEC activity as compared to the one-step calcined samples.
On top of that, they have also shown that high temperature
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calcination has removed the C species and produced pure
ZnO, whereas mild temperature calcination resulted in C
doping in the ZnO crystals. The SEM images of these two-step
calcined samples with different calcination time are shown in
Fig. 18 where the influence of the calcination duration on ZnO
structures can be observed.

Recently, the non-metal doping method was also applied to
enhance the visible light harvesting ability of photocatalysts.
Feng's team synthesized N-doped ZnO via direct calcination of
urea and ZIF-8 mixtures at 550 °C for 3 h, and likewise
evaluated the sample's performance on the degradation of
organic dyes (rhodamine-B and phenol) under visible light
[123]. The photocatalytic activity of N-doped ZnO in the
degradation of rhodamine-B was approximately 2.5 times
higher than the ZIF-8 derived pure ZnO, and a 13.2% increase
in phenol degradation than that of ZIF-8 derived pure ZnO.
The group attributed the enhanced photocatalytic activity of
the N-doped ZnO to the presence of nitrogen in the structures
which has helped to improve its visible light harvesting ability
and inhibition of the recombination of photo-excited electrons
and holes. Besides, Zhu and co-workers has incorporated rGO
onto the ZIF-8-derived ZnO particles [124]. The introduction
of rGO was speculated to be able to decrease the excitonic
photoluminescence intensity and inhibit the recombination of
photo-excited electrons and holes. Therefore, the amount of
rGO incorporated onto the ZIF-8-derived ZnO was carefully
manipulated and its visible light absorption ability in the
degradation of methylene blue dye was observed. A maximum
degradation efficiency of 82% was achieved with the ZnO
catalyst containing 1.5 wt.% of rGO. Further increment of
rGO loading has caused a decrement in the photocatalytic
performance of the ZnO catalyst due to increased competition
for recombination centers. These rGO-doped ZIF-8 derived

ZnO catalysts also showed a stable photocatalytic activity after
six successive cycles of degradation experiments.

Transition metals have also attracted attention for photo-
catalytic hydrogen production from water. Zhang's team re-
ported a novel type of Co3;04/CuO hollow bimetallic
polyhedral nanocages, derived from ZIF-67, as an efficient
photocatalyst for water oxidation [125]. A maximum oxygen
yield of 50% and quantum yield of 49% (normalized to per
mole of transition metal) were reported. Besides that, the
group proposed an alternative reaction mechanism for the
light-driven water oxidation system. They speculated that the
heterojunctions, formed by Co3;0,4 and CuO, could enhance
charge separation by an internal electric field, which in turn
lead to the enhancement of the photocatalytic activity. The
overall photocatalytic water oxidation cycle is shown in
Fig. 19.

In 2015, Xu and co-workers reported a magnetic
FeO33Cy,H; ¢ photocatalyst prepared from in situ decompo-
sition of earth abundant Fe-MOFs (MIL-101 and MIL-53) and
its simultaneous hydrogen production from water [126].
Photocatalytic hydrogen evolution experiments were per-
formed by irradiating the solution in the presence of the Fe-
MOF using a white-light LED. The MOF-derived catalyst
was synthesized in situ while hydrogen is simultaneously
produced at a rate of approximately 4.17 x 10° mol h™' g~ .
The modified composite structure was proved to have better
water reduction performance than pristine MOFs [127] or
MOF-supported photocatalysts [128]. Knowing that the con-
ventional iron oxide nanoparticles cannot be used to produce
hydrogen from water [126], this study has demonstrated the
importance of carbon content in enhancing the activity of the
photocatalysts. Furthermore, deposition of MOF-derived Ni,P
on CdS nanocrystal (Ni,P/CdS) to obtain a compound which

Fig. 18. SEM images of two-step calcined samples with different calcined time. (1) 350 °C for 1 h and 400 °C for 1 h; (b) 350 °C for 2 h and 400 °C for 2 h;
(c) 350 °C for 2 h and 400 °C for 3 h; (d) 350 °C for 2 h and 400 °C for 4 h. Reproduced from Ref. [122], with permission from Elsevier.
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Fig. 19. Photocatalytic water oxidation cycle in the presence of catalyst, photosensitizer, and electron acceptor. Reproduced from Ref. [125], with permission from

Elsevier.

exhibited efficient hydrogen production from water was
demonstrated by Kumar's group in 2016 [129]. Under opti-
mum Ni,P on CdS loading condition (2.0 wt.% of Ni,P
loading), the rate of hydrogen production from visible-light-
driven water reduction was 3.35 x 1072 mol h™' g !, putt-
ing it as one of the best catalytic results to date. The high
photocatalytic activity was attributed to the fine dispersion and
good electrical conductivity of the Ni,P as well as its ability to
minimize the recombination of the photo generated electrons.
A plausible mechanism for efficient hydrogen production
under solar irradiation using lactic acid as a hole scavenger
and Ni,P/CdS as a photocatalyst is presented by the team and
depicted in Fig. 20.

Lastly, an interesting study was presented by Li and co-
workers who investigated MIL-125 derived cake-like mixed
phase of TiO, and proved that it has better photocatalytic
performance than pure anatase or rutile phase TiO, [130]. The
excellent efficiency of 97% in nitrobenzene degradation was
due to the constructed structure of energy levels which
effectively reduce the combination of electron—hole pairs.

3.3. Catalysts for production of fine chemicals

The fine chemical industry, such as the pharmaceutical and
agrochemical industry, often require chemicals with high de-
gree of purity. However, the production of fine chemicals are
often performed in liquid phase reaction medium that contain
mixtures of catalysts and complex organic molecules [131].

Therefore, it is advantageous to develop heterogeneous cata-
lysts that can be easily isolated from the complex reaction
mixtures. MOFs can be used to prepare heterogeneous cata-
lysts for the synthesis of fine chemicals. Among MOFs, ZIFs
have emerged as an ideal precursor for the preparation of
metal—metal oxides/carbon heterogeneous catalysts. As a sub-
family of MOFs, ZIFs are formed by the bonding of imidazole,
benzimidazole or methyl-imidazole ligands with primarily
zinc or cobalt metal ions. By having different organic linkers
which altered the accessible bonding angle, ZIFs have mag-
netic properties, better thermal stability and chemical stability
in organic solvents than other MOFs [132].

3.3.1. ZIF-67-derived catalysts

Yusran and co-worker synthesized Co@N-doped C
(Co@N—C) through the direct carbonization of ZIF-67 under
nitrogen flow for 3 h (at temperature range of 600—800 °C)
without any pre-treatments [81]. This Co@N—C has a specific
activity of 2.25 mol h ™" ¢~ ! in reduction of 4-nitrophenol to 4-
aminophenol in the presence of NaBH,. The Co@N—-C
catalyst could also be magnetically separated and reused for
up to six times. Li's group has prepared a similar Co@N—C
nanoparticles from ZIF-67 but with a longer pyrolysis duration
of 5 h [133]. The resulted Co catalyst has a lower catalytic
activity of 0.313 mol h™' g~! for the reduction of 4-
nitrophenol. However, the as-synthesized material was able
to retain a conversion of over 95% even after 17 successive
reaction cycles. Alternatively, Wang and Li pyrolyzed ZIF-67
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Fig. 20. Proposed reaction mechanism of Ni,P/CdS. Reproduced from Ref. [129], with permission from American Chemical Society.

under argon atmosphere for 10 h in the temperature from
600 °C to 900 °C to yield a porous Co@N—C catalyst for the
selective hydrogenation of 4-nitrostyrene to 4-aminostyrene
[134]. While the pristine ZIF-67 was inactive, the pyrolyzed
ZIF-67 showed a high catalytic performance with a 99%
conversion and a 97% selectivity, resulting in a specific ac-
tivity of 1.111 x 10> mol h™' per mol% of Co@N—C-
catalyst. The magnetically separated catalyst also showed high
stability and reusability for at least five successive reaction
cycles. The above three studies demonstrated the effectiveness
of Co—N centers for the selective hydrogenation of nitro
groups, as well as the efficiency of employing MOF-derived
structures as catalyst.

Recently, Lin and co-workers synthesized a Coz0,4 based
magnetic carbonaceous nanocomposite (MCN) by pyrolysis of
ZIF-67. The Co304/MCN catalyst exhibited a high catalytic
activity to activate Oxone to degrade a dye pollutant -
Rhodamine B in water [135], as well as able to efficiently
eliminate caffeine from water [136]. By employing such
simple (one-step MOF pyrolysis) preparation method, the
produced materials showed excellent catalytic activity by
allowing Oxone oxidation and generation of radicals [135]. A
complete removal of Rhodamine B was recorded under 1 min,
resulting in a catalytic activity of 0.125 mol h™' g~' in the
presence of Oxone. On the other hand, a catalytic activity of
2.57 x 107> mol h™' g~! was achieved for the removal of
caffeine from water. Recyclability test for both studies also
revealed that these nanocomposites can be used continuously
for three successive reaction cycles while retaining more than
95% of the catalytic activity. A schematic illustration of MCN

synthesis and its activation of Oxone, and SEM images of ZIF-
67 and MCN respectively are shown in Fig. 21.

Besides that, some other reports on ZIF-67 as precursors to
form heterogeneous catalyst for various reactions includes
aerobic oxidation of alcohols [137,138], aerobic oxidation of
cyclohexane [139], and aerobic epoxidation of styrene [140].
The use of MOF-derived nanostructures for liquid-phase cat-
alytic oxidation reactions are scarce. Studies reported by Ref
[137,138] made breakthroughs when their Co@N—C catalyst
observed excellent conversion and selectivity with a broad
substrate scope for both aromatic and aliphatic alcohols under
atmospheric pressure reaction. These two groups of re-
searchers have attributed the enhanced catalytic performances
to the interaction of nitrogen-carbon (which allowed the uni-
form dispersion of Co nanoparticles) and nitrogen doping
(which promoted basic properties of the catalysts). Excellent
catalytic results were also demonstrated by Wang and Li, who
derived metal-free NPC from ZIF-67 for the aerobic oxidation
of cyclohexane [139]. The as-synthesized materials showed
48% cyclohexane conversion with a 61% selectivity to adipic
acid. The NPC catalyst also reported a catalytic activity of
8.69 x 107> mol h™' g ! and a reusability for five successive
cycles. Lastly, conventional epoxidations of styrene are usu-
ally performed with homogeneous transition metal complexes
and hazardous oxidants [141]. However, Yu and co-workers
achieved a 91.3% styrene conversion and a 84.8% epoxide
selectivity by using a recyclable, inexpensive ZIF-67-derived
Co@N—C heterogeneous catalyst and an eco-friendly
oxidant (air) [140]. This Co@N—C catalyst also had better
conversion and comparable selectivity to other Co-based
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Fig. 21. Synthesis and morphology of ZIF-67 and MCN: (a) schematic illustration of CCN synthesis; (b) and (c) are the SEM images of ZIF-67 and CCN
respectively (the scale bar is 500 nm). Reproduced from Ref. [136], with permission from the Royal Society of Chemistry.

heterogeneous catalysts such as those reported in Ref
[142,143]. Overall, the novel Co-MOF derived catalytic sys-
tem holds multiple advantages including facile magnetic
separation of the catalyst, environmental friendliness, and
excellent product selectivity.

3.3.2. ZIF-8-derived catalyst

Two groups of researchers have studied the catalytic per-
formance of ZIF-8 derived NPC materials in hydro-
chlorination of acetylene. Li and co-workers carbonized ZIF-8
under nitrogen flow at 950 °C for 5 h and manipulated
the amount of melamine species (nitrogen source) to observe
the hydrochlorination performance of those samples [144].
The highest 60% acetylene conversion was achieved under
optimal conditions, with a catalytic activity of
2123 x 1072 mol h™! mi™. Meanwhile, Chao and co-
workers obtained NPC by carbonizing ZIF-8 under NHj
flow at different temperatures (600—1100 °C) for 5 h [145].
They observed a remarkable acetylene conversion and vinyl
chloride selectivity of 92% and 100%, respectively. The ac-
tivity of NPC catalyst remained stable for more than 200 h
until it experienced deactivation due to coke deposition on
active sites offered by pyridinic N from N-doping. Researchers
from the aforementioned studies had provided similar
conclusion, of which nitrogen content improves the perfor-
mance of the catalyst by displaying microcrystalline structures
but increasing the N amount (beyond optimum) will lead to an
increase in coke deposition and thus leading to catalyst
deactivation.

3.3.3. Cu-BTC-derived catalyst

Cu-BTC is also an ideal candidate for the preparation of
various metal/metal oxide/carbon hybrids. In 2016, Zhang's
group prepared Cu/CuO/C nanocomposites from the direct
carbonization of Cu-BTC and studied its catalytic effect on
CO oxidation [146]. By careful control of the annealing
temperature and heating rate, the as-synthesized carbon
encapsulated Cu/Cu,O catalysts achieved a complete CO
conversion (1 vol.%) at a reaction temperature of 155 °C and
maintained its stability up to 40 h. The team had found out that
the optimum annealing temperature for the preparation of
catalyst is approximately 500 °C. Calcination temperatures
below 500 °C will cause poor crystallinity whereas higher
temperatures will lead to serious agglomeration of the catalyst
particles. In contrast, Niu's group synthesized the same carbon
supported Cu/Cu,O composites from Cu-BTC for the catalytic
reduction of 4-nitrophenol [147]. Despite the usage of an
additional phenol formaldehyde resin as carbon precursor, the
synthesized highly dispersed nanoparticles demonstrated
100% 4-nitrophenol conversion with an excellent catalytic
activity (0.281 mol h™' g~') which was superior than other
noble metal and copper based catalysts reported in Ref
[148,149]. In addition, heterogeneous Cu@C catalyst gener-
ated by the pyrolysis of Cu-BTC was also carried out by Kim
and co-workers to study its catalytic performance the synthesis
of N-sulfonyl amidine via a three-component coupling reac-
tion [150]. With the help of CH3;CN as solvent, the researchers
found that 5 mol.% of Cu@C could achieved a 92% yield
under 3 h. The Cu@C catalyst also maintained its stability by
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showing no significant decrement in catalytic activity after 4
successive reaction cycles.

Doping of Cu with other types of metal is a useful strategy to
enhance its catalytic ability. In 2016, Qin and co-workers loaded
HKUST-1 with Sr, La, Ce, and Al atoms, pyrolyzed the mixtures
in nitrogen atmosphere at a temperature of 600 °C for 3 h, and
then studied the effects of different metal doping on NO
reduction reaction [151]. The SEM images of these MOF
structures before and after pyrolysis are shown in Fig. 22. It was
found that Sr, La, Ce, and Al doping increased the number of
activated Cu™" sites, hence improved the overall catalytic per-
formance as compared to the original Cu-BTC material. Equally
effective, nickel-doped Cu@C catalyst derived from Cu-BTC
was prepared by Wang's team for the conversion of furfural to
cyclopentanone [ 152]. The addition of Ni led to CuNi bimetallic
interaction which dramatically increased the catalyst's activity
and selectivity to achieve a 99.3% conversion of furfural and a
96.9% yield of cyclopentanone (with a catalytic activity of
0.103 mol h™' g~ '). However, a further increased (beyond op-
timum Ni Cu molar ratio of 0.5:1) in Ni loading caused a sharp
fall in yield because high loading of Ni led to the collapse of the
MOF structures and subsequently a reduction in surface area and
pore volume.

3.3.4. Other MOF-derived catalyst

On the side note, other less common but equally effective
MOF-derived nanocatalysts includes Fe;0,@C (from Fe-BDC)
for the oxidation of various alcohols [153] and Cu@C (from Cu-
BDC) for the synthesis of propargylamines [154]. In 2016, Yao
and co-workers synthesized highly efficient and reusable mag-
netic heterogeneous Fe;0,@C catalyst which could achieve a
99% benzyl alcohol conversion with a 91% selectivity to
benzaldehyde after 48 h reaction time [ 153]. The as-synthesized
catalyst could be easily separated and was tested for four suc-
cessive reaction cycles without significant loss in catalytic ef-
ficiency. In 2017, Cheng's group deposited Cu nanoparticles on
Zn-BDC derived porous carbon and studied its catalytic per-
formance for the synthesis of propargylamines in a three-
component coupling reaction [154]. The hierarchical pores of
MOF-derived carbon and its synergetic interaction with Cu
nanoparticles had brought about a 96% product yield with just
the use of 20 mg of Cu@C catalyst. Furthermore, Ni-BDC were
used to prepare Ni@NPC for the oxidation of ethylbenzene to
acetophenone by Zhou and co-workers in 2016 [155]. With the
addition of 2.5 x 107> mol of rert-butyl hydroperoxide, a

i 2
a.Cu0,/C

conversion and selectivity of both more than 99% were achieved
within 48 h of reaction time. Even though a low catalytic activity
of 0.208 mol h™' mol™" of Ni catalyst was reported, yet, the
study is a step forward for the development of cost-effective
heterogeneous selective oxidation of alkanes. Besides that, a
bifunctional Cu®* doped CeO, catalyst, from the pyrolysis of
Cu-doped Ce-BTC MOF, was synthesized for CO oxidation and
selective NOreduction [ 156]. The catalytic activity was found to
be dependent on the doping of Cu®*" into the CeO, lattice
(enormous Cu—Ce—O linkages which facilitated the adsorption
of CO) and is proportional to the increased in the surface area.
The stability of the as-synthesized material was demonstrated
by retaining 100% conversion of CO to CO, even after five
successive reaction cycles. Although high temperatures (above
380 °C) are required for the complete conversion of NO to Nj,
the catalytic process is free of corrosive and organic gases.

In summary, this section demonstrates that nanostructures
derived from various MOFs can be used as catalyst (with
excellent conversion and selectivity) for various fine chemical
synthesis reactions such as hydrogenation of 4-nitrostyrene,
aerobic oxidation of alcohols, hydrochlorination of acetylene,
oxidation of CO, and so on. It is also worth noting that
MOF-derived nanostructures can also catalyzed the produc-
tion of bulk chemicals like those reported in Ref [157]. The
pore structure and functions of these MOF-derived catalysts
can be tailored made by modification of the functional groups
present in the pristine MOFs. Without the use of hard-
templates or tedious preparation procedures, MOF-derived
nanostructures demonstrate enhanced catalytic performances
than those materials prepared from other synthesis methods
such as impregnation. The catalytic performances of these
MOF-derived nanostructures can also be tuned further
through careful controlling of the pyrolysis/calcination tem-
perature, heating time, and heating rate. However, the cata-
lysts derived from MOFs suffered from some drawbacks, such
as low surface areas, low hydrolytic stability and relatively
low production capacity. These problems will need to be
overcome before the commercialization of these MOF-derived
catalysts.

4. Applications of MOF-derived nanostructures in sensing
Recently, the synthesis of metal oxide nanocomposites and

carbon nanomaterials for gas sensing applications has gained
some research interests. According to a review done by

-
E.A-Cu-BTC

€. AI0/CUO,/C

Fig. 22. SEM images of A-Cu-BTC and AO,/CuO,/C, where A = Sr, La, Ce, Al Reproduced from Ref. [151], with permission from Elsevier.
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Kumar's group, the precise control of composition and the use
of most appropriate technologies for the reproducible fabri-
cation of nanocomposites are crucial for the development of
gas sensors [158]. Meanwhile, the unique properties of MOF
structures have motivated their active research for potential
application in gas sensing, bio-sensing, and chemo-sensing
[159]. Aside from its direct use, MOFs have also been used
as precursors/sacrificial templates for the synthesis of MOF-
derived nanostructures for sensing purposes.

In 2016, Li and co-workers constructed hollow ZnO
nanocages from thermal decomposition of MOF-5 [160]. Using
a controlled slow heating rate of 1 °C/min, the ZnO nanocages
produced had a cavity diameter of approximately 60 nm and a
porous shell thickness of approximately 25 nm. In comparison
with other ZnO nanoparticles, the as-synthesized hollow ZnO
nanocages showed significantly enhanced chemical sensing
sensitivity towards acetone and benzene, with a good selec-
tivity towards acetone. The study revealed that MOF-derived
hollow nanocages structure had successfully facilitated the
diffusion and surface reaction of gas molecules by providing
more surface oxygen vacancies due to their more exposed
active sites and larger specific surface area. The team then
improved their synthesis procedures to construct core—shell
Au@ZnO nanoparticles derived from Au-MOF and focused on
the performance of acetone gas-sensing [161]. The researchers
attributed the enhanced performance to the electronic and
chemical sensitization of gold particles. Schematic illustration
of the energy band diagram of Au@ZnO nanoparticles and the
redox process between acetone molecule and active oxygen
species is shown in Fig. 23.

Another notable example of metal oxide which demon-
strated sensing ability was Co3;04. Its advantages as gas
sensing materials were reviewed by Xu and Cheng in 2016
[162]. In the same year, Qu's team prepared non-spherical
Co0304/NiCo0,0, double-shelled nanocages by direct anneal-
ing of ZIF-67 [163]. The as-synthesized materials exhibited
enhanced gas detection sensitivity and excellent selectivity to
acetone when compared with Co304 nanocages. The
enhancement was attributed to the synergistic effect exerted by
Co304 and NiCo0,0, and the change of heterojunction barrier
at different gas atmospheres.

Vacuum

(@)

Wn=5.1eV

(Ee)m

Depletion layer

Ws=465eV

In 2014, Tan and co-workers fabricated Cu@C nano-
particles through one-step pyrolysis of Cu-BTC and were the
very first few to begin studying the application of MOF-
derived nanostructures in biomedical fields [164]. Character-
izations of the Cu@C proved that the copper nanoparticles had
no changes in morphology after heat-treated at 400 °C for 2 h
under nitrogen atmosphere. The strategy is deemed effective
because copper agglomeration is a common concern. After
discovering its excellent exhibition of intrinsic peroxidase-like
activity and ability to catalyze the oxidation of 3,3',5,5'-tet-
ramethylbenzidine (TMB) by H,O,, the team later designed a
colorimetric method for the detection of ascorbic acid. This
simple and low cost detection method was useful for the
analysis of ascorbic acid content in tablets and gave the op-
portunity for MOF-derived nanoparticles to be applied in
bioanalysis. In 2016, Tan worked with another group of re-
searchers to fabricate magnetic porous carbon nanocomposite
derived from iron-containing MOF (MIL-88A) and proved its
feasibility for DNA detection [165]. They built a magnetic
porous carbon-based fluorescent sensing which abled to
measure accurately the levels of DNA in fetal bovine serum
samples. The MOF-derived porous carbon exhibited excellent
selectivity to specific target DNA and had high sensitivity with
a detection limit of 1 nano-molar.

Overall, these studies further expand the application of
MOF-derived nanostructures into the field of sensing.
Although not as much attention is given to sensing applica-
tions as compared to energy storage and catalysis, yet this is a
field that should not be neglected. The next section will
include some discussion on other less established applications
that had been explored so far.

5. Other applications

With the advancement of technologies and increasing
number of industrial facilities, wastewater pollution is a
growing environmental concern. The presence of commercial
azo dyes, antibiotics, metal ions, and pharmaceutical drugs in
wastewater streams are worrying because they may cause
adverse effects to the environment, human health, and aquatic
lives. Among the various established technologies and

(b)  cHO

\ COx+H:0
O

Fig. 23. Schematic illustration of (a) energy band diagram of core—shell Au@ZnO nanoparticle; (b) redox process between acetone molecule and active oxygen

species. Reproduced from Ref. [161], with permission from Elsevier.
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methods proposed for wastewater treatment, such as phase
separation, oxidation, coagulation, etc., the adsorption method
is considered a better alternative because of its design
simplicity and ease of operation [166].

Recently, adsorption using ordered carbonaceous materials
prepared from MOF precursors has emerged as a new inno-
vative strategy. Researchers have found that nanoporous car-
bon synthesized by the direct carbonization of ZIF-8 can be
used as an efficient and recyclable adsorbent for the removal
of contaminants from water. The contaminants which were
successfully removed from water using ZIF-8 derived nano-
porous carbon includes: ibuprofen and diclofenac anti-
inflammatory drugs [167], sulfamethoxazole antibiotics
[168], ciprofloxacin antibiotics [169], copper ions from
aqueous solution [170], and benzoylurea insecticides [171].
Although a clear understanding of adsorption mechanism has
not been reached, but the removal of ibuprofen and diclofenac
anti-inflammatory drugs from water via liquid-phase adsorp-
tion is a new step forward. That is especially novel when the
as-synthesized MOF-derived porous carbon has better
adsorption capacity (320 mg g~ ') than commercial activated
carbon (105 mg g~ '), which is well known for its porosity
[167]. For the removal of sulfamethoxazole and ciprofloxacin
antibiotics (both used for the treatment of bacterial infections),
both Ahmed's and Li's research groups had found that pyrol-
ysis temperature has a significant impact on the porosity and
adsorptive capacity of the ZIF-8 derived carbon materials
[168,169]. While the optimized pyrolysis temperature for the
removal of sulfamethoxazole is at 1000 °C, the removal of
ciprofloxacin was best achieved with a pyrolysis temperature
of 700 °C. Notably, both studies reported better adsorption
capacity than other material reported in their field to date. The
obtained sulfamethoxazole adsorption capacity (435 mg g~ ')
was higher than wood-based activated carbon (329 mg g ')
[172] and commercially available activated carbon
(118 mg g ') [173]. Meanwhile, the obtained ciprofloxacin
adsorption capacity (417 mg g~ ') was higher than those ob-
tained from graphene oxide (379 mg g~ ') [174], microporous
activated carbon (131 mg gfl) [175], and MWCNTs
(206 mg g~ ') [176] reported to date. Furthermore, the ZIF-8
derived nanoporous carbon fabricated by Bakhtiari and co-
workers also proved to have at least five times higher
removal percentage compared to other different activated
carbon materials (including carbon cloth, granular activated
carbon, powdered activated carbon and nitrogen-containing
activated carbon), for the removal of heavy metal copper
ions from aqueous solution [170]. That is because the fast-
molecular diffusion of copper ions was facilitated by the
slightly lower surface area but much higher pore volume and
smaller average pore size of MOF-derived carbon as compared
to other carbonaceous adsorbents. In addition, the solid phase
extraction adsorption of benzoylurea insecticides was suc-
cessfully carried out by ZIF-8 derived nanoporous carbon,
synthesized by Liu's team [171]. The porous carbon catalyst
demonstrated efficient adsorption capacity (at concentration
range 0.5—100 ng mL™"), rapid uptake (15 min), and facile
recyclability (at least 30 times), thus proving its potential as a

new adsorbent for organic pollutants from various kinds of
samples.

The doping of metal on MOF-derived nanoporous carbon is
also useful to broaden the application for wastewater treat-
ment. In 2016, Cui and co-workers studied the removal of
chlorophenols pollutants through hydrochlorination by using
Pd@NPC (NPC derived from Ni-BTC) [177]. The as-
synthesized materials demonstrated high catalytic activity in
liquid phase hydrochlorination reaction and showed good
magnetic recycling properties (recycled up to 5 times). The
MOF-derived synthesis approach allowed the production of
magnetic porous carbon materials which is important for
efficient recycling of precious metal like Pd. On the other
hand, Cu,0O/Cu/C from Cu-BTC was reported for catalytic
decoloration of commercial azo dye [178]. As an effective
catalyst at a dose of 0.11 g/L, it completely decolorized
methylene blue, rhodamine B, and their mixture in 270, 180,
and 480 s, respectively. In 2016, Sun and co-workers were the
first to employed ZIF-8 derived carbon as a high-efficiency
counter electrode for dye-sensitized solar cell [179]. A
power conversion efficiency of 7.32% was achieved, which
was comparable to that of platinum electrode (7.53%)
measured under the same conditions. In 2017, Xie and co-
workers developed CoNi@CNTs embedded carbon nanoc-
ages for the same application in dye-sensitized solar cells
through pyrolysis of ZIF-67 [180]. A remarkable power con-
version efficiency of 9.04% was achieved, as compared to the
7.88% achieved by platinum counter electrode. Lastly, non-
porous Mg-MOF was used to prepare Mg nanoparticles
imbedded carbon matrix and porous carbon/Mg hybrid for
effective post-combustion carbon dioxide capture [181]. The
as-synthesized compounds exhibited permanent porosity
which selectively adsorb CO, over nitrogen at mild conditions.
The authors suggested that the porosity depend more on the
thermal stability of the framework during decomposition
rather than the pristine structure topology of the template
MOFs. Many researchers would come into agreement with this
suggestion because like Cu-BTC, not all MOFs would produce
nanostructures with the same porosity after heat treatment.

6. Conclusions and outlook

MOFs are a class of porous materials that exhibit high surface
area, well defined pore size, and have a hybrid organic-inorganic
nature. MOFs have demonstrated their potential applications in
the fields ranging from gas storage and separation, energy
storage, catalysis, drug delivery to chemical sensing and pho-
tonics. Recently, it has been demonstrated that MOFs can be
used as sacrificial templates/precursors for the preparation of
various inorganic nanostructures. The one-step pyrolysis of
MOFs has been deemed as an effective route for fabrication of
porous carbons, metal, metal oxides, and their multi-component
hybrids. In this review, the successful potential applications of
MOF-derived nanostructures in electrochemical energy storage,
catalysis, sensing and other industries has been summarized. Itis
possible to tailor the structures and functionalities of these
nanostructures for targeted applications by employing different
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ligands, metallic centers and pyrolysis at various temperatures.
Subsequently, these strategies have enabled the production of
highly dispersed nanostructures with superior or at least com-
parable performance with structures obtained from other syn-
thesis methods.

Based on the review, it can be concluded that ZIF-8 derived
carbon materials generally have the highest surface area which
is desirable for electrochemical energy storage. When tested
for use in supercapacitors, Co-MOF (such as ZIF-67) derived
nanostructures achieved the highest specific capacitance
(~1400 F g ). Furthermore, the synergistic effects of bime-
tallic nanostructures resulting from metal doping of MOFs has
appeared to be the most effective strategy to improve char-
ge—discharge cycling stability of the porous materials.
Remarkably, Co-MOF derived nanostructures could also be
used as the positive electrode materials for LIBs due to their
reversible high capacities. However, unless coated on a 3D
substrate support such as the nickel foam, the stabilities of
these Co-MOF derived nanostructures are inferior compared to
MIL-125 derived Anatase TiO,. Anatase TiO, derived from
MIL-125 have had the smallest pore sizes and best stability
under high current density, but they tend to achieve the lowest
capacity when compared to other metal oxides. Therefore,
more research is needed to synthesize MOF-derived nano-
structures for further improved electrochemical performance
with an optimum balance between high specific energy ca-
pacity and high stability.

Furthermore, ZIF family, especially ZIF-67 and ZIF-9,
which are relatively easy to synthesize, are widely used as
precursors to synthesize electrocatalyst for ORR, OER, and
HER when compared to other MOF structures. Various
improvement strategies have been applied to improve the
performances of these electrocatalysts. The most practical and
significant improvement strategy is heteroatom doping. That is
effectively demonstrated when carbon materials doped with
heteroatoms, such as N, P, or B, have resulted in more active
sites present on the carbon materials. Recently, sulfur doping
has also been proven to be able to increase cycling stability
and promote the overall catalytic activity of MOF-derived
carbon materials. With the structural and compositional ad-
vantages, MOF-derived electrocatalysts have showed some
enhanced activities in comparison with the commercially
available Pt/C catalyst. Besides, some of the MOFs, such as
ZIF-67, ZIF-8, MIL-125 and Cu-BTC, have also been proven
to be useful precursors for derivation of photocatalysts and
catalysts for the production of fine chemicals. Some of these
MOF-derived nanomaterials have also found applications in
the field of wastewater treatment. Co-MOF is one of the
widely-used MOF precursors due to the unique properties of
the materials derived from it. The Co-MOF derived catalysts
can be easily recycled (through magnetic separation) and has
high product selectivity. Other less common MOF precursors,
such as Mg-MOF, MIL-101, Ce-BTC, and Ni-BDC, had also
been applied for the synthesis of nanomaterials for gas sensing
and supercapacitors. Notably, CeO, derived from MOFs has
received some research interests recently due to its anticor-
rosion property and high oxygen-storage capacity.

Currently, the main challenges in preparation and applica-
tions of MOF-derived materials lay in the needs to (1) improve
the formulation and processing of MOF precursors and (2)
better understand the formation mechanisms of the various
nanostructures produced from the thermal decomposition of
the MOFs. Besides, the structural stability of some MOF-
derived nanostructures is low in comparison with the pristine
nanostructures. A better control of pore sizes and volumes and
more uniform exposure of active sites, especially those
resulting from collapse of porous structures is also needed. In
summary, the outlook for utilization of the MOF-derived
nanostructures is positive. Efforts which had been devoted
for the design and improvement of the performance of MOF-
derived nanostructures, such as carbon capping, nitrogen
doping, and bimetallic oxides functionalization, will continue
to improve the application opportunity of these MOF-derived
nanostructures in the field of electrochemical energy storage,
heterogeneous catalysis and sensing.
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