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Preface

Metal-organic frameworks (MOFs) are nanoporous polymers, consisting of inor-
ganic metal focuses connected by natural ligands. These entities have gotten extraor-
dinary consideration because of their exceptional physical and chemical properties
that make them pertinent in various fields, such as designing, medicine, and the
environment. Since combination conditions affect the properties of these compounds
incredibly, it is specifically important to choose an appropriate synthesis technique
that produces the product with homogeneous morphology, dispersion, and high ther-
mal stability with a good surface area suitable for its broad applications in different
fields. This book covers different aspects of composite fabrication for energy storage
and catalysts including the preparation, design, characterization techniques of MOF
materials and their application. The special features in this book consist of illustra-
tions and tables that summarize up-to-date information on research carried out on
manufacturing, design, characterization, and applications of MOF composites. This
book assembles the information and knowledge on MOF materials and emphasizes
the concept of the latest technology in the field of manufacturing and design. This
book benefits lecturers, students, researchers, and industrialists who are working in
the field of material science, especially MOF composites, as a valuable reference
handbook for teaching, learning, and research. This book is a new edition and differs
from the previous edition in its focus on the usage of composites. It elaborates the
design and manufacturing process of MOF materials in all aspects. The latest trends
in the application of MOF composites are described to the readers. The replacement
of conventional composite materials with MOF composites in the area of manufac-
turing and design to achieve sustainable practice is highlighted with real applications
in this book, which are not covered in previous editions.

The focus of this book is about the current demand of the MOF composites that
respond to the environment just like biological entities. The specialism in MOFs
is understood by its outstanding repairing and sustainable properties. Unlike other
composites, this composite is combined with resins, carbon materials, and nanopar-
ticles to form a MOF composite. MOF composite materials currently stand best
among the replacement materials to conventional engineering composite materials
because of their outstanding features like their light weight, lower cost, environmen-
tally friendly properties, and sustainability. The unique feature of this book is that it
presents a unified knowledge of the human-friendly material based on characteriza-
tion, design, manufacture, and applications.

We are highly thankful to all authors who contributed chapters and provided their
valuable ideas and knowledge in this edited book. We attempt to gather all the scat-
tered information of authors from diverse fields around the world (Malaysia, Jordan,
USA, Turkey, India, Saudi Arabia, Bangladesh, Oman, and Sweden) in the areas
of metal composites and finally complete this venture in a fruitful way. We greatly
appreciate the contributors’ commitment and support to compiling the ideas. We are
also highly thankful to the CRC team for their generous cooperation at every stage
of the book production.
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1.1 INTRODUCTION

Materials of porous nature are abundantly available in nature in a variety of
forms. A few porous materials are mentioned in Figure 1.1. Metal-organic
frameworks (MOFs) are a new class of hybrid porous solids, which are poten-
tially a type of prominent porous adsorbent; and they can also exist in an empty
guest-free state [1].
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Porous
Sandstones Materials in
Nature

Egg
Shells

FIGURE 1.1 Materials with a porous nature [4].

MOFs are defined by Yaghi et al. as porous structures made with coordinative
bonding between metal ions and organic linkers [2]. MOFs have grown to become
the leading domain of solid-state chemistry [3,4]. This special case of crystalline
materials presents a high degree of functional and structural tenability [5,6] which
is not possible with other traditional porous materials like zeolites and activated
carbons [3].

Even though the general porous materials have many valuable attributes, [7]
techniques for controlling the individual crystal locations, and coatings with par-
ticularly designed pore sizes, their arrangement/distribution is not yet optimized
[8]. Among all kinds of porous materials, MOFs are a special kind of ultra-porous
material with an extraordinary accessible surface area because of the framework
generated by the inorganic nodes and organic compounds [2,9]. These surface
areas range between 1000 and 10,000 m?/g, which exceed the values of other
porous materials such as carbons, zeolites, and mesoporous-based oxides [10]. A
few artificially made commonly used products with a porous nature are illustrated
in Figure 1.2.

It is significant to note that MOFs are called by many names, such as porous
coordination networks, porous coordination polymers, etc. The fast rate of growth in
the synthesis, characterization, and analysis of MOFs could be noted in recent years.
These kinds of materials are produced in such a way that they have permanent poros-
ity [11]. The flexibility with MOFs is that their secondary building units (SBUs) and
organic linkers can be varied, which has led to the formation of thousands of MOF
compounds. Specifically, they have been extensively used in the energy domain,
including fuel cell technology, super capacitors, and catalytic converters [12,13].
In order to utilize the positive features of both inorganic and organic porous com-
pounds, porous hybrids (MOFs) are being generated which are stable, ordered, and
have high surface areas.
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Clothing

Artificial
Porous
Materials

Ceramics

FIGURE 1.2 Artificially developed common porous materials [7].

1.1.1  DerNITION OF POROSITY

Porosity of any solid material can be realized with the presence of cavities, void
space, and/or inter-channels. Materials consisting of a regular organic-inorganic
hybrid framework and acting as a regular porous structure with pores of the size
range 0.2 X 10° to 100 x 10° m are called nanoporous materials [13].

1.2 INFERENCES OBTAINED FROM THE WIDE
RANGE OF RELEVANT RESEARCH ARTICLES

Various published research articles related to porosity for MOF materials have been
referred to and the important elements are presented in this section.

1.2.1 INTRODUCTION TO POROUS MOFs

At present, MOF chemistry has grown well enough to the point where the chemical
composition, structure of the compounds, specific functionality, and the nature of
porosity of a metal-organic structure can be made for the desired application. This
exclusive control over the assembly of compounds propels this area further into a
new domain area for synthetic chemistry, in which further, more sophisticated mate-
rials may be approached. For example, materials can be visualized which have:

i. combined compartments which operate separately, but their function is
integrated;
ii. ability to perform simultaneous operations; and
iii. dexterity to count, classify, and code data [14].
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In recent years, researchers have carried out extensive works on crystalline extended
structures [15,16]. Even though these structures are extended crystal structures and
do not have large detached molecules like polymers, they are dubbed coordination
“polymers” -MOFs [17],because these structures are constructed from long organic
linkers which are surrounded by void space. MOFs are known to have the potential
to be permanently porous like in the case of zeolites. The porosity of MOFs was
investigated in the 1990s by forcibly sending gas molecules into the narrow openings
at high pressure [18].

1.2.2  ZeoLItTEs—AN AMORPHOUS AND INORGANIC POROUS MATERIAL

Zeolites are an ideal type of structure which belong to the group of purely inorganic
materials, and which are a benchmark in the field of solid-state porous materials.
Zeolites are readily rehydrated and dehydrated which makes them useful in various
commercial areas [7]. Porous materials include a wide range of applications in indus-
try, such as catalysis and absorption. Zeolites are the most perfect examples among the
group of crystalline alumino silicate materials with interlinked pores of size 4 to 13 A
[19,20]. In comparison with zeolites, activated carbons have high degrees of porosity
and specific surface area. Activated carbon also belongs to amorphous porous materi-
als, which rule a major area of the market of solid-state porous materials [21].

Inorganic porous frameworks exhibit a highly ordered structure (e.g. zeolites).
Synthesis processes often require an organic or inorganic template with strong inter-
actions between the template formed during the process and inorganic framework.
As the outcome, elimination of the template can result in the collapse of the frame-
work. Inorganic frameworks are also influenced by many factors such as lack of
diversity. On the other hand, inorganic frameworks are being used in applications
like catalysis and separation of gases [3].

1.2.3  AcTivatED CARBON—AN ORGANIC POROUS MATERIAL

Porous materials are utilized widely in gas storage, adsorption-based gas and vapor
separation, selective catalysis, storage and delivery of drugs, and as templates in the
synthesis of low geometric materials [22]. Conventionally, porous materials are of
either inorganic or organic type. Possibly the most general organic type of porous
material is activated carbon which is normally produced by decomposing carbon-
rich materials at high temperature. Activated carbon has a high surface area and
a good degree of adsorption capability, but it does not have an ordered structure.
Though activated carbon has a lack of order, porous carbon materials are being used
in many application areas including the separating and storing of gases, purifying
water, and removing and recovering solvents [23].

1.2.4 FormATION OF Pores IN MOFs

Pores are known to be the voids present within the porous materials while removing
the guest molecules [24]. Even though MOFs are constructed by combining inorganic
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and organic compounds to have a large number of pores, frameworks will often
merge with one another to improve the packing efficiency [25]. In such cases, the
sizes of the pores are considerably reduced, but this would also be useful for a few
applications. In fact, merged frameworks are being deliberately produced and this
phenomenon has been found to be useful in improving the performance. Example:
in the storage of H, [26]. Assessment of porous materials is currently focused on the
adsorption of pure methane. Even though methane is the major constituent (95%),
commercial natural gas also contains other impurities,including 3.2% of ethane,
0.2% of propane, and 0.5% of carbon dioxide [27]. Porous carbon materials, espe-
cially carbon nanotubes and activated carbons, are the most focused kinds of porous
materials for storing methane [28].

1.2.5 Tvypes oF PoREs

The adhesion of the guest molecules and the surface of the adsorbent, as well as
the relationship between the adsorbent’s surface and guest molecules, plays needful
roles in predicting the characteristics of the porous structures, which are strongly
ruled by the shape and size of the pores. In the physical system, pores are categorized
based on their sizes as listed and shown in Figure 1.3.

Liu et al. stated that microporous systems can be used in upgrading the energy
density. Also, they have reported that mesoporous systems are used to improve the
power density [29]. It is possible to have a flexible structure just by altering the inor-
ganic or organic linkers [30].

Microporous materials are used in valuable applications like redox catalysts, in
the petroleum industry, and in the synthesis of chemical items for different kinds of
shape-selective transformation and detachment processes. They create the funda-
mentals of new environment-friendly technologies which involve cheaper and more
efficient conditions for performing chemical reactions. Transition metals modified

Classification of Porous

Macro Meso Micro Ultra Micro
Porous Porous Porous Porous
l l h 4 l
Pore size 20A < Pore 5A<Pore Pore size

>500A size < 500A size < 20A <5A

FIGURE 1.3  Types of pores based on pore size [29].
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microporous molecular filters with alumino silicate and aluminophosphate frame-
works accelerate a wide range of artificially effective oxidizing transformations with
impurity-free oxidants like hydrogen peroxide under comparably light conditions,
providing the advantage of recovering and recycling complex structures. MOFs are
utilized in a significant number of applications in waste treatment activities includ-
ing detachment of heavy metals and radio active species, ammonia, various kinds
of phosphates, and harmful gases from soil, water, and air because they have unique
structural and physicochemical characteristics. In earlier times, silica-aluminum-
based zeolite microporous materials were mainly used. In recent times, several types
of microporous materials are being produced with the aid of metal oxides, metal
phosphates, and inorganic-organic hydride materials [31].

1.2.6 CHARACTERIZATION OF Porous MOFs

As clearly explained, pore engineering is a powerful path to direct the structure
and functionality of pores, which drastically promotes the development of MOFs for
recognizing differential molecules. It is possible to engineer the pores of MOFs by
tuning their sizes or channels, functional sites, and surface areas to achieve unique
MOF materials to be utilized for specific gas separations [32].

This special characteristic makes MOFs unique regarding their structural proper-
ties, and which offers the desirable potential to use in different sectors. The compa-
rably easiest production method of MOFs is one of the main reasons that they are a
better choice for different applications. Their chemical properties, customized pore
structure, and thermal stability make them preferable for sound application domains
such as separation of specific gases [33], catalysis [34], and conduction of protons
[35]. MOFs are usually characterized with the help of the X-ray diffraction (XRD)
method, surface area analysis, electron microscopy (EM), thermogravimetric analy-
sis for predicting thermal stability of various constituents, and Fourier transform
infrared (FTIR) technique to characterize the molecules and atomic structures. Since
MOFs hold the nature of both crystalline materials as well as highly porous materi-
als, powder X-ray diffraction (PXRD) is usually used to characterize the adsorption
measurements, phase purity, and crystalline nature to check for the porosity [36].

1.2.7 CHECKING FOR PERMANENT POROSITY

In order to ensure permanent porosity, it needs determination of reversible gas sorp-
tion isotherms at low temperatures and low-pressure conditions. Nevertheless, as we
stated at that time [37], it has become commonplace to refer to the materials as “open
framework™ and “porous” even though such validation was missing. The ultimate
proof for permanent porosity of MOFs can be obtained by estimating the carbon
dioxide and nitrogen isotherms on layered zinc terephthalate MOF [37]. The overall
order of porosity in a microporous molecular sieve depends on the template mol-
ecule, composition of inorganic materials, the condition of reaction, and the forma-
tion mechanism.
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A significant advancement in the chemistry of MOFs happened in 1999 when
the synthesis and determination of a single crystal structure using XRD, and
low temperature-low pressure gas sorption characteristics were described for the
first powerful porous MOF [38]. In order to prepare MOFs with a further higher
surface area, which require an increased storage space per weight of the com-
ponent, that phenomenon is termed as ultrahigh porosity. Organic linkers with
large lengths offer a larger storage space and higher number of adsorption sites
within a given component. Nevertheless, the more space within the framework
makes it liable to make impregnating structures, in which two or more crys-
tal frameworks get increased in size and mutually twirled together. By making
MOFs with topology that obstructs impregnation, it can be effectively prevented
from impregnation, which will require the further framework to be with a dif-
ferent topology [10,39].

1.2.8 AbVANTAGES OF MOF PorouUs MATERIALS

The common advantages of MOF porous materials are presented in Figure 1.4. The
foremost advantage of MOF porous materials is that the quantity of possible combi-
nations of organic and inorganic parts to make the resulting expected structures is
excellent [40]. Moreover, MOFs hold some unique properties like luminescence [41]
and magnetism [42] in comparison with other porous materials.

MOFs have a few other advantages such as low-cost design, light weight, etc.,
which can probably be used to decrease the growing carbon dioxide level in the
atmosphere due to the burning of fossil fuels [5].

A tank charged with a porous adsorbent permits storage of a gas at a very low
pressure compared to a similar tank without adsorbent. Thus, tanks with high pres-
sure and multi-stage compressors can be modified by providing a safe and economi-
cal gas storage method. Many gas storage analyses have been performed on porous
adsorbents such as carbon nanotubes, activated carbon, and zeolites [31].

Advantages of MOF

Porous Materials
Good Light Good
Low Cost Magnetism Weight || ||Luminescence

FIGURE 1.4 Common advantages of MOF porous materials [40].
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1.2.9 Porous MOFs IN SEPARATION OF GASES

As already discussed, MOF materials play vital roles in many application areas.
Major application areas of MOF materials are tabulated in Table 1.1.

The insight of the first few porous MOFs with permanent porosity implemented by
gas adsorption analyses significantly facilitated the development of these novel adsor-
bents for storing and separating gases [37,43]. For separating specific gases, the early
researchers conducted tests based on single component adsorption and/or desorption
isotherm prediction of pure gases. The accumulation of sorption information (from
a number of MOFs) exhibited a positive potential for purification and separation of
vapor or gas mixtures. However, normal separation of mixtures of gases with the help
of MOFs was hardly understood until gas chromatography (a new evaluating method)
was introduced into this field in 2005 [44]. In 2007, an experimental fixed bed break-
through was also applied to the prediction of separation of MOFs [45].

Based on these technologies, MOFs have revealed real separation of gas mixtures
from their intrinsic porous properties. In turn, the breakthrough experiment became
a powerful tool for evaluating the separation of MOFs that can imitate the indus-
trial process which cannot be implemented by a simple static single-component gas
sorption analysis. Then, a number of significant and challenging separations such as
capturing CO,, separating CO, from nitrogen or methane, separating light hydrocar-
bons, separating isomers, separating noble gases, etc., have been accomplished by
utilizing the unique MOFs as adsorbent materials [46,47].

1.2.10 NaNo Porous MOFs

Currently, nano porous materials are being focused with the view of nano science
and nanotechnology that is an evergreen multi-disciplinary domain of analysis,
which attracted lots of effort in R&D around the world. Nano porous materials (as a
subset of nano structured materials) possess unique surface, structural, and chemical

TABLE 1.1
General Application Areas of MOF Porous Materials [37]
SI.No  Application Area Description
1 Pollution control Low-cost and light-weight MOF porous materials are used to reduce the
CO, level in the atmosphere.
2 Gas storage and CO, capture and CO, separation from CH, and N,, light HC separation,
separation isomers separation, noble gases separation, etc., are performed with the

help of MOF porous materials.

3 Drug delivery MOF porous materials are used to provide a therapeutic amount of drug
to the proper site in the body to achieve prompt application and to
maintain the desired drug concentration.

4 Catalysis MOF porous materials are employed to catalyze transformations of
existing petrochemical feed stocks.
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properties which show their importance in various sectors such as ion exchange
[48], separation [49], catalysis [50], gas storage [51-53], lithium ion batteries [54],
biological molecular isolation [55], and purification fields because of their flexible
frameworks, uniform pore size, controlled chemistry, and high internal surface area.
In recent years, porous materials have also been used extensively in optical transpar-
ency, [56] photovoltaic solar cells [57], nano generators [58], nanotechnology [59],
sensors [60], optoelectronic devices [61], biomedical imaging [62], and biomedical
sciences [63]. However, they are capable of interacting with the atoms, ions, and
molecules at their surfaces as well as throughout the portion of the materials [7].

Hence, nano porous materials also have scientific technological importance due
to their flexibility to interact with atoms, ions, and molecules on their large interior
surfaces and in their nanometer-size pore spaces. They provide new opportunities in
many areas including inclusion chemistry and guest-host synthesis [64].

1.3 CONCLUSION

A detailed description of the porosity of MOFs is presented in this chapter. The fol-
lowing salient points have been discussed throughout the chapter:

* MOFs are obtained by combining inorganic and organic contents with the
help of strong bonds.

¢ Porous materials are naturally occurring. In addition to that, materials with
a porous nature are being intentionally artificially produced, such as brick,
concrete, cake, sponge, etc.

* MOFs can be produced with comparable porosity to zeolites and activated
carbon.

e Characterization methods used to characterize the porous MOF materials
have been discussed in detail.

e MOFs possess a high degree of structural and functional tenability.

e Porous MOF materials have many advantages such as good magnetism,
light weight, low cost, and good luminescence.

e Due to their porous nature, MOFs are used in applications such as gas sepa-
ration, gas storage, catalysis, drug delivery, etc.
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2.1 INTRODUCTION

Members of the platinum group elements/metals (PGEs/PGMs) are economically
valuable metals which are very popular for a variety of uses worldwide. This is due
to various chemically and physically inherent properties that PGMs have, such as
very high melting points, chemical inertness to most compounds even at elevated
temperatures, corrosion resistance, and catalytic behavior [1,2]. These PGMs,
including platinum (Pt), palladium (Pd), ruthenium (Ru), rhodium (Rh), osmium
(Os), and iridium (Ir), occur together in nature in combination with minor gold (Au))
[2]. Amongst them, the most widely used in industries such as automotive, electron-
ics, hydrogen fuel cells, jewelry, and oil refineries are Pt, Pd, and Ru [3]. PGMs are
predominantly produced in South Africa from the Bushveld complex, followed by
other countries such as Russia, Canada, Zimbabwe, and the United States of America
[1-3]. However, the increasing demand for PGMs as a result of increasing population
has put a strain on the available resources which poses concerns for the future [4-6].
Moreover, the possibility of environmental issues, such as water and land pollution,
affecting the health of human beings and animals has been realized [4,7-9]. Hence,
it is essential to recover PGMs from mining wastewater prior to it being released into
the environment. The recovery of PGMs has led to the development of many separa-
tion techniques such as solvent extraction, chemical precipitation, ion exchange, pho-
tocatalytic degradation, and membrane technology (Figure 2.1) [8]. Nevertheless,
some of the traditional technologies possess several drawbacks such as insufficient
recovery, generation of harmful byproducts, high capital cost, and poor selectivity
[10]. Adsorption technology has been identified as the beneficial technology owing
to its ease of operation at low capital cost, ability to regenerate spent adsorbent, gen-
eration of fewer secondary products, fast kinetics, and flexibility to merge with other
methods [6,11]. The success of the adsorption process requires the careful selection
of a suitable adsorbent material.

Metal-organic frameworks (MOFs) are coordination polymers which have
emerged as nanomaterials with interesting physical and chemical properties includ-
ing tunable pore size and pore character, lower density, higher surface area, elevated
thermal stability, enormous porosity, and abundant active functional sites [12,13].
These properties have led to the application of MOFs in various fields as catalysts, gas
sensors, nonlinear optics, gas storage, and drug delivery materials [13—15]. Recently,
MOFs have also found new application as adsorbent materials for the removal of pol-
lutants such as metal ions, organics, and pathogens from wastewater owing to their
enormous surface area [11,13,16,17]. They can serve as adsorption active sites and
their incredible porosity allows dissemination of pollutants over the framework [18].
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FIGURE 2.1 Methods used for platinum group metals recovery.

However, poor selectivity by MOFs towards PGMs in the presence of interfering
ions is still a challenge [10]. Ion imprinting has appeared as a promising technique
to fabricate adsorbent materials which are highly selective towards targeted metal
ions [19,20]. In this chapter, MOFs, as new materials, are introduced and discussed
in detail, from their various synthetic routes to the different composites and nano-
composites that can be formed. This is followed by the discussion of several applica-
tions of MOFs that have been studied, including application in wastewater treatment,
with more focus on adsorption of metal ions. Furthermore, we describe the chal-
lenges faced by MOFs and the possibility of addressing their limitations through the
employment of the ion-imprinting method. Finally, we summarize and give a future
perspective for realization of MOFs as ion-imprinted adsorbents.

2.2 METAL-ORGANIC FRAMEWORKS

2.2.1 BACKGROUND

The MOF first arose through the study of zeolites [21]. The term MOF was first
introduced by Yaghi in 1995 for the newly synthesized copper-4,4’-bipryridal com-
plex that exhibited extended metal-organic interactions [18,22]. Essentially, MOFs
belong to the general family of coordination polymers. MOFs are more specific
for one-, two-, or three-dimensional crystallized networks with porous properties
when compared to the general coordination polymers [23,24]. Since the beginning
of the millennium, there is an exponential growth of interest in the preparation of
MOFs and publications. Figure 2.2a represents a Scopus database from 1998-2019
showing a significant increase in the number of publications on MOFs in general as
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well as articles of MOFs for heavy metal adsorption [16]. It was seen in Figure 2.2b
that over 4500 MOF structures have been published in the Cambridge Structural
Database (CSD) from 1970 to 2015 [25]. These MOFs, as novel types of porous
crystalline materials, have attracted increasing attention in water treatment applica-
tions due to their high surface area, permanent porosity, and controllable structures
[12,18,26].

The structure of MOFs as shown in Figure 2.2c indicates that the metal nodes
function as joining points and the organic linkers work as bridging ligands. The
framework of the two components is held together by covalent bonds to form
extended 3D infinite network structures [24,27]. The defined crystallinity of MOFs
allows for identification of the exact positions of all atoms in the framework. By
definition, a porous solid is one in which permanent channels or pores permeate
the structure and have dimensions large enough to allow solvents or other guest
molecules to diffuse into the structure. The porosity and structure are maintained
even when guest particles/compounds within the channels are removed by heating
or vacuum [28]. Furthermore, the MOF structures are highly tunable by varying
the metal nodes or organic ligands which make it possible to obtain tailor-made
MOF materials with the required structures and functionalities for specific appli-
cation [29,30]. The porosity of known MOFs varies between 20 and 95%, where
it is measured as the ratio of the accessible pore volume to the total volume of
the solid [22]. This porosity relates to high internal surface areas, allowing for
increased adsorption of guest molecules. As a result, MOFs have attracted consid-
erable attention due to their high surface area and porosity, tunable structure, and
functionality [21,31].
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2.2.2  DIFrereNT STRUCTURES OF MOFs

The structural arrangement in MOFs extends from one- to two- and three- dimen-
sional (1D, 2D, and 3D) networks, which are assembled from organic linkers and
metal ion or cluster nodes [32]. For a 1D MOF geometry, the bonds between metal
clusters and organic linkers form a 1D expansion throughout the polymer with the
probable cavities being occupied by molecules of smaller size. 2D MOF polymers
are composed of single type layers superimposed from either preceding edges or
staggered type layers which are stacked by weak interactions existing between lay-
ers. Ligand modification constituting the layers are able to govern the way in which
channel interiors stack and function [24]. The two possible ways in which 2D MOF
structures can accommodate guest species are through the spaces found amongst the
grids of layers and in between the layers. The structural frameworks of 3D MOFs have
high porosity and stability as a result of the spreading of coordination bonds in three
directions and is common in many MOFs [33,34], as shown in Figure 2.3a-1. The
coordination that results in the above geometries (between metal ions and organic
ligands) is facilitated by the non-covalent p-p stacking and hydrogen bonds. These
interactions are responsible for converting the framework in MOFs to an infinitely
dimensional network, as well as controlling their strength and direction. Moreover,
the metal ion geometries have a great effect on the structures of MOF polymers [33].

Metal sites (referred to as unsaturated metal sites or accessible metal sites) in
MOFs have tremendous influence on their adsorption properties. The metal ions, as
the center connectors, are usually chosen from transition metals such as Cu, Zn, Mn,
Co, etc. The metals in the MOF structure often serve as Lewis acids which can acti-
vate the coordinated organic ligands for succeeding organic transformation [33-36].
The partially positive charges of metal sites in MOF structures have been proved
to increase adsorption capacity [36,37]. The commonly used transition metals give
different geometries depending on their number of oxidation state [38,39]. The com-
monly observed geometries of each metal are noted below and also in Figure 2.3a-1:

a. Copper—electron configuration of zero-valent metal is [Ar]3d'%4s,. Copper
nodes are often in distorted octahedral and square-planar geometries. The
distortion occurs mainly due to Jahn-Teller distortion commonly resulting
in octahedral geometries having four short bonds and two longer bonds as
the dz? orbital is filled whilst the dx?-y? orbital is only partially filled.

b. Cobalt—electron configuration of the zero-valent metal is [Ar]3d74s?.
There is a range of common coordination numbers for Co**. Geometries of
cobalt(II) nodes are generally octahedral and tetrahedral.

c. Nickel—electron configuration of the zero-valent metal is [Ar]3d®4s!. The
most prevalent nickel geometries are octahedral and square-planar with
consistent bond lengths.

d. Manganese—electron configuration of the zero-valent metal is [Ar]3d’4s?.
Manganese(II) compounds take on a range of coordination modes and
geometries in MOFs, the most common being octahedral.

e. Zinc—electron configuration of the zero-valent metal is [Ar]3d!%4s?.
Zinc(IT) compounds often take up octahedral or tetrahedral geometries.
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The organic linkers used to connect the metal nodes in coordination polymers are
usually multidentate organic molecules [33]. The linkers contain aromatic rings in
frameworks, which help maintain the structural integrity of the complex and direct
the geometry of the framework. The pore volume and surface area of MOFs can be
organized by modifying organic ligands which act as spacers and create an open
porous structure. The common organic linkers are shown in Figure 2.3 [40].

Secondary building units (SBUs) play an important role as they dictate the
final geometry of MOFs. The structure and chemical properties of the SBUs and
organic ligands lead to the prediction of the schemes and preparations of MOFs [41].
Literature reports have shown that under careful selection of reaction preconditions,
multidentate linkers can aggregate and thus lock metal ions at definite locations to
form SBUs [42]. The SBUs will subsequently join with rigid organic links to produce
MOFs that exhibit high structural stability [24,41]. It was reported that the structure
of the SBU is controlled by the metal-to-ligand ratio, solvent used, as well as source
of anions used in balancing metal ion charges [37,43]. Since the structure of MOF
polymers is governed by SBU geometries and organic linkers (shape and size), they
are tunable to a certain degree by careful selection of SBUs and organic ligands
having appropriate pore size, structure, and functionality for the precise application.

MOFs have gained interest in adsorption applications because they have easily
modifiable surface pores which can lead to improved selectivity in adsorbing certain
guest species with specific functional groups [11,44]. Hence, they have been exten-
sively explored for the adsorption of numerous toxic materials which are organic
and inorganic in nature. The ability of MOFs to remove pollutants from the envi-
ronment is owed to their enormous porosity and incredible geometry of the pores.
Furthermore, some of the MOF components that have been effectively employed to
improve the adsorption interactions include coordinatively unsaturated metal sites,
functionalized ligands, and added active species. These properties make MOF mate-
rials have better adsorption performance towards toxic species than most porous
materials [11].

2.2.3 PHysicAaL PropPerTIES OF MOFs

MOFs are prominent due to their capability of conveying various functionalities
through appropriate selection of the metal ions and organic ligands. Various studies
available in literature have already demonstrated a number of synthesis methods for
tuning the chemistry, stability, particle size, and flexibility of MOF structures [45].
Moreover, these coordination polymers can be further improved by “post-synthetic
modification” for further tuning the properties by swapping, altering, or removal of
the ligand or metal ion from the structure. The mechanical properties of MOFs can
be modified by introducing malleable ligands, modulating the strength of host-guest
interactions, constructing multi-metallic frameworks, and manipulating the size of
crystals.

The most important property in designing MOFs is stability. MOF polymers have
to be stable in order for them to be characterized fully and be applied in various
fields like adsorption, catalysis, and sensing [46]. The stabilities in the MOFs include
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chemical, thermal, hydrothermal, and mechanical. To improve the chemical stability
of MOF polymers, metal clusters having higher valence, such as Cr*, Fe*t, and Zr*
are used, together with soft ligands including triazolates, imidazolates, and tetrazo-
lates [34,36,47]. Furthermore, heterocyclic molecules containing nitrogen atoms can
be utilized in the preparation of MOFs together with soft divalent metal clusters like
Zn**, or Co** to increase the stability. The thermal stability of MOFs shows degra-
dation when metal-ligand bonds break and the organic linkers get combusted [46].
This can however be improved by coordination of oxy-anion ligands to high valance
metal ions [36]. On the other hand, the hydrothermal stability of MOFs refers to the
stability of materials in the existence of moisture at higher temperatures, and it was
also shown that it can be improved by introduction of hydrophobic functional groups
into the MOF framework [48,49]. Mechanical stability in MOF materials is directly
linked to their high porosity and they have an inversely proportional relationship.
The mechanical stability is more elevated in MOFs that have solvent-filled pores
than in those that have vacant pores [36,46]. Figure 2.4 depicts various MOF materi-
als with improved Brunauer-Emmet-Teller (BET) results. It was shown that MOF-
177 possessed the highest surface area in 2004 with BET surface area of 3780 m?/g
and porosity of 83% in 2007 [50]. Later in 2010, the surface area was doubled by
MOF-200 and MOF-210 produced surface areas of 4530 and 6240 m?/g, and porosi-
ties of 90 and 89%, respectively [51,52]. On the other hand, in 2007, MOF-5 material
showed a surface area of 3800 m?/g owing to active adsorption sites from zinc oxide
SBU and the edges of the organic linker [52]. Furthermore, it has been reported
that expanded tritopic linkers based on alkyne rather than phenylene units should
increase the number of adsorption sites and enhance the surface area [51]. NU-110
MOFs in 2012 have demonstrated a high surface area of 7140 m?/g [50], whereas

1 HKUST-1
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— - 100
2016 : Li0-66(z1)
2012 ] — MIL-100(C1) o
2011 ]
Rt MOF.-210
o 2010 ]
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FIGURE 2.4 BET surface areas of MOFs and typical conventional materials were esti-
mated from gas adsorption measurements.
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UiO-66(Zr), MIL-100(Cr), MIL-101(Cr), and HKUST-1 showed a BET surface of
1473, 1842, 3250, and 2642 m?/g in 20132019, respectively [38,53,54]. For applica-
tion in wastewater treatment a number of MOF polymers which are water-stable such
as chromium-based MIL-101 series [38,53,54], zeolitic imidazolate frameworks
(ZIFs) [55], zirconium-based carboxylates [56], aluminum-based carboxylates, and
pyrazole-based MOFs have been reported [16,49]. These materials have improved
stability which was achieved by increasing the coordination bonds strength of SBUs
to organic ligands [49,37,57].

2.2.4 SyntHEsis oF MOFs

There are numerous methods that are available for the synthesizing of MOFs. Many
of these methods take place in liquid phase which involves the mixing of metal salt
and ligand in a suitable solvent or preparing their solutions separately before mixing
them. The important part in synthesizing MOFs with good properties is choosing
a proper solvent by looking at features such as redox potential, reactivity, stability
constant, and solubility [58]. Figure 2.5 illustrates a summary of several approaches
for the preparation of MOFs. The main aspects and purpose of investigating different
methods of MOF preparations are to determine the synthetic routes which can result
in distinct inorganic building units without disintegration of the organic ligand. In
this chapter, more focus is given to the selected preparation methods for synthesis of
MOF structures and some are illustrated in Figures 2.5 and 2.6a—c.

2.2.4.1 Hydro/Solvothermal Method

The hydro/solvothermal process has been effectively implemented in preparing
MOFs that exhibit nanoscale structural morphologies which are unattainable by

Synthetic routes for metal organic framework preparation

Y
b 6 3 J

| Hydnsobothernal | | Microwaveasited | | Bictrochenical | | Mechanochnical | | Sonochenical |

FIGURE 2.5 Overview of synthesis methods for preparation of MOFs.
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traditional techniques [33,59]. The important parameters in the preparation of MOFs
are temperature, the choice of metal and organic linker, concentration of metal salt,
and the solubility of the reactants [39]. The metal ions in this case are coordinated
via functional groups of organic linkers to create a 3D porous paddle-wheel-like unit
with a cubic structure. In addition, the use of traditional preparation schemes has
often resulted in powdered MOFs with low densities. However, the low density prop-
erty is not suitable for hydrogen storage as MOFs require high volume for hydrogen
storage density with improved stability in humid and reactive environments, which
are unavailable in slack powdered materials [60,61]. The hydrothermal method is
usually carried out in a stainless steel autoclave as shown in Figure 2.6a. The method
permits a precise regulation on the size and shape of the material to be synthesized,
unlike conventional methods [36,62]. For example, Figure 2.6d shows schematic rep-
resentation for the synthesis of ZIFs prepared by solvothermal techniques. It was
seen that crystals slowly developed after heated solution of a hydrated metal salt,
imidazole organic linker, and solvent [63]. This process is ideal for generating mono-
crystalline MOF materials.

2.2.4.2 Microwave/Ultrasonic Method

The microwave-synthesis technique has demonstrated to be an appealing route for
fast preparation of nanostructured porous materials through hydrothermal condi-
tions [35,64]. In addition to the rapid crystallization and high efficiency, this method
offers potential advantages such as phase selectivity, narrow particle size distribu-
tion, and facile morphology control [33]. The microwave-assisted synthesis involves
heating a substrate mixture in a suitable solvent with a microwave for an hour in
order to yield nanosized crystals (Figure 2.6b). The quality of the crystals produced
by the microwave-assisted process matches that produced by the ordinary solvother-
mal methods, however it is much faster [64].

2.2.4.3 Electrochemical Synthesis

The method of synthesizing MOFs electrochemically was initially described by
BASF researchers in 2005 [33,36]. Electrochemical synthesis was developed in order
to avoid the effects of anions from metal salts, such as nitrates, chlorides, and per-
chlorates. As a result, this method offered simplicity, high purity of the produced
materials, and process controllability [33,36,65]. The process in electrochemical
synthesis involves continuous introduction of metal ions instead of their salts into
the anodic dissolution which moves them through the reaction medium to interact
with the dissolved organic linkers at the cathode in the electrolyte [33,65,66]. To
prevent metal from being deposited onto the cathode, protic solvents and compounds
like acrylonitrile, acrylic, or maleic esters were used and H, gas was released during
the process [23,61,65]. Furthermore, electrochemical synthesis offers an opportunity
carry out a continuous process and attain a high solid content in industrial operation
in comparison with normal batch reactions [65,67]. This method provides fast reac-
tion rates and mild conditions which are essential in producing MOF materials on a
large scale [36].
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2.2.4.4 Mechanochemical Synthesis

The mechanochemical synthetic process is regarded as a solvent-free preparation pro-
cedure since it does not require any solvent for MOFs synthesis (Figure 2.6¢). It pro-
ceeds through two steps, wherein the first step involves the mechanical disintegration
of intramolecular bonds which is accompanied by chemical transformation [68]. The
advantage of this solvent-free process is that reactions can proceed at room tempera-
ture without the use of an organic solvent. A qualitative yield of a small amount of
product is obtainable in a short period of time ranging between 10 and 120 minutes.
In several cases, the preference for the starting material was metal oxides rather than
metal salts as they resulted in water as the only side product [69,70]. In recent years,
mechanochemical synthesis has been effectively implemented for the fast preparation
of MOFs through the use of liquid-assisted grinding (LAG). This process involves the
addition of a small amount of solvent into a solid reaction mixture where it acts as a
structure-directing agent. Furthermore, the method was developed to ion and liquid
assisted grinding (ILAG) which demonstrated high efficiency for the selective manu-
facturing of pillared-layered MOFs [65,71]. Nonetheless, the process is restricted to
explicit MOF types which cannot produce large amounts of product [72—74].

2.2.4.5 Sonochemical Synthesis

The sonochemical technique involves the use of high ultrasonic energy of about
20 kHz—10 MHz in a chemical reaction mixture. The ultrasound makes chemical/
physical modifications through the cavitation method, where smaller bubbles are
created and grow in a liquid state [43]. The bubbles collapse to form local hotspots
having a short lifespan with temperature and pressure generating homogeneous
nucleation centers and reducing the time for crystallization in comparison to tradi-
tional solvothermal processes [43,75].

2.2.4.6 Diffusion Method

The diffusion method is normally used in the preparation of materials to avoid the
creation of polycrystalline powdered compounds by generating crystals that are suit-
able for single X-ray diffraction analysis [33,67]. The working principle behind this
technique involves slowly bringing different species into contact and this can be
achieved in different phases including gas, liquid, and gel diffusion [33,43]. The rate
of reaction in all of these diffusions is influenced by one of the reactants. In solvent
liquid diffusion, two layers with dissimilar densities form where one solvent contains
the product and another solvent is for the precipitant. The two layers are further sepa-
rated from each other by another solvent layer and the precipitant solvent gradually
penetrates the separating layer and allows crystal formation at the interface [33,43].
Liquid phase diffusion involves the dissolution of the metal ions and organic linkers
in immiscible solvents, whereas gas phase diffusion uses an organic ligand solvent
that is volatile. In the gel diffusion method, MOF crystals form from mixing metal
ion solution and organic ligands prior to dispersing them in a gel substance in order
to prevent bulk material from precipitating. The gel substance helps to slow down the
diffusion rate and the preparation of MOFs by the diffusion method, which is usually
carried out in mild conditions and it is time-consuming [43].



https://www.twirpx.org & http://chemistry-chemists.com

Heavy Metal Removal from Water 25

2.2.4.7 Solvent Evaporation Technique

Solvent evaporation is another available technique for the synthesis of MOF coor-
dination polymers. This synthetic route involves the formation of crystals through a
gradually increasing concentration of mother liquor [33]. In the solvent evaporation
method, the first step entails mixing precursors in a suitable solvent, followed by stir-
ring the mixture to obtain a clear solution. The mixture is then exposed to a specific
temperature in an inert environment for the solvent to evaporate and allow the crys-
tals to grow [33,36]. The main advantage of this traditional technique of synthesizing
MOFs is that it does not require any external energy supply and can be used at room
temperature. However, it is time-consuming and poor solubility of reactants poses
some drawbacks for the preparation of MOFs. The poor solubility of the reactants is
then improved by mixing different solvents and the process is accelerated by using
low-boiling-point solvents which can evaporate quicker [36,43].

2.2.4.8 Post Synthesis Method

Amongst other advantages of MOFs, it is their capability to incorporate com-
plex functionalities into their framework, therefore generating a series of MOFs
with diverse functionality while maintaining the same topology [76]. However, it
remains a challenge to introduce functional groups onto the structure of an MOF
during its synthesis. The above-mentioned drawback can be addressed through the
post-synthesis modification (PSM) method, which is the chemical modification or
functionalization of MOFs following their formation (Figure 2.7). The introduc-
tion of functional groups onto the structure of MOFs can be achieved by through
noncovalent, coordinative, or covalent interactions [39,40,77]. Some of the simplest
approaches employed in carrying out PSM are protonation and doping.

ﬁ
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FIGURE 2.7 PSM of MOFs and functionalized ligands during MOFs synthesis [79].
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Covalent interactions have been successfully used in PSM for amino function-
alization of MOFs owing to the high reactivity of amino-functional groups. It must
be noted that many PSM reaction methods make the functional groups increase in
size and complexity in the pores, but there is the possibility of making the groups
smaller and instantaneously unmask the protected functional group [47,78]. For
dative PSM processes, there are two types that exist. Firstly, the one in which metal
nodes bond coordinatively to the neutral sites of the linker. The second one occurs
when metal ions coordinate to the organic linker by deprotonation-like transforma-
tion of hydroxyl groups into alkoxides [47].

2.3 MOF NANOMATERIALS

The application of MOFs in various fields has led to the development of MOF nano-
structures and MOF composites. Nanostructures of MOFs are formed when the size
of the materials is reduced to nanoscale [80]. These type of materials have gained
interest due to their properties which include luminescence, electrical and magnetic
properties, enormous surface area, narrow pore volumes, and unique size-dependent
optical behavior in comparison to traditional MOF polymers [65,80,81]. Furthermore,
nanostructured MOFs are highly diverse in terms of composition, morphology, and
characteristics, and have shown to be greatly dispersible and biocompatible. When
comparing nanostructured MOFs with other nanostructured materials, their diver-
sity in morphology includes nanocavities, hollow spheres, and polyhedrons [41]. The
synthesis of these types of structures involves doping of inorganic nodes, which
allows for modification of functional characteristics of MOF polymers while main-
taining their coordination characteristics [65,81]. MOF materials are sometimes
mixed with appropriate metals and graphene-based nanomaterials to obtain highly
effective composite structures Sometimes, graphene-based nanomaterials are com-
bined both with suitable metals and MOF structures. As a result, very effective
composites are obtained. An example is a study conducted by Asadian and cowork-
ers [82]. They were able to prepare nickel copper (NiCo) layered double hydroxide
(LDH) nanosheets. They put the synthesized material on GCE and utilized it for
detecting non-enzymatic glucose as depicted in Figure 2.8.

2.4 MOF COMPOSITES

A composite is a material that has multiple components with various phase domains,
wherein one type of the domain is continuous [83]. Such materials are regularly
employed in industrial systems, due to the combination of phase properties which are
tunable. Hence, there are some studies on composites which have been conducted,
such as improving gas sorption/separation and heavy metal adsorption [65,83,84].
Additionally, composites can be easily handled when comparing them to crystalline
MOF polymers. In catalysis, the interest in composites lies in the combination of
the catalytic activity of the dispersed phase and the stability of the continuous phase
[65,83]. Formation of composites by modifying the surface of MOFs has been also
investigated in biomedicine and found to improve the water dispersity and stability of
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FIGURE 2.8 A carbon nanomaterial/ MOF composite based sensor [82].

MOFs. This results in the enhancement of drug loading, reduction in plasma protein
binding, avoided uptake by the reticuloendothelial system, etc. [85]. In addition to
other applications, various MOF composites have been synthesized and studied, with
many of them showing potential in enhancing efficiency for a specified application
[84,86,87]. It was reported that incorporation of an ultrathin layer of MOF-derived
nanocarbon on graphene oxide sheets resulted in the formation of a nanocarbon/
graphene oxide/nanocarbon sandwich-like structure with high specific surface area
and excellent electronic conductivity (Figure 2.9) [88].

2.5 APPLICATIONS OF MOFS

The fascinating structural diversity of MOFs and their nanostructures and compos-
ites have earned these coordination polymers unlimited possibilities for a wide range
of applications. MOFs can be tailored for a particular application through appropri-
ate alteration of the structure. Literature reports have shown that properties of the
system that have been measured correlate completely with chemical functions and
matrices that have changed [85,89-91]. The surveys have shown that there are com-
plete correlations between the measured properties of the systems and the changes
occurring in their chemical functionality and matrix [92,93]. For this reason, a vari-
ety of design methodologies can be implemented in order to obtain the anticipated
performances of the MOF materials. The following section provides an insight on
some of the significant applications of MOF materials.
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FIGURE 2.9 (a) MOF composite of ZIF/GO and N-doped nanoporous carbon/graphene/
nanoporous carbon sandwiches; and (b) their linear sweep voltammetry curves and oxygen
reduction process and conducted in alkaline conditions [88].

2.5.1 BIOMEDICINE

The development of MOF composites and nanomaterials for drug delivery has been a
growing research area in the field of medicine since the emergence of the use of pris-
tine MOFs for drug delivery in the mid-2000s [94]. MOFs possess numerous ideal
properties as drug carriers such as a high surface area which offers high drug load-
ing ability, large pore size, and improved controlled release kinetics. Furthermore,
the labile metal-ligand coordinated bonds and flexible functionality for post syn-
thetic grafting of drug molecules offer the potential of the biodegradability of these
materials [95]. MOFs’ application as drug carriers is hindered by their insolubility
in water which is addressed by surface modification and composite formation with
components that are hydrophilic or coordinating with water-attracting ligands [94].
The utilization of MOF materials as drug carries can improve efficiency in drug
delivery and reduce the side effects of the active pharmaceutical ingredient. The
main objective in developing MOF drug carriers is to use metal ions and organic
ligands that display insignificant toxicity in the human body system. Fewer toxic
metals, which are widely used, include iron, calcium, copper, nickel, zinc, titanium,
manganese, and their oral lethal dose is below 50 (LD50) within different metabolic
body systems. In terms of organic ligands, the chosen ones are those prepared from
natural compounds which have no effect on the body systems [33,94]. As an exam-
ple, Haydar et al. [96] synthesized four different MOFs, namely Fe-100, Fe-MIL-101,
Fe-MIL-53, and Ca-MOF using the hydrothermal method for the delivery of
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flurbiprofen. The Fe-MIL-100 and Fe-MIL-101 MOFs showed the loading percent-
ages of 46 and 37%, respectively.

2.5.2 SENSORS

The diversity in the structural designs and tunable surface chemistry of MOF prop-
erties has motivated their utilization in various sensing applications such as gas
sensing, biosensing, electrochemical, and chemical sensing [81]. Generally, a sensor
comprises two components, (i) a sensing unit which collects information and (ii) a
transduction unit that is used for translating the collected information into either
an electrical or optical signal [97]. MOF materials having magnetic or lumines-
cence characteristics, as well as size/shape-selective adsorption, can offer potential
for application in sensing devices. The preparation of luminescent networks can be
achieved by using organic linkers and metal ions which are luminescent, organic,
or by using the metal-to-ligand charge transfer [98]. Hence, the properties of MOFs
that contribute significantly to their usage in developing an MOF luminescent sens-
ing device include their structural characteristics, coordination environments, poros-
ity, interactions with guest species, and non-covalent interactions. Lanthanides are
promising candidates in preparing MOF-based sensors owing to their large coordi-
nation sphere (coordination number up to 12) as well as lacking strong coordination
geometry [33,67,97].

MOFs may be used in electrochemical sensors which operate based on the oxi-
dation and reduction reactions of the analytes. The measurement in electrochem-
istry takes place in an electrochemical system of two or three electrodes made of
a working electrode, a counter electrode, or reference electrode. The quantitative
measurement of species involved in the reaction can be achieved by measuring the
current, electric potential, or other electrical signals. MOF composites have shown
to be a good candidate for electrochemical gas sensing owing to their high surface
area, pore volume, good absorbability, and high catalytic activity [97]. Mashao et al.
[99] reported an electrochemical hydrogen gas sensor based on polyaniline/ZIF
(Figure 2.10). They showed that electrochemical gas sensors based on MOFs have
the capability to sense low concentrations (ppm level) of hydrogen gas without the
requirement of heating.

2.5.3 CAartALYsIS

In catalysis, the porosity and the thermal stability of MOF materials play a vital
role. Moreover, the tunable nature of the size of the pores in MOFs allows them to
be easily designed for the exact application as catalysts. The preferred catalysts are
usually homogeneous catalysts owing to their higher efficiency and selectivity; how-
ever, their study is limited by the instability and limited recovery and separation of
the spent catalyst. MOFs as solid materials offer potential in addressing the above-
mentioned shortcomings since their framework can be altered to allow various cata-
lytic reactions. An MOF possesses a heterogeneous catalytic characteristic due to
its porous nature and structural properties such as high surface area, permanent
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FIGURE 2.10 Schematic representation of polyaniline doped with ZIF for electrochemical
hydrogen gas sensing [99].

porosity, and multifunctional ligands [100]. It was seen that the most vital charac-
teristic responsible for its heterogeneous catalytic ability is lack of non-accessible
volume. Literature shows that there are numerous of MOFs that have been used as
heterogeneous catalysts for formation of organic oxidation, epoxidation, knovenagel
condensation, aldol condensation, hydrogenation, Suzuki cross-coupling, or Friedel-
Craft’s alkylation reactions [101]. The advantage of employing an MOF catalyst in
synthesis of organic compounds (Figure 2.11) is its ease in separation from the tar-
get product by centrifugation, and its reusability [102]. It was reported that rates of
organic transformation depend on the surface area and pore size of the MOF since
the catalytic reaction takes place on the outer surfaces of the MOF particles under
UV radiation [102].

Figure 2.12 presents four strategies for the important role that MOFs play in
catalysis [103]. The first approach is on the transition metal ions which can act as
active sites, the requirement being vacant coordination sites on the metal centers.
The second approach is based on the metal nanoparticles which are saturated into
the pores of the MOF structure, however, they occupy the space in the pores that
leads to a decrease in the surface area and pore volume which will reduce the cata-
lytic activities. The third approach is on the organic linker which features the func-
tional side-groups and possesses a possibility of post functionalization to enhance
its catalytic activity. The last approach is on the preparation of mixed organic linker
MOFs which are made from two isoreticular linkers that are disseminated in a mixed
structure. It was seen that the challenges in the preparation of MOF catalysts are the
introduction of unsaturated metal centers (UMC) and creation of void spaces into the
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FIGURE 2.11 Formation of organic compounds using MOF catalyst and transport limita-
tions in MOFs indicated by particle size effects on conversions [32].
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FIGURE 2.12 Different approaches for the use of MOFs in catalysis: (a) framework metals as
active centers, (b) generation of metal nanoparticles inside the pores, (c) immobilization of active
metal complexes via functional side-groups of the linker molecule, and (d) synthesis of mixed-
linker MOFs (MIXMOFs). Black circles represent active metal centers and gray circles symbol-
ize metal centers which are only used to build up the framework (no free coordination sites) [103].
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framework structure. Current studies have shown that transition metal ions and mul-
tifunctional organic ligands are used as the building blocks and specific structure to
obtain microporous MOFs [95,104]. In addition, the introduction of N-heterocyclic
carbenes (NHC) into MOFs makes powerful heterogeneous catalysts and allows
multiple catalytic active sites [33,36].

2.5.4 GAs STORAGE AND SEPARATION

It was documented that a porous adsorbent material has the ability to safely and
economically store gas at lower pressure due to high surface area [33]. These kinds
of porous materials are the candidates to replace the conventional storage methods
of high pressure and multi-stage compressors. The literature survey shows that the
reports on the utilization of activated carbon, carbon nanotubes, zeolites for gas
storage, and interest in MOFs as gas storage materials is increasing owing to their
tunable structural properties. MOF materials have been applied in hydrogen gas stor-
age whereby hydrogen molecules are adsorbed on the surface of the pores of the
MOF structure through a physisorption process [39,45]. There are number of MOF
materials that exhibit outstanding performance for hydrogen adsorption under cryo-
genic conditions and high pressure up to 100 bar [85,105], However, their hydrogen
store efficiency was shown to be low at ambient conditions [39,51,106]. Recently,
extensive studies have been reported for the fabrication of MOF materials having
high interaction energies for hydrogen gas at ambient conditions [51,67,103]. It was
shown that the hydrogen uptake relates to the surface area of the material, therefore
the enhancement of hydrogen adsorption may be achieved by an increase in surface
area [105]. So far more than 150 microporous MOFs have been investigated for H,
adsorption at different conditions. For instance, the hydrogen uptake was tested for
the documented carboxylate-based MOFs such as MOF-5 and MOF-177 prepared
from [Zn,O] cluster with di- and tri-carboxylate ligands, respectively [51]. It was
seen that MOF-5 possessed a BET surface area of 3800 m?/g with 7.1 wt% of H,
uptake at 40 bar and 77 K [51]. On the other hand, MOF-177 material with BET
surface area of 4750 m?/g showed 7.5 wt% of H, adsorption at 70 bar and 77 K [107].
Jihoon et al. [108] reported the preparation of Pt and carbon black (CB) impregnated
MOF-5 composite, CB/Pt/MOF-5, possessing high hydrogen storage potential up to
0.62 wt% over pristine MOF-5 (0.44 wt%) at moderate temperatures and pressures.
They further showed that the CB/Pt/MOF-5 composite has moisture-resistant capa-
bility as compared to pure MOF-5. Hu et al. [109] have synthesized Pt impregnated
on MOF/graphene oxide (GO) composites to form Pt@HKUST-1/GO and Pt@ZIF-8/
GO. They indicated that the composites possessed increment in hydrogen uptake
with respect to their pure MOFs [28].

2.5.5 WATER PURIFICATION

The selection of a water treatment method is based on the initial quality of water,
parameters established by regulations, and the intended usage of the water after
purification. These methods are regarded as physical, chemical, or biological
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treatment based on the mechanism of removal of pollutants [59,110], as presented in
Figure 2.13a.

The conventional treatment methods are inefficient for potable uses especially
against raw water containing low concentrations of pollutants [49,111]. Treated water
obtained from conventional methods can be reused for irrigation of crops or land-
scapes, refilling of aquifers, and non-potable urban uses. Nevertheless, traditional
remediation methods do not produce water that is sufficient enough for reusability
in industrial applications (such as cooling and boiler feed) and also drinking [112].
Hence, there is a need to develop an improved wastewater treatment technology as
demonstrated in Figure 2.13.

2.5.5.1 Adsorption of Organic Pollutants

MOFs are promising porous adsorbent materials for the removal of organic con-
taminants from the environment due to their easy separation, high surface area,
and high selectivity towards removal of contaminants. MIL-101 material as one
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FIGURE 2.13 (a) Several technologies available for removing contaminants from wastewa-
ter. (b) Elimination of organic dyes from wastewater through photodegradation process [21].
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of the MOF materials has a zeotype crystal structure with high resistance to air,
water, and common solvents. It is a key property for an adsorbent for application
in the pretreatment of aqueous-containing samples. Zhou et al. [113] prepared
novel magnetic Fe;O0,@MIL-100(Fe) nanoparticles for removal of organochlorine
pesticides from tealeaves in a mechanochemical magnetic solid phase extraction
(MCMSPE). The Fe,0,@MIL-100(Fe) material was prepared employing the step-
by-step method, shown to be effective towards organochlorine pesticide recovery
and also be reused with no significant changes in adsorption capacity after several
cycles [113]. The findings showed that MOF materials are ideal recyclable adsor-
bents for removal of organic contaminants. Furthermore, metal oxides have been
used to adsorb organic dyes which have become a hazardous contaminant from
industries in the environment [30]. Wang et al. [114] investigated the utilization
of magnetic Fe,O,/MIL-101(Cr) nanomaterial for removal of organic dyes such as
acid red 1 (AR1) and orange G (OG). They reported that the prepared Fe,O,/MIL-
101(Cr) nanomaterial possessed adsorption capacities of 142.9 and 200.0 mg/g for
ARI and OG, respectively. The results showed that MOF-based magnetic core-shell
materials as good candidates as for dye removal from wastewater. Moreover, Yang
et al. [115] reported a preparation of Fe,O,-PSS@ZIF-67 nanocomposite for selec-
tive adsorption of methyl orange (MO) from solution mixture of MO and methylene
blue (MB) (Figure 2.14). They demonstrated that the adsorption capacity of the
magnetic nanocomposites for MO was measured to be 738 mg/g with the separation
rate of up to 92%.
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FIGURE 2.14 Scheme of selective adsorption of MO from the mixed MO/MB solution by
Fe304-PSS@ZIF-67 magnetic composites; photographs (b) and UV-vis spectra (c) of the
mixed MO/MB solution before and after magnetic separation [115].
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2.5.5.2 Photodegradation of Organic Pollutants

It was well documented that heterogeneous photocatalysis (HP) (Figure 2.13b), is
regarded as an emerging itinerary for water treatment for removal of organic dyes
through photodegradation [21,116]. In HP, the photocatalyst is irradiated with UV
light to separate charges followed by production of the reactive oxygen species (ROS)
[70,117,118]. The material which is used in HP is known as a photocatalyst. It is a
semiconductor, possessing the valence band (VB) and conduction band (CB). The
VB is known as the highest occupied molecular orbital (HOMO) whereas the CB is
the lowest unoccupied molecular orbital (LUMO) level. The distance between these
levels is called band gap energy (E,) [70]. For instance, the photocatalytic mecha-
nism of pollutant removal is presented in Figure 2.13b. Once a semiconductor is irra-
diated with UV light, it absorbs light with energy which is equivalent to its bandgap
energy (>E,) [119]. The electrons (¢™) in the material are promoted from the VB to
the CB for photogeneration of charges and leave an electron hole, h* behind [70]. At
excited state there are several pathways that photogenerated charges can take, such
as recombination, releasing the excitation energy as heat, migration to the surface
of the photocatalyst, or production of the ROS [117,119]. Lastly, OH is produced
through the water oxidation process which is achieved by the h*, whereas superoxide
radical anions (O,") are generated via adsorbed oxygen reduction mechanism. On
the other hand, it was seen that the protonation process may take place to oxidize
this O, to hydroperoxyl radicals (HO,-") [43,120]. It was observed that these oxidant
species, together with direct oxidation by h*, are capable of mineralizing the organic
dye to CO, and H,O [116].

2.5.5.2.1 Photocatalysts for Wastewater Treatment

Fast-growing interest in the area of photocatalysis for wastewater treatment has
arisen in the manufacture of different photocatalysts such as metal oxide [21,121]
and metal sulfides [122]. Table 2.1 presents some of the most investigated photo-
catalysts in water purification. Several investigations have concentrated on the use

TABLE 2.1
Some of the Most Investigated Photocatalysts in Water Purification
Photocatalyst Purpose Refs.
TiO, Photocatalytic degradation activity [123]
Photocatalysis for treating bacteria [131]
Photocatalyst in water treatment technology [134]
ZnO Photocatalytic degradation activity [123]
Photocatalyst in water treatment technology [131]
WO, Photocatalytic degradation activity [123]
CuS/ZnS Exceptional visible-light driven photocatalytic activity [124]
MoS,/CdS Enhanced visible-light photocatalytic activities [130]

MOF Photocatalytic degradation activity [135]
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of TiO, for water purification [123,124] owing to its high activity in photocatalysis.
However, the application of TiO, powder has several setbacks such as poor porosity,
low adsorption, and its difficulty in recovery [117]. In addition, it was seen that the
photocatalytic activity of TiO, anatase, possesses a band gap energy of 3.2 eV (A >
387 nm) which is high and needs to be activated by UV radiation [21,123,125]. As a
result, surface modification of TiO, by addition of carbon, graphene, or metal deposi-
tion, has been used in photocatalysis [123,125]. However, the preparation of a pho-
tocatalyst based on TiO, for practical wastewater treatment using visible and solar
light is still a challenging boundary. Consequently, it is imperative to explore compe-
tent, robust, and cost-effective photocatalysts for replacement of the traditional ones.
In the last two decades, a type of crystalline material called MOFs have received
consideration in photocatalysis. MOFs offer a wide range of applications owing to
their structural arrangement of coordination bonds between unsaturated metal core/
node and multidentate organic linkers (catalytically active) [126]. Furthermore, their
large surface area and well-ordered porous structures have significantly contributed
towards their interest in numerous fields. In HP, the utilization of MOFs as photo-
catalysts is mainly based on three aspects: (1) encapsulating chromophores in the
internal structure of the MOF, (2) promoting e~/h* separation in the metal core, or (3)
preparing MOFs using materials which have absorption bands in the visible region
[122,119]. Moreover, some MOFs can serve as semiconductors (e.g. MOF-5 [127],
NTU-9 [128], and UiO-66 [129]), in which the energy transfer takes place from the
organic linker to the metal-oxo cluster [130]. Nonetheless, most MOF photocata-
lysts have a large band gap due to their poor conductivity caused by the insulator
characteristic of the organic linker [21,124,131] that can simply harvest UV light,
which immensely limits their further application [34]. There are several dissimilar
approaches, including dye sensitization [132], decoration of linker or metal center
[130,133], and combination with other semiconductors [134]. Hence, surface modi-
fication and functionalization of MOFs are required for their application as suitable
photocatalytic materials.

2.5.5.2.2  Photocatalytic Degradation of Dyes using MOFs

The application of MOFs in water purification is subject to their photochemical reac-
tion and stability. This means that MOFs must retain their structural and textural
properties during photocatalytic activity. Several organic dyes such as MB, MO, and
rhodamine blue (RhB) have been used as target pollutants and given in Table 2.2. The
studies showed some of the approaches to establish photoactive materials which are
founded from MOFs, as presented in Figure 2.15a [43,84,132]. Type I strategy uses
the semiconductor dots characteristics of the metal cores in MOFs that behave like
isolated nano-semiconductors which are sequestered by the organic ligands [122].
The type | MOFs are very effective compared to traditional semiconductors owing to
their excessively porous nature. This favors the adsorption of contaminants that are
near the semiconductor and photogenerated charges. Moreover, their high density
of photoactive dots and the organic ligands which serve as antennae to absorb light,
will accordingly enhance the photoresponse of the MOF as a catalyst [56,136]. In
type II MOFs, dye-based organic linkers with photoresponse are used for absorption
of light as well as transfer of photogenerated charges to the metal cores [118,137].
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TABLE 2.2
Photocatalytic Degradation of MOF-Based Materials for Organic Dyes

Organic Irradiation

MOF-Based Photocatalysts Dye Time (min) PDE% Refs.
MOF, MB 150 94 [119]
[Cu(4,4'-bipy)Cl], + H,0,
MOF, MB 150 55 [119]
[Co(4,4'-bipy)(HCOO),] + H,0,
Fe,O/MIL-53(Fe) MB 240 70 [143]
BiOBr/NH,-MIL-125 RhB 100 100 [144]
Bi,MoO/MIL-100 RhB 90 90 [145]
Ag,PO,/MIL-53(Fe) RhB 90 100 [129]
g-C;N,/MIL-125 RhB 60 100 [146]
2-C;N/MIL-100 RhB 240 100 [133]
¢-C,N,/MIL-53(Al) RhB 75 100 [147]
rGO/NH,-MIL-125 MB 30 100 [148]
rGO/MIL-88(Fe) RhB, MB 20 100 [136]
GO/MIL-101(Cr) MG 60 92 [149]
Au@MIL-100(Fe) MO 150 100 [150]
Pd@MIL-100(Fe) MO 150 100 [150]
Pt@MIL-100(Fe) MO 150 100 [150]
MIL-53(Fe) Phenol 180 99 [137]
NH,-MIL-53(Fe) Phenol 180 92 [137]
Fe(BDC)(DMF) Phenol 180 99 [137]
MIL-53(Fe) RhB 50 98 [151]

Type III MOFs are regarded as the simplest route where MOFs act as a porous matrix
in which the photoactive species are compressed within its structure [138]. However,
the main drawback of these MOF materials in photodegradation is their stability in
water. In 2007, Alvaro et al. [139] described the photocatalytic degradation of phenol
in water by MOF-5. In addition, Hausdorf et al. [138], observed that the instability of
MOF-5 depends on structural modification and water environment. The photodegra-
dation of rhodamine 6G (R6G) by Fe-MOFs under visible light (550 nm) was studied
by Laurier et al. [140]. They have observed that Fe-MOFs were better catalysts than
the conventional TiO, and their structural properties were reasonably maintained
after photocatalytic activities. Other MOFs for photodegradation of MB organic
dye have demonstrated high photodegradation efficiency (PDE%). Typical examples
in this chapter are presented in Figure 2.15b,c and Table 2.2. It was reported that
Cd(II)-imidazole MOFs for photodegradation of the MB and MO under UV light
generates the photogenerated charges that are vital for photocatalytic degradation of
organic dyes [111]. Furthermore, Zhang et al. [141] examined other types of Cd(II)-
imidazole MOFs for photodegradation of MO and revealed that the bandgap energy,
efficiency in the transference, and separation of charges are the factors controlling
the photogeneration of charges. On the other hand, Zn(II)-imidazolate MOF (ZIF-8)
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FIGURE 2.15 (a) Demonstration of the types of MOF developed for photocatalytic applica-
tions [70], (b) typical degradation mechanism of organic dyes using MOF as a photocatalyst,
and (c) effect of irradiation time on MB using MOF under UV radiation [142].

also showed a high photocatalytic efficiency for the removal of MB UV radiation
[121]. Du et al. [121] reported a synthesis and application of MIL-101 in the pho-
todegradation of Remazol black B (RBB) dye. They have found that MIL-101 has
high crystallinity, specific surface area (3360 m?g~') and high stability in water and
several organic solvents. The results showed that MIL-101 as a heterogeneous photo-
catalyst in the degradation reaction of RBB with 95% PDE after fourth cycle and the
photocatalytic mechanism was through electron transfer from photoexcited organic
ligands to metallic clusters in MIL-101 [121].

2.6 ADSORPTION OF HEAVY METAL IONS

Heavy metals are originally found in the natural environment from different types
of rocks (i.e. igneous, metamorphic, and sedimentary). They interact with their sur-
rounding environment through several processes including weathering, soil erosion,
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and soil formation and result in the accumulation of these metal ions in a higher
toxic concentration [152]. The pollution of water by heavy metal ions such as cop-
per (Cu), chromium (Cr), lead (Pb), cobalt (Co), nickel (Ni) PGMs, and mercury
(Hg) expelled from industrial activities is of major concern owing to their numerous
toxicological effects to human health and the environment [9,112]. The exposure to
some of these heavy metal ions is accompanied by severe and irreversible effects
even in lower concentrations [153]. The employment of adsorption technology as a
feasible technique for wastewater treatment has been widely investigated owing to its
simple designs and operation at a lower cost, production of less harmful secondary
byproducts, and possible regeneration of the adsorbent. In the adsorption process,
the adsorbent (usually porous solids) interacts with the adsorbate of suitable size and
shape through physical (adsorptive) or chemical (reactive) adsorption [11]. The physi-
cal/adsorptive adsorption mechanism involves the entrapment of adsorbates into the
pores of the adsorbents via van der Waals forces. In chemical/reactive adsorption,
the mechanism of adsorbate-adsorbent interaction is through the formation of a
chemical bond. The advantage of physical adsorption is the easy regeneration of the
spent adsorbent using solvents exchange or by physical treatment like sonication,
as compared to chemical adsorption which requires chemical treatments. Various
mechanisms of adsorption that are possible between the adsorbate and adsorbent are
represented in Figure 2.16 [37]. The effectiveness of the adsorption process is evalu-
ated based on the uptake capacity by the adsorbents, specific selectivity, and of the
rates mass transfer [112].

Physical J
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1. Electrostatic
&\J 2. Diffusion

3. Van der Waal force

Adsorption
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1. Coordination interaction
2, Chemical bonding
3. Acid-base interaction

. Chemical
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FIGURE 2.16  Various mechanisms of adsorption that are possible between the heavy metal
and MIL-101.
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MOFs offer good aspects in the removal of heavy metal pollutants from
wastewater due to their structural diversity, higher surface area, tenability of
their pore size, and enormous porosity. Furthermore, MOFs have shown to have
significant partitioning coefficients that indicate higher adsorption capacity
for heavy metals regardless of the initial conditions [59,154]. In some cases,
MOFs capture inorganic pollutants on their nodes via pseudo-ion-exchange pro-
cesses whereby less strongly coordinated organic linkers are removed by the
inbound contaminant [56]. As an example, Wu et al. [155] synthesized thiol-
functionalized copper terephthalate Cu,O(BDC) MOF via PSM for the removal
of Hg?* ions. They obtained the maximum adsorption capacity of 405.6 mg/g
at an equilibrium time of 90 min. In another study, Lu and coworkers [156]
prepared a sandwich-structured MOF/graphene oxide (MIL-101(Fe)/GO) com-
posite for the adsorption of Pb?** ions from simulated wastewater. Though the
composite showed the decrease in specific surface area from 1777 to 377 m?/g,
the Langmuir adsorption capacity was increased from 71.2 to 128.6 mg/g at an
equilibrium adsorption time of 15 min. Lin et al. [157] synthesized three zirco-
nium based MOFs UiO-66, UiO-66-NH,, and UiO-66-NHCOCH, through the
hydrothermal method. The MOF materials were tested for the selective removal
of Pd(II) and Pt(VI) over Co(II) and Ni(IT) competing ions. The functionalized
MOFs showed an increase in the adsorption capacity towards Pd(I) and Pt(VI).
However, the presence of competing ions was shown to have an effect on the
selectivity of the uptake of PGMs by the MOF-based materials. Table 2.3 shows
some of the reported MOF-based adsorbent for the removal of various heavy
metal ions.

TABLE 2.3
Adsorption Capacity of MOFs for Heavy Metal Removal
Targeted
MOF-Based Adsorbent Metal lon *Quax (MZ/g) Refs.
UiO-66 and UiO-66-NH, UvDh 109.9 and 114.9 [158]
ED-MIL-101 Pb(1l) 87.64 [15]
Fe;0,@ AMCA-MILS53(Al) U(VI) and Th(dV)  227.3 and 285.7 [159]
Cu-MOFs/Fe,0, Pb(I) 219 [154]
Azine-Decorated Zn(II) MOF Pb(I) 237,251, and 224 [160]
(TMU-4, TMU-5, and TMU-6)

Fe,0,~Pyridine)/Cu;(BTC) Pd(1) 105.1 [161]
MOF-802, UiO-66 and MOF-808  Pd(I) 25.8, 105.1, and 163.9 [91]
MIL-101-triglycine Co(II) 232.6 [162]
MIL-101(Cr)-NH, PA(ID) and Pt(IV) ~ 277.6 and 119.5 [12]
MIL-101-TEPA@CA Beads Pb(Il) 273.59 [163]

* = Langmuir Adsorption Capacity
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2.6.1 PHOTODEGRADATION OF HEAVY METALS

The MIL-101, ZIF-8, UiO-66(Zr), and MIL-125(Ti) materials are the most studied
MOFs in photocatalytic degradation [164]. Their photocatalytic mechanism relates
to type II, MIL-53, and MIL-88B (all Fe-based type I MOFs) where the light is
absorbed by the Fe-O cluster to photogenerate electrons and transferred from O~ to
Fe3* [118,165]. In addition, the additional strategies were reported in literature show-
ing the promotion of photocatalytic activity of MOFs by enlarging their visible light
absorption, thus favoring their behavior under solar light [118]. One methodology
comprises of functionalizing the organic linker or metal core to shift its photores-
ponse to a lower energy band gap. Shi et al. [165] prepared different amine-function-
alized Fe-MOFs (NH,-MIL-88B, NH,-MIL-53, and NH,-MIL-101) on the organic
linker with high stability and activity for treatment of Cr(VI) via the photoreduc-
tion mechanism under visible light. They established that the presence of an amine
group in an MOF structure increased the photodegradation efficiency (Figure 2.17a).
Based on the observation, they projected a possible mechanism of photoreduction
based on a dual excitation as presented in Figure 2.17b. The figure shows the pro-
motion of electron transfer and reduction of charge recombination. Based on the
reported literature about adsorption and photodegradation, MOF-based materials
offer good potential as candidates for the removal of heavy metal ions from waste-
water. However, selectivity for some of the reported composites is still a challenge.

2.6.2 loN-IMPRINTING TECHNIQUE

The ion-imprinting technique is a promising technology that has been investi-
gated for the removal of targeted pollutants from wastewater [166]. This method
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FIGURE 2.17 Photocatalytic reduction of Cr(VI) to Cr(III) using MOFs; (a) photocatalytic
efficiency and (b) possible mechanism [165].
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involves the synthesis of polymer materials that can selectively interact with the
specific targeted metal ions in the presence of competing ions. The first step of an
ion-imprinting polymer (IIP) entails the interaction of the targeted metal template
with an appropriate functional monomer to form a complex. This is followed by the
polymerization of the formed complex in the presence of an appropriate linker to
form a 3D crosslinked structure [167,168]. Once the structure has formed, the metal
ions template is removed from the framework by leaching to allow the selective
rebinding of the targeted metal ions into the remaining vacant sites even in the pres-
ence of competing ions [169]. Different composite materials have been reported for
the selective removal of heavy metal ions [10,169,170]. MOFs offer great potential as
adsorbent material due to their diverse structures which can be easily tuned by ion
imprinting to improve their adsorption functionality and selectivity for the removal
of heavy metal ions from wastewater. In a study conducted by Yuan and coworkers in
2018 [20], an ion-imprinted glycine UiO-66-NH, MOF was successfully synthesized
for the selective adsorption of Co(II) ions from wastewater. The ion-imprinted com-
posite (Co(II)-IIP) showed an improved maximum adsorption capacity of 175 mg/g
as compared to the non-imprinted composite (NIP) which had a maximum adsorp-
tion capacity of 125 mg/g (Figure 2.18a) [20]. Furthermore, the ion-imprinted UiO-
66-NH, MOF had a higher surface area of 482.46 m?/g than the non-imprinted
UiO-66-NH, MOF which had a surface area of 471.65 m?/g [20]. They came with
adsorption mechanisms of Co(II) on Co(II)-IIP which are shown in Figure 2.18b. The
cobalt ions in the figure act as a template agent in the preparation process of Co(II)-
IIP. When the cobalt ions are removed by suitable solvent, the composite selectively
adsorbs Co(II) from the aqueous solution because of the template recognition for
cobalt ions. It was seen that the Schiff base nitrogen, carboxyl oxygen, and carbonyl
oxygen in the framework are the main coordination atoms in the Co(II)-IIP [20].
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FIGURE 2.18 Effect of the cobalt(IT) concentration on the sorption of cobalt (IT) onto the
Co(ID-1IP and NIP (t=5h; T=298 K; V =50 mL; m = 10 mg; pH = 8.4) [20].
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Their discovery of ion-imprinted polymers based on MOFs provides new opportuni-
ties for the functionalization of MOFs in recovery of PGMs from wastewater.

2.7 SUMMARY AND FUTURE PERSPECTIVES

The presence of high concentrations of toxic heavy metal ions in the available water
resources continues to be a global challenge. The priority on the removal and recov-
ery of some of the precious metals is a growing research topic in the field of waste-
water treatment. Amongst the number of technologies that have been investigated, the
adsorption process has shown to be effective in removing various heavy metal ions from
wastewater with the appropriate choice of the adsorbent material. MOF materials have
gained popularity for various applications including in heavy metal ions removal. In this
review, MOF materials were briefly discussed starting from their interesting structural
arrangement, followed by their various synthetic routes then finally to their various
applications. MOFs have been exploited for various applications due to their highly
porous nature, higher surface area and tunable pore sizes which affect their functional-
ity. Numerous data have been collected for comparison of MOF-based materials with
other porous materials for each specific application. For application in wastewater treat-
ment, MOF-based materials have demonstrated some significant improvements in both
the adsorption and degradation of pollutants. This review summarized some of the work
done on the adsorption of heavy metal ions (including PGMs) by MOFs which showed
an increase in the adsorption capacity. However, there were some MOF-based compos-
ites which lacked selectivity towards the adsorption of heavy metals of targeted con-
taminants. To overcome this challenge, the ion-imprinting technique was employed for
the selective removal of specific pollutants from wastewater and the capacity improved
further. In literature, there are only a few reports on ion-imprinted MOF:s for the adsorp-
tion of heavy metal. The process of ion imprinting is implemented during the synthesis
of the adsorbent materials to generate footprints of the targeted pollutants on the sur-
face of the adsorbent. Considering the tunable nature of MOFs and the ion-imprinting
technique, there is a future perspective for the development of a highly porous MOF
composite with higher removal uptake and high selectivity towards targeted pollutants.

ACKNOWLEDGMENTS

The authors immensely acknowledge the financial support from the National
Research Foundation (NRF) (Grant Nos. 117727, 117984 and 118113), Tshwane
University of Technology and University of Limpopo Research Grants (R202, R232
and R355), South Africa.

REFERENCES

1. Glaister BJ, Mudd GM, The environmental costs of platinum—PGM mining and sus-
tainability: Is the glass half-full or half-empty? Miner Eng 2010;23: 438-50.

2. Mpinga CN, Eksteen JJ, Aldrich, C, Dyer L, Direct leach approaches to platinum group
metal (PGM) ores and concentrates: A review, Miner Eng 2015;78: 93-13.



44

10.

13.

14.

15.

16.

17.

18.

19.

20.

https://www.twirpx.org & http://chemistry-chemists.com

Metal-Organic Framework Nanocomposites

. Mudd GM, Jowitt SM, Werner TT, Science of the total environment global plati-

num group element resources, reserves and mining—A critical assessment, Sci Total
Environ 2018;622—-623: 614-25.

. Maponya TC, Ramohlola KE, Kera NH, Modibane KD, Maity A, Katata-Seru LM,

et al., Influence of magnetic nanoparticles on modified polypyrrole/m-phenylediamine
for adsorption of Cr(VI) from aqueous solution, Polymers 2020;12: 679-95.

. Suoranta T, Zugazua O, Niemeld M, Peramiki P, Hydrometallurgy recovery of pal-

ladium, platinum, rhodium and ruthenium from catalyst materials using microwave-
assisted leaching and cloud point extraction, Hydrometallurgy 2015;54: 56-2.

. Can M, Bulut E, Ozacar M, Reduction of palladium onto pyrogallol-derived nano-resin

and its mechanism, Chem Eng J 2015;275: 322-30.

. Sharma P, Bhardwaj D, Tomar R, Tomar R, Recovery of Pd (II) and Ru (IIT) from aque-

ous waste using inorganic ion-exchanger, J Radioanal Nucl 2007;274: 281-86.

. Wei W, Lin S, Reddy DHK, Bediako JK, Yun Y, Poly(styrenesulfonic acid) -impreg-

nated alginate capsule for the selective sorption of Pd(Il) from a Pt(IV) -Pd (II) binary
solution, J Hazard Mater 2016;18:79-9.

. Utembe W, Matatiele P, Gulumian M, Hazards identified and the need for health

risk assessment in the South African mining industry, Hum Exp Toxicol 2015;34:
1212-21.

Mao J, Lin S, Juan X, Hui X, Zhou T, Yun Y, lon-imprinted chitosan fiber for recovery
of Pd (II): Obtaining high selectivity through selective adsorption and two-step desorp-
tion, Environ Res 2020;182: 108995.

. Khan NA, Hasan Z, Jhung SH, Adsorptive removal of hazardous materials using

metal-organic frameworks (MOFs): A review, J Hazard Mater 2013;244-245: 444-56.

. Lim C, Lin S, Yun Y, Highly efficient and acid-resistant metal-organic frameworks

of MIL-101(Cr)-NH, for Pd(IT) and Pt(IV) recovery from acidic solutions: Adsorption
experiments, spectroscopic analyses, and theoretical computations, J Hazard Mater
2020;387: 121689.

Luo X, Shen T, Ding L, Zhong W, Luo J, Novel thymine-functionalized MIL-101 pre-
pared by post-synthesis and enhanced removal of Hg?* from water, J Hazard Mater
2016;306: 13-22.

Qian K, Deng Q, Fang G, Wang J, Pan M, Wang S, Biosensors and bioelectronics
metal-organic frameworks supported surface-imprinted nanoparticles for the sensitive
detection of metolcarb, Biosens Bioelectron 2016;79: 359-63.

Luo X, Ding L, Luo J, Adsorptive removal of Pb(II) ions from aqueous samples with
amino-functionalization of metal-organic frameworks MIL-101(Cr), J Chem Eng
2015;60: 1732-43.

Ramanayaka S, Vithanage M, Sarmah A, An T, Kim KH, Ok YS, Performance of
metal-organic frameworks for the adsorptive removal of potentially toxic elements in a
water system: A critical review, RSC Adv 2019;9: 4359-76.

Zhao G, Qin N, Pan A, Wu X, Peng C, Ke F, Igbal M, Ramachandraiah K, Zhu J,
Magnetic nanoparticles@metal-organic framework composites as sustainable environ-
ment adsorbents, J Nanomater 2019; 2019: 1-11.

Kobielska PA, Howarth AJ, Farha OK, Nayak S, Metal-organic frameworks for heavy
metal removal from water, Coord Chem Rev 2018;358: 92-7.

Yu H, Shao P, Fang L, Pei J, Ding L, Pavlostathis SG, Palladium ion-imprinted poly-
mers with PHEMA polymer brushes: Role of grafting polymerization degree in anti-
interference, Chem Eng J 2019;359: 176-85.

Yuan G, Tu H, Liu J, Zhao C, Liao J, Yang Y, Yang J, Liu N, A novel ion-imprinted
polymer induced by the glycylglycine modified metal-organic framework for the selec-
tive removal of Co(I) from aqueous solutions, Chem Eng J 2018;333: 280-88.



https://www.twirpx.org & http://chemistry-chemists.com

Heavy Metal Removal from Water 45

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Chiu YH, Chang TFM, Chen CY, Sone M, Hsu YJ, Mechanistic insights into pho-
todegradation of organic dyes using heterostructure photocatalysts, Catalysts 2019;9:
430-61.

Meng Z, Lu R, Rao D, Kan E, Catenated metal-organic frameworks: Promising hydro-
gen purification materials and high hydrogen storage medium with further lithium dop-
ing, Int J Hydrogen Energy 2017;38; 9811-18.

Farha OK, Hupp T, Activation of metal-organic framework materials, Acc Chem Res
2010:43: 1166-75.

Jiang H, Makal TA, Zhou H, Interpenetration control in metal-organic frameworks for
functional applications, Coord Chem Rev 2013;257: 2232—49.

Rungtaweevoranit B, Diercks CS, Kalmutzki MJ, Yaghi OM, Spiers memorial lecture:
Progress and prospects of reticular chemistry, Faraday Discuss 2017;201: 9-45.

Petit C, Present and future of MOF research in the field of adsorption and molecular
separation, Curr Opin Chem Eng 2018;20: 132-42.

Perez EV, Karunaweera C, Musselman IH, Balkus KJ, Ferraris JP, Origins and evolu-
tion of inorganic-based and MOF-based mixed-matrix membranes for gas separations,
Processes 2016:4: 32-9.

Yun W, Perera SP, Burrows AD, Microporous and mesoporous materials manufactur-
ing of metal-organic framework monoliths and their application in CO, adsorption,
Microporous Mesoporous Mater 2015;214: 149-55.

Lee SJ, Yoon JW, Seo YK, Kim MB, Lee SK, Lee UH, Hwang YK, Bae YS, Chang JS,
Microporous and mesoporous materials effect of purification conditions on gas storage
and separations in a chromium-based metal-organic framework MIL-101, Microporous
Mesoporous Mater 2014;93: 160-65.

Huang Z, Kee H, Micro-solid-phase extraction of organochlorine pesticides using
porous metal-organic framework MIL-101 as sorbent, J Chromatogr A 2015;1401: 9-6.
Wu Z, Huang X, Zheng H, Wang P, Hai G, Dong W, Wang G, Environmental aro-
matic heterocycle-grafted NH,-MIL-125(Ti) via conjugated linker with enhanced pho-
tocatalytic activity for selective oxidation of alcohols under visible light, Appl Catal B
Environ 2018;224: 479-87.

Yang D, Gates BC, Catalysis by metal-organic frameworks: Perspective and sugges-
tions for future research, ACS Catal 2019;9: 1779-98.

Kumar K, Maddila S, Babu S, Jonnalagadda SB, A review on contemporary metal-
organic framework materials, Inorganica Chim Acta 2016;446: 61-4.

Zhang S, Yang Q, Liu X, Qu X, Wei Q, Xie G, High-energy metal-organic frame-
works (HE-MOFs): Synthesis, structure and energetic performance, Coord Chem Rev
2016;307: 292-12.

Lee YR, Kim J, Ahn WS, Synthesis of metal-organic frameworks: A mini review,
Korean J ChemEng 2013;30: 1667-80.

Kurian VRRM, Synthesis and catalytic applications of metal-organic frameworks: A
review on recent literature, Int Nano Lett 2019;9: 17-9.

Elsaidi SK, Mohamed MH, Banerjee D, Thallapally PK, Flexibility in metal-organic
frameworks: A fundamental understanding, Coord Chem Rev 2018;358: 125-52.

Kim SI, Yoon TU, Kim MB, Lee SJ, Hwang YK, Chang JS, Kim HJ, Lee HN, Lee UH,
Bae YS, Metal-organic frameworks with high working capacities and cyclic hydrother-
mal stabilities for fresh water production, Chem Eng J 2016;286: 467-75.

Alhamami M, Doan H, Cheng C, A review on breathing behaviors of metal-organic
frameworks (MOFs) for gas adsorption, Materials 2014;7: 3198-50.

Deria P, Mondloch JE, Karagiaridi O, Bury W, Hupp JT, Farha OK, Beyond post-syn-
thesis modification: Evolution of metal-organic frameworks via building block replace-
ment, Chem Soc Rev 2014;43: 5896—12.



46

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

https://www.twirpx.org & http://chemistry-chemists.com

Metal-Organic Framework Nanocomposites

Cook TR, Zheng Y, Stang PJ, Metal-organic frameworks and self-assembled supramo-
lecular coordination complexes: Comparing and contrasting the design, synthesis, and
functionality of metal-organic materials, Chem Rev 2020;113: 734-77.

Langseth E, Swang O, Arstad B, Lind A, Cavka JH, Jensen TL, TKristensen TE,
Moxnes J, Unneberg E, Heyn RH, Synthesis and characterization of AI@MOF materi-
als, Mater Chem Phys 2019;226: 220-25.

Maponya TC, Hato MJ, Modibane KD, Makgopa K. Photocatalysts in advanced oxi-
dation processes for wastewater Treatment. In Fosso-Kankeu E, Pandey S, Sinha Ray
S, editors. Metal-Organic Frameworks as Possible Candidates for Photocatalytic
Degradation of Dyes in Wastewater. John Wiley & Sons Publishers; 2020. pp. 65-92.
Hashemi B, Zohrabi P, Raza N, Kim K, Metal-organic frameworks as advanced sor-
bents for the extraction and determination of pollutants from environmental, biological,
and food media, Trends Anal Chem 2017;97: 65-2.

Chen B, Xiang S, Qian G, Metal-organic frameworks with functional pores for recog-
nition of small molecules, Acc Chem Res 2010:43: 1115-24.

Ren J, Langmi HW, North BC, Mathe M, Review on processing of metal-organic
framework (MOF) materials towards system integration for hydrogen storage, Int J
Energy Res 2014;39: 607-20.

Kirchon A, Feng L, Drake HF, Joseph EA, Zhou HC, From fundamentals to applica-
tions: A toolbox for robust and multifunctional MOF Materials, Chem Soc Rev 2018;47:
8611-38.

Bosch M, Zhang M, Zhou H, Increasing the stability of metal-organic frameworks, Adv
Chem 2014;2014: 1-8.

Dhaka S, Kumar R, Deep A, Kurade MB, Ji S, Jeon B, Metal-organic frameworks
(MOFs) for the removal of emerging contaminants from aquatic environments, Coord
Chem Rev 2019;380: 330-52.

Li Y, Yang RT, Gas adsorption and storage in metal-organic framework MOF-177,
Langmuir 2007;23: 12937-44.

Thomas KM, Hydrogen adsorption and storage on porous materials, Catal Today
2007;120: 389-98.

Furukawa H, Cordova KE, O’Keeffe M, Yaghi OM, The chemistry and applications of
metal-organic frameworks, Science 2013;341: 1230444-55.

Wang S, Bromberg L, Schreuder-gibson H, Hatton TA, Organophophorous ester deg-
radation by chromium(III) terephthalate metal-organic framework (MIL-101) chelated
to N,N-dimethylaminopyridine and related aminopyridines, ACS Appl Mater 2013;5:
1269-78.

Wang Z, Ge L, Li M, Lin R, Wang H, Zhu Z, Orientated growth of copper-based MOF
for acetylene storage, Chem Eng J 2019;357: 320-27.

Zhang L, Wang J, Ren X, Zhang W, Zhang T, Liu X, et al., Internally extended growth
of core-shell NH,-MIL-101(Al)@ZIF-8 nanoflowers for the simultaneous detection and
removal of Cu(Il), J Mater Chem A 2018;6: 21029-38.

Drout RJ, Robison L, Chen Z, Islamoglu T, Farha OK, Zirconium metal-organic frame-
works for organic pollutant adsorption, Trends Chem 2019;3: 304-17.

Jiao L, Yen J, Seow R, Skinner WS, Wang ZU, Jiang H, Metal-organic frameworks:
Structures and functional applications, Mater Today 2018;27: 43-8.

Rowsell JLC, Yaghi OM, Metal-organic frameworks: A new class of porous materials,
Microporous Mesoporous Mater 2004;73: 3-14.

Joseph L, Jun BM, Jang M, Park CM, Muifoz-Senmache JC, Hernandez-Maldonado
AJ, et al., Removal of contaminants of emerging concern by metal-organic framework
nanoadsorbents: A review, Chem Eng J 2019;369: 928—46.



https://www.twirpx.org & http://chemistry-chemists.com

Heavy Metal Removal from Water 47

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Song Y, Yan B, Chen Z, Hydrothermal synthesis, crystal structure and luminescence of
four novel metal-organic frameworks, J Solid State Chem 2006;179: 4037-46.

Lee Y, Kim J, Ahn W, Synthesis of metal-organic frameworks: A mini review, Korean
J Chem Eng 2013;30: 1667-80.

Monama GR, Hato MJ, Ramohlola KE, Maponya TC, Mdluli SB, Molapo KM, et al.,
Hierarchiral 4-tetranitro copper (II) phthalocyanine based metal organic framework
hybrid composite with improved electrocatalytic efficiency towards hydrogen evolution
reaction, Res Phys 2019;15: 102564-75.

Zhao'Y, Song Z, Li X, Sun Q, Cheng N, Lawes S, Metal-organic frameworks for energy
storage and conversion, Energy Storage Mater 2016;2: 35-2.

Choi JY, Kim J, Jhung SH, Kim H, Chang J, Chae HK, Microwave synthesis of a
porous metal-organic framework , zinc terephthalate MOF-5, Bull Korean Chem Soc
2006;27: 1523-24.

Stock N, Biswas S, Synthesis of metal-organic frameworks (MOFs): Routes to various
MOF topologies, morphologies, and composites, Chem Rev 2012;112: 933—-69.

Ren J, Dyosiba X, Musyoka NM, HW Langmi, Mathe M, Review on the current prac-
tices and efforts towards pilot-scale production of metal-organic frameworks (MOFs),
Coord Chem Rev 2017,352: 187-19.

Dey C, Kundu T, Biswal BP, Mallick A, Banerjee R, Crystalline metal-organic frame-
works (MOFs): Synthesis, structure and function, Acta Crystallogr B 2014;70: 3-10.
Chen Y, Zhang R, Jiao L, Jiang H, Metal-organic framework-derived porous materials
for catalysis, Coord Chem Rev 2018; 362: 1-23.

Volkova EI, Vakhrushev AV, Suyetin M, Improved design of metal-organic frame-
works for efficient hydrogen storage at ambient temperature: A multiscale theoretical
investigation, Int J Hydrogen Energy 2014; 39: 8347-50.

Zeng L, Guo X, He C, Duan C, Metal-organic frameworks: Versatile materials for
heterogeneous photocatalysis, ACS Catal 2016; 6: 7935-47.

Tranchemontagne DJ, Hunt JR, Yaghi OM, Room temperature synthesis of metal-
organic frameworks: MOF-5 , MOF-74 , Tetrahedron 2008;64: 8553-57.

Ahmed I, Jhung SH, Composites of metal-organic frameworks: Preparation and appli-
cation in adsorption, Biochem Pharmacol 2014;17:136—46.

Burnett BJ, Barron PM, Hu C, Choe W, Stepwise synthesis of metal-organic frame-
works: Replacement of structural organic linkers, J Am Chem Soc 2011;133: 9984-87.
Azad FN, Ghaedi M, Dashtian K, Hajati S, Pezeshkpour V, Ultrasonically assisted
hydrothermal synthesis of activated carbon-HKUST-1-MOF hybrid for efficient simul-
taneous ultrasound-assisted removal of ternary organic dyes and antibacterial investi-
gation: Taguchi optimization, Ultrason Sonochem 2016;31: 383-93.

Safaei M, Mehdi M, Ebrahimpoor N, A review on metal-organic frameworks: Synthesis
and applications, Trends Anal Chem 2019;118: 401-25.

Candu N, Tudorache M, Florea M, Ilyes E, Vasiliu F, Mercioniu I, et al., Postsynthetic
modification of a metal-organic framework (MOF) structure for enantioselective cata-
lytic epoxidation, Chempluschem 2013;78: 443-50.

Burrows AD, Jiang D, Keenan LL, Burrows AD, Edler KJ, Synthesis and post-synthetic
modification of MIL-101(Cr)-NH, via a tandem diazotisation process, ChemComm
2012;48: 99-102.

Lei J, Qian R, Ling P, Cui L, Ju H, Design and sensing applications of metal-organic
framework composites, Trends Anal Chem 2014;58: 71-8.

Kim J, Kim DO, Kim DW, Sagong K, Synthesis of MOF having hydroxyl functional
side groups and optimization of activation process for the maximization of its BET
surface area, J Solid State Chem 2013;197: 261-65.



48

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

https://www.twirpx.org & http://chemistry-chemists.com

Metal-Organic Framework Nanocomposites

Wang L, Zheng M, Xie Z, Nanoscale metal-organic frameworks for drug delivery: A
conventional platform with new promise, J Mater Chem B 2018;6: 707-17.

Hui M, Loon K, Zheng G, Synthesis and applications of MOF-derived porous nano-
structures, Green Energy Environ 2017;2: 218—45.

Asadian E, Shahrokhian S, Iraji A, Highly sensitive nonenzymetic glucose sensing
platform based on MOF-derived NiCo LDH nanosheets/graphene nanoribbons com-
posite, J Electroanal Chem 2018;808: 114-23.

Li S, Huo F, Metal-organic framework composites: From fundamentals to applications,
Nanoscale 2015;7: 7482-501.

Liu Y, Liu Z, Huang D, Cheng M, Zeng G, Lai C, Metal or metal-containing nanopar-
ticle@MOF nanocomposites as a promising type of photocatalyst, Coord Chem Rev
2019;388: 63-8.

Beg S, Rahman M, Jain A, Saini S, Midoux P, Pichon C, et al., Nanoporous metal-
organic frameworks as hybrid polymer-metal composites for drug delivery and bio-
medical applications, Drug Discov Today 2017;22: 625-37.

Deria P, Mondloch JE, Karagiaridi O, Bury W, Hupp JT, Farha OK, Beyond post-syn-
thesis modification: Evolution of metal-organic frameworks via building block replace-
ment, Chem Soc Rev 2014;43: 41-4.

Yin Z, Wan S, Yang J, Kurmoo M, Zeng M, Recent advances in post-synthetic modi-
fication of metal-organic frameworks: New types and tandem reactions, Coord Chem
Rev 2019;378: 500-12.

Weil, Hu'Y, Liang Y, Kong B, Zhang J, Song J, et al., Nitrogen-doped nanoporous car-
bon/graphene nano-sandwiches: Synthesis and application for efficient oxygen reduc-
tion, Adv Funct Mater 2015;25: 768-77.

Chen Y, Mu X, Lester E, Wu T, High efficiency synthesis of HKUST-1 under mild
conditions with high BET surface area and CO, uptake capacity, Prog Nat Sci Mater
Int 2018;28: 584-89.

Deng K, Hou Z, Li X, Li C, Zhang Y, Deng X, et al., Aptamer-mediated up-conversion
core/MOF shell nanocomposites for targeted drug delivery and cell imaging, Sci Rep
2015;5: 7851-57.

Lin S, Zhao Y, Bediako JK, Cho C, Sarkar AK, Structure-controlled recovery of pal-
ladium (II) from acidic aqueous solution using metal-organic frameworks of MOF-802
, UiO-66 and MOF-808, Chem Eng J 2019;362: 280-86.

Ahmed I, Jhung SH, Remarkable adsorptive removal of nitrogen-containing com-
pounds from a model fuel by a graphene oxide/MIL-101 composite through a combined
effect of improved porosity and hydrogen bonding, J Hazard Mater 2016;314: 318-25.
Kareem HM, Alrubaye RTA, Synthesis and characterization of metal-organic frame-
works for gas storage, IOP Conf Ser Mater Sci Eng 2019;518: 062013-21.

Chowdhury MA, Metal-Organic-Frameworks for biomedical applications in drug
delivery, and as MRI contrast agents, J Biomed Mater Res A 2017;105: 1184-94.
Katoch A, Goyal N, Gautam S, Applications and advances in coordination cages:
Metal-Organic Frameworks, Vacuum 2019;167: 287-300.

Al MH, Abid HR, Sunderland B, Wang S, Metal-organic frameworks as a drug delivery
system for flurbiprofen, Drug Des Dev Ther 2017;11: 2685-95.

Fang X, Zong B, Mao S, Metal-organic framework-based sensors for environmental
contaminant sensing, Nano-Micro Lett 2018;10: 1-19.

Qiu S, Zhu G, Molecular engineering for synthesizing novel structures of metal-organic
frameworks with multifunctional properties, Coordin Chem Rev 2009;253: 2891-11.
Mashao G, Ramohlola KE, Mdluli SB, Monama GR, Hato MJ, Makgopa K, et al.,
Zinc-based zeolitic benzimidazolate framework/polyaniline nanocomposite for elec-
trochemical sensing of hydrogen gas, Mater Chem Phys 2019;230: 287-98.



https://www.twirpx.org & http://chemistry-chemists.com

Heavy Metal Removal from Water 49

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Zhao M, Huang Y, Peng Y, Huang Z, Ma Q, Two-dimensional metal-organic frame-
work nanosheets: Synthesis and applications, Chem Soc Rev 2018;47: 6267-95.

Xu W, Bahadur K, Ju Q, Fang Z, Huang W, Heterogeneous catalysts based on mesopo-
rous metal-organic frameworks, Coord Chem Rev 2018;373: 199-32.

Chughtai AH, Ahmad N, Younus HA, Laypkov A, Verpoort F, Metal-organic frame-
works: Versatile heterogeneous catalysts for efficient catalytic organic transformations,
Chem Soc Rev 2015:44: 6804—49.

Kleist W, Maciejewski M, Baiker A, MOF-5 based mixed-linker metal-organic
frameworks: Synthesis, thermal stability and catalytic application, Thermochim Acta
2010;499: 71-8.

Wang B, Liu W, Zhang W, Liu J, Nanoparticles@nanoscale metal-organic framework
composites as highly efficient heterogeneous catalysts for size- and shape-selective
reactions, Nano Res 2017;10: 3826-35.

Xue D, Wang Q, Bai J, Amide-functionalized metal-organic frameworks: Syntheses,
structures and improved gas storage and separation properties, Coord Chem Rev
2019;378: 2—16.

Li H, Li L, Lin R, Zhou W, Zhang Z, Xiang S, Porous metal-organic frameworks for
gas storage and separation: Status and challenges, Energy Chem 2019;1: 100006—44.
Zn O, Kaye SS, Dailly A, Yaghi OM, Long JR, Impact of preparation and handling on
the hydrogen storage properties of Zn,O(1,4-benzenedicarboxylate); (MOF-5), J Am
Chem Soc 2007;129: 14176-717.

Kim J, Yeo S, Jeon JD, Kwak SY, Enhancement of hydrogen storage capacity and
hydrostability of metal-organic frameworks (MOFs) with surface-loaded platinum
nanoparticles and carbon black, Microporous Mesoporous Mater 2015;202: 8-15.
Zhou H, Zhang J, Zhang J, Yan X, Shen X, High-capacity room-temperature hydrogen
storage of zeolitic imidazolate framework/graphene oxide promoted by platinum metal
catalyst, Int J Hydrogen Energy 2015;40: 12275-85.

Kumar P, Bansal V, Kim K, Kwon EE, Metal-organic frameworks (MOFs) as futuristic
options for wastewater treatment, J Ind Eng Chem 2018;62: 130—45.

PiY, Li X, Xia Q, Wu J, Li Y, Xiao J, et al., Adsorptive and photocatalytic removal of
persistent organic pollutants (POPs) in water by metal-organic frameworks (MOFs),
Chem Eng J 2018;337: 351-71.

Peng Y, Huang H, Zhang Y, Kang C, Chen S, Song L, et al., A versatile MOF-based
trap for heavy metal ion capture and dispersion, Nat Commun 2018;9: 1-9.

Zhou Y, Zhu J, Yang J, Lv Y, Zhu Y, Bi W, et al., Magnetic nanoparticles speed up
mechanochemical solid phase extraction with enhanced enrichment capability for
organochlorines in plants, Anal Chim Acta 2019;1066: 49-7.

Wang T, Zhao P, Lu N, Chen H, Zhang C, Hou X, Facile fabrication of Fe;O,/MIL-
101(Cr) for effective removal of acid red 1 and orange G from aqueous solution, Chem
Eng J 2016;295: 403—-13.

Yang Q, Ren S, Zhao Q, Lu R, Hang C, Chen Z, et al., Selective separation of methyl
orange from water using magnetic ZIF-67 composites, Chem Eng J 2017;333: 49-7.
Wang C, Zhang Y, Li J, Wang P, Photocatalytic CO, reduction in metal-organic frame-
works: A mini review, J Mol Struct 2015;1083: 127-36.

Ngoepe NM, Hato MJ, Modibane KD, Hintsho-Mbita NC, Photocatalysts in advanced
oxidation processes for wastewater treatment. In Fosso-Kankeu E, Pandey S, Sinha
Ray S, editors. Biogenic Synthesis of Metal Oxide Nanoparticle Semiconductors for
Wastewater Treatment. John Wiley & Sons Publishers; 2020. pp. 3-31.

Zhao H, Xia Q, Xing H, Chen D, Wang H, Construction of pillared-layer MOF as
efficient visible-light photocatalysts for aqueous Cr(VI) reduction and dye degradation,
ACS Sustain Chem Eng 2017;5: 4449-56.



50

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

https://www.twirpx.org & http://chemistry-chemists.com

Metal-Organic Framework Nanocomposites

Zhao S, Wang G, Poelman D, Metal organic frameworks based materials for heteroge-
neous photocatalysis, Molecules 2018;23: 2947-69.

Ahmed S, Rasul MG, Martens WN, Advances in heterogeneous photocatalytic degra-
dation of phenols and dyes in wastewater: A review, Water Air Soil Pollut 2011; 215:
3-20.

Du PD, Thanh HTM, To TC, Thang HS, Tinh MX, Tuyen TN, et al., Metal-organic
framework MIL-101: Synthesis and photocatalytic degradation of remazol Black B dye,
J Nanomater 2019;2019: 1-15.

Yi X, Wang F, Du X, Fu H, Wang C, Highly efficient photocatalytic Cr(VI) reduction
and organic pollutants degradation of two new bifunctional 2D Cd/Co-based MOFs,
Polyhedron 2018;152: 216-24.

Kumar SG, Rao KSRK, Comparison of modification strategies towards enhanced
charge carrier separation and photocatalytic degradation activity of metal oxide semi-
conductors (TiO, , WO, and ZnO), App! Surf Sci 2017;391: 124-48.

Mondal C, Singh A, Sahoo R, Sasmal AK, Negishi Y, Pal T, Preformed ZnS nanoflower
prompted evolution of CuS/ZnS p-n heterojunctions for exceptional visible-light driven
photocatalytic activity, New J Chem 2015;39: 5628-35.

Islam MJ, Kim HK, Reddy DA, Kim Y, Ma R, Baek H, et al., Hierarchical BiOI nano-
structures supported on a metal organic framework as efficient photocatalysts for deg-
radation of organic pollutants in water, Dalton Trans 2017;46: 6013-23.

Kojtari A, Ji H-F, Metal organic framework micro/nanopillars of Cu(BTC)3H,O and
Zn(ADC)DMSO, Nanomaterials 2015;5: 565-76.

Rodriguez NA, Parra R, Grela MA, Structural characterization, optical properties and
photocatalytic activity of MOF-5 and its hydrolysis products: Implications on their
excitation mechanism, RSC Adv 2015;5: 73112—-18.

Kaur R, Rana A, Singh RK, Chhabra VA, Kim K, Deep A, Efficient photocatalytic
and photovoltaic applications with nanocomposites between CdTe QDs and an NTU-9
MOF, RSC Adv 2017;7: 29015-24.

Sha Z, Chan HSO, Wu J, Ag,CO,/UiO-66(Zr) composite with enhanced visible-light
promoted photocatalytic activity for dye degradation, J Hazard Mater 2015;299:
132-40.

Wang C, Lin H, Xu Z, Cheng H, Zhang C, One-step hydrothermal synthesis of flow-
erlike MoS,/CdS heterostructures for enhanced visible-light photocatalytic activities,
RSC Adv 2015;5: 15621-26.

Lee KM, Lai CW, Ngai KS, Juan JC, Recent developments of zinc oxide based photo-
catalyst in water treatment technology: A review, Water Res 2016;88: 428—48.

Wang CC, LiJR, Lv XL, Zhang YQ, Guo G, Photocatalytic organic pollutants degrada-
tion in metal-organic frameworks, Energy Environ Sci 2014;7: 2831-67.

Hong J, Chen C, Bedoya FE, Kelsall GH, O’Hare D, Petit C, Carbon nitride nanosheet/
metal-organic framework nanocomposites with synergistic photocatalytic activities,
Catal Sci Technol 2016;6: 5042-51.

Fagan R, McCormack DE, Dionysiou DD, Pillai SC, A review of solar and visible
light active TiO, photocatalysis for treating bacteria, cyanotoxins and contaminants of
emerging concern, Mater Sci Semicond Process 2016;42: 2—14.

Gao Y, Li S, Li Y, Yao L, Zhang H, Accelerated photocatalytic degradation of organic
pollutant over metal-organic framework MIL-53(Fe) under visible LED light mediated
by persulfate, Appl Catal B, Environ 2017;202: 165-74.

Wu Y, Luo H, Wang H, Synthesis of iron(iii)-based metal-organic framework/graphene
oxide composites with increased photocatalytic performance for dye degradation, RSC
Adv 2014;4: 40435-38.



https://www.twirpx.org & http://chemistry-chemists.com

Heavy Metal Removal from Water 51

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Sun Q, Liu M, Li K, Zuo Y, Han Y, Wang J, et al., Facile synthesis of Fe-containing
metal-organic frameworks as highly efficient catalysts for degradation of phenol at neu-
tral pH and ambient temperature, CrystEngComm 2015;17: 7160—68.

Hausdorf S, Mossig R, Mertens FORL, Proton and water activity-controlled struc-
ture formation in zinc carboxylate-based metal organic frameworks, J Phys Chem A
2008;112: 7567-76.

Alvaro M, Carbonell E, Ferrer B, Llabrgs FX, Semiconductor behavior of a metal-
organic framework (MOF), Chem Eur J 2007;13: 5106—12.

Laurier KGM, Vermoortele F, Ameloot R, De Vos DE, Hofkens J, Roe MBJ, Iron(III)-
based metal-organic frameworks as visible light photocatalysts, J Am Chem Soc
2013;135: 14488-91.

Zhang C, Ma D, Zhang X, MaJ, Liu L, Xu X, Preparation, structure and photocatalysis
of metal-organic frameworks derived from aromatic carboxylate and imidazole-based
ligands, J Coord Chem 2016;69: 985-95.

Zhang M, Wang L, Zeng T, Shang Q, Zhou H, Pan Z, et al., Two pure MOF-
photocatalysts readily prepared for the degradation of methylene blue dye under visible
light, Dalton Trans 2018;47: 4251-58.

Feng X, Chen H, Jiang F, In-situ ethylenediamine-assisted synthesis of a magnetic iron-
based metal-organic framework MIL-53(Fe) for visible light photocatalysis, J Colloid
Interface Sci 2017,494: 32-7.

Zhu SR, Liu PF, Wu MK, Zhao WN, Li GC, Tao K, et al., Enhanced photocatalytic
performance of BiOBr/NH,-MIL-125(Ti) composite for dye degradation under visible
light, Dalt Trans 2016;45: 17521-29.

Yang J, Niu X, An S, Chen W, Wang J, Liu W, Facile synthesis of Bi,MoO,-MIL-
100(Fe) metal-organic framework composites with enhanced photocatalytic perfor-
mance, RSC Adv 2017;7: 2943-52.

Wang H, Yuan X, Wu Y, Zeng G, Chen X, Leng L, et al., Synthesis and applications of
novel graphitic carbon nitride/metal-organic frameworks mesoporous photocatalyst for
dyes removal, Appl Catal B Environ 2015;174—-175: 445-54.

Guo D, Wen R, Liu M, Guo H, Chen J, Weng W, Facile fabrication of g-C;N,/MIL-
53(Al) composite with enhanced photocatalytic activities under visible-light irradia-
tion, Appl Organomet Chem 2015;29: 690-97.

Huang L, Liu B, Synthesis of a novel and stable reduced graphene oxide/MOF hybrid
nanocomposite and photocatalytic performance for the degradation of dyes, RSC Adv
2016;6: 17873-79.

Fazaeli R, Aliyan H, Banavandi RS, Sunlight assisted photodecolorization of malachite
green catalyzed by MIL-101/graphene oxide composites, Russ J Appl Chem 2015;88:
169-77.

Liang R, Jing F, Shen L, Qin N, Wu L, M@MIL-100(Fe) (M = Au, Pd, Pt) nanocompos-
ites fabricated by a facile photodeposition process: Efficient visible-light photocatalysts
for redox reactions in water, Nano Res 2015;8: 3237-49.

Ai L, Zhang C, Li L, Jiang J, Iron terephthalate metal-organic framework: Revealing
the effective activation of hydrogen peroxide for the degradation of organic dye under
visible light irradiation, Appl Catal B Environ 2014;148-149: 191-200.

Abney CW, Gilhula JC, Lu K, Lin W, Metal-organic framework templated inor-
ganic sorbents for rapid and efficient extraction of heavy metals, Adv Mater 2014;26:
7993-97.

Salarian M, Ghanbarpour A, A metal-organic framework sustained by a nanosized
Agl2 cuboctahedral node for solid-phase extraction of ultra-traces of lead (II) ions,
Microchim Acta 2014;181: 999-1007.



52

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

https://www.twirpx.org & http://chemistry-chemists.com

Metal-Organic Framework Nanocomposites

Shi Z, Xu C, Guan H, Li L, Fan L, Wang Y, et al., Magnetic metal organic frameworks
(MOFs) composite for removal of lead and malachite green in wastewater, Colloids
Surf A Physicochem Eng Asp 2018;539: 382-90.

WuY, Xu G, Liu W, Yang J, Wei F, Li L, et al., Postsynthetic modification of copper tere-
phthalate metal-organic frameworks and their new application in preparation of samples
containing heavy metal ions, Microporous Mesoporous Mater 2015;210: 110-15.

Lu M, Li L, Shen S, Chen D, Han W, Highly efficient removal of Pb* by a sandwich
structure of metal-organic framework/GO composite with enhanced stability, New J
Chem 2019;43: 1032-37.

Lin S, Bediako JK, Cho CW, Song MH, Zhao Y, Kim JA, et al., Selective adsorption of
Pd(II) over interfering metal ions (Co(1I), Ni(II), Pt(IV)) from acidic aqueous phase by
metal-organic frameworks, Chem Eng J 2018;345: 337-44.

Luo BC, Yuan LY, Chai ZF, Shi WQ, Tang Q, U(VI) capture from aqueous solution by
highly porous and stable MOFs: UiO-66 and its amine derivative, J Radioanal Nucl
Chem 2016;307: 269-76.

Alqadami AA, Naushad M, Alothman ZA, Ghfar AA, Novel metal-organic framework
(MOF) based composite material for the sequestration of U(VI) and Th(IV) metal ions
from aqueous environment, ACS Appl Mater Interfaces 2017;9: 36026-37.

Tahmasebi E, Masoomi MY, Yamini Y, Morsali A, Application of mechanosynthe-
sized azine-decorated zinc(II) metal-organic frameworks for highly efficient removal
and extraction of some heavy-metal ions from aqueous samples: A comparative study,
Inorg Chem 2015;54: 425-33.

Bagheri A, Taghizadeh M, Behbahani M, Akbar A, Synthesis and characterization
of magnetic metal-organic framework (MOF) as a novel sorbent, and its optimization
by experimental design methodology for determination of palladium in environmental
samples, Talanta 2012;99: 132-39.

Yuan G, Tu H, Li M, Liu J, Zhao C, Liao J, et al., Glycine derivative-functionalized
metal-organic framework (MOF) materials for Co (II) removal from aqueous solution,
Appl Surf Sci 2019;466: 903-10.

Wang N, Yang LY, Wang YG, Ouyang XK, Fabrication of composite beads based on
calcium alginate and tetraethylenepentamine-functionalized MIL-101 for adsorption of
Pb(1I) from aqueous solutions, Polymers 2018;10: 750—64.

Wang C, Du X, LiJ, Guo X, Wang P, Zhang J, Photocatalytic Cr(VI) reduction in metal-
organic frameworks: A mini-review, Applied Catal B, Environ 2016;193: 198—16.

Shi L, Wang T, Zhang H, Chang K, Meng X, Liu H, An amine-functionalized iron (I1I)
metal-organic framework as efficient visible-light photocatalyst for Cr (VI) Reduction,
Adv Sci 2015;2: 1500006-13.

Yu H, Shao P, Fang L, Pei J, Ding L, Pavlostathis SG, Palladium ion-imprinted poly-
mers with PHEMA polymer brushes: Role of grafting polymerization degree in anti-
interference, Chem Eng J 2019;359: 176-85.

Guo Z, Florea A, Jiang M, Mei Y, Zhang W, Jaffrezic-renault N, Molecularly Imprinted
polymer/metal organic framework based chemical sensors, Coatings 2016;6: 42-50.
Lin S, Wei W, Wu X, Zhou T, Mao J, Yun Y, Selective recovery of Pd (II) from
extremely acidic solution using ion-imprinted chitosan fiber: Adsorption performance
and mechanisms, J Hazard Mater 2015;299: 10-7.

Tao HC, Gu YH, Liu W, Huang SB, Cheng L, Zhang LJ, et al., Preparation of palladium
(II) Ion-imprinted polymeric nanospheres and its removal of palladium (II) from aque-
ous solution, Nanoscale Res Lett 2017;12: 583-91.

Mafu LD, Mamba BB, Msagati TAM, Synthesis and characterization of ion imprinted
polymeric adsorbents for the selective recognition and removal of arsenic and selenium
in wastewater samples, J Saudi Chem Soc 2016;20: 594—-605.



https://www.twirpx.org & http://chemistry-chemists.com

3 Metal-Organic
Framework
Nanocomposites for
Adsorptive Applications

Nhamo Chaukura, Wisdom A Munzeiwa,
Rufaro B Kawondera, Tatenda C Madzokere,
Norman Mudavanhu, and Sibongile M Malunga

CONTENTS
3.1 INEOAUCTION .ottt 54
3.2 Characteristics of MOFNS for AdSOIption ..........cccccoceeverienerienenienieeienieens 55
3.2.1 Porosity, Surface Area, and Crystallinity.........ccccecevervieneercneenenne. 55
3.2.2  Functional Groups and Surface Charge........c..ccoceevvevervenenncneenennnn. 55
3.2.3  Morphology and SiZe........c.ccecvereriiinieiienieienieeeee e 56
3.2.4 Degradability and Hydrostability ..........ccccoeevieninininninicnneneeenes 56
3.2.5  Other Properti@s. ......cccoeeiererieriiiieniieieniieieeiteie ettt 56
3.3 Applications for AdSOIPLION ....c...eoueeieriieiinieiereee et 57
3.3.1 Removal of Heavy Metals .......c..coocerieiieniiniiniiniiiiiniceienceieneeeen 57
3.3.2  Removal of OTganiCs ........coceevuererrieniienieniieieeiieieetesieeee e e 58
3.3.3 Removal of Emerging Pollutants...........ccccocevieniniininnenicnncneenennes 58
3.3.3.1 Pharmaceutical and Personal Care Products....................... 59
3.3.3.2 Endocrine-Disrupting Compounds............ceceecvereeruereenncnne 60
3.3.3.3 Antibiotic-Resistant GEnes ..........cccceeeveeeieieinininenennennen 60
3.3.3.4 Persistent Organic Pollutants ..........cccccoeevenievcniencncenene. 60
3.3.3.5 Rare Earth Elements ........cccccoeveiiiiiiiniiiiniiiiience. 61
3.4 Mechanisms of AdSOIPHON......ccuertirtirtiiiiniieieeitete sttt 61
3.5 MOFN-Based MembIranes.........ccccccecuvirieiineniinienienieieieieeeieeee e 62
3.6 Recommendations and Future Outlook.............ccccceveiiiiiniiiininiininiicncne. 64
3.7 CONCIUSION ...ttt s 64
RELEIENCES ... .oviiiiiiiiiccec e 65

53



https://www.twirpx.org & http://chemistry-chemists.com

54 Metal-Organic Framework Nanocomposites

3.1 INTRODUCTION

Metal-organic frameworks (MOFs) are crystalline porous compounds with facile
synthesis, functional tunability, and diversity, ordered porosity, and high and adsorp-
tion capacity [1-3]. They are constructed from inorganic metals or clusters and
polytopic organic bridging ligands which assemble into open networks of diverse
geometries [3]. The MOFs are therefore inorganic-organic hybrid materials. Through
ajudicious choice of ligands, the intrinsic properties such as pore size, geometry, and
functional groups can be tailored for specific applications [2].

Using rational design, and structural and functional group modification, MOFs
have been integrated into nanocomposites to produce MOF nanocomposites
(MOFNs) with enhanced properties. Moreover, their hybrid nature bequeaths the
frameworks with flexibility where characteristically linker-based motions can give
rise to dynamic guest-responsive performances [4]. Because MOFNs combine the
properties of both MOFs and nanoparticles, their adsorptive properties are enhanced,
and thus they have shown great promise in the removal of many pollutants such
as heavy metals, dyes, persistent organic pollutants (POPs), endocrine-disrupting
compounds (EDCs), rare earth elements (REEs), and a whole host of emerging pol-
lutants [3]. These applications largely emanate from the capability of MOFNs to
act as excellent host matrices for the immobilization of various fugitive molecules
in the environment. For example, relative to traditional adsorbents, many MOFNs
have also shown superior performance in the adsorptive removal of pollutants from
water [5].

Relative to entirely inorganic porous materials, MOFNs offer diverse chemical
composition, enabling structural and functional modification through the selection
of precursors. Current research is progressively more targeted at the development
and fabrication of application-specific MOFNSs including powders, thin films, mem-
branes, and granules. Combining MOFs with ceramics, biopolymers, nanoparticles,
and proteins leads to the development of a new generation of functional materi-
als with superior properties [4]. Consequently, MOFNs have been used in removing
various pollutants from contaminated environmental matrices. Some of the syn-
thesis methods are relatively simple. For instance, the encapsulation of magnetite
nanoparticles into zeolitic imidazolate framework-67 (ZIF-67) by the hydrothermal
method using cobalt nitrate [6]. A separate study synthesized a new MOF/GO com-
posite based on [Ni,(BDC-NH,),(DABCO)].xDMFyH,O0 MOF and graphene oxide
by heating in an autoclave at 383 K for 24 h [7]. Other MOFNs which have been syn-
thesized include Fe;O,/RGO nanocomposites [8], MOF/GO composites [7], and an
amino-functionalization magnetic multi-MOF [9]. These have been used for a range
of applications including removal of dyes (e.g., [10,11], CO, capture [7], oxidation of
organics [12], heavy metals and radionuclides [13—15], and the adsorptive removal of
organic pollutants [16,17].

In this chapter, the properties desirable for MOFNs to be good adsorbents, and
applications for the adsorption of various pollutants are discussed. Research gaps
and future research directions are subsequently presented.
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3.2 CHARACTERISTICS OF MOFNs FOR ADSORPTION

The resultant behavior of nanostructured materials is chiefly dependent on fea-
tures such as morphology, size, and structure. Tailoring of such features is achieved
through various synthetic methods (bottom-to-top or top-to-bottom approaches)
leading to novel magnetic, electronic, optical, mechanical, and chemical proper-
ties [18]. For instance, size imparts surface area characteristics of nanostructured
materials responsible for the development of their unique properties at the nanoscale
regime. It has been established that changes in surface area lead to changes in the
reaction time of a substance [19]. Nano-based MOFs are currently drawing a lot of
interest from researchers because of tunable properties such as structure, porosity,
surface architecture, and final composition [20]. MOFs can therefore be predictably
tailored or nanoengineered so as to assume desirable adsorptive characteristics for
various applications.

3.2.1 PoRrosITY, SURFACE AREA, AND CRYSTALLINITY

MOFs are fabricated from metal ions/clusters and organic linker molecules or bridg-
ing-ligands the orientation of whose architecture and donor groups determine the
structure. Target design can be achieved by adjusting the linker geometry, type, and
length, and this has a bearing on the size, shape, and internal surface properties [21].
Consequently, MOFNs have exhibited a superior specific surface area compared
to other porous carbon-based materials and inorganic polymers. For instance, a
remarkable MOF-NU-110E with an extended acetylene hexadentate linker has been
shown to exhibit a specific surface area of 7140 m?/g which is higher compared to
zeolites and carbon nanotubes [22]. MOFs generally exhibit permanent porosity and
show pore windows in the microporous, mesoporous, and microporous range, which
is vital for selective separation and adsorption [17]. The ultrahigh porosity and enor-
mous internal surface areas of mesoporous MOFNs through ligand extension opens
possibilities for host-guest interactions.

3.2.2 FuncTtioNAL GROUPS AND SURFACE CHARGE

The surface charge and functionalities of MOFN frameworks can be modified to
suit certain applications using various strategies. The organic linkers can be pre-syn-
thesized with specific functional groups for targeted applications. Additionally, the
MOFN frameworks can be engineered by a post-synthetic modification approach,
opening up possibilities for a range of applications [23]. Acidic functional groups
(e.g., —COOH and —SO;H), and basic groups (e.g., —-NH,), which are important in
heavy metal adsorptive removal, can be introduced [9,24,25]. Depending on the
pH, these groups can be ionized and be involved in electrostatic interactions espe-
cially for the removal of cationic and anionic pollutant species. The presence of
alkyl chains in the organic ligand increases the hydrophobicity, while phenyl groups
increase n-n interactions [26]. The use of positive metal clusters and neutral linkers
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results in cationic MOFNs where the charge is concentrated at the corners of the
framework. The combination of cationic ligands and nodes results in uniform charge
distribution around the framework [27].

3.2.3 MORPHOLOGY AND SIZE

The composition, structure, and morphology of MOFNs influence their proper-
ties and subsequent application. In MOFN engineering, the size and morphology
have been accomplished by various methodologies such as changing the synthetic
method varying reaction conditions, and metal:linker ratios [28]. However, regu-
lating the shape and size of MOFN:s is still to be realized. Common morpholo-
gies that have been observed include nanorods, spherical, hexagonal, rectangular
prism nanocubes, and nanosheets [14,29-31]. MOFNs have been shown to exhibit
superior physical properties compared microscale MOFs. Of interest, microwave-
assisted, sonochemical and miniemulsion synthetic methods have been used to
selectively modulate MOF shape and size at nanoscale [30]. Generally, nanomate-
rials present a greater surface area, hence MOFNSs are a good candidate for adsorp-
tive applications. Although a lot of research has established the superior adsorption
capabilities of MOFNS, nevertheless, structure-property relationships are not fully
considered.

3.2.4 DEeGRADABILITY AND HYDROSTABILITY

Current research is targeting the development of hydro-, thermally-, and chemically-
stable MOFNs specifically for applications such as catalysis, gas storage, and water
remediation. In aqueous media MOFNs tend to leach out the metal ions, hence
a good combination of metal-ligand bonds, and ligand shielding ability enhances
water resistance [32]. Furthermore, increasing the oxidation state of the metal and
using hard donor ligands usually leads to an improvement of the hydrothermal sta-
bility [33]. This increase in Lewis acidity results in strong metal-donor coordination,
hence making the MOFNs less prone to hydrolysis. The chemical and hydrothermal
stability can be considerably improved by varying the porosity and pore surface
hydrophobicity through altering functional groups and the length of organic ligands
[21]. These approaches tentatively reduce the water absorption capability, mini-
mizing ligand displacement and hydrolysis, resulting in an enhanced adsorption
capacity.

3.2.5 OTHER PROPERTIES

In conjunction with structural properties, MOFNs exhibit other properties such as
magnetism, optical, electrical, and fluorescence, which have opened many possibili-
ties for these materials [34]. These properties can be conferred to these materials
through careful selection of metal ions and ligands, coordination manipulation, and
inclusion of guest molecules and nanoparticles within the pores. Magnetic properties
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can be specifically induced by using paramagnetic transition elements and open-
shell organic ligands, or through the inclusion of magnetic nanoparticles such as
iron oxide within the pores [35]. Long organic ligands tend to give weak magnetic
interaction, hence short ligands are preferred, but at the expense of porosity. The use
of m-electron rich aromatic ligands and lanthanides ions results in the inclusion of
chromophoric molecules and generates MOFNs with good optical and fluorescent
properties [34]. These properties can be manipulated in different ways to enhance
the adsorption capacities of MOFNSs.

3.3 APPLICATIONS FOR ADSORPTION

MOFs are commonly prepared in powder form which is restrictive to many practi-
cal applications including adsorption [36]. In this regard, powder is deposited onto
supports to make them more useful for adsorption [37]. Shaping produces objects
such as extrudates, beads, and pellets with enough mechanical and amorphous prop-
erties while maintaining the porosity [36,38]. The choice of the method of shap-
ing is dependent on the application. Thus, tailored applications can be achieved by
appropriately altering the structure [39]. While applications impose the shape of the
object, the operating conditions will constrain the choice of binders and heat treat-
ments [38]. For example, silk fiber was used as the substrate for coating MOF-76(Tb)
powder, which selectively adsorbs Cu?* [40].

Adsorptive removal of pollutants is either through batch or column techniques.
The batch technique provides a simple way to investigate the experimental factors
influencing the adsorption process, while column studies generate data to help decide
the quantity of adsorbent required for adsorption [41]. Because in columns the adsor-
bent is constantly in contact with new feed solution, it has superior removal efficiency
relative to batch processes [41]. Using batch experiments, an amino-functionaliza-
tion magnetic multi-MOF material (Fe,O,/MIL-101(Al, Fe,,)/NH,) showed a maxi-
mum adsorption capacity of 355.8 mg/g for methyl orange removal [9], while novel
Fe;0,@C MOFNs used in columns was effective in removing chlorophenols from
environmental samples [16]. Another study used a specialized continuous contactor
loaded with graphitic carbon nitride (g-CN)/ATO MOFN for the removal of a mix-
ture of volatile organic compounds from aqueous solution [42]. Magnetic composite
microspheres containing a SiO,-protected Fe;O, core and a TiO, shell exhibited high
adsorption capacity for fungicides [43].

3.3.1 RemovAaL oF HEAVY METALS

Many MOFNs possess desirable features for the adsorption of heavy metal pollut-
ants. These include functional groups carrying electron-rich hetero-atoms such as O,
N, or S, which can datively bond with the heavy metals. A number of MOFNs have
been modified for specific heavy metal removal. Table 3.1 summarizes some of the
heavy metals and the corresponding adsorption capacities of the MOFNs.
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TABLE 3.1
Adsorption of HM over MOFs from Aquatic Systems
Metal
Species MOFN-Based Materials Q..x (Mg/g)  Reference
As(V) Fe/Mg-MIL-88B 303.6 [44]
As(ll)  Fe,0,@ZIF-8 100 [45]
Hg(I) Fe;0,@Cu,(btc), magnetic microspheres 348.43 [46]
Cu(II) ZIF-67/MIM/CA 18.9 [45]
Cr(VI) GO-CS@MOF [Zn(BDC)(DMF)] 144.92 [47]
Pb(II) MOF/GO 108 [48]
Cd(II) PAN/chitosan/UiO-66-NH, 415.6 [49]

3.3.2 RemovaL oF ORGANICS

Synthetic dyes released from various industrial activities are highly toxic and
carcinogenic, recalcitrant to removal, and thus pose a serious threat to ecologi-
cal and public health [50,51]. The dyes commonly used in the textile industry are
azo, basic, acid, reactive, direct, disperse, mordant, sulfur, and vat dyes, and their
chemistry determines the choice of the MOFN that can be used for their removal
[50]. Several studies have reported the use of MOFNs in removing dye in the
aquatic environment. Rhodamine B, for instance, has been efficiently removed
(Q,. = 84.5 mg/g) from aqueous solution by a Ni@C MOFN through batch exper-
iments [52]. A separate study used MOFNs for the removal of methyl orange
(MO), methylene blue (MB), and malachite green (MG) from aqueous systems
[51]. Another study reported the maximum adsorption capacities (Q,,,,) for the
removal of quinolone yellow on MOF-5/AC and MG on ZIF-8/CNT as 18.62 and
3300 mg/g, respectively. MB experiments with MOF/GO hybrids reported Q,,,, of
155 and 1231 mg/g for HKUST-1/GO/Fe;O, and MIL-100(Fe)/GO, respectively.
The high Q,,,, values in these studies suggest that these MOFNs are potentially
useful for dye remediation [53].

3.3.3 RemovAL oF EMERGING POLLUTANTS

Emerging pollutants (EPs) are non-traditional pollutants which include pesticides,
dyes, antibiotics, POPs, REEs, and hormones [54]. These pollutants were tradition-
ally not encountered, and/or not monitored, due to technological challenges, and
are mainly of anthropogenic origin, such as the discharge of treated wastewater
from wastewater treatment plants [51]. EPs have been removed to various extents
using MOFNs (Table 3.2). The mechanisms of removal of EPs from water and
wastewater include electrostatic interactions, acid-base interactions, and complex-
ation. Due to their large surface area, permanent porosity, large adsorption capaci-
ties, and adjustable functional groups, MOFNs can be used to remove EPs from
wastewater [14].
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TABLE 3.2
Removal of Emerging Pollutants Using MOFNs
Pollutant Nature of MOFN Removal (%) References
Chlorophenol Fe;0,@C 92-99% (water), [55]
87.6-97.8% (soil)
Nitro-polycyclic aromatic Indium (III) sulfide Recoveries = [56]
hydrocarbons @MIL-125(Ti) 71.3%-112.2%
Cyclohexene Fe;0,@Au/MOF Max 58% conversion with [57]
90% selectivity
Cis-diol containing luteolin Fe;0,@PDA 91.23% [58]
@BA-MOFs
Dibenzothiophene Cu-BTC and MOF/ 92.2%, (MOF/graphe), [59]
grapheme hybrid 70% (Cu/MOF)
nanocomposite
ibuprofen, diclofenac, naproxen, Fe;0,/Cuy(BTC), 94-102% [60]
nalidixic acid
Triadimenol, hexaconazole, Fe;0,@Si0O, 90.2-104.2% [43]
diniconazole, myclobutanil, @MOF/TiO,
tebuconazole
Rhodamine B MIL-53-Fe MOF/ 71% [61]
Fe,O4/Biochar
Methylene blue (MB) and for H¢P,W s0¢,/MOF-5 97 % (MO), (Rhb) 68 % [62]
Rhodamine B(Rhb)
Tetracycline MIL-68(A1)/GO Q. =228 [63]

3.3.3.1 Pharmaceutical and Personal Care Products

Pharmaceutical products are prescription, over the counter, veterinary, therapeutic
drugs used to prevent or treat human and animal diseases, while personal care prod-
ucts are used mainly to improve the quality of life [64]. Pharmaceutical and personal
care products (PPCPs) are used in daily life, and they include fragrances, UV filters,
antimicrobials, illicit drugs, and surfactants. Although PPCPs have been removed
from wastewater by solar/free chlorine systems, conventional wastewater treatment
systems are unable to remove the PPCPs [65]. Hence the need for a method that can
effectively remove PPCPs from aquatic systems.

The use of MOFNs in removing PPCPs is still emerging. However, the poten-
tial of MOFNs can be inferred from MOFs, which have been widely studied (e.g.,
[51,66]. The MOF, MIL-101 (Cr;O(F/OH)(H,0),[C{H,(CO,),]), which has large
pore sizes and huge porosity, is widely studied [67]. Various derivatives of MIL-101
have been used to remove a range of pollutants from aqueous systems including
furosemide, sulfasalazine, clofibric acid, and naproxen [14]. Diclofenac, a common
painkiller, has been removed using UiO-66(Zr) and its functionalized derivative
(Ui0-66 with SO;H/NH,) [51]. Zr-MOFs have also been used to remove antibiotics
from aqueous solutions [68]. Veterinary drugs such as p-arsanilic acid, roxarsone,
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and phenylarsonic acid, have also be removed from wastewater using MIL-101(Cr)
and MIL-101(Fe) [51].

3.3.3.2 Endocrine-Disrupting Compounds

Endocrine-disrupting compounds (EDCs) are exogeneous substances that alter the
functions of the endocrine system. They may interfere with the body’s endocrine
system and produce adverse developmental, reproductive, neurological, and immune
effects in both humans and animals [69]. EDCs include pharmaceuticals, dioxins,
polychlorinated biphenyls, and pesticides, and are found in everyday products such
as plastic bottles, metal food cans, detergents, and flame retardants [70]. The major-
ity of EDCs are found in municipal wastewater and are recalcitrant to biodegradation
[71]. They can, however, be removed by absorption, chemical degradation, biologi-
cal degradation, transformation, volatization, and adsorption. Materials such as acti-
vated carbon tin pillared montmorillonite and high silica zeolites have been used
to remove EDCs from wastewater [72]. The use of MOFNs in the removal of EDCs
has been widely investigated. For example, polytetraflouroethylene modified with
ZIF-8 was reported to remove 40% more progesterone compared to an unmodified
membrane [73]. In another study, MOFNs have been used to remove EDCs such as
bisphenol A from wastewater [66].

3.3.3.3 Antibiotic-Resistant Genes

The release of antibiotics into the environment induces the development of antibiotic-
resistant genes (ARGs), which reduce the therapeutic potential of antibiotics against
human and animal pathogens [74]. Antibiotic-resistant bacteria enter into the environ-
ment from human and animal sources. These bacteria are able to spread their genes
into water-indigenous microbiomes, which also contain ARGs. Recently, MOFNs
have also been used to remove ARGs from wastewater with good performance [66].

3.3.3.4 Persistent Organic Pollutants

POPs are toxic chemicals that originate from the production, use, and disposal of
certain organic chemicals. They can be intentionally released into the environment
in the case of pesticides and polychlorinated biphenyls, or unintentionally introduced
as in the case of dioxins and furans, which are released by combustion of organic
chemicals or as byproducts of industrial processes [75]. Because they are volatile
and obstinate, bioaccumulating in living tissue, POPs pose major environmental
and public health risks [76]. Moreover, POPs are recalcitrant to biodegradation, and
are thus not effectively removed by water treatment processes [76]. The Stockholm
Convention of May 2001 was established to protect the environment and public
health from the risks associated with POPs [77].

Due to its simple design and low cost, adsorption is effective for the removal
of POPs from water. A host of materials, including Zn-based MOFNs have been
used to remove organophosphorus pesticides from water and fruit juice samples [2].
Fe,0,-MWCNT/ZIF-8 composites have been used for the removal of mixture of
organophosphate pesticides, although low adsorption capacities were reported due
to competitive adsorption [78].
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3.3.3.5 Rare Earth Elements

Rapid industrialization during the past few decades has involved the extensive use of
these REEs, and this has resulted in extensive pollution [79]. Several methods which
include chemical precipitation, ion exchange extraction, coagulation, flocculation,
solid-liquid phase and liquid-liquid extraction, and biosorption have been used to
remove REEs from aqueous systems [80]. Adsorption is an effective mechanism of
REEs because of its simplicity, efficiency, and wide range of availability of sorbents.
Materials such as biomass, zeolites, activated carbon, and silicas have been used to
remove REEs from water and wastewater [79].

Due to their versatility, MOFNs can be tuned so they can be used for many appli-
cations. For instance, MOFNs have been magnetized to efficiently remove REEs
from brine [81]. A separate study used Cr-MIL-101 to remove La**, Ce**, Nd** Sm?*,
and Gd** from aqueous solution [82]. Overall, compared to the traditional adsor-
bents, MOF-based materials have superior adsorption capacities and higher efficien-
cies for REEs removal.

3.4 MECHANISMS OF ADSORPTION

Adsorption mechanisms are governed by the nature of the targeted pollutant, and the
chemistry of the MOFNSs. For instance, the mechanisms for the adsorption of heavy
metal ions primarily involve acid-base and electrostatic interactions, coordinative
bonding, diffusion, and van der Waals forces [15]. For the adsorption of organics
on MOFNs, the mechanisms include chemical bonding, n-x, electrostatic, and acid-
base interactions (Table 3.3) [51]. In acid-base interactions, soft acids react strongly
with the soft bases, and conversely the hard acids react strongly with the hard bases.

TABLE 3.3
Mechanism for the Adsorption of Pesticides in Aquatic Systems by MOFNs
Removal
Capacity Adsorption
Pesticide MOFN (mg/g) Mechanism References
Methylchlorophenoxy-propionic ~ Cotton@ UiO-66(Zr) 12.8 - [83]
Acid
2,4-dichlorophenoxyacetic acid ~ Carbon derived from 448 hydrophobic and [84]
IL@ZIF-67 n-m interactions
Diuran Carbon derived from IL 284 hydrophobic and [84]
@ZIF-67 n-m interactions
Ethion Cu-BTC@Cotton 182 Coordination [85]
linkage and
H-bonding
Glyphosate UiO-67(Zr)/GO 482 Chemisorption [86]
2 4-dichlorophenoxyacetic acid ~ Ce-BTC 95.78 n-m stacking and [29]
electrostatic

interactions
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Coordinative interactions usually occur between heavy metals and MOFNs modified
with functional groups such as -NH,, —-COOH, and —SH [15]. In some adsorption
processes, new chemical bonds are formed between the heavy metal pollutants and
MOFNSs, which is another major adsorption mechanism. Electrostatic interactions
occur when charged MOFNs interact with oppositely charged pollutants and are
influenced by the surface charge on the MOFNSs. The surface charge in turn varies
with the pH of the aqueous system, and with surface functional groups, which can
be protonated or deprotonated [15]. The other adsorption mechanisms applicable to
all adsorbates when surface area or porosity are taken into consideration, are van der
Waals forces and pore entrapment [15].

3.5 MOFN-BASED MEMBRANES

With continuing research on novel MOFNS, recent studies are focusing on the growth
and processing of MOFs into application-specific configurations such as thin films
and membranes [3]. MOFN thin films are mostly composed of and supported by
polymeric substrates. A common thin film MOFN membrane used in water treat-
ment is the polyamide film that is made up of MOFNs supported on a plastic sheet
[87]. Generally, membrane-based separation technologies are widely applied in the
petrochemical, medical, energy, water and wastewater treatment, desalination, envi-
ronmental, and food industries [88]. Membrane technologies involving MOFNs are
used in the extraction and determination of solutes from biological, environmental,
and food media [16]. This technique involves passing the solute through a MOFN
membrane and preventing the interference of large molecules and particles to facili-
tate the separation of analytes from the matrix. This method is rapid, simpler, and cost
effective with concurrent analyte extraction and a clean-up process. Following the
enrichment process, target analytes can be eluted using small volumes of solvent [16].

Engineered forms of MOFNs such as membranes and thin films are being
upscaled from laboratory to industrial products for separation applications such as
solvent nanofiltration and desalination, pervaporation, and gas separations [89]. For
example, an ultrahigh MOF loading MOF-polyethylene hybrid membrane was suc-
cessfully synthesized for high flux separations [90]. The membrane exhibited high
organic dyes rejections (99%), excellent chiral compounds, and protein separation
performance. Antifouling and long-term stability properties are some of the robust
attributes of MOFN-based membranes. According to Shekhah et al. [91] the first
MOF-based membrane consisting of a MOF-5 membrane on alumina support was
tailored by using a seeding approach in order to achieve good gas separation charac-
teristics. Owing to their tunable properties, applications of MOF-based membranes
in liquid separation are rapidly evolving. For example, in pervaporative separation
of alcohols. Pervaporative separation of alcohols from alcohol-water mixtures was
achieved by a continuous ZIF-71 membrane generated via a secondary growth route
[40]. These classical examples highlight the effectiveness of conventional MOFs in
separation processes.

Novel properties of nanomaterials present an opportunity to exploit nanomate-
rial properties to enhance the performance of MOF-based sorbents in the domain
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of separation/membrane technology. Membrane-based MOFs can be fabricated by
various techniques such as solvent evaporation, slip casting, and electrospinning.
Electrospinning is a simple and low-cost technique that affords the generation of
nanofibers with a high porosity and huge surface area to volume ratio [92]. These
exceptional features of electrospun nanofibers are important in imparting improved
performance of MOFNs. A considerable number of conventional materials and
nanoparticles have been incorporated into nanofibers. For example, porous silica
electrospun nanofibers containing catalytic silver nanoparticles have been generated
using the electrospinning technique [93]. In another study, nylon 6 and poly(styrene-
co-divinylbenzene) electrospun nanofibers were fabricated and used for the adsorp-
tion of 1-hydroxypyrene with recoveries of around 72% [94].

There are, however, very few reports on electrospun MOFN fibers. For example,
a hybrid membrane, ESF@MOF, composed of electrospun-silk-nanofiber and ZIF-8
or ZIF-67, achieved 95 and 99% removal for rhodamine B and MG dyes, respectively
[37]. In another study, a MOF-electrospun nanofiber mat from a blend of polytac-
tic acid and ZIF-8 was evaluated for capturing particulate matter [95]. The ZIF-8
improved the particulate matter capture capacity of the membranes due to its high
porosity and surface area. Notably, addition of the ZIF-8 led to a marked decrease of
nanofiber diameter and a rough surface morphology. The decrease in fiber diameter
suggests a higher specific surface area, which is conducive for particulate matter
capture. It was also concluded that rougher fiber surfaces may have a positive effect
on the performance of the membrane. ZIF8 has also been used for adsorption of
Congo red dye in the form of a nanocomposite elctrospun ZIF-8@PVA nanofibers.
The resultant MOFN mat was flexible and structurally stable and exhibited excellent
adsorption performance. This can be upscaled to industrial scale wastewater treat-
ment targeting organic pollutant removal. An electrospun nanofiber composite mat
made of MOFNs and polyacrylonitrile (PAN) nanofibers with a BET specific surface
area of 1217 m?/gm was fabricated for CO, adsorption [96]. MOFNs were integrated
by electrospraying them onto an electrospun PAN nanofiber mat. Strong interactions
between CO, and the open metal sites of MOFNs with higher binding energy were
observed [96]. This was an indicator of good sorption capabilities of the MOFNs/
PAN membrane.

MOFNs possess tunable void volumes such as cavities, pores, and channels suit-
able for the adsorption of toxic inorganic gases such as NH; H,S, NO,, CO, and SO,.
For example, H,S has been successfully removed using MOFNs with high capac-
ity and selectivity. MOFNs, such as HKUST-21, MIL-47(V), and MIL-53(Cr, Al),
have been used for the physisorption of H,S gas [97]. Novel magnetic properties of
nanomaterials have been successfully used for formulating efficient hybrid MOFNs
for the removal of hazardous substances such as heavy metals and organic dyes
from environmental matrices. MOFNs have the advantages of recyclability, good
dispersion, and excellent selectivity [98]. Abdi et al. [1] fabricated a nano-superpara-
magnetic MOFN (ZIF-@SiO,@MnFe,0,) with a large surface area of 830 m?/g for
the selective removal of organic dyes from multicomponent systems. The MOFNs
retained 90% of the original adsorption capacity and magnetic separation efficiency
after the three successive runs.
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Apart from use in adsorption of pollutants from environmental matrices, MOFNs
present excellent opportunities in nanomedicine for loading “cargo” such as che-
motherapy drugs, DNA or RNA, and enzyme carriers [20]. In this regard, the first
MOFNSs developed for photodynamic therapy applications exhibited an enhanced
activity as the oxygen generation capacity was doubled compared to free porphyrin
[35]. Other less-researched areas include the integration with solid phase extraction
strategies in the microextraction of biological and natural essential compounds, such
as flavonoids, from natural materials [58].

3.6 RECOMMENDATIONS AND FUTURE OUTLOOK

With the rapid industrialization accompanied by the discharge of EPs into the envi-
ronment, future research needs to focus on:

(1) Designing and fabricating new MOFNs with specificity towards certain
EPs.

(2) Due to their desirable characteristics which are important for adsorption, it
is interesting to note that MOFNs have the potential to be a new generation
of antidotes to hazardous chemical poisoning in humans and animals.

(3) To safeguard human, animal, and aquatic life and the environment, it is
important for researchers to perform rigorous nanotoxicity and risk assess-
ment studies of emerging MOFNs before full-scale commercialization. To
this effect, researchers could generate Material Safety Data Sheets with
potential hazards (health, fire, reactivity, and environmental), and enough
information on how to work safely with the product.

(4) Governments, especially in developing countries, are encouraged to develop
sector-specific regulatory frameworks and legislation which bind manufac-
turers, importers, and users of MOFN products to ensure safety from the
manufacturing line to the market, and disposal.

3.7 CONCLUSION

The application of MOFNs as adsorbents is dependent on their intrinsic properties
such as high surface area, architecture, tunable porosity, functionalities, and high crys-
tallinity. The porosity and high specific surface area enable high loading of guest mole-
cules. The metal nodes, organic ligands, and topological configurations of MOFNs are
varied. These characteristics can thus be tailored to suit desired applications. Various
functional groups can be homogeneously distributed both on the surface and in the
pores of MOFNSs, which facilitates interaction with molecules to enhance adsorption.
The excellent crystallinity confers distinct networks and defined structural informa-
tion, which is important in investigating the adsorptive mechanisms of pollutants.
These exceptional properties of MOFNs allow them to function as supports for the
integration of other moieties and materials to form composites for the removal of com-
plex and emerging pollutants. The resulting composites can combine the key features
of both components, where MOFNs and the other moieties are synergistic. As a result,
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MOFNs have been used to remove a variety of pollutants such as dyes, pharmaceuti-
cals, heavy metals, and REEs from different environmental matrices. With the growth
of synthesis technology involving new modification possibilities, the range of MOFNs
is likely to increase, and new sorption applications are expected to emerge.
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4.1 INTRODUCTION

With the rising concerns of environmental pollution, climate change, and the forth-
coming energy crisis, the development of clean and sustainable energy instead of
fossil fuels has attracted intensive attention. It is of great urgency and importance
to develop efficient energy storage and conversion technologies and materials aimed
at the utilization of various clean energy sources [1-18]. Electrochemical capacitors
(ECs), also known as supercapacitors (SCs), are a new type of energy storage device
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between conventional capacitors and rechargeable batteries. They are based on the
electrochemical processes of either electrical double-layer capacitance (EDLC) or
pseudocapacitance (involving ultrafast surface redox reactions), i.e., maintaining
the advantages of EDLC-level high power density combined with battery-level high
energy density (viz. short charging time and long life cycle). The development of new
electrode materials with high specific capacity for excellent supercapacitive energy
storage and conversion is highly desirable [19-28]. Notably, many important break-
throughs for a new generation of ECs have been reported in recent years, related to
the theoretical understanding, material synthesis, and electrode/device design, e.g.,
hybrid supercapacitors (HSCs), microsupercapacitors (MSCs), and flexible superca-
pacitors (FSCs) to bridge the performance gap between batteries, conventional capac-
itors, and wearable electronics [16,21,29-31]. Metal-organic frameworks (MOFs), as a
novel class of intrinsically porous inorganic-organic hybrid crystalline materials with
well-defined structures, are acting as a superior candidate in recent years based on
their high surface area, controllable pore size and structures/topologies, and excellent
electrochemical performances for next-generation electrochemical energy-storage
systems [1,15,20,32—-49]. Theoretically, MOFs can be ideal supercapacitor electrode
materials due to their unique structures. The direct utilization of pristine MOFs as a
versatile supercapacitor-active material has preliminarily proved to be very promis-
ing owing to the tremendous pseudocapacitive redox centers and a porous skeleton
with facilitated fast-ion diffusion [38,43,50-55]. However, the intrinsically insulating
nature and poor chemical stability of most reported MOFs are the main obstacles for
their extended electrochemical applications, especially for high-power ECs [56,57];
and the MOF-derived carbon-coated transition-metal oxide or chalcogenide nano-
composites with the additional merits of enhanced conductivity and structural stabil-
ity have endowed the MOFs with promising practical applications [25,33,55,57-63].

Based on the intense research on MOF-derived nanostructures with great
advantages in promising ECs, significant advances in the recent development of
MOF-derived high-conductivity materials (e.g., carbon-coated metal oxides/chal-
cogenides) for next-generation high-power clean energy applications are selectively
reviewed, with special emphasis on the applications of MOFs as versatile platforms
for emerging advanced ECs. Firstly, a fundamental understanding of the mechanism
is focused on the relationship between the structure, composition of MOF-derived
electrode composite materials, and their electrochemical performances, as well as
performance-optimizing strategies. Secondly, some emerging electrode materials of
carbon coated or supported MOF-derived hybrids/composites and their promising
applications in ECs, hybrid supercapacitors, and flexible/wearable supercapacitors
are summarized. Finally, the future perspectives and key technical challenges are
presented for further research in this thriving field.

4.2 MOF-DERIVED NANOARCHITECTURES: STRUCTURE,
PROPERTIES, AND STRATEGIES FOR ECS

MOFs are a class of crystalline materials formed via self-assembly of inorganic
metal ions (or clusters) and organic ligands connected by coordination interactions
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[20,34,35,64], whose capacitance comes from the redox reaction of center metal ions
and the electrochemical double-layer (EDL) capacitance on the large internal sur-
face area [29,65]. The extremely high porosity and openness, structural tailorability,
and chemical versatility, as well as low density of MOFs, give superior capacity
for storage and robust cycling of ions, which give them a key role in high-perfor-
mance electrochemical energy storage [34,36,50,66—71]. However, direct adoption
of conventional pristine MOFs as electrode materials often shows impoverished
electrochemical performance owing to their low electrical conductivity and poor
chemical stability [56,57]. MOF-derived nanostructures or nanocomposites, includ-
ing carbonaceous materials and transition-metal oxides/chalcogenides (TMOs/
TMCs), are gaining momentum in the electrochemical conversion and storage fields
[20,32,33,45,60,63,64,72-77]. Via the MOF-derived synthetic approaches, various
novel compositional and structural features (indicated by high porosity and large
surface area and the resulting large electrochemically active surface, facile charge/
mass transport, and efficient accommodation of strain) may be easily created in well-
controlled micro-/nanometer scales, providing enhanced and/or unique performance
not expected in their conventional counterparts. Generally, two typical strategies
for controlling the chemical composition of MOF-derived materials are adopted,
i.e., tuning the composition of MOF precursors and/or manipulating the conversion
process, which may simultaneously happen in many cases [25].

Pyrolysis of MOFs in air usually leads to corresponding metal oxides and nano-
composites comprised of metal-containing components, and carbon shells/skeletons
can be produced by pyrolysis of MOFs in nonoxidative/inert atmospheres without
further etching, e.g., acid leaching (viz. these distinct derivatives may be transformed
into both asymmetric electrodes based on a “one for two” (also called two-for-one)
strategy) [25,60,77—81]. The inorganic components may vary, and could be metals,
metal oxides/chalcogenides, or even metal carbides/phosphates, depending on the
type of metal in the specific MOFs and corresponding synthetic conditions (e.g.,
reacting with secondary reactants) [25,60,82]. And the derived composite/hybrid
materials typically exist with metal-containing nanoparticles or even atoms/clusters
combined with carbonaceous components owing to the homogeneous and local-
ized reactions between the metal nodes and organic linkers in the MOF precursors
[25,59,83].

On one hand, the presence of carbon matrix/skeleton not only enhances the con-
ductivities but would also effectively suppress or avoid the excessive growth and
agglomeration of metal-containing moieties as well as the diminishment of surface
area during a high-temperature synthesis process, thus for a well-organized porous
structures, e.g., carbon-coated/supported porous metal compound-based composites
[25, 84]. On the other hand, the porous carbons (including the MOFs derived) widely
used as electrode materials/components of ECs, featuring extremely high surface
area, controlled pore structure, excellent chemical stability, and relatively low cost,
concurrently contribute to the capacitance of the composite electrodes [58,77,85-89].
With the assistance of carbon coating, the MOF-derived nanocomposites obtained
exhibit superior cyclability and a greatly enhanced rate performance when employed
as electrode materials for ECs.
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To achieve excellent performance in all aspects of power density and energy den-
sity, the high conductivity and large electrolyte-accessible surface area are two critical
prerequisites for the active materials used in ECs [58]. The electrochemical proper-
ties of MOF-derived materials may be morphology/size dependent [90,91], composi-
tion/doping/valence related [92-96], carbon coated or supported [84,97-105], and
affected by carbonization temperature [106]. Moreover, owing to the high catalytic
activity of transition-metal clusters or nanoparticles, the carbon coating may often
evolve into carbon nanotubes (CNTs), thus for C/CNT-incorporated nanocomposites
[107,108]. Of course, besides the carbon as superior conductive component, many
others such as metals (e.g., silver nanoclusters [109]), conducting polymers or other
conductive inorganic compounds also work, and some of them even offer additional
pseudocapacitance for enhanced energy density. Overall, the ones with higher spe-
cific surface areas, more active sites, and higher conductivity usually exhibit superior
electrochemical performances.

According to the equation E = 1/2 X CV?2, construction of asymmetric supercapac-
itors (ASCs, or hybrid capacitors, HCs) is an efficient way to improve the energy den-
sity by increasing either capacitance (C) or cell potential (V) [97,110]. For the HCs,
one of the key limitations for high performance is the kinetic imbalance between the
anode and cathode, which results in inferior rate capacity and cycle life. Developing
appropriate nanoscale structures that endow anode materials with a rapid pseudo-
capacitive reaction mechanism has proved to be an effective resolution. Since the
capacity of the HCs is based on a classic equation (1/Cye = 1/Cyp0ge + 1/Chode)s
the improvement of capacitive electrodes (mostly activated carbons), especially in
organic electrolytes, is also vital to avoid diluting the capacity of battery-type anodes
and the configured full cells [111]. Moreover, the addition of redox components,
e.g., K,Fe(CN),, to the electrolytes could further enhance the capacitance of the
device [112].

4.3 MOF-DERIVED METAL OXIDE/CARBON COMPOSITES

Transition-metal oxides (TMOs) demonstrate great potential in energy storage and
conversion owing to their reversible surface redox reactions. In particular, the first-
row transition metal (e.g., Mn, Fe, Co, and Ni) oxides with mutable valence states
have been intensively investigated as promising electrode materials for ECs [20].
MOF-derived highly porous TMOs with large accessible internal surface areas will
facilitate the diffusion of ions, which is critical for the electrochemical activity of
the electrodes [58].

4.3.1 MOF-Derivipo TMOs

TMOs are typical derivatives with superior electrochemical and structural stabil-
ity for ECs, and their related carbon-coating composites mainly include the follow-
ing types of composites such as MnO,/CSs nanocomposites (CSs: ultrathin carbon
sheets) [113], GO/CuO hybrid (GO: graphene oxide) [114], C0,0,/ZnO/rGO (rGO:
reduced graphene oxide) [115], MOF-derived hollow cage Ni, Co,_O,/graphene
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[116], CuO,@mC@PANI@rGO hybrid (mesoporous carbon: mC, polyaniline:
PANI) [117], and MOF-derived composite aerogels (rGO/Fe,O,, rGO/NiO/Ni) [118].

Among a variety of electrode materials, graphene-based composites are one of
the most promising candidates for ECs [42,118,119]. 3D graphene architectures could
further generate synergistic effects (e.g., increased electrical conductivity, reduced
volume change, and improved structural stability) to achieve enhanced perfor-
mances [116,120,121]. As a typical example, Cao and coworkers developed a facile
and general method for the large-scale preparation of various 3D GO/MOF com-
posite hydrogels with controllable composition and the subsequent MOF-derived
composite aerogels (e.g., rGO/Fe,O, and rGO/NiO/Ni) through freeze-drying and
calcination processes (Figure 4.1a—d). When used as a supercapacitor electrode, the
rGO/Fe,0O, composite shows high specific capacitances and a good rate capability
(869 and 290 F g~' at 1 and 20 A g/, respectively), as well as a long cycle life without
obvious capacitance decay over 5000 cycles (Figure 4.1e—h) [118]. It has the potential
for the flexible all-solid-state supercapacitor device with excellent mechanical flex-
ibility. And the optimized transition-metal mixed oxides (e.g., MOF-derived hollow
cage Ni,Co,_O,) synergy with 3D graphene can achieve even higher specific capaci-
tance (2871 and ca. 2100 F g' at 1 and 10 A g/, respectively) and thus higher specific
energy density and power density (50.2 and 23.3 W h kg! at 750 and 3750 W kg™,
respectively) [116].

4.3.2 MOF-Derivep CARBON

Owing to their controllable morphologies, tunable porous structures, diverse com-
positions, and facile fabrication, MOFs are an ideal class of precursor material to
develop high-performance carbon-based materials for energy applications [122].
Compared with discrete carbon-supported MOF-derived nanomaterials, carbon-
coated nanocomposites with easily accessible external conductive surfaces will be
more competent [123]. Typical examples include MOF-derived nanoporous carbon
(MOF-NPC)/MnO, hybrids [97], MOF-NPC/RuO, composite [124], Na*-MnO,/
MOF-NPC hybrid [125], porous N-doped carbon/CNTs [126], and ZnO@C@
NiCo,0, core—shell structures [127].

For example, Liu et al. constructed a hybrid material of T-Nb,O; quantum dots
(QDs) embedded in a MOF (ZIF-8)-derived N-doped carbon (NQD-NC) with uni-
form rhombic dodecahedral morphology (Figure 4.2a and b), and studied its advanced
hybrid supercapacitors (HSCs) application. The use of a highly dispersed QDs struc-
ture shows great advances in energy storage devices to buffer the volume change of
active materials, and the MOFs have offered a new platform for novel nanoporous
carbon materials including high-content N-doped carbons with a high surface area,
large pore volume, and superior electronic characteristics for diverse electrochemi-
cal applications. Owing to these merits, the Li-HSCs based on the NQD-NC hybrid
exhibit enhanced electrochemical performances, including excellent cycle stability
(82% capacity retention at 5 A g~! after 3000 cycles in a voltage window of 0.5-4.0 V;
85% retention after 4500 cycles at 0.5-3.0 V), high energy density (76.9 W h kg™),
and high power density (11.3 kW kg™!) (Figure 4.2¢ and d) [100].
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FIGURE 4.1 (a) Scheme of preparation processes for GO/MOF and rGO/MOF-derived
composite aerogels. (b and c) Photograph and TEM image of GO/Fe-MOF aerogel, and (d)
TEM image of the derived rGO/Fe,O; composite aerogel. Electrochemical performance of
(e) the prepared rGO/Fe,0,, rGO, and Fe, O, electrodes. Electrochemical performance of the
all-solid-state flexible supercapacitor device fabricated with rGO/Fe,O, composite. (f and
2) Schematic illustration and photograph of the fabricated device. (h) The GCD cycling
performance at 50.4 mA cm™ for 5000 cycles. Reprinted with permission from Ref. [118].
Copyright 2017 American Chemical Society.

4.3.3 MOF-Deriveip COMPOSITES

The TMO/TMC composites can be directly achieved and these typical samples
include Fe O /porous carbon and Cr,O,/porous carbon [128], Fe;O,/Fe nanoparticles
decorated in carbon shell [106], CI/O-doped C/CoO nanoparticles [93], Co,0,@C
nanocomposite [81], nanoporous carbon/Co;0, [129], mesoporous Co,O0,@car-
bon composites [130], NiO@ graphite carbon nanocomposites [131], dilute NiO/
CNF composite [132], NiO/Ni encapsulated in N-doped carbon nanotubes (NiO/
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FIGURE 4.2 (a) EDX-elemental mapping images (1-4: C, N, Nb, O) and (b) HRTEM image
of Nb,O5 quantum dots embedded in MOF-derived N-doped porous carbon (NQD-NC). (c)
Schematic of the discharge mechanism of the AC/NQD-NC HSCs. (d) Ragone plots (energy
density vs. power density) of AC/NQD-NC HSCs (inset: lighting up a blue LED for 12 min).
Reprinted with permission from Ref. [100]. Copyright 2016 The Royal Society of Chemistry.

Ni/NCNTs) [133], MnO,/N-doped carbon/MnO, [134], Co/MnO@graphite carbon
composites [26], carbon nanosheets-supported MnO, nanosheet arrays (MnO,/
CNS) (Figure 4.3) [99], ZnO/porous carbon composites [135], ZnO QDs/carbon/
CNTs [126], rodlike CeO,/carbon nanocomposite [112], ZnMn,O,/carbon nanorods
[84], MnCr,0,/Mn;0,/C and CoCr,0,/C nanoparticles [101], nickel/porous car-
bon composite [136], hierarchical porous Ni@C nanospheres [137], nanoporous
cobalt-rich carbons [138], Co/C composites [139], Ni-Co@carbon hybrid [140],
Ni/Co metal nanoparticles incorporated in biomass carbon matrix [141], 2D CoNi
nanoparticles@S,N-doped carbon composites (CoNi@SNC) [122], and hierarchi-
cal Ni/P/N/C composites [142]; and for typical examples, see Table 4.1. As an
example, dilute NiO particles decorated carbon nanofiber (NiO/CNF) can be in situ
fabricated by direct pyrolysis of assembled 1D Ni, Zn-containing MOF nanofibers
(Figure 4.4). Through successful modulation of conductivity and porosity of final
composites, the NiO/CNF composites display well-defined capacitive features and
good rate capability as well as cycling stability up to 5000 times (only 10% loss),
and it is exceptional that the 0.43 wt% NiO contributed to over 35% of the total
capacitance (234 F g™ [132].

Besides the appropriate nanostructures, the metal carbon-based materials, espe-
cially these multicomponent carbon-based composites with further enhanced con-
ductivity owing to the direct metals or indirect catalytic graphitization of amorphous
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FIGURE 4.3 (a) Schematic illustration for the fabrication of the vertically aligned MnO,
nanosheets strongly coupled with carbon nanosheets (MnO,/CNS). (b and c) The correspond-
ing SEM and TEM (inset: HRTEM) images of MnO,/CNS. Reprinted with permission from
Ref. [99]. Copyright 2018 Springer Nature.

carbon at relatively low temperature, are also a key to superior performances (e.g.,
the rate capability and power density, and these electroactive metals also contribute
to the higher specific capacitance and energy density of composite electrodes) [26,7
9,81,107,108,122,136,143,144]. For example, Kim et al. designed a novel nanoarchi-
tecture using selected Co**-excess bimetallic hybrid Co/Zn ZIFs (HZs) for nano-
porous functional composites (NPFCs), i.e., those containing N-doped nanoporous
carbon with a rich graphitic carbon nanotube (CNT) content on particle surfaces
and embedded with Co and Co,0, nanoparticles (NPs, 15 nm) through controlled
carbonization and subsequent oxidation (Figure 4.5). The as-synthesized composites
utilize both electric double-layer capacitance and pseudocapacitance within a single
nanoporous composite particle, and the coexisting micro-/mesoporous structures
exhibit superior electrochemical storage performance (545 F g~! in a three-electrode
system, 320% enhanced capacitance compared to that of pristine nanoporous car-
bon, and the mechanism for further improving cycle life is needed) [108]. Xu et al.
developed a facile method to synthesize bimetallic Co/MnO@graphite carbon (GC)
nanocomposites by an in situ conversion of Co/Mn-MOFs, and different carbon-
coated composites can be obtained by precisely controlled calcination temperature.
The as-prepared Co/MnO@GC hybrids, especially that carbonized at 700°C, pre-
serve the nanocubic morphology of its precursor and show a superior specific capaci-
tance of 2275 F g™! at a current density of 4 A g-!. When fabricated into an aqueous
asymmetric supercapacitor device (aASC device) with active carbon as negative
electrode, the device shows a high cell voltage of 1.7 V and a considerably high
specific capacitance of 246 F g™! at 2 A g! (Figure 4.6) [26]. Overall, the strategic
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Zn(Ac)y'2H,0
HOOC. COOH

Assembly
e——

COOH
NiCl'6H;0

Precursor solution

FIGURE 4.4 (a) Schematic description of the synthesis of NiO/CNF composite. (b) SEM
image of Ni-ZnBTC MOF fibers, and (c and d) SEM and TEM images of the derived NiO/
CNF (inset: high-magnification image for a single particle, scale = 50 nm). Reprinted with
permission from Ref. [132]. Copyright 2016 Elsevier B.V.
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FIGURE 4.5 (a) Representation of the nanoarchitecture design for the functional MOF-
derived nanoporous carbon (HZ-NPFC) from the Co?*/Zn** hybrid ZIF obtained by the use of
reductive carbonization and oxidation optimization. (b—d) HAADF-STEM images and EDS
mapping of HZ-NPFC nanoparticle (inset of d: HRTEM image of MWCNTs on HZ-NPFC).
(e and f) HRTEM images of Co and Co;0, nanoparticles on HZ-NPFC, respectively (insets
show the corresponding fast Fourier transform (FFT) patterns). Reprinted with permission
from Ref. [108]. Copyright 2017 The Royal Society of Chemistry.
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FIGURE 4.6 (a) Schematic illustration of the formation process of Co,Mn,_ O@GC and Co/
MnO@GC nanohybrids. (b—e) SEM, TEM and HRTEM images of Co/MnO@GC-700. (f)
Specific capacitances as a function of current density for different electrodes. Reprinted with
permission from Ref. [26]. Copyright 2018 The Royal Society of Chemistry.

in situ composite nanoarchitecture design (i.e., MOF-derived metal and metal oxide-
embedded carbon nanocomposites) offers a new opportunity for future applications
in high-performance energy storage systems.

The electrospinning and carbonization method is another easy route to increase
the conductivity of MOF-derived materials [145]. By introducing the structurally
advantageous quantum-sized metal oxides, Jang and coworkers fabricated hierarchi-
cal fibrous structures composed of uniformly dispersed ZnO quantum dots (~10 nm),
amorphous carbon, and carbon nanofibers (ZnO QDs@C/CNF) via a single carbon-
ization process of electrospun ZIF-8/PVA nanofibers (Figure 4.7). The as-designed
electrode material for supercapacitors exhibits outstanding electrochemical perfor-
mances with high capacitance (346 F g-! at 0.5 A g™!), reliable rate capability (79%
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50 nm 50 nm

Zn

50 nm

FIGURE 4.7 (a) Schematic illustration of the preparation process of ZnO QDs-decorated
CNF (ZPCNF). (b and ¢) SEM images, (d and e) TEM images (inset: SAED pattern), (f)
HRTEM image, and (g) STEM image with the corresponding elemental mapping of ZPCNE.
Reprinted with permission from Ref. [145]. Copyright 2017 The Royal Society of Chemistry.

capacitance retention at 8 A g'), and long cycle life (85% of its maximum capaci-
tance after 5000 charge/discharge cycles) [145].

A 3D porous carbon/metal oxide structure using MOFs as precursor would be
a highly effective approach for high-performance supercapacitors, owing to its
hierarchically interconnected features [98]. Zhao et al. designed an ordered porous
Mn;0,@N-doped carbon/graphene (MCG) composite derived from Mn-MOFs with
the assistance of monodispersed polymer colloid template followed by a facile car-
bonization process. For the MCG composite, ultrasmall Mn;O, nanoparticles (aver-
age diameter 7 nm) are uniformly anchored and the carbon is formed in situ. The
binary carbon components synergistically contribute to a continuous and intimate
conductive framework for the pseudocapacitive components besides the advan-
tages of enhanced active surface, mass transport, and structural stability, resulting
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a superior combination of EDLC capacitance and pseudocapacitance. Thus, the
MCQG, as a supercapacitor electrode, displays excellent electrochemical performances
in a neutral aqueous 1 M Na,SO, electrolyte with a maximum specific capacitance
of 456 F g' at 1 A g7! and a high rate capability of 246 F g-' at 20 A g/, as well as
a good cycling stability with 98.1% capacitance retention over 2000 cycles at 5 A g!
(Figure 4.8) [98]. Alternatively, the MOF-derived composites may also be supported
on other 3D macroporous carbon frameworks with large specific surface area and
hierarchical pores and high conductivity for high-performance supercapacitors, e.g.,
Fe;0,-doped porous carbon nanorods (Fe;O,-DCN, derived from MIL-88A) sup-
ported by 3D kenaf stem-derived macroporous carbon (KSPC) (Figure 4.9) [146].
In addition, the MOF-derived metal-carbon composites could be utilized as
either negative electrodes (anodes) [81,138,147] or positive electrodes (cathodes)
[122,138,141,142]. For example, Tong et al. designed a kind of 2D Co/Ni MOFs
nanosheets (molar ratio of Co/Ni of 1:1) synthesized at room temperature followed

ultrasonicatio
OOH

GO EIW PSA@Mn-MOFs/GO

=1
Pyrolysis ; -
Porous arbonization
Carbon

Hollow MCG
d — 600 €)— a0
( ) ey ( ) @
w5004 L ]
g .y x § 3009 MCG-2 98.1%~
3 300 -8 NS %
3 \"kﬁ g 2004
o o
§ 201\ 3
= 0] \— Mn: o Q100 e T T T R e
= ‘< & 5 Mn,O, 95.4%-
2 o a
@ z 10 15 20 @9 500 1000 1500 2000
" =1
Current Density (A g) Cycle Number

FIGURE 4.8 (a) Schematic illustration of the fabrication of ordered porous Mn;O0,@N-
doped carbon/graphene (MCG) hybrids. (b and ¢) SEM images of MCG and the derived
Mn;0,. Electrochemical performance of MCG and Mn;O,: (d) calculated specific capaci-
tance at different current densities; (e) cycling performance at a current density of 5 A g~'.
Reprinted with permission from Ref. [98]. Copyright 2016 Springer.
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(a)

'\. Funcrinuullullnn

3D-KSPC

H 3D-F SP(
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o
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Pyrolysis
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3ID-KSPC/Fes04-DCN

FIGURE 4.9 (a) Schematic illustration of the formation process for the hybrid of Fe,O,-
doped porous carbon nanorods supported by 3D kenaf stem-derived porous carbon
(3D-KSPC/Fe;0,-DCN) nanocomposites. SEM images of the obtained 3D-KSPC/Fe;O,-
DCN: (b) top view and (c) side view. Reprinted with permission from Ref. [146]. Copyright
2016 American Chemical Society.

by further pyrolysis at 550°C in N, atmosphere to obtain 2D S,N-doped carbon
nanosheets incorporated with CoNi alloy nanoparticles (CoNi@SNC) with high sur-
face area, porous structure, and good conductivity [122]. Compared to the 2D Co/Ni
MOFs nanosheets which can be directly used as electrode materials for supercapaci-
tors (delivering a specific capacitance of 312 F g-' at 1 A g!), the derived CoNi@
SNC exhibits a vastly superior specific capacitance (1970, 1897, and 1730 F g! at
1, 2, and 5 A g, respectively) with long cycling life (95.1% capacitance retention
at 10 A g! over 3000 cycles), and excellent rate capability. Further, the constructed
asymmetric supercapacitor (ASC) device, with CoNi@SNC as positive electrode and
active carbon as negative electrode, exhibits a high energy density of 55.7 W h kg!
at a power density of 0.8 Kw kg™! and good cycle stability (capacitance retention
of 90.6% over 4000 cycles). With regard to the charge-discharge mechanism, it
reveals that the electrochemical activation-generated CoNi oxides/oxyhydroxides on
the surface of CoNi alloy nanoparticles in alkaline electrolyte during electrochemi-
cal processes are the electrochemical active species of the CoNi@SNC-constructed
supercapacitors. Overall, the high performance of the CoNi@SNC-constructed SCs
can be attributed to the synergistic merits, i.e., high surface area for sufficient expo-
sure of electrochemical active sites, porous structure for promoted redox-related mass
transport, and the combination of CoNi alloy nanoparticles with graphitic carbon
for improved electron transfer. To further derive the anticipated electrode materi-
als, two-fold interpenetrating MOFs with a microporous structure and multicompo-
nents (e.g. Ni, P, N, and O) could be uniformly incorporated into the final framework
(i.e., the carbon materials) and render an excellent synergistic effect to improve the
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electrochemical energy storage performance. The maximum specific capacitance for
the hierarchical Ni/P/N/C composite electrode could reach 2888 F g' at 1 A g7,
superior to that of other hierarchical composites and established a new benchmark
in the related field [142]. These findings may benefit the design and development
of carbon electrode materials incorporating transition-metal nanoparticles for high-
performance supercapacitors.

4.4 MOF-DERIVED METAL SULFIDES/CARBON COMPOSITES

Transition-metal chalcogenides (TMCs), especially sulfides (TMSs), have drawn consid-
erable attention owing to their high theoretical capacitance, natural abundance, and low
cost; also, compared with their oxide counterparts (TMOs), the improved electrical con-
ductivity of sulfides can facilitate fast electron transfer or provide strong electronic cou-
pling between different components [22,110,148—-149]. However, these sulfides generally
suffer from poor structural stability and low electronic conductivity, which compromise
their practical capacity, high rate, and cycle performance. Effective ways to overcome
these problems include designing nanostructured materials, constructing hierarchical/
hollow structures or incorporation of conductive components (mainly carbons) to shorten
the diffusion distance of ions, provide adequate contact area between electrode and elec-
trolyte, restrict the aggregation and dissolution of active materials, alleviate the volume
change, increase the active reaction sites, and facilitate the fast transport of electrons
[58,61,67,149]. These carbon-encapsulated or supported TMSs include porous Cu,S/C
[150], Cu,S,/C nanocomposites [151], NiS,/C [152], NiS nanorods/rGO [153], hierarchical
Ni/Ni,S, decorated carbon nanofibers (Ni/Ni;S,/CNFs) [154], CoySy/C [155], 2D Co,S /C
hybrids [156,157], CoS,@C/CNTs (Figure 4.10a and b) [107], hollow Co,S;@rGO [158,
159], hollow C/NiCo-LDH/Co,Sg with complexity [57], 3D hierarchical honeycomb-like
CoyS;@C [160], bimetallic MOFs derived N-doped carbon coated Cu,, sCo, S, hollow
spheres [161], rod-like NiS,/CoS,/NC (NC, N-doped carbon) composite [162], porous
Ni—Co sulfides (Ni—Co-S) [163], hollow Ni—Co—S/NC composites [149], Ni-Co-S@
graphene [164], cross-linking nanoporous Zn,;4Coy,,,S@C-ZIF-Zn,;Co,,,S core—shell
nanosheet arrays [165]; and for typical examples, see Table 4.2. Besides the hydrother-
mal vulcanization [149,151,159,161,163,166], in situ gas H,S, or sublimate sulfur-based
sulfurization of transition-metal-containing composites is a facile process for the carbon-
coated TMSs nanocomposites [107,152-153,162,167-168].

Co,S¢ has attracted intensive attention as an anode material for ECs due to its
unique structural and rich electrochemical features (e.g., high theoretical capaci-
tance) as well as environmental compatibility, low cost, and high abundance
[155,158-159,169]. Although suffering from the drawbacks of low conductivity and
instability, the incorporation of carbon has guaranteed the high specific capacitance,
rate performance, and stability. For example, the MOF (DUT-58) derived Co,Oq
nanoparticles embedded in N/S codoped porous graphitic carbon (Co,Sg/NS-C)
exhibited a high specific capacitance (734 F g! at 1 A g'), excellent rate capability
(653 F g! or 89% retention at 10 A g™') and superior cycling stability (capacitance
retention of 99.8% after 140,000 cycles at a 10 A g™') [155]. The long-term stability
is thrilling and will pave the way for practical application.
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(a) ' ? (b)

Co-MOFs Co@CNTs @CNTs
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FIGURE 4.10 (a) Schematic illustration for the synthesis of CoS,@CNT, and (b) the cor-
responding TEM images. Reprinted with permission from Ref. [107]. Copyright 2017
American Chemical Society. (c) Illustration of the hollow bimetallic nickel cobalt sulfide
and nitrogen-doped carbon (Ni-Co-S/NC) composites, and (d and e) the corresponding TEM
and HRTEM images. Reprinted with permission from Ref. [149]. Copyright 2019 American
Chemical Society. (f) Schematic representation of the fabrication of leaf-like CoS, nanopar-
ticles in N-doped carbon (CoSNC) nanocomposites by depositing ZIF-L-Co on the carbon
cloth through simultaneous sulfidation and carbonization processes, and (g and h) SEM and
TEM image (insets: HRTEM image and SAED pattern) of leaf-like CoOSNC nanocomposites.
Reprinted with permission from Ref. [167]. Copyright 2018 The Royal Society of Chemistry.

2D or layered materials, including the newly developed 2D MOFs, have attracted
tremendous research interest in recent years owing to their unique physical and
chemical properties [156]. Zhang and coworkers, for the first time, facilely developed
a kind of 2D MOF (porphyrin paddlewheel framework-3, PPF-3) with thickness of
ca. 12-43 nm via surfactant-assisted synthetic method, and followed by simultane-
ous sulfidation and carbonization the ultrathin 2D nanocomposite (thickness 24.5 +
6.4 nm) of CoS, y; nanoparticles embedded in N-doped carbon matrix (CoSNC) are
obtained (Figure 4.11a—h). When used as anode material for ECs, the 2D CoSNC
nanocomposite demonstrates a specific capacitance of 360 F g™ at 1.5 A g! and
a high rate capability (74.3% and 56.8% retention at 15 and 30 A g7!, respectively)
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FIGURE 4.11 (a) Schematic illustration of the synthesis process of 2D porphyrin paddle-
wheel framework-3 (PPF-3) nanosheets and the following synthesis process of 2D CoSNC
nanocomposites. (b—d) SEM, AFM, and TEM images of PPF-3 nanosheets (inset of ¢ and d:
the corresponding statistical analysis of the thickness and SAED pattern). (e—h) AFM, TEM,
HRTEM images, and XRD pattern of 2D CoSNC nanocomposites (inset of e and f: the corre-
sponding statistical analysis of the thickness, zoomed-in TEM image and SAED pattern). (i)
Specific capacitance of 2D CoSNC nanocomposite and bulk CoSNC composite as a function
of current density. (j) Cycling stability of 2D CoSNC nanocomposite electrode measured at
12 A g7'in 2 M KOH. Reprinted with permission from Ref. [156]. Copyright 2016 American
Chemical Society.

(Figure 4.11i and j) [156]. Moreover, a dual-structural carbon (e.g., simultaneous
N-doped porous carbon shells and graphene substrates) may further enhance the
cycling stability [157].

Hollow structures with rich surface chemical active sites and robust struc-
tural stability are ideal candidate for high-performance energy storage devices
[25,57,170-173]. As for hybrid MOF derivatives incorporated with carbon frame-
works [57,149,161], Ho and coworkers developed an in situ self-templated pseudo-
morphic transformation strategy by which MOFs are evolved into hybrid materials
with high complexity, i.e., hollow rhombic dodecahedral C/NiCo-LDH/Co,S; (C/
LDHY/S) via the stepwise treatment including sulfurization of Ni/Co-layered double
hydroxides (NiCo-LDHs) (Figure 4.12a—d). The incorporation of metal sulfide spe-
cies at the LDH intergalleries also provides enhanced interfacing and stability of
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the hybrids amongst various collective merits, thus leading to a significant improve-
ment in their supercapacitive energy storage performances (i.e., superior specific
capacitances of 1653, 1288, and 1025 F g~! at current densities of 4, 10, and 20 A g7,
respectively) as well as excellent cycling stability (95.4% retention over 3000 cycles
for C/LDH/S). And for the ASC device C/LDH/S//CNTs, it exhibits a high rate
capability and superior stability (90.9% capacitance retention over 10,000 cycles at
8 A g!) and delivers a high energy density (39 W h kg~! at a power density of 2.4 kW
kg! and 30.1 W h kg! at a power density of 7.4 kW kg™') (Figure 4.12e—g) [57]. Yi
et al. designed a kind of MOF-derived hybrid hollow submicrospheres of N-doped
carbon-encapsulated bimetallic Ni-Co-S nanoparticles (Figure 4.10c—e). Through
easily controlling of the Ni/Co molar ratio, it is found that the hollow Ni-Co-S-0.5/
NC (i.e., n = 0.5) composite exhibited optimal electrochemical performance, e.g., a
high specific capacity of 543.9 C g' at 1 A g-! and a capacity retention of 67.3% with
increased current density up to 20 A g~!, as well as a competent candidate for ASC
with a high energy density of 39.6 and 27.1 W h kg™! at a power density of 808 and
7910 W kg™!, respectively [149].

Hierarchically porous electrodes comprised of electrochemically active mate-
rials and conductive additives (typically 2D graphene) usually display synergistic
effects originating from the structure and the interaction between the constituent
phases [153,164]. For example, Qu et al. designed and fabricated a hierarchically
porous hybrid electrode made of NiS nanorods decorated on rGO (R-NiS/rGO)
derived from Ni-MOF-74/rGO templates/precursors (Figure 4.13a and b). Owing
to the abundant (101) and (110) surfaces on the edges with the strong affinity for
OH- in KOH electrolytes revealed by microanalyses and density functional theory
(DFT) calculations, the hybrid electrode with enhanced electronic conductivity and
highly exposed active surfaces favorable for fast redox reactions in a basic electrolyte
(Figure 4.13c and d) showed a superior capacitance of capacity of 744 Cg'at 1 A g”!
and 600 C g! at 50 A g7!, respectively, and retained over 89% of the initial capac-
ity after 20,000 cycles. When coupled with a N-doped graphene aerogel (C/NG-A)
negative electrode, the hybrid supercapacitor (R-NiS/rGO//C/NG-A) can achieve an
ultrahigh energy density and power densities (an energy density of 93 W h kg! at a
power density of 962 W kg~!, while still maintaining an energy density of 54 W h
kg! at an elevated working power of 46,034 W kg™') [153]. Among the hierarchical
structures, a honeycombed porous structure is a unique and effective strategy beyond
complex hollow structures that lead to extraordinary electrochemical energy stor-
age performance [160]. For example, Sun et al. designed a 3D honeycombed porous
hybrid structure of cobalt sulfide dispersed in a carbon matrix via facile pyrolysis
of Co-MOFs. Benefiting from the loose adsorption, plentiful surface area and high
conductivity of the honeycomb-like Co,S;@C structure for enhanced Faradaic pro-
cesses and redox reactions, the composite could deliver a high capacitance (1887 F
glat 1 A g, rate capability (1343 F g~! up to 10 A g™'), and robust cycle stability
(98.8% retention over 10,000 cycles at 5 A g!), thus promising for the application of
high-performance hybrid supercapacitors (energy density of 58 and 38 W h kg™! at
1.0 and 17.2 kW kg, respectively, and capacitance retention of ~86% over 10,000
cycles at 5 A g™') (Figure 4.14) [160]. It is noteworthy that this kind of 3D hierarchical
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FIGURE 4.13 (a) Schematic illustration of the synthesis procedure of the R-NiS/rGO from
MOF precursors, and (b) TEM image and EDS elemental mappings (C, Ni, and S) of the
R-NiS/rGO. (c) HRTEM and the zoomed-in images of the R-NiS/rGO hybrid nanostructure.
(d) Surface energy and OH- adsorption energy of different slabs of «-NiS from DFT calcu-
lations. Reprinted with permission from Ref. [153]. Copyright 2018 The Royal Society of
Chemistry.

hybrid structure usually demonstrates superior specific capacitance or long-term
cycling stability than those of solid structures [155] or low-dimensional structures
[156]. These remarkable electrochemical performances synergistically contributed
by the 3D continuous thin carbon frameworks and the coated TMSs are amazing and
show promising application for fast energy storage systems.

4.5 BINDER-FREE, FREESTANDING, AND FLEXIBLE DEVICES

Although significant advances in carbon/metal-oxide composite electrodes have
been made, binder-free or self-standing electrodes based on these materials with
seamless interconnecting merits are quite attractive [4,6,174—176]; and for typical
examples, see Table 4.3. Conductive substrate supported TMOs with hierarchically
porous structures are considered as promising electrodes for efficient electrochemi-
cal energy storage and conversion [177-178]. For example, an integrated hybrid
electrode of porous Co,0,/C nanowire arrays (NAs) on nickel foam was designed
by thermally annealing a supported Co-MOF (Figure 4.15a—g) [177]. The as-syn-
thesized Co;0,/C NAs electrode demonstrates a high areal capacitance of 1.32 F
cm~2 (corresponding to a specific capacitance of 776.5 F g!) at a current density of
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FIGURE 4.14 (a) Schematic illustration of the synthesis strategy for honeycomb Co,S;@C
composites. (b—d) FESEM, TEM (inset: particle-size distribution), HRTEM images, and
(e) SAED patterns and the element mapping images of Co,S;@C-500. (f) Electrochemical
cycling performance of Co,S;@C-500, compared to CoyS¢-500 and Co,S;@C-600 at a current
density of 5 A g~!. Reprinted with permission from Ref. [160]. Copyright 2018 WILEY-VCH.

1 mA cm=2, much superior to (i.e., 4 times larger than) that of bare Co,0, NAs elec-
trode (Figure 4.15h). The configured symmetric supercapacitor based on Co;0,/C
NAs electrodes exhibits an improved durability (21.7% capacitance decay over 5000
cycles). The excellent electrical conductivity of the interconnected carbon frame-
works and ion diffusion within the hierarchical pores intrinsically and synergistically
contributed to the promoted pseudocapacitive performance, and the synthesis strat-
egy herein opens an avenue to the design of high-performance electrodes for energy
storage and conversion. Similarly, a novel in situ method for porous 2D-layered car-
bon—-metal oxide (2D-CMO) composite electrode via anodic electrodepostion of Ni/
Co-MOFs on nickel foam followed by pyrolysis and activation was exploited [174].
Besides the layered structures, an ultrahigh mass loading of 13.4 mg cm=, high
capacitance but superior rate performance (2098 mF ¢cm™ at a current density of
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FIGURE 4.15 (a) Schematic illustration of the synthesis of hierarchically porous hybrid
Co,0,/C nanowire arrays (NA) electrodes. (b and ¢c) SEM images of Co;0,/C NAs at differ-
ent magnifications. (d—f) TEM and HRTEM images (inset: SAED pattern) of the Co;0,/C
NAs. (g) SEM image of a single Co;0,/C nanowire and the corresponding elemental mapping
images (Co, O, and C). (h) Plots of the current density against areal capacitances of hybrid
Co0,0,/C NA and the pristine Co;0, electrodes. Reprinted with permission from Ref. [177].
Copyright 2016 The Royal Society of Chemistry.

I mA cm™, and 93% retention from 1 to 20 mA cm™2) of the as-prepared electrode
is amazing, making it a promising candidate for practical supercapacitor application.
As a proof of concept, this anodic electrodesposition of 2D layered MOF may be a
versatile method for the preparation of binder-free carbon/metal oxide composite
electrodes for electrochemical application. Niu et al. fabricated a novel macroporous
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nanostructure utilizing N-doped hollow carbon spheres and ZIF-67 derived Co,Sq
embedded in graphene (GH@NC@Co,S,) with enhanced surface area and favor-
able transport environment for electrons and ions (Figure 4.16a). Furthermore, the
Co,S; polyhedra grown in situ derived from ZIF-67 with amorphous phase and hol-
low 3D structure can improve the reactivity and specific capacity of the composite.
The as-prepared binder-free electrode for supercapacitors showed a high volumetric
capacitance of 842.4 F cm™ at a current density of 1 A g-'. When assembled for an
ASC fabricated with GH@NC@Co,S; (positive electrode) and GH@NC (negative
electrode), the ASC showed a superior volumetric energy density of 28.7 W h L! at
a high power density of 972 W L' as well as a stable long cycle life (95.8% capacity
retention over 8000 cycles), revealing great practical value in electrochemical energy
storage (Figure 4.16b and c) [159]. And solid-state or gel-polymer electrolytes are
usually adopted for these devices [126,177].

Despite the fact that MOFs are well investigated, the utilization of extended
metal-organic gels (MOGs) derived from metal and organic linkers for an assembled
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FIGURE 4.16 (a) Schematic illustration of the fabrication process of the macroporous thin
film of N-doped hollow carbon spheres and ZIF-67 derived Co,S; embedded in graphene
(GH@NC@Co,Sy), and (b) the configured ASC device composed of GH@NC@Co,S; as posi-
tive electrode and GH@NC as negative electrode. (c) Cyclic performance of the GH@NC@
Co,S¢//[GH@NC ASC (inset: photograph of parallel LEDs lit by two ASC devices in series).
Reprinted with permission from Ref. [159]. Copyright 2019 The Royal Society of Chemistry.
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structure such as metal-organic xerogels (MOXs) is emerging [179,180]. For exam-
ple, Mahmood et al. designed a novel strategy to prepare MOX-derived nanopo-
rous carbon (NPC) xerogels with or without decorated Fe,O,/Fe nanoparticles by
the selection of central metals and the optimization of calcination temperature as
highly active electrode materials for ASCs. The nanostructured Fe,O,/Fe/C hybrid
demonstrated a high specific capacitance of 600 F g-! at a current density of 1 A g!
and excellent rate capabilities (capacitance retention up to 500 F g at 8 A g)
(Figure 4.17a—c). When configured with the hierarchically NPC of high surface area
and excellent electrochemical performance, the aqueous ASC (aASC) displayed a
high energy density of 17.5 W h kg~! at a power density of 389 W kg~! (Figure 4.17d—f)
[180]. Although the performances are assessed in a coin cell, the high energy density,
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FIGURE 4.17 (a) Schematic representation for the derivation of MOF xerogels (MOXC-Fe)
as positive and nanoporous carbon (NPC) as negative electrode materials for configuration of
an aqueous asymmetric SC (aASC). (b) TEM image of MOX-Fe-700 (inset: HRTEM analysis,
scale = 5 nm, and SAED diffraction patterns). (c) Cyclic performance of the MOXC-700 for
5,000 cycles at current density of 8 A g=!. View and electrochemical performance of MOXC-
700//NPC asymmetric cell: (d) aASC assembly, (¢) comparative CV curves of MOXC-700
and NPC, (f) capacitance retention for assembled MOXC-700//NPC aASC over 10,000 cycles
(inset: GCD curves showing symmetric behavior after initial activation). Reprinted with per-
mission from Ref. [180]. Copyright 2016 American Chemical Society.
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excellent capacity retention, low cost, and an environment benign of the developed
materials in an aqueous system show great promise for the practical massive utiliza-
tion of these energy storage devices.

Carbon cloth (CC), also called carbon fiber (CF), is an ideal substrate (serving both
as the backbone and electron “superhighway” for charge storage and delivery) for
diverse flexible energy-storage devices including ECs; among which, MOF-derived
materials are playing a vital role in rational composite electrode design and perfor-
mance promotion [92,127,181-187], e.g., hollow NiCo,0O, nanowall arrays [182], car-
bon nanowall arrays (CNWAs) [110], core-shell ZnO@C@NiCo,0O, nanorod sheet
arrays (NRSAs) [127], leaf-like CoS,/N-doped carbon (CoSNC) nanocomposites
(Figure 4.10f-h) [167], and conductive polymer coated PPy/CuyS;@C-CC nanocom-
posite electrode [166]. The synergistic effects between CC and nanostructures in
the nanocomposites can not only effectively shorten the ion/electron transmission
path and provide more exposed faradaic redox sites, but also enhance the electro-
chemical kinetics and electrode structural stability [167], thus for an enhanced elec-
trochemical performance including high specific capacitance, good rate capacity,
and cycling stability. For example, Duan and coworkers designed and synthesized
a kind of unique core—shell nanostructure, i.e. MOF-derived ZnO@C@NiCo,0,
nanorod sheet arrays (NRSAs) on CC substrate via the hydrothermal and electrode-
position method, for high-performance supercapacitors. Benefiting from the synergy
of carbon shell derived from MOFs (ZIF-8), the core-shell structure and the highly
conductive matrix, the flexible hybrid electrode exhibited a significantly enhanced
electrochemical performance (e.g., a high areal capacitance of 3.18 F cm™ at 6 mA
cm2 and 2650 F g1 at 5 A g7!, good rate capability and cycling stability), compared
to that of ZnO@NiCo,0, NRSAs without a carbon coating (Figure 4.18) [127]. These
facile and cost-effective syntheses of robust hybrid electrodes hold great promise for
high-performance supercapacitor applications in the future.

Flexible and lightweight supercapacitors have recently attracted more and more
attention for flexible, portable or wearable electronic devices [103,147,175,188-190].
Yoon and coworkers fabricated such electrodes comprising carbon nanofibers (CNFs)
decorated with ZIF-8-derived Mn-doped zinc oxide (Mn@ZnO) nanoparticles
(Figure 4.19a—d). The synergy between Mn@ZnO (active sites for Faradaic reactions
beyond EDLC capacitance) and the highly electrically conductive carbon nanofiber
(providing fast electron-transfer pathways) improves the performance of the super-
capacitor electrode (Figure 4.19¢). Thus, the Mn@ZnO/CNF electrodes demonstrate
a high specific capacitance of 501 F g™! and retain >92% of their initial capaci-
tance even after 10,000 cycles. The optimized Mn@ZnO/CNF electrodes deliver
impressive energy densities (72.1 W h kg™! and 33.3 W h kg! at power densities of
500 W kg~ and 5000 W kg~!, respectively) (Figure 4.19f and g) [103]. And this elec-
trospinning strategy for robust nanostructured composite electrode material sheds
light on designing long-lifetime high-rate energy storage devices. For a more cost-
effective choice, iron oxide (Fe,O;) may be adopted. Yao and coworkers designed a
facile method to directly grow MIL-88-Fe MOF-derived spindle-like a-Fe,0;@C
on highly hydrophilic oxidized carbon nanotube fiber (S-a-Fe,0,;@C/OCNTEF),
which demonstrated a high areal capacitance of 1232 mF cm at a current density
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FIGURE 4.18 (a) Schematic illustration of the fabrication of ZnO@C@NiCo,0O, nanorod
sheet arrays (NRSAs): (/) carbon cloth substrate, (2) ZnO NRs, (3) ZnO@C NRs, (4)
ZnO@C@NiCo,0, NRSAs. (b) TEM image of a ZnO@C@NiCo,0, core—shell nanorod
sheet. Morphological analysis of (c) ZnO@C@NiCo,0, NRSAs after 4000 cycles and (d)
ZnO@NiCo,0, NRSAs after 3000 cycles. Reprinted with permission from Ref. [127].
Copyright 2016 The Royal Society of Chemistry.

of 2 mA cm™ and considerable rate capability with 63% retention up to 20 mA cm=
(Figure 4.20a and b). When matched with the Na-doped MnO, nanosheets on CNTF
(Na-MnO, NSs/CNTF) as the cathode, the flexible solid-state twisted fiber-shaped
asymmetric supercapacitors (FASCs) with maximum operating voltage of 2.2 V
exhibited a high specific capacitance of 201 mF cm and a superior energy density
of 135 pW h cm2 (Figure 4.20c-h). With the merits of high energy and power densi-
ties, excellent flexibility and neutral gel-type electrolytes, MIL-88-Fe MOF-derived
S-a-Fe,0,@C will be a promising anode for next-generation wearable asymmetric
supercapacitors [147]. However, if a slower scan rate or lower charge/discharge rate
is applied (or incorporated with a battery-type cathode such as an MOF-derived
NiZnCoP nanosheet array on CNTF), the battery-type features will be dominant,
towards fiber-shaped aqueous rechargeable batteries (FARBs) [191]. Furthermore,
these FASCs may be integrated with self-charging power systems such as flexible
triboelectric nanogenerators to harvest and store energy simultaneously for flexible
multifunctional electronic devices [192].

4.6 HYBRID CAPACITORS

Hybrid electrochemical capacitors (HECs), also known as HCs, hybrid supercapaci-
tors (HSCs) or ASCs, can potentially combine the merits of high-energy density
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FIGURE 4.19 (a—c) TEM images (inset: the corresponding SAED pattern) and (d) EDS-
based elemental maps (Zn, C, Mn, and O) in the carbonized Mn@ZnO/CNF composite (M2).
(e) Morphology and mechanism depicting EDL and pseudocapacitance. (f) Cycling perfor-
mance of Mn@ZnO/CNF (M2) at various current densities. (g) Comparison of energy and
power densities with previous reports (Ref. i—iv, see the original sources). Reprinted with
permission from Ref. [103]. Copyright 2019 Elsevier B.V.

of batteries and high-power output plus long cycle life of capacitors in one device,
i.e., bridging the gap between conventional rechargeable-ion batteries and ECs
[27,59,100,111]. The key point of configuring a high-performance HEC is to couple
appropriate battery-type and capacitor-type electrode materials with well-matched
capacity and kinetics behavior simultaneously, and an alkali metal salt-contain-
ing organic electrolyte will extend the voltage window and thus for a significantly
enhanced energy density [111]. Since some of the HECs have been mentioned above,
some other typical proofs-of-concept are depicted as follows.
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FIGURE 4.20 (a) Schematic illustration of a fiber-shaped asymmetric supercapacitor
(FASC) device (including a TEM image and EDX mappings of the different elements of
Fe, C, and O from an individual S-a-Fe,0,@C). (b) Comparison of GCD curves of pristine
CNTF, OCNTF, S-a-Fe,0;@C/CTNF, and S-a-Fe,0,;@C/OCTNF electrodes obtained at a
current density of 5 A g' (4 mA cm™). (c) Comparative CV curves of S-a-Fe,0;@C/OCNTF
and Na-MnO, NSs/CNTF at a scan rate of 25 mV s7!. (d) GCD curves of the as-fabricated
FASC device collected over different voltages from 0.6 to 2.2 V at a current density of 4 mA
cm™. (e) Areal specific capacitance and energy density calculated based on GCD curves
obtained at 4 mA cm2. (f) Areal-specific capacitances calculated from GCD curves as a
function of the current density. (g) CV curves of the as-prepared FASC device measured at a
current density of 4 mA cm=2 under different bending angles. (h) Normalized capacitances of
the FASC with a bending angle of 90° for 4000 cycles. Reprinted with permission from Ref.
[147]. Copyright 2018 American Chemical Society.

Aqueous asymmetric supercapacitors (aASCs) have attracted increasing attention
recently owing to several advantages such as low cost, nonflammability, high ionic
conductivity, acceptable voltage window (ca. 0—1.6 V), and facile assembly under
ambient conditions; amongst them, layered double hydroxide (LDH)/carbon com-
posites, beyond those of conventional hydroxides, have drawn increasing attention
for use as high-performance electrodes owing to their high theoretical capacitance,
large specific surface area and sufficient interspacing [180,193—-197]. For exam-
ple, Bai et al. designed a sandwiched Ni—Co LDH hierarchical hollow nanocages/
graphene derived from ZIF-67 as sacrifice template [194]. The optimized composite
electrode exhibited a maximum specific capacitance of 1265 F g~!, high rate capabil-
ity (50% capacitance retention at ten times higher current density), and good cycling
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life (92.9% capacitance retention over 2000 cycles). The combination of battery-type
Ni-Co LDH hollow nanocages/graphene composite and EDLC-type active carbon
allows for the excellent electrochemical performance of an aASC device, deliver-
ing a maximum specific capacitance of 171 F g-! in a potential window of 0-1.7 V,
as well as a high energy density (68.0 W h kg™') and excellent power output (4759
W kg™"). And for a MOF-derived 2D assembled Ni-Mn-C ternary composite with
hierarchical micro-/nanostructures comprised of Ni(OH), and MnO, nanosheets
decorating on a carbon matrix (Ni(OH),-MnO,/C), owing to its high surface area,
good electrical conductivity, and the synergistic effect among components, it dem-
onstrated enhanced electrochemical performances, especially high-rate capabilities
(574 F g*" at 40 A g') and cycling stability (capacitance retention of ~87% at 2 A
¢! over 10,000 cycles). Also, the Ni(OH),-MnO,/C composite-based all-solid-state
supercapacitor demonstrated high power density, good cycling stability, and excel-
lent flexibility [198]. Furthermore, the incorporation of 2D graphene could signifi-
cantly enhance the structural stability of the electrodes and thus deliver a better rate
capability and a superior long-term cycle performance (e.g., merely 19% capacity
loss from 1 to 20 A g1, 95% capacity retention over 10,000 cycles at 20 A g!) [193].

Compared to aASCs, the non-aqueous hybrid electrochemical capacitor (NHEC)
with organic (e.g. LiTFSI/ether based) electrolytes with high operating voltage is
highly desirable for its superior energy density as well as high power density [168].
Amongst NHECs, Li-ion capacitors (LICs) have recently emerged as a new promis-
ing type of electrochemical energy storage devices that fill the gap between Li-ion
batteries (LIBs) and supercapacitors (SCs) by providing balanced high energy and
power densities [199-201]. Benefiting from the highly porous capacitive carbon
cathode, LIB-like intercalation/conversion anode and Li salt-containing organic
electrolytes, the cell voltage of LIC could be operated around 4 V, which is sig-
nificantly higher than that of commercial SCs (ca. 2.7 V) [199]. Zhu and cowork-
ers developed an integrated LIC with MOF-derived bimetallic oxide (carbonized
NiCo,0,) conversion anode and the binder-free vertically aligned carbon nanoflakes
(VACNFs) cathode (Figure 4.21a—d). The carbonized NiCo,0O, nanocomposites with
high surface areas and high pseudocapacitance from conversion reaction demon-
strate large Li-ion storage capability, good charge/discharge rate and remarkable
cyclability as an anode material, while the VACNFs cathode displays several favor-
able characteristics such as excellent intrinsic conductivity, high specific surface
area and more electrochemically active sites for enhanced ion accessibility in the
organic electrolyte. Owing to the advantages of the well-designed nanostructural
electrode materials, the assembled LICs exhibited a superior energy density of up
to 136.9 W h kg! (at 200 W kg™') and an ultrahigh power density of 40 kW kg!
(i.e., charge/discharge within 4 s at 26.4 W h kg™'), as well as a good cycle stability
(~90% capacitance retention over 9000 cycles at a current density of 4 A g-') within
the voltage range of 1.0-4.2 V (Figure 4.21e) [199]. Kim and coworkers exploited a
cost-effective Fe-MOF precursor derived pyrite (FeS,/C) nanoparticles for Faradaic
electrode of NHEC using ether-based electrolyte (1 M LiTFSI/diglyme) [168]. The
as-fabricated NHEC (FeS,/C//AC) showed an enhanced voltage window of 0-3.2 V
and could deliver energy densities in the range of 63—-69 W h kg~! at power densities
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FIGURE 4.21 (a) Schematic illustration for the design of the Li-ion capacitor (with car-
bonized NiCo,0O, anode and vertically aligned carbon nanoflakes cathode). (b—d) Elemental
mapping images of the carbonized NiCo,0, nanocomposite. (¢) Cycling performance of the
LIC with current density of 4 A g™! (insets: GCD curves for the first and last three cycles).
Reprinted with permission from Ref. [199]. Copyright 2019 Elsevier B.V.

of 152-3240 W kg!, as well as remarkable cycling stability (over 2500 cycles at high
power densities).

Sodium-ion hybrid capacitors (SIHCs) as a potential candidate have gained
increasing attention, especially for the application in large-scale energy storage and
smart grids, due to the high earth abundance and low cost of sodium, compared to
lithium now widely used in LIB and LICs [111]. Li et al. designed and fabricated
a novel STHC via coupling a nanocubic TiO,/C nanocomposite anode with a 3D



https://www.twirpx.org & http://chemistry-chemists.com

114 Metal-Organic Framework Nanocomposites

nanoporous polyhedral carbon cathode, which are both derived by in situ pyrolysis
of MOFs precursors (i.e. MIL-125 (Ti) and ZIF-8, respectively) (Figure 4.22a and
b). The robust structure and extrinsic pseudocapacitance of TiO,/C nanocomposite
contribute to the superior cyclic stability and rate capability, while the hierarchical
nanoporous polyhedral carbon possesses excellent capacity and rate performance
as expected. Benefiting from the synergistic merits, the as-assembled organic elec-
trolyte based STHC can achieve a high energy density of 142.7 W h kg™! (at a power
density of 250 W kg™!) and a ultrahigh power output of 25 kW kg~! (remaining an
energy density of 61.8 W h kg™) in the voltage window of 1-4 V. Moreover, the
excellent life span of 10,000 cycles with over 90% capacity retention can be easily
achieved along with a good linear and symmetric GCD curves (i.e., good reversibil-
ity, high Coulombic efficiency and capacitive-dominated mechanism), making it a
competitive candidate in high energy and power-required electricity storage applica-
tions (Figure 4.22¢c—f) [111].

4.7 CONCLUSIONS AND OUTLOOK

In summary, MOFs and their derived materials have attracted huge research interest
as emerging candidates for superior energy storage especially for ECs. The design
and synthesis of conductive MOF-derived hybrids/composites are a promising and
low-cost strategy to produce novel materials bearing a set of combined properties
superior to those of the individual components (typically synergistic effect); and it
is noteworthy that carbon-coated MOF-derived composites are promising electrode
materials for energy storage applications in recent years. In future, much work should
focus on overcoming some major challenges such as higher energy density, longer
cycling performance, and higher mass loading of the active materials. However,
given that MOF-derived materials possess well-established structure and property
tunability, it will provide a great prospect for developing MOF derivatives as an ideal
class of electrode materials for ECs. Several ongoing research hotspots and future
trends of MOF-derived composite materials for high-performance ECs are listed as
follows:

(1) Despite the fact that MOFs allow facile transformations to various func-
tional materials in a well-controlled manner compared with traditional
inorganic precursors, the structural design and the controlling of mor-
phology, particle size, pore properties, and surface area need to be further
investigated for optimized performances of MOF derivatives. The nano-
structuring is substantially an efficient strategy, together with the greatly
enhanced specific surface area and pore properties, it will provide more
electrochemically active sites for higher and faster energy storage. Doping
with heteroatoms can also tailor the physicochemical structures and
improve the electrochemical performance thereof. The dissolution of the
MOF-derived electrodes, especially the TMSs, which may severely limit
the cycling stability of the electrode, should be further investigated and
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FIGURE 4.22 (a) Schematic illustration showing the construction process of a sodium-ion
hybrid capacitor (SIHC) using MIL-125 (Ti) derived TiO,/C nanocomposite as battery-type
anode and ZIF-8 derived nanoporous carbon (ZDPC) as capacitor-type cathode. (b) HAADF-
STEM and (1) STEM images of TiO,/C-700 sample, and (2—4) the corresponding element
mappings (C, O, and Ti). Electrochemical performance of TiO,/C//ZDPC SIHC device: (c)
CV curves of TiO,/C-700 and ZDPC in a sodium half-cell at scan rate of 1 mV s~ (top), and
CV curves of TiO,/C//ZDPC SIHC at various scan rates ranging from 2 to 10 mV s! (bot-
tom); (d) GCD profiles of TiO,/C//ZDPC SIHC at different current densities of 0.1-1 A g7'; (e)
Ragone plots of SIHC in this work compared with reported representative SIHCs; (f) Long-
term cycle life and Coulombic efficiency of TiO,/C//ZDPC SIHC under 1 A g!' and a large
voltage window of 1-4 V (insets: GCD profiles of the initial ten cycles and the final ten cycles
and the photograph showing green LED arrays lightened by the SIHC device). Reprinted with
permission from Ref. [111]. Copyright 2018 WILEY-VCH.
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suppressed. Besides the enhancement of electrical conductivity and ion
insertion/adsorption via tailoring the structure or pore size, the compat-
ibility between these derivatives of MOFs and the electrolyte (including
aqueous, organic, gel-type, and solid-state) should also be considered, thus
the optimization of composition/structure and electrolytes are beneficial as
well. The introduction of redox additives into the electrolyte will also give
an additional pseudocapacitance contribution to the ECs.

(i1) Although the self-templating feature of a number of MOF-derived pro-
cesses simplifies the synthetic procedures, general synthetic strategies and
conversion approaches with enhanced controllability and scalability are in
urgent need to meet the ultimate goal of real application. In view of the
large volume loss for some MOFs during the pyrolysis/conversion process,
these MOFs are especially suitable as precursors for the fabrication of hol-
low or frame-like structures with enhanced structural stability and rate
performance owing to the buffering effect and capacious open channels.
However, the volumetric capacitance or energy density may deteriorate,
thus it should be balanced and comprehensively considered for an optimal
solution.

(iii) As an efficient strategy to improve the conductivity of derivatives of MOFs,
the integration of highly conductive components, especially carbons, will
not only embody the advantages of all constituents but also overcome the
drawbacks of individual components, i.e., achieve the goal of combining
both the high energy density and high power density features. Carbon nano-
materials, especially carbon coating, graphene, and 3D carbon networks,
will provide versatile platforms for integrating derivatives of MOFs for act-
ing as most effective electrodes of ECs. Owing to the synergistic effect
between the assembled tiny primary particles and the carbon coating, which
shortens the diffusion length of ions, they possess an enhanced conductivity
and tolerate the volume changes; MOF-derived composite materials exhibit
good electrochemical properties as active electrode materials for ECs.

(iv) Further understanding of the formation/conversion mechanisms of MOF-
derived materials and the relationship between the composition/structure
and their ECs properties is still lacking, theoretical calculation or modeling
may play vital roles in future studies. The selection of coordinated metals
and optimization of carbonization temperature are critical to obtain active
electrode materials with designed nanostructures and compositions, which
still lack complete understanding and need further exploration.

(v) Hybrid capacitors or asymmetric supercapacitors are optional solutions
to achieve higher energy and power density simultaneously. By designing
the electrolytes (especially the non-aqueous ones) for optimum electro-
chemical performances, the high-voltage operation and the higher energy/
power densities thereof can be obtained without compromising long-term
cycling stability or lifetime. Despite some critical factors for optimiz-
ing pseudocapacitive derivatives of MOFs, it is quite promising for these
high-rate capability electrodes to couple with the capacitive (e.g. carbon)
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negative electrode when used in hybrid (asymmetric) devices for practical
applications.

(vi) Binder-free and flexible solid-state supercapacitors are stylish frontrunners
in energy storage device technology and have attracted intensive attention
owing to recent significant breakthroughs in modern wearable electronics.
In view of the powder form of most MOF-derived materials, constructing
3D bulk architectures such as flexible or freestanding electrodes has gained
increasing interest, where the micro-/nanometer scale subunits organized
macroscopic structure will benefit their use in electrochemical devices.
Although some encouraging progress has been made on flexible superca-
pacitors, their high energy density, mechanical robustness, bending-tolerant
property, and performances under various severe service conditions are still
limited; excellent mechanical properties of electrodes are required to guar-
antee the stable energy output in wearable devices; and several other intrac-
table problems, especially for wearable applications (e.g., the potential risks
of catching fire or corrosion, short cycling life, long charging time, and the
difficulties in meeting the rigid requirement for various forming factors) are
also concerned.
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ABBREVIATIONS

1D/2D/3D  one-/two-/three-dimensional

AC activated carbon

@ASC (aqueous) asymmetric supercapacitor
CC carbon cloth

CNF carbon nanofiber

CNT carbon nanotube

(O)CNTF  (oxidized) carbon nanotube fiber
ECs electrochemical capacitors

EDLC electrical double-layer capacitance
GH graphene

GO graphene oxide

GCD galvanostatic charge-discharge
HCs hybrid capacitors

HECs hybrid electrochemical capacitors

HSCs hybrid supercapcitors
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LDH layered double hydroxides

LIBs lithium-ion batteries

LICs Li-ion capacitors

LiTFSI lithium bis(trifluoromethanesulfonyl)imide
MOFs metal-organic frameworks

MOXs metal-organic xerogels

NAs nanowire arrays

N-Cor NC N-doped carbon

NHEC non-aqueous hybrid electrochemical capacitor
NPC nanoporous carbon

QDs quantum dots
rGO reduced graphene oxide
SCs supercapacitors
SIHCs sodium-ion hybrid capacitors
TMCs transition-metal chalcogenides
TMOs transition-metal oxides
TMSs transition-metal sulfides
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5.1 INTRODUCTION

Energy is of a great global concern with increasing population and industrialization
resulting in an increase in demand [1-5]. The increase in energy demand accelerates
the production of fossil fuels that are very harmful to the environment. Renewable
energy sources are candidates to meet the increase in energy demand and are antici-
pated to play an important role in taking the world to an environmentally friendly,
reliable, and sustainable energy system [2]. Photovoltaic (PV) technologies are
known to convert sunlight radiation into electrical energy [1,5]. They are a type of
energy which is renewable, clean, and sustainable. In addition, they were introduced
in a quest to limit or eradicate the combustion of fossil fuels [1]. Currently, PVs
are used in small-scale applications and show great potential to be used at a larger
scale provided the power efficiency is above 10% [6]. The most commercialized
PV solar cells are silicon-based due to their high efficiency of up to 25% [7]. Even
though they show high efficiency, some disadvantages such as high-purity silicon
single crystal manufacture uses expensive processes and restricts their widespread
use [7]. Gong et al. [8] have also indicated that high production and environmental
cost restricts the terrestrial PV market. Silicon-based PVs have also been shown to
be expensive relative to other technologies and are generally used notwithstanding
their changing cost factor and poor PV efficiency [7,8]. These disadvantages paved
the way for intensive research in the quest to find an alternative in PV renewable
energy production leading to the development of dye-sensitized solar cells (DSSC)
[1]. The most attractive characteristic of DSSCs is its cost-effectiveness due to inex-
pensive materials and simple fabrication process [5]. DSSCs are good candidates
to replace conventional silicon-based solar cells due to their good performance in
diverse light conditions as well as being lightweight, flexible, and having low toxicity
[1,5]. Daeneke et al. [9,10] have also indicated that DSSCs are potential PV devices,
because they are easy to manufacture, and they have low-cost materials as well as
mechanical flexibility. Moreover, it was shown that DSSCs are mainly composed of
five components [1,5]. The photoanode is normally made of transparent conductive
oxides where a semiconductor material may be coated to form film [1]. Currently,
titanium dioxide (TiO,, materials are used as photoanode materials due to their wide
availability, low cost, and non-toxicity [11]. The TiO, materials have ability to adsorb
dye sensitizer for harvesting of light and generation of photo-excited electrons [12].
In addition, DSSCs have an electrolyte containing a redox mediator, usually triio-
dide/iodine in an organic solvent, to transport electrons between photoanode and
counter electrodes [5,12]. As a result, DSSCs based on TiO, semiconductors were
extensively studied due to their advantage of a large surface area, and high chemical
and optical stability [11,12]. However, TiO, has the larger band gap of 3.2 eV and
low power conversion efficiency of 3.08% [13] that disadvantages it in harvesting
more energy. It was seen that the n-type anatase TiO, may be doped with metal-
organic frameworks (MOFs) to improve the harvesting of sunlight and reduces the
band gap owing to their high surface area [14—18]. MOFs are known to be porous
polymers which are made from a combination of metal cores and organic ligands
through covalent bonds [2,3,16,17]. Therefore, this chapter reports on the recent
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position of improving the PV applications of TiO, with the addition of MOFs. This
is accomplished by considering the fundamental mechanisms of photovoltaic cells
(PVCs). Critical factors which are used to evaluate the PV properties of semiconduc-
tor materials are discussed. Furthermore, the background, structural properties, and
synthetic methods of TiO, and MOFs are presented. To sum up, the challenges and
approaches to address drawbacks of TiO,/MOF composite as photoanode material in
dye sensitized solar cells are outlined.

5.2 PHOTOVOLTAIC CELLS

5.2.1 BACKGROUND

The PV effect is a chemical process through which solar cells convert sunlight
radiation into electrical energy [19,20]. It can occur in different kinds of solar cells
(Figure 5.1a) such as nanocrystal (perovskite), organic (polymer), DSSCs, and con-
centrated solar cells [20-22]. In addition, Figure 5.1b presents a conversion efficiency
as a function of years for perovskite, and dye-sensitized solar cells [21]. The figure
shows that the efficiency progress of perovskite solar cells and other third-generation
solar cells with an enhanced efficiency over the years [21,23,24].

5.2.2 Key PARAMETERS TO EVALUATE PHOTOVOLTAIC CELLS

When a solar cell panel interacts with light, the photocurrent can be measured. There
are many factors that affect the value of the photocurrent such as the quality of the
device, incident wavelength, and the surface area of the device being illuminated.
Therefore, different parameters are employed to determine the energy efficiency of
the PVCs such as the maximum power point (Pmax), the energy conversion effi-
ciency (1)), and the fill factor (FF) [22].

The Upper Limit of Open Circuit Voltage

Open circuit voltage (Voc) represents the maximum voltage at zero current. It was
seen that the Voc value rises logarithmically with increased sunlight radiation
[1,5,22]. In addition, the band gap of the semiconductor material limits the increase
in the Voc value and the maximum can only be achieved when the band gap is in the
range 1.0-1.6 eV [25].

Short Circuit Current (Isc)
The short circuit current gives the maximum current density that can be obtained
when the two leads are connected to each other. When analyzing a current-potential
(I-V) curve, the Isc value is obtained at zero voltage as a result of generation and
collection of carriers [22,25].

Fill Factor (FF)

The fill factor (FF) is defined as the ratio of the curve under the maximum power
point of the cell (Pmax = Imax (maximum current) X Vmax (maximum potential))
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FIGURE 5.1 (a) Types of photovoltaic (PV) technologies and (b) the power conversion effi-
ciency of different solar cells (a-Si: amorphous Si single layer, OPV: organic photovoltaic solar
cells, DSSC: dye sensitized solar cells, and PSC: perovskite solar cells) over the years [21].

to the area associated with open and closed circuits (P = Isc X Voc) [22]. The FF is
referred to as a quantifying unit for the squareness of the I-V curve and calculated
using Equation 5.1 [22]. This is also influenced by the materials morphology and
stability of the materials [1]. The theoretical limit of a FF is between 0.25 and 1 [1,5].

_ (Pmax)(Vmax)

FF= (Isc)(Voc) G
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Power Conversion Efficiency (1))

Power conversion efficiency (Equation 5.2) can be defined as the ratio between the
maximum power output (Pmax) and the power that is from the incident light (Pin)
[22]. As stated, the power conversion efficiency is greatly influenced by the Voc and
Isc [5]. The power conversion efficiency is calculated as follows:

5.2)

_ Pmax _ (Isc)(Voc)(FF)
n= Pin Pin

where Pin is the solar power input into the solar cell, and Voc is the voltage across
the open circuit.

5.2.3 PErROVSKITE SOLAR CELLS

It was documented that perovskite solar cells (PSCs) are made of materials that are
described by the formula ABX,, where A represents organic material in a large quan-
tity, B is a smaller amount of inorganic material (cations of different sizes), and X is
an anion material, e.g., halogens [26]. In addition, it was shown that the PSCs exist in
two forms as organic-inorganic and quantum dot sensitized PSCs [27]. The organic-
inorganic cells have been used as a light harvesting sensitizer [26,27], whereas quan-
tum dot sensitizer ones have been used as an electron transfer which is known as the
third generation of solar cells due to their distinguished optical and electronic prop-
erties [27]. The advantage of quantum dot sensitizer solar cells (QDSSCs) is they
have the probability of light harvesting materials as well as the low manufacturing
cost [27,28]. The principles of QDSSCs is similar to that of DSSCs but differs with
the size, which is larger than dye molecules [28]. Furthermore, lead-based material
is usually known as organometallic hybrid PSCs [29]. These kinds of solar cells have
brought much attention to the researchers due to their outstanding structural proper-
ties of lead-based materials [29,30]. The wide tunable band gap, high absorptivity
coefficients, carrier mobility, and bipolar carrier transport make these solar cells
good [30]. The lead-based materials are highly versatile materials and show a high
efficiency in solar cells, however, they are toxic and have a long-term stability prob-
lem [31,32]. To solve the problem of toxicity, other technology such as DSSCs that are
not harmful and qualify as clean energy should be employed. For example, Liu et al.
[33], fabricated the PSCs by adding CsPbl; QDs as interface materials, as shown in
Figure 5.2. They have observed the enhancement of the charge-transfer efficiency by
CsPbl,; QDs at the interface of the perovskite/hole-transporting materials (HTMs)
layer. Their results predicted the energy level structure formed by interfacial mate-
rial of the CsPbI3 QDs improved the hole extraction and that led to increases in FF,
Isc, and PCE values. In addition, Yuan et al. [34] reported perovskite-based quantum
dot (QD) solar cells with introduction of CsPbl; and a series of dopant-free polymeric
HTMs, as shown in Figure 5.3. Their device possessed a significant power conver-
sion efficiency of ~13% with low energy loss of 0.45 eV.

Moreover, the tunable band gap of the semiconductor materials improves the
adsorption coefficient in QDSSCs that may lead to increases in the short circuit
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FIGURE 5.2 (a) Synthetic route of CsPbl; QD interface, scanning electron microgram
(SEM) cross-section of (b) non-deposited perovskite solar cells and of (e) CsPbl; QD-deposited
perovskite solar cells, upper-view SEM image of (c) non-deposited perovskite layer and of (f)
CsPbl, QD-deposited layer, as well as AFM images of (d) non-deposited perovskite layer and
of (g) CsPbl; QD-deposited layer [33].

current of the PVCs [35,36]. It was reported that QDSSCs fabrication uses inorganic
materials containing chalcogenide such as CdS, CdSe, CdTe, PbS, and PbSe [36].
However, those materials are hazardous to health due to their high toxicity [37].

5.2.4 ORGANIC SOLAR CELLS

The fundamental properties of organic (as well as organometallic) semiconductors
differ from those of their inorganic counterparts, hence, organic photovoltaic cells
(OPCs) operate in a different manner to inorganic solar cells. For example, Figure 5.4
shows the chemical structures of typical organic solar cell donor and acceptor mate-
rials with their corresponding energy levels [38]. The OPC device needs a bulk
heterojunction (BHJ) that can be prepared from a mixture of an electron-donor
(p-type semiconductor) and electron-acceptor (n-type semiconductor) (Figure 5.4).
The p-type semiconductor material is made of m-conjugated polymer and a small
molecule semiconductor. The n-type semiconductor material is generally a fuller-
ene derivative [38]. In Figure 5.4, P3HT (or PCBM), that is a solubility-enhanced
fullerene, efficiently provides a BHJ [39]. It was shown in the figure that the MEH-
CN-PPV provides a high open-circuit voltage with PCEs of 2.0% [38]. Moreover, it
was reported that C70 derivative materials normally give higher power conversion
efficiency as compared to C60 ones, due to high light absorption [40].

5.2.5 DYE-SEnsITIzED SOLAR CELLS

The sensitization and photoexcitation of light absorbing material (e.g., dye) is the
key element for the operation of DSSCs. Vogel and Berlin were the first scientists
to discover the dye-sensitization technique in 1873 [41]. Although, it took a century
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FIGURE 5.3 J-V curves from reverse and forward scan of optimized CsPbl, perovskite QD
solar cells adopting 2,2,7,7-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9-bifluorene (Spiro-
OMEeTAD); poly-3-hexylthiophene (P3HT); poly[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:
4,5-b’]dithiophene-2,6-diyl-alt-3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophe
ne-4,6-diyl] (PTB7); and poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b; 4.5b’]dith
iophene-2,6-diyl-alt-3-fluoro-2-[(2-ethyl-hexyl)-carbonyl]-thieno[3,4-b]thiophene-4,6-diyl]
(PTB7-Th) as the hole-transporting material (HTM) [34].

to understand the DSSC mechanism which was reported in photo-electrochemical
studies of dye-sensitized single-crystal electrodes in the 1970s [42]. Figure 5.5a
shows the basic elements of DSSC, the components are conducting substrate,
semiconductor active layer, dye sensitizer, electrolyte, and catalyst [43]. In this
figure, the dye sensitizer molecule absorbs energy from light radiation and gets
excited, passing electrons to the conduction band of semiconductor material. This
passes the electron to the external circuit through conducting substrate to gener-
ate excited electrons from highest occupied molecular orbital (HOMO) to lowest
unoccupied molecular orbital (LUMO) of the semiconductor [43]. Figure 5.5(b)
shows the energy levels and the working principle of DSSC. It was seen that the
dye’s band energy level has to be higher than that of the semiconductor’s conduc-
tion band [41-43]. On the other hand, electrolyte made of I-/I3~ receives an electron
from the external circuit with the help of a photocatalyst and donates its electron
to the excited dye [43]. The electrolyte plays important role as a bridge between
photoanode and counter electrode where the migration of electrons takes place
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FIGURE 5.4 Structure and descriptive photoactive materials of (a) donor-acceptor small
molecule single heterojunction, (b) donor polymer-acceptor small molecule bulk heterojunc-
tion, and (c) donor polymer-acceptor polymer bulk heterojunction photovoltaic cells. (d)
Energy levels of the materials where light absorption/excitation dissociation/charge collec-
tion takes place [38].
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FIGURE 5.5 (a) Structure and (b) principle of a dye sensitized solar cell [43].
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from the anode to cathode [42,43]. The photoanode electrode in DSSC consists
of a semiconductor film of TiO,, sensitized with a monolayer of dye (normally
Ru-complex) [43]. Exhibiting some TiO,-based materials is broadly used as pho-
toanode materials in DSSCs due to their unique properties such as cost-efficiency,
ecofriendliness, larger surface area for the flow of electrons, and a wide band gap
of 3.2 eV [44].

5.3 TITANIUM DIOXIDE

5.3.1 BACKGROUND

Titanium dioxide (TiO,) is a recognized and well investigated material owing to its
remarkable properties such as high strength, toxicity-tolerance, biocompatibility,
photosensitivity, and electrical conductivity [45]. TiO, exists primarily in three dis-
tinct crystallographic forms which are rutile, anatase, and brookite, as depicted in
Figure 5.6 [46]. Rutile (Figure 5.6a) has proven to be the form of TiO, with the highest
strength and was discovered by Wermer [47] (and the name rutile is derived from Latin
meaning deep red color), and transmits light of the UV-visible spectroscopy. Anatase
(Figure 5.6b) was earlier called octahedrite and named by Hauy in 1801 [47]. The word
anatase comes from the Greek, anatasis, meaning extension [48]. Figure 5.6c) shows
the brookite structure of TiO,, and its name is in honor of the English mineralogist H.J.
Brook in 1825 [49]. It can be seen that the crystal structure of brookite is dark brown
to greenish black [49]. Crystal forms include the typical tubular to platy crystal with
psuedohexagonal structure [45-49]. After heating, the anatase and brookite forms of
TiO, are converted to a thermal stable rutile form [50]. Table 5.1 presents some of the
physical and structural characteristics of the anatase and rutile forms of TiO, [51].

(a) (b) (<)

FIGURE 5.6 Crystalline structures of (a) anatase, (b) rutile, and (c) brookite forms of
TiO, [49].
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TABLE 5.1
Physical and Structural Characteristics of
Anatase and Rutile Phase of TiO,

Property Rutile Anatase
Molecular weight (g/mol) 79.88 79.88
Crystal structure Tetragonal Tetragonal
Density (g/cm?) 4.13 3.79
Light absorption (nm) A<415nm A <385nm
Specific gravity 4 39
Mohr’s hardness 6.5-7 5.5
Refractive index 2.75 2.55
Dielectric constant 114 31
Melting point (°C) 1825 1825
Boiling point (°C) 2500-3000  2500-3000
Lattice constants (A) a=4.5936 a=3.784
¢ =2.9587 c=9.515
Ti—O bond length (A) 1.949 (4) 1.937 (4)

1.980 (2) 1.965 (2)

5.3.2 ELectrONIC ABSORPTION OF TiTANIUM DI1OXIDE

Titanium dioxide is known to be a semiconductor; therefore, a suitable source of
light can stimulate the transfer of electrons from the valence band to the conduction
band [45]. The band gap energy is the energy required to encourage the photogenera-
tion of electron-hole pairs [52]. The solar energy can be used as the primary source
of radiation to activate the TiO, catalyst when the band gap energy is small enough
[53]. On the other hand, ultra-violet (UV) radiation may be used in a high band
gap. It was reported that band gap energy of TiO, is between 3 and 3.2 eV [52,53],
hence, light radiation (wavelength <400 nm), known as ultraviolet A (UVA), will be
required for its activation. Therefore, using TiO, as photocatalysts under sunlight
radiation leads into low performance because natural light comprises 4-5% of UVA
radiation [54]. As a result, the TiO, band gap must be reduced by using a suitable
dopant in order to benefit from the remaining spectrum of sunlight radiation, the vis-
ible region in solar cells [53,54]. For example, the electronic absorption properties of
the pure TiO, and Fe-doped TiO, materials and the optical energy band gap of these
materials are presented in Figure 5.7 [55]. As expected, it was seen that the Fe-doped
TiO, possessed an increased absorption with a red shift with respect to pure TiO,.
Additionally, the energy band gap (Eg) of the TiO, and Fe-doped TiO, was measured
using the Kubelka-Munk equation [55], as shown in the inset of Figure 5.7. The Eg
value of Fe-doped TiO, was close to 3.15 eV, which was smaller than 3.26 eV of pure
TiO,. These properties of red shift and smaller band gap of the Fe-doped TiO, mate-
rial show that the absorption of light with a wider wavelength range (<394 nm) was
observed using Fe-doped TiO, sample while pure TiO, absorbed at <380 nm [55].
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FIGURE 5.7 UV-vis spectra of TiO, and its doped derivative of 5% Fe-TiO,. Inset: Kubelka-
Munk Plot [55].

In addition, Momeni et al. [3] reduced the band gap of anatase TiO, by introducing
Fe metal as an interesting dopant because its electronic configuration and ion radius
is close to Ti*". They showed that Fe-doped TiO, decreased the band gap from 3.2
to 2.85 eV.

5.3.3 SynTHESIS OF TitTANIUM DI1OXIDE

Most approaches for the synthesis of different phases of TiO, have been investigated
[45-56]. It was that the gas phase (physical) and solution (chemical) synthetic meth-
ods are the common ones in making TiO, nanostructures [56]. Physical route yields
enormous amounts of material; however, their resolution is much finer from microm-
eters upwards [56]. Physical vapor deposition (PVD) procedure is one of the physical
methods in making TiO,. It was reported in preparation of TiO, nanowires, a layer
of TiO, nanopowders deposited on the substrate followed by growth of TiO, into
nanowires [56]. For example, Figure 5.8 presents a model SEM image of nanowires
of TiO, prepared via PVD method by Wu et al. [57]. They observed that TiO, nanow-
ires with high density were uniformly grown over the entire substrate. Moreover,
the image in the inset (Figure 5.8b) in Figure 5.8a indicates that the nanowires with
diameters of 60—100 nm and lengths of 1-2 pm.

Chemical vapor deposit (CVD) is also as a physical method, which is the promis-
ing processes of synthesizing rutile TiO,. Due to its high-quality film with controlla-
bility of micro and orientation at high deposit rates [56]. In addition, during the CVD
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FIGURE 5.8 Morphological image of the TiO, nanowire arrays prepared by the PVD
method observed by SEM technique [57].

process, the morphological orientation of the film is affected by various parameters
such as laser power (P)) and total pressure (P,,,) in the CVD chamber for the film with
random orientation [56].

They discovered that there are two reaction mechanisms for titanium (iv) isopro-
poxide that occur in the reaction. The reactions are presented in Equation 5.3.

Pyrolysis
Ti(OC;H;, )4 — TiO, + 4C;H, + 2H,0 (5.3)

In this reaction, gases exposed to temperatures where the pyrolysis reaction can take
place using liquid precursor and titanium tetraisopropoxide (TTIP) in a mixed gas
(consisting of helium/oxygen atmosphere) leads to preparation of bushy crystalline
of TiO, [56].

The chemical methods are capable of coating complex shapes, governing on stoi-
chiometry, and synthesis of composite materials [56]. They can approach the atomic
layer limit through the preparation of nanostructure materials (in <100 nm or <10 nm
scale) [56]. Chemical methods are easy to prepare, cost effective, and environmen-
tally friendly [51]. These methods include hydrothermal, solvothermal, and sol-gel
methods [56]. Hydrothermal synthesis of TiO, is generally conducted in an autoclave
of steel pressure vessels and sometimes in the presence of Teflon liners. The synthe-
sis is done under the control temperature and pressure in an aqueous solution. The
solvothermal method is similar to the hydrothermal one, however, the former uses
non-aqueous solvent. In the solvothermal methods, greater temperatures than those
used in hydrothermal technique are utilized. They control morphology, size distri-
bution, and shape of TiO, nanoparticles a lot better than hydrothermal method [58].
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Ramakrishnan et al. [58] synthesized TiO, nanoparticles using the modified solvo-
thermal method for the photodegradation and PV applications (Figure 5.9). They
showed that the synthesized TiO, nanostructures were used for photocatalytic and
PV applications with photodegradation efficiency of <97% for organic dyes, respec-
tively overall power conversion efficiency of 5.92% in DSSC (Figure 5.9).

In sol-gel synthesizing methods, there are many sol-gel methods such as non-alk-
oxide and alkoxide routes. These sol-gel methods have advantages over other fabrica-
tion techniques for high purity, homogeneity, felicity, and flexibility [59]. In addition,
these routes are the methods that are simple, they are easy to introduce dopants in a
larger concentration, have stoichiometric control, control over the composition, abil-
ity to coat on larger materials and complexes [56,59]. The synthesis involves the use
of titanium tetra isopropoxide solution as a precursor in acidic catalyze hydrolysis
(solvents such as hydrochloric, sulfuric, and glacial acetic acids) and in the presence
of distilled water or ethanol in order to speed up the hydrolysis processes, as shown
in Equation 5.4 and followed by condensation polymerization reactions to give gels
as shown in Equation 5.5 [56].

Hydrolysis:
Ti(OR), +2H,0 — Ti(OH), + 4ROH (5.4)
Condensation:
Ti(OH), - TiO, +2H,0 (5.5)

It was seen that the sol particle size depends on the composition of solution, tem-
perature and pH, and Ti-O-Ti chain development is preferred with a small amount of

FIGURE 5.9 Synthesis and applications of TiO, using solvothermal method [58].
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water, additional titanium alkoxide in the reaction combination, and stumpy hydro-
lysis rates [56].

5.3.4 TitaNnium Dioxipe COMPOSITES

Doping TiO, using metals, non-metals, and metal complexes is another way of
improving the performances on PV solar cells. Higashimoto et al. [20] investigated
the doping of nitrogen molecules on TiO, (for the PV application). They discovered
that the formation of vacancies is exhibited to the n-type [60]. Duarte et al. [61] also
investigated the characterization of nitrogen-doped TiO, thin film for the PV appli-
cation (Figure 5.10). They observed that the cells attained with conventional DSSCs
exhibit shorter short-circuit photocurrent as compared to cells attained through dop-
ing of TiO, with nitrogen.

Furthermore, Wang et al. [62] reported on the influence of nitrogen doping on
device preparation for TiO,-based solid state DSSCs. They showed that the PCE %
of the material doped with 0.1 wt.% nitrogen content was 4.1% (Table 5.2). On the
other hand, carbon black dopants were used on TiO, to its abundance, low cost, and
high catalytic activities with chemical stability against iodine redox couple [63]. Lim
et al. [64] reported on the study of counter electrode material made of TiO,/carbon
black composition for DSSCs. They presented that the surface morphologies of the
synthesized materials suggested more active sites and high porosity of 75 nm sizes.
Their material with low carbon black content performed better for PV activity with
the PCE of 7.4% (Table 5.2). In the case of metal and silicon dopants, the integration
of transition metals and SiO, into TiO, contributes to the formation of new energy
levels on the brink of the conduction band (CB) as a result of electrons in their
d-orbitals [65,66]. The transition metals such as Mg, Nb, Y, Al, and Zr as dopants
onto TiO, material have been used in solar cells [67]. The Mg-doping onto TiO, in
DSSCs showed an improvement in V. value due to a higher CB energy and reduced
recombination [68]. Nb-doping of TiO, solar cells led to an increment of electron
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FIGURE 5.10 Tetrahedral structure of TiO, doped with nitrogen [61].
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TABLE 5.2

Photovoltaic Parameters of TiO, Composites in DSSCs

Voc FF

Dopant Isc (mA/cm?) V) (%)  1n(%) Ref.
N 8.31 0.79  62.0 4.1 [62]
C 15.5 0.71 674 74 [64]
Zr 19.35 1.02 76 15.1 [70]
Nb 17.7 0.70  63.0 7.8 [69]
Ga 13.4 0.76 79 8.1 [71]
Y 15.9 0.74 77 9.0 [71]
Bi 7.71 0.59  46.0 2.11 [73]
Ta 8.17 0.79 463 2.99 [74]
SiO, 0.55 0.60 54 0.18 [66]
MgO 11.7 0.72 535 4.5 [75]
Nb,O; 9.32 0.71 68 4.5 [76]
SrTiO, 10.2 0.71 58.4 4.39 [77]
CaCO;, 21.9 0.67  66.1 9.68 [78]
Mg(OH), 6.61 076 740 37  [79]
Graphite 12.6 0.82 54 5.76 [80]
Graphene oxide (GO) 13.7 0.69 69 6.49 [81]
Reduced GO 18.4 0.68 61 7.68 [82]
MWCNT 15.3 0.73 71 7.9 [83]

injection and transport, resulting in a higher Isc value with an overall 7.8% energy-
conversion efficiency on 5.0 mol% Nb-dopedTiO, [69].

A high PCE of 15.1% with a good fill factor of 76% was achieved at 2 mol% Zr
doping onto TiO, as compared to 12.3% of the pure TiO, [70]. The Mott-Schottky
band gap showed that the elevated Voc value was owing to the upshifting of flat band
potential of TiO, from —4.15 eV to —4.02 eV after doping [70]. The dopants of gal-
lium doping and yttrium in the TiO, material showed a noticeable increment of the
power conversion efficiency 8.1% for Ga doping and 9.0% for Y doping with simulta-
neous increases in other PV parameters (Table 5.2) [71]. Ko et al. [72] reported that
Al-dopant has the ability to decrease the number of oxygen vacancies, and recombi-
nation as well as improving conductivity. They showed that introducing Al doping
to TiO, DSSCs resulted in an overall increase in Isc values and also an enhancement
of the long-term stability. An’Amt et al. [73] investigated the PV behavior of DSSCs
based on Bi-TiO, materials. They obtained the V,_ values of 0.59 V with the Isc value
of 7.71 mA/cm?, and the efficiency of 2.11% as an increase of 77% with respect to
pure TiO, materials. Under optimized conditions, 0.1 wt.% Ta doped TiO, nanotubes
in DSSCs possessed a power efficiency of 2.99 as increased of 25% compared to
non-doped TiO, nanotubes [74]. In addition, MgO coated on TiO, surface mate-
rial showed increase in the power conversion efficiency of 4.5% (Table 5.2) [75].
This indicates a 45% increment as compared to the uncoated TiO, electrode due to
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improved specific surface area [75]. The Nb,Os coated between FTO and TiO, nano-
crystalline film as a potential blocking layer showed improvement of Voc that led to
a better conversion efficiency of dye-sensitized TiO, solar cells [76]. The increment
of PV parameters indicated that the Nb,Os layer was a good blocking layer at FTO
and TiO, interface to suppress the recombination processes [76]. The photovoltage
current response of SrTiO;-doped TiO, possessed an increase with overall conver-
sion efficiency of the solar cell of 15% [77]. Lee et al. [78] reported that nanopo-
rous CaCO;-doped TiO, with a higher specific surface area led to the larger amount
of dye adsorption that increased the PV parameter of the DSSCs (Table 5.2). Yum
et al. [79] investigated the nature of the improvement of PV parameters on Mg(OH),-
coated TiO, DSSCs, whereby little influence of Mg(OH), coating on the diffusion
coefficient was observed in relationship with the rise in Voc value to 0.76 V, and
efficiency of 3.7%. Moreover, Hu et al. [80] presented the current—potential (I-V)
curves of graphite-based TiO, DSSCs. They observed that the increment of Voc .
value from 0.821 to 0.835 V with the addition of graphite from 0.00 to 0.02 wt% in
the composite. The Isc of 12.59 mA/cm? was obtained only 0.01 wt% graphite con-
tent with power efficiency of 5.76 (Table 5.2) [80]. The effect of graphene oxide was
also investigated on TiO,, the photoelectric conversion efficiency of the DSSC based
on graphene/TiO, composite film increased from 5.52 to 6.49%, with an increase of 7
by 17.6% [81]. This showed that graphene reduces the charge recombination rate and
electrolyte-electrode interfacial resistance as well as improvement of the transport of
electrons that led to rise in the power efficiency [81].

Cheng et al. [82] reported the preparation of anatase TiO,@reduced graphene
oxide hybrids for high performance of DSSC applications. They observed that the
PCE became lower at the low reduced graphene content and showed a high PCE of
7.68% for the hybrid 1.6 wt.% reduced graphene content. Dembele et al. [83] inves-
tigated the double layer multiwall carbon nanotubes (MWCNTs)-TiO, composite for
DSSCs. They observed a high PCE of 8.1% at 0.010 wt.% MWCTs concentration. An
increase in concentration from 0.010 to 0.250 wt.%, resulted in decrease in PCE to
1.1% [83]. Moreover, it was reported that the conversion efficiency of MWCNT/TiO,
DSSCs with conventional Pt counter electrode was increased from 6.51 to 7.00% as
compared to pure TiO, [84]. On the other hand, MWCNT/TiO, mesoporous based
DSSCs with FeS, counter electrode possessed a high solar conversion efficiency of
7.27% as a result of higher surface area and the good catalytic activity of FeS, as com-
pared to the conventional Pt counter electrode [84]. As stated previously, a TiO,-based
photoanode has the disadvantages of weak interconnectivity and poor light-scatter-
ing capillarity [85]. This may overcome incorporation of metal organic frameworks
(MOFsy) into TiO, photoanode in order to improve structural properties [86].

5.4 METAL-ORGANIC FRAMEWORKS

5.4.1 BACKGROUND

MOFs are a class of inorganic-organic materials and made from metal cation and
organic linkers [8§7-95]. As shown in Figure 5.11, the metal cores serve as connecting
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FIGURE 5.11 (a) Preparation of metal-organic framework from a zinc metal salt and
organic linker of terephthalic acid; (b) preparation of metal organic framework from a copper
dimer and alkylated isophthalic acid [96].

points and the organic ligands function as bridging molecules [96]. These two con-
stituents are connected by covalent bonds in the formation of the MOF structure
[91-93]. The MOFs were first discovered through the study of zeolites [96]. The
name metal-organic framework was given by Yaghi during synthesis of copper-
4,4’-bipyridal compound that unveiled lengthy metal-organic interactions [96,97].
Basically, MOF:s fit in to the family of coordination polymers. They are polymers of
two- or three-dimensional crystallized networks and possess highly porous proper-
ties with respect to other coordination polymers [92,96]. It is well known that MOFs
are porous solids and the precise positions of all atoms in the MOF structure can be
recognized and associated with the dignified properties [92-96]. In porous solids,
permanent pores are created, and they saturate the structure of the material. The
pores are large enough to require guest molecules to diffuse into the structure or to
be removed from the channels by heating or vacuum [98].

In addition, the MOF polymers are extremely tunable by altering the metal cores
or organic linkers to attain an appropriate MOF material with the allowed structures
and functionalities for definite applications [92]. It was seen that the porosity of the
reported MOFs varies between 20 and 95% [98]. Figure 5.12 shows some MOF mate-
rials with different pores. Their porosity associated to high surface areas, permitting
improved adsorption capacity of guest molecules. As a result, MOFs have attracted
significant attention owing to structural properties [92, 98—100].
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20 layered MOF

FIGURE 5.12 MOFs with different pore geometries: (a) BUT-8(M) contains the OD cavity
(light blue) and paralleled 1D channel (light green). (b) A schematic illustration for the 0D
cavity showing the cavity diameter (i.e., cage size) and opening aperture size (i.e., window
size). (c) A schematic diagram for 2D layered MOF showing interlayer spaces. (d) Two types
of cavity (red and yellow) contained in a DUT-67 unit cell. (e) Intersecting channels (blue)
along <100> in a DUT-67 unit cell [100].
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FIGURE 5.13 (a) Graph of number of MOFs (as compared to zeolites) published per year
[101]; and (b) the reported MOF crystal structures in the CSD since 1970 [102].

At beginning of the 21st century, there is exponential growth in interest in the
synthesis of MOFs and their publications are shown by the Figure 5.13a as com-
pared with zeolitic materials [101]. These large numbers of reports, about 40,000
papers for MOFs and their rates of increase rationalize the significance of the over-
view based on bibliometrics in this report with respect to each aspect. Moreover,
Figure 5.13b shows that over 69,000 MOFs have been reported in the Cambridge
Structural Database (CSD) from 1970 to 2016 [102]. This intensive research inter-
est concentrates on MOF design and applications such as hydrogen, gas sensing,
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and storage [87-95]. In the meantime, the pore dimension of MOFs can be big-
ger than inorganic nanoporous materials in general and approaches 100 A [103]
Amongst the synthesized MOFs, MOF-5, ZIF-8, HKUST-1, UiO-66, and NU-1000
have been widely known and extensively investigated due to their low cost and ease
of preparation [104].

5.4.2 Proper1iES OF MOFs

The unsaturated metal sites in MOF materials have remarkable influence on their struc-
tural properties. The metal elements as the center connector are customarily chosen
from copper, zinc, manganese, chromium, cobalt, etc. [100]. The metal ions of MOFs
act as Lewis acids and activate the attached organic substrate for successive organic
transformation [105]. The partial positive charges of the metal cores in MOF structures
have been shown to possess the ability to increase adsorption properties [101,102,105].
The organic linkers (Figures 5.14 and 5.15) used in the formation of MOFs are usually
multidentate organic molecules with O- and N-donor atoms. It is unusual for linkers
in coordination polymers not to contain aromatic rings [106]. It was seen that the aro-
matic rings based organic linkers in MOFs help to maintain the structural integrity of
the complex and direct the geometry of the frameworks [106,107]. The surface area
and pore volume of MOFs can be controlled by modifying organic ligands which act
as spacers and create an open porous structure [107]. A recipe of inorganic and organic
structures can lead to materials with unique properties [106]. Alternatively, the choice
of the primary building units makes it possible to vary some parameters, including
the pore size (to increase pore diameter to 98 A), density (to decrease to 0.126 g cm™3),
as well as the specific surface area (up to 1000 = 10,000 m?g!), which opens up new
ways to produce materials with tailored physical and chemical properties [100-106].
Based on porous structure, larger specific surface area, stability, and ability to be func-
tionalized, MOFs are currently good candidates for practical applications such as gas
separation, catalysis, and ion exchange reactions [87-95].

Moreover, secondary building units (SBUs) play a significant part as they dictate
the final topology of MOFs. The geometry and chemical characteristics of the SBUs
and organic ligands lead to the prediction of the design and preparation of MOFs
[108]. Ren et al. [109] reported that under some conditions, multidentate linkers
could aggregate and lock metal ions at certain positions, forming SBUs. The SBUs
will be subsequently merged by rigid organic linkers to yield MOFs that exhibit
high structural stability [108,109]. Zhao et al. [110] and Huang et al. [111] reported
a comparative study of MOF nanosheets based on the design and theoretical calcu-
lations. Huang et al. [111] attained an MOF of high stability under the thermody-
namic and kinetic conditions (Figure 5.16a). Figure 5.16b presents the electrostatic
surface potential (ESP) diagrams calculated using density functional theory (DFT),
the activities of the three-coordinated Cu (0.056 au) with more 6-holes were higher
than those of pristine four-coordinated Cu (0.040 au) [111]. Furthermore, the frontier
molecular orbitals (MOs) in Figure 5.16¢ show that the 3-coordinated Cu sites have
the smallest band gap of 1.38 eV [111]. On the other hand, the 4-, 2-, and 1-coordi-
nated Cu sites have band gaps of 1.43, 4.51, and 3.02 eV respectively [111].
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FIGURE 5.14 Some organic linkers used in the preparation of MOF with O donor ligands and their pKa values [106].
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FIGURE 5.15 Some organic linkers used in the preparation of MOF with N donor ligands
and their pKa values [106].

5.4.3 SyNTHESIS oF MOFs

Figure 5.17a illustrates a summary of several synthetic methods for MOF prepara-
tions. The main aspects of MOF preparation are to institute preparation conditions
that can produce defined inorganic building blocks without decomposition of the
organic linker [112]. In this chapter, the focus is on the selected preparation of the
MOF structures illustrated in Figure 5.17b [113].

MOFs have been prepared effectively through the solvothermal method [114].
During the heating process, coordination of the primary carboxylate linkers and
metal ions can result in many metal-oxygen-carbon clusters, known as SBUs, as
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FIGURE 5.16 (a) Comparison between displacements for MOF nanosheets and intersected
nanosheets when force is applied to them; (b) ESP maps of paddlewheel Cu, clusters in MOF
structures where NCu-O stands for the paddlewheel Cu, clusters with different coordination
numbers (CNs) of Cu-O (4, 3, 2, 1); and (c) the theoretical calculated frontier orbital energy
levels and molecular orbital (MO) diagrams in MOF structure [111].

discussed above, and settle into final orderly MOF network [108]. The imperative
parameters in the synthesis of MOF are concentration, temperature, metal salt,
organic linker, and suitable solvents [114]. The metal cores are coordinated cova-
lently through organic linkers to form a so-called paddle wheel unit in a three-
dimensional porous cubic network [106]. The solvothermal method (a method of
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FIGURE 5.17  (a) Preparation conditions for synthesis of MOF and (b) percentage of MOFs
synthesized using the various preparation methods [113], reproduced with permission of the
International Union of Crystallography (http://journals.iucr.org/).
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producing chemical compounds using a stainless steel autoclave) is presented in
Figure 5.18a, it allows for precise control over the shape and size of the material to
be synthesized, unlike the hydrothermal method [114].

The microwave- method has demonstrated to be an appealing route for quick
preparation of nanoporous materials under hydrothermal conditions [114,115].
Besides fast crystallization and high efficiency, potential advantages of this tech-
nique include phase selectivity, narrow particle size distribution, and facile morphol-
ogy control [114]. In the microwave method, the process involves applying heat to
solution mixture of the substrates with microwaves for a period of about an hour to
produce nanosized crystals (Figure 5.18b). This method produces excellence of the
crystals which are normally the same as those by the regular solvothermal processes,
but the synthesis is much quicker [115].

The mechanochemical method is a method which used to prepare MOF in a solvent-
free environment (Figure 5.18c). Mechanical breakage of intramolecular bonds fol-
lowed by chemical transformation takes place in a mechanochemical synthesis [116].

Quantitative yields of small MOF particles can be obtained in a short time, nor-
mally in the range of 10—60 min [114]. Occasionally, metal oxides are selected as
starting materials in the mechanochemical method over metal salts due to the former
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FIGURE 5.18 Various synthetic routes of MOF structures, operational temperatures related
to each method and their final reaction products [114].
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producing H,O as a byproduct [114,116]. Currently, mechanochemical synthesis has
been efficiently used for the rapid preparation of MOFs using liquid-assisted grind-
ing (LAG), where a small amount of solvent is added into a solid reaction mixture
[114,117]. This liquid could also work as a structure-directing agent, and ion-and-
liquid-assisted grinding (ILAG) was used to be highly efficient for the selective
construction of pillared-layered MOFs [118]. However, the mechanochemical prepa-
ration is limited to specific MOF types only and large amount of product is difficult
to obtain [114]. The electrochemical preparation of MOFs (Figure 5.18d) uses metal
ions continuously arranged as the anodes in an electrochemical cell with the organic
linker dissolved in methanol as solvent and a metal cathode. In case of HKUST-1,
trimesic acid dissolved in alcohol and copper cathode were used in electrochemical
synthesis for period of 150 min at a voltage of 12—-19 V and a current of 1.3 A, to
attain a greenish blue precipitate [114]. After activation by heat, a dark blue-col-
ored powder of octahedral crystals structure in nature with 0.5 to 5 pm size) pos-
sessing surface area of 1820 m?/g was obtained [119]. Currently, HKUST-1, ZIF-38,
Al-MIL-100, AI-MIL-53, and Al-MIL-53-NH, were reported to be prepared through
anodic dissolution in an electrochemical cell [114]. The experimental parameters
such as solvent, electrolyte, voltage-current density, and temperature on the prepara-
tion of MOF are vital in obtaining a desired structure [120].

5.4.4 TitaNnium OxiDE/METAL ORGANIC FRAMEWORK CompPOSITE FOR DSSC

It was seen that MOFs are promising crystalline materials and received attention in
energy storage and conversion applications, because of their high surface area, vari-
able pore sizes, and low density [13]. Currently, the concepts of MOF-based solar
cells are emerging and some reports on applications of MOFs as candidate active
materials in PVs can also be found [13,121-126]. However, a fully devised solar
cell based on MOFs as active material for harvesting solar energy has been rarely
investigated [123]. The performance of these cells based on commercial TiO,/MOF
and functionalized TiO,/Al-MOF (BDC = organic linker) with 1,4-dimethoxyben-
zene (DMB) is summarized in Table 5.3. The device constructed with DMB@TiO,/
AI-MOF of lowest thickness, had an Isc value of 0.36 higher than TiO,/AlI-MOF cells
prepared without DMB [126]. The feasibility of the Ru-MOF film as a sensitizer in
a solar cell was investigated by Lee et al. [123] and it was demonstrated that the cell
performance of Isc =2.56 mA cm, Voc = 0.63 V and efficiency = 1.22%. The thin
layer of Cu-based MOFs (copper(Il) benzene-1,3,5-tricarboxylate, HKUST-1) was
fabricated using a layer-by-layer technique in TiO,-based solar cells and it demon-
strated the excellent performance with Voc = 0.49 V, Isc = 1.25 mA cm2, and power
conversion efficiency = 0.26% [125]. Furthermore, Lee et al. [125] made a compara-
tive study with the device without HKUST-1 sensitization under similar conditions,
the device showed only 0.37 mA cm™ of Isc and 0.06% of conversion efficiency. This
was supported by EIS analysis, example in Figure 5.19a—d showing the Nyquist plots
of the above cells under open circuit condition. The EIS revealed that iodine doping
of MOF is very essential to reduce the charge-transfer resistance of the TiO,/MOF/
electrolyte interface, hence higher power efficiency was obtained [125].
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FIGURE 5.19 (a) Equivalent circuit model and the impedance spectra of the cell at open-
circuit condition under illumination with simulated AM 1.5 solar radiations: (A) FTO/TiO,/
Cu-MOF undoped, (B) FTO/TiO,, and (C) FTO/TiO,/Cu-MOF iodine doped. (b) and (c) are
zoomed impedance spectra of (a) at a higher frequency region. (d) Impedance spectra of the
cell consisting of FTO/TiO,/Cu-MOF iodine-doped photoanode under dark and illumination
conditions. Squares, circles, and triangles are the experimental data, whereas the solid lines
are the fitted curves [125].

On the other hand, Li et al. [121] reported fabrication of zeolite imidazolate frame-
work (ZIF-8), a MOF reticulated using a nitrogen-containing ligand, 2-methylimid-
azole, and zinc metal, on top of the TiO, layer for DSSCs, for the first time. They
controlled the growth time of the MOF in order to vary the thickness of the MOF
layer which was demonstrated by the linear relationship of Voc and the thickness of
the ZIF-8 layer on top of TiO,. The I-V curves under dark conditions showed a higher
voltage requirement for the motion of electrons for ZIF-8-coated TiO, electrodes
[121]. This was supported by the charge transfer resistance determined using elec-
trochemical impedance spectroscopy (EIS) possessing a higher resistance for TiO,/
ZIF-8 [121]. In addition, there was a decrease in both the Isc and 1 was achieved as the
thickness of ZIF-8 layer increased even though the Voc was enhanced [121]. Gu et al.
[122] prepared a thin blocking layer of a MOF ZIF-8 coated on the surface of meso-
porous TiO, films for DSSCs using MK?2 dye and tris(2,20-bipyridine) cobalt(II)/(I1I)
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redox in acetonitrile as an electrolyte. They observed that DSSCs with TiO,/ZIF-8/
dye possessed increment of Voc value by 3% and Isc value by 21% with 9.42% power
conversion efficiency (Table 3). Alwin et al. [13] reported for PV performance of
TiO, aerogel-Zn-MOF (Zn(l-L)(C1)/TiO,) nanocomposite. The TiO, aerogel-Zn-
MOF nanocomposite was used as photoanode in DSSCs and an overall power con-
version efficiency 2.34% along with a short-circuit current density 6.22 mA cm™ was
achieved using N719 dye [13]. Ramasubbu et al. [127] fabricated DSSC based on
three-dimensional TiO,-Ni-MOF composite aerogels which was prepared through the
sol-gel method. They observed an enhancement of PV performance of the TiO,-Ni-
MOF cell with respect to pure TiO,-based QSDSCs using N719 dye (Figure 5.20).
The maximum photo-conversion efficiency of the fabricated photoanode of 8.846%
was obtained for 0.5% composite aerogel, which is ~30% higher than that of pure
aerogel-based ones (6.805%) (Table 5.3) [127]. The increases in power efficiency
enhancement were due to increased photocurrent density, reduced charge-transfer
resistance, and suppressed electron recombination was confirmed by photocurrent
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FIGURE 5.20 (a) Comparison between dye adsorption exhibited by pure TiO, aerogel,
aerogel-coated photoanodes, and the blank. (b) Photocurrent density applied voltage curves
(J-V), ¢) Nyquist plot of all the prepared QSDSCs, and (d) bode plot of all the prepared
QSDSCs [127].
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density-applied voltage curves and electrochemical impedance measurements as
seen in Figure 5.20a—d. Furthermore, Vinogradov et al. [128] applied a single-step
hydrothermal preparation for the first time to produce a MIL-125@TiO, composite
for DSSC application. They have seen that the analysis of the photopolarization mea-
surements for determination of optimal MOF concentration, the greatest photocurrent
response of 39 uA cm2 observed in 3% MOF-TiO, [128]. The MIL-125@TiO,-based
device showed high stability over time with a power efficiency of about 6.4% [128].

5.5 CONCLUSION

In conclusion, PVCs have demonstrated they are an alternative source of energy
and used in many fields, such as mobile commerce, building integrated pho-
tovoltaics (BIPVs), and vehicles. It was seen that development of PVCs has
reached efficiencies of over 14%, however, recombination losses, poor stabil-
ity, and leakage of the electrolyte (in liquid-state devices) have hindered the
enhancement of the device performance and commercialization. Recently, much
hard work has been made to reduce the recombination losses within the PVC
devices. Particularly, DSSCs based on TiO, have been shown to possess higher
power conversion efficiency due to high surface area and also the ability of
dye molecules to transport electrons quickly. However, TiO, materials have a
large band gap value of 3.2 eV which is higher to absorb radiation at the visible
region for practical usage which utilizes sunlight. In terms of low cost and light
weight, organics, inorganics, and hybrid materials have brighter prospects than
the semiconductors. In TiO, hybrid materials, PVCs have been prepared with
the advantages of organics or inorganics selectively. However, it is not easy to
increase the energy conversion efficiency. One potential solution is to use three-
dimensional nanostructures, such as nanotubes, nanowires, composite films with
metal, or MOFs. As of today, MOFs in PVCs still yield the higher energy conver-
sion efficiency by supplying larger surface areas for the sensitizer adsorption.
However, the electron transport and flexibility are sufficiently high in three-
dimensional nanostructures. To improve the energy conversion efficiency of
three-dimensional nanostructures based solar cells and take both advantages of
organic- or inorganic-dye and MOFs on TiO,, the light-harvesting ability must
be reinforced. One way of achieving better light-harvesting ability is to look
at other molecules such as phthlocyanine and polyaniline that can be adsorbed
on the in the cavities of three-dimensional MOF structures and TiO, which is
another currently active field of study.
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6.1 INTRODUCTION

Metal-organic frameworks (MOFs), also known as porous polymers (PCPs), have
appeared in the last two decades as a new category of porous and crystalline mate-
rial. MOFs are a group of open crystalline framework compounds which consist of
inorganic subunits like clusters of metal ions linking chemically to organic molecules
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like phosphonates, azolates, carboxylates, etc. They may be organic-inorganic porous
materials called linker molecules with regular array of positively charged metal ions
that outline nodes and attach the arms of linkers to form a recurring cage-like struc-
ture. The properties of MOFs vary widely with respect to the independent properties
of inorganic subunits and the linked organic molecules called organic linkers. In
general, all MOFs have common properties of open crystalline frameworks. MOFs
can be developed as highly diversified 1D, 2D, and 3D structures and can provide
a variety of MOF architecture by chemical design. They are porous in nature with
a wide range of pore sizes. Thus, by suitable modification of the functional nodes
or molecules and organic linkers, several properties like electronic, electrical, mag-
netic, optical properties, etc., can be introduced to facilitate their use in a wide
variety of applications. The advantages of MOFs are that, i) they provide scope for
endless combinations and in recent research advancements, development of more
than 80,000 MOFs are reported [1], ii) better control of primary building blocks
allows researchers to develop MOFs which add on different properties with complex
architectures, and iii) these complex architectures with different physical and chemi-
cal properties provide scope in numerous application fields like catalysis, photolumi-
nescence, energy storage, photo-magnetism, storage of gases, thin film membranes,
and in various biomedical applications like drug delivery, etc. (Figure 6.1).

MOFs are widely used in gas purification, where due to their porous nature they
allow the desired gas to pass through. They are also used for gas separation whereby
the varying pore sizes of the MOF membrane allow mass transport of molecules to
pass through. Thus, MOFs as a membrane material use continuous membrane-based
separations, membrane reactors, etc. MOFs have high adsorption enthalpy proper-
ties which are used for storing molecules like methane, oxygen, and carbon dioxide.

FACTORS DECIDEING PROPERTIES OF MOF
SYNTHESIS ROUTE OF MOFS

Use of short linkers

Temperature

FUTURE SCOPE Application

FIGURE 6.1 Fundamentals of magnetic MOFs.
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Owing to their size and shape, they are also widely used as a catalyst. MOFs are also
susceptible to cracks and fractures and are extremely sensitive to moisture. Thus, the
challenge before designing any MOFs is to make them low cost, crack free, and have
continuous MOF membranes. Modern studies in chemistry have combined MOFs
with biomacromolecules to synthesize new biocomposites where MOFs will act as
porous matrices to encapsulate enzymes, nucleotides, and many complex structures
like viruses, bacteria, etc. Such an approach of preparation of bio-MOFs is called as
biomimetic mineralization where it mimics the natural biomineralization process.

MOFs, owing to their excellent catalytic efficiency, better thermal stability, easy
accessibility to dynamic sites, and effective enzyme-loading capacity are used as
porous support in the immobilization of enzymes. But the challenges in develop-
ing bioenzyme-MOF composites like handling, separation, and low dispersion of
enzyme-MOF composites can be overcome by adding magnetic properties which
provide a larger surface area, easy loading, and speedy collection [2]. Since most of
the MOF materials in general are insulators, introduction of addition properties like
electrical conductivity, optical, and magnetic are a relatively unexplored area and
profound research interests in the exploitation of MOFs have been seen recently [3].
The primary building units used in the formation of 3D MOFs are metal ion con-
nectors that comprise Cr;*, Fe;*, Co,*, and Zn,* [4]. Also, alkali metal ions and rare
earth metal ions (Cs, K, Ba, or Sr,*) [5] are also used as connectors. With respect
to developing porous magnets, transition metals like V, Cr, Mn, Fe, Co, Ni, and Cu,
and lanthanides (La, Pr, Ce, Sm, Tb, Eu) are used [6]. In most of the synthetic routes
to prepare MOFs, metal oxides, nitrate, sulphate, acetate, and chloride are used as a
precursor. These metal ion connectors are capable of functional coordination bonds
like amine, nitrile, sulfonate, phosphate, carboxylate, etc. On the other hand, MOF
topology with intrinsic geometric properties is determined by secondary building
units where organic linkers instead of metal ions, are connected through metal oxy-
gen carbon clusters. For example, when metal salts are heated with carboxylic acid,
they form intrinsic clusters units of MOF form different geometric properties as
shown in Figure 6.2 and Figure 6.3.

MOFs based on the structural composition are classified into 1) rigid frameworks
where the resulting frameworks possess a robust MOF porous structure. They retain
their stability during adsorption and desorption of guest molecules, ii) dynamic
frameworks which are flexible in nature while adding or removing the guest mol-
ecules without affecting their porosity. Some of the flexible MOFs like MIL-5,
MIL-8, and SNU-M10 exhibit a breathing effect during adsorption and desorption
of guest molecules that affect the pore volume capacity of the MOFs [8—11], and iii)
surface functionalized frameworks where the surface functionality of certain func-
tional MOF groups like arylaminealkylamine, hydroxyl where modified for specific
adsorption, or desorption [12—-14] (Figure 6.4).

6.2 MOLECULAR DESIGN OF MAGNETIC MOFs

Magnetic MOFs are distinguished based on individual molecule and extended influ-
ence within the framework as i) MOFs exhibiting cooperative spin crossover and ii)
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FIGURE 6.2 Secondary building units of MOFs [7].
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FIGURE 6.3 Some schematic representations of flexible framework of MOFs [7].

single or individual molecule magnetism. In the field of molecular design of mag-
netic MOFs, coordination polymers are used to develop cooperative magnetic prop-
erties. The challenge is to develop organic molecular magnetic MOF materials that
exhibit effective magnetism above room temperature [16] which would have better
structural rigidity and versatile electronic properties to accommodate two or more
functional properties. Also, such materials should have sufficient catalytic efficiency
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FIGURE 6.4 Schematic representation of magnetic MOFs [15].

to be chemically versatile. In conclusion, a biomagnetic MOF should have the pri-
mary property of magnetism concomitant with the secondary properties like electri-
cal conductivity, thermal conductivity, bioluminescence, better structural stability,
porosity, etc.

Depending on the type of application, biomagnetic MOFs can be designed to have i)
two independent network materials where multiple properties like magnetism, conduc-
tivity, or luminescence are integrated into a crystal [17,18] or ii) one network material
where two different properties are coupled to form a stimuli-responsive coordination
material. The best example of the above is the spin crossover complexes (SCO) like
the light-induced excited spin state trapping (LIESTT) effect, piezo-magnetism, etc.
[19,20]. Thus, the effect of SCO in MOF magnetism is coupled with luminescence,
pressure, and temperature which responds to external stimuli to tune their spin state.
Therefore, magnetic coordination polymers can be used to develop multifunctional
materials by increasing the number of pores wherein magnetism can be tuned for dif-
ferent applications. With an increase in the number of pores, additional molecules can
be accommodated to have guest framework intermolecular interactions that respond to
the magnetic stimuli. Also, the presence of magnetic centers at the pores or nodes will
aid in designing organized MOF structures with better spacing.

6.3 MOFs BASED ON MAGNETIC FRAMEWORKS

As discussed earlier, properties like magnetism and porosity coexist to allow addi-
tional guest molecules to act as external chemical stimuli that respond to magnetism
[21]. Based on the source of the magnetic property, MOFs are classified to four dif-
ferent types such as i) magnetic MOFs, where ligands are used for magnetism, ii)
spin-crossover (SCO) MOFs where all nodes in the MOF clusters are used for this
magnetic phenomenon, iii) MOFs with magnetic relaxation, where a single molecule
in a cluster group will be in possession of magnetic behavior, and iv) MOFs with
a magneto-caloric effect, where the nodes or clusters will have an isotropic spin
ground state.
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FIGURE 6.5 Schematic representation of various synthesis routes of preparation of mag-
netic MOFs, a) short linker usage, b) metallo-ligand, and c) use of radicals as ligands [22].
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The challenging aspect of designing magnetic MOFs is to understand the fun-
damental idea that magnetism and porosity are unfavorable to one another. It is a
known fact that any interactions through magnetic exchange between the metal cen-
ters require short distances, whereas for better porosity long linkers are mostly pre-
ferred [22,23]. These long linkers affect the magnetism at the nodes or at magnetic
centers above absolute zero temperature. To overcome the above difficulties, several
synthetic routes like short linker usage, the metallo-ligand approach and use of radi-
cals as ligands as shown in the Figure 6.5 are suggested to design porous magnetic
materials without affecting their individual nature.

6.3.1  UsE OF SHORT LINKERS

In order to have better magnetic coupling between the metal centers, generally short
linkers are preferred, but they affect the porosity of the MOF. The solution for the
above problem is to have denser short linkers, and long-range magnetic order can
emerge with chemisorptions of gases. For example, MOFs of Cu coordination poly-
mers can switch from antiferromagnetism to ferromagnetism upon chemical gas
absorption of gaseous HCI molecules [24]. The advantage of this method is that the
gaseous molecules are integrated directly into the framework rather than through
the pores without affecting the porosity and stability of the structures. Ammonium
MOFs [(CH;),NH,] [M(HCOO);,] and [NH,][M(HCOO);] (M = Mn, Fe, Co, and Ni)
are developed based on short linkers in higher dimensional systems where magnetic
and electrical properties coexist [17,18]. Also, these MOFs exhibit phase transitions
from paramagnetic to ferromagnetic properties at elevated temperature between 160
and 254 K [25,26] (Figure 6.6).

A 3D magnetic coordination polymer of cyanide forms the smallest bridging
linker to exhibit magnetic properties which is why its family of bimetallic frame-
works is called Prussian blue analogues (PBAs). PBAs are photo-magnetic materials
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FIGURE 6.6 MOFs with short linkers, (a) crystal structure of [NH,][M(HCOO);[27] and
(b) crystal structure of M5;(HCOO), [22].

with the basic chemical formula [M,,,Co,,,[Fe(CN),]ezH,0O] where Fe, Co, and CN
form the base materials, x and z represent variables and M represents alkali. They
are widely used in energy storage devices because of their unique properties of
frameworks that facilitate a high rate of conduction [27] (Figure 6.7).

Furthermore, Co;[Co(CN)s], is the first family of magnetic coordination polymers
to have a better combination of high range magnetic ordering and porosity. Another
approach is that in place of ammonium MOFs, bulky amines are used to improve
porosity. For example, amines act as a structuring agent in M;(HCOO), (M = Mn,
Fe, Co, Ni) which forms an independent family of 3D porous magnets [28—-30] where
Fe and Mn form ferromagnets with critical temperatures between 8—16 K, Co forms
an antiferromagnet below 1.8 K and Ni forms an extensive array of ferromagnetic
order of 2.7 K. Similarly, azolates form another family of coordination polymers that
is widely used in developing magnetic MOFs owing to its strong coordination bonds
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FIGURE 6.7 Temperature dependence susceptibility of MOFM;(HCOO); (M = Mn, Fe,
Co, Ni) [22].
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FIGURE 6.8 Pentacoordinated cocenters [22].

between metal ions [31]. Functional imidazolates like Co(II)-Imidazolate-4-amide-
5-imidate based MOFs with pentacoordinated cocenters with imidazolate-amide-
imidate as linkers are also used for formation of magnetic MOFs. The Cu-based
MOF of formula [Cu(F-pymo)2(H,0)1.25]n (F-pymo = 5-fluoropyrimidin-2-olate)
forms a set of MOFs to respond to magnetism under a conducive environment of
gases [32]. This gas absorption capacity has increased its potential in storing more
volume in gas tankers. These MOFs release H,O gases resulting in empty channels
where different gases like CO, can be integrated (Figure 6.8).

6.3.2 METALLO-LIGAND APPROACH

The metallo-ligand approach is an alternative approach in synthesizing MOFs.
Metallo-ligands are molecular complexes containing two or more electron pair
donors, i.e., Lewis base sites which aid in coordination between other meta [33,34].
In general, a metallo-ligand comprises two coordination sites, primary, and second-
ary functional groups. The primary functional groups comprise carboxylates and
pyridine derivatives along with a secondary functional group in forming active
MOFs. The secondary functional group reacts with active metal centers to produce
sites for guest molecule interactions. The metallo-ligand approach of oxamato-based
dinuclear Cuy; metallacyclic complexes which exhibit weak ferromagnetic coupling
between Cuy; ions. These complexes can also coordinate with Mn,; ions and yield 3D
MOFs by carbonyl oxygen atoms [35] (Figure 6.9).

6.3.3 RADICAL-AS-LIGAND APPROACH

The radical-as-ligand approach refers to the addition of spin centers into organic link-
ers. The stronger coupling between the metal centers and radical ligand spin can be
achieved by connecting paramagnetic metal centers by paramagnetic radical bridging
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FIGURE 6.9 Metallo-ligand structure with primary and secondary functional groups [33].

ligands [36]. For example, 2,5-dichloro-3,6- dihydroxy-1,4-benzoquinone (Cl,dhbq)
is a radical form of chloranilic acid and is bridged by metallic center Fe III to form
a 2D honeycomb-like crystalline solid (Me,NH,),- [Fe,(Cl,dhbq)3]_2H,0_6DMF
where, Me,NH, forms counter cations [37]. In this case, it is revealed on a magnetic
susceptibility test that magnetization occurs below Tc = 100 K and on activation of
metal centers, the temperature is reduced to 30 K. Thus, the radical ligand approach
is favorable for synthesis of magnetic MOFs for coupling between metal nodes, and
radical ligands are widely spaced without affecting their stability. Also, the radical
ligand approach is suitable for developing magnetic MOFs having high Tc.

6.4 SPIN-CROSSOVER MOFs

Spin crossover is one of the interesting phenomena found due to the movement of
transition metal ions in magnetic MOFs with variable pore sizes. It is also called
spin transition or spin equilibrium behavior which results in response to external
stimuli by switching electronic properties of transition metal ions’ atomic orbitals
from a high spin (HS) state to low spin (LS) state [38]. The HS or LS electron con-
figuration is determined by the magnitude of the ligand field splitting in associa-
tion with the pairing strength of the configuration complexes whereas a HS state
occurs when the complex’s pairing energy is greater than the ligand splitting and is
a favorable process for spin crossover [39]. Some of the external stimuli are mag-
netic field, light, temperature, pressure, soft X-ray, guest molecule inclusion, chemi-
cal environments’ electric field, etc., which result in light-induced excited spin-state
trapping (LIESST), ligand-driven light-induced spin change (LD-LISC), charge



https://www.twirpx.org & http://chemistry-chemists.com

176 Metal-Organic Framework Nanocomposites

transfer-induced spin transition (CTIST), soft X-ray-induced excited spin state trap-
ping (SOXIESST), etc. Spin crossover eliminates the necessity of designing MOFs
with the required interactions through interfaces between adjacent magnetic cen-
ters. Instead, the necessary ligand field can be achieved using appropriate first-row
transition metals that respond to the required transition from HS to LS. The advan-
tages are i) the length of the ligand field is not constrained and ii) no metal center
connectivity. The SCO phenomenon associated with inorganic chemical materials
provides wider applications in the research areas of memory devices, displays, sen-
sors, and artificial muscle actuators. Similarly, multifunctional SCO material like
cobalt (IT) terpyridin-4’-yl nitroxide complex is one of the MOFs with successful
magnetic exchange coupling interactions [40]. A dithio oxalato-bridged iron mixed-
valence complex also reported for its affirmative Fe;; and Fey; sites for electron ions
phase transfer [41]. For smart materials, octahedral Fe(II) systems are widely inves-
tigated. Fe(2-pytrz)2{Pt(CN)4}]_3H,O0 is proven to exhibit HS spin behavior at high
temperature.

6.5 MAGNETIC MOFs IN BIOMEDICINE

The human body comprises numerous cells and constant movement of ions within
and outside cell membranes and results in electrical activity which forms the basis of
biomagnetic fields that can be measured by external instruments placed outside our
body. Biomagnetism involves the study and manipulation of these biomagnetic fields.
Generally, prior to usage of magnetic MOFs, magnetic materials are widely used in
the medical field in the areas like cell separation and magnetic resonance imaging
(MRI). Some of the prominent magnetic biomaterials are magnetic alloys of Fe, Co,
Ni, Nd-Fe-B, etc. The choice of the materials is limited by biocompatibility issues
and toxicity limits. However, biocompatibility of these materials can be enhanced by
encapsulation of these magnetic alloys as magnetic metal cores and form shells using
biocompatible polymers. These core-shell combinations which possess coercivity,
high magnetization, and better susceptibility are suitable for developing magnetic
MOFs which are place in the medical field owing to their molecular storage capabili-
ties, separation, delivery, and enzymatic biocatalysis. Thus, by manipulation of the
above properties, biomagnetism can be achieved by altering the composition of the
core-shell combination, temperature, crystal structure of MOFs, pressure, and by
varying the size of the microporous material. Recent researchers have tuned MOF
pore environments for the adsorption of biomolecules into a porous framework of
MOF crystals and modified it as a protein-enabled MOF surface. It also paves way
for effective drug delivery systems by host guest encapsulation and other interactions
with effective responsiveness.

Magnetic MOFs have proven potential applications as molecular magnets, mag-
netic molecular sensors, and in the molecular biomedicine field. The coating of the
magnetic materials by biocompatible polymers, gold, activated carbon, or silica
reduces the aggravated effects of the core materials and prevents it from direct expo-
sure to the body. In the same way polymer-coated MOFs will have colloidal stability,
targeting ability, augmented biocompatibility, better encapsulation efficiency, longer
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circulation, and leakage prevention. Heparin, poly(N-vinylpyrrolidone) (PVP), chi-
tosan, and poly(sodium 4-styrenesulfonate)(PSS) are some of the polymer-coating
derivatives for their excellent biocompatibility and aqueous solubility. Polyvinyl
alcohols, phospholipids, dextran, polyethylene glycol (PEG) are few of the deriva-
tives used for coating magnetic materials [42—44].

Generally, prior to usage of magnetic MOFs, magnetic materials are widely used
in the medical field in areas like cell separation and magnetic resonance imaging.
MOFs have found their place in the medical field owing to their molecular stor-
age, separation, delivery, and enzymatic biocatalysis. Recent researchers have tuned
MOF pore environment for adsorption of biomolecules into the porous framework
of MOF crystals and modified as a protein-enabled MOF surface. It also paves way
for effective drug delivery systems by host guest encapsulation and other interactions
with effective responsiveness. Magnetic MOFs have proven potential applications as
molecular magnets, magnetic molecular sensors, and in the molecular biomedicine
field. Elsaidi et al. [45] synthesize functionalized magnetic MOFs with Fe,O, as the
core which resembles a microsphere and MIL-101-SO; as the shell. Poly (sodium
4-styrenesulfonate) (PSS) is added as a linker to promote MOF shell growth over
Fe;0, microsphere cores. Also, PSS aids in absorbing metal ions but also helps in
balancing the charges of Na* and H* cations by providing sulfonic acid (SO; func-
tional groups) and keeps the material stable in the aqueous solution. Initially the
diameter of the Fe,O, core is 300 to 500 nm [46]. With the addition of PSS as linker,
the diameter of the MOF shell is enlarged to 800-900 nm as it grows around the
surface of the Fe;O, without affecting the spherical shape. The schematic graphical
representation of the polymer@MOF of Fe;0, is shown in Figure 6.10a and the resul-
tant scanning electron microscope (SEM) images are shown in Figure 6.10b. These
MOFs are used in the extraction of rare earth ions in the aqueous solution owing to
their function of ease of separation.
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FIGURE 6.10A  Graphical Illustration of the Fe;0,@MIL-101-SO3 core formation [45].
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FIGURE 6.10B SEM images of Fe,O,, Fe,0,-PSS, and Fe,0,@MIL-101-SO, [45].

Hidalgo et al. [47] have developed a biocompatible oral carrier, polymer MOF,
chitosan-coated mesoporous MIL-100 (Fe) nanoparticles using 1,3,5-benzene tri-
carboxylic acid (BTC) as linker. Bellido et al. [46] engineered mesoporous Fe MoF
nanoparticles using BTC as linkers for stealth drug nanocarriers. Polyacrylic acid
bridged gadolinium MOF-gold nanoparticle composites using 1,4-benzene dicar-
boxylic acid (BDC) as linkers is analyzed by Tian et al. [48] as contrast agents in
magnetic resonance biomedical imaging. UiO-66-L1 nanoparticles loaded with
dichloroacetate using BDC as linkers is developed by Lazaro et al. [49] for antican-
cer cytotoxicity and immunity systems. For effective drug delivery into the blood
stream, gene delivery, and hyperthermia, the drug-coated magnetic particles will be
very small in size, called, in general, magnetic nanoparticles (MNPs) and are gener-
ally in powder form. For example, in targeted drug delivery to the site of disease,
drug-coated magnetic MOFs are introduced into the blood vessel. Then, by giving
an appropriate external magnetic field, particles are drawn towards the disease site
and are retained (Figure 6.11).

Many researchers have focused on drug delivery through the intravenous
route that would inflict more pain and needless complications. Hidalgo et al.
[47] proposed an oral delivery drug system based on biocompatible mesopo-
rous iron (III) trimethylsulfonate NPs that are coated with bioadhesive polysa-
chharide chitosan. These NPs are biocompatible that do not pose issues during
adsorption or during drug release. Ke et al. [51] designed magnetic core shell
NPs of Fe;0,@MIL-100(Fe) loaded along with the anti-inflammatory drug
Ibuprofen (IBU) and it took seven hours to completely release IBU in the aque-
ous buffer solution.

6.5.1 MAGNETIC HYPERTHERMIA

Magnetic hyperthermia is a concept of combining the effect of magnetic energy and
thermal energy which paves way for the hyperthermia therapy wherein particular
tissue with carcinogenic cells can be targeted and killed by exposing the tissue to
high temperature using electromagnetic energy. Among various MNPs, iron oxide
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FIGURE 6.11 Motion of biomagnetic particles by external magnetic effect [50].

nanoparticles (IONPs) are widely used MNPs owing to their tunable magnetic prop-
erties. IONPs are the preferred material for hyperthermia due to their unique prop-
erties of converting electromagnetic energy to heat energy in targeting the cancer
cells. The development of heating mechanism in magnetic hyperthermia is achieved
through i) eddy current heating by alternating pulsing magnetic field, ii) frictional
heating by interface between IONPs and the surrounding medium, and iii) hysteric
losses of IONPs [52] (Figures 6.12 and 6.13).
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FIGURE 6.12 Targeting drugs using magnetic hyperthermia [52].
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Magnetically actuated drug delivery

FIGURE 6.13 Magnetic actuated drug delivery [53].

6.5.2 BiocATALYSIS

It is an important process that uses natural resources like enzymes to speed up the
rate of the biological process by lowering the activation energy. Enzymes are non-
living things fundamentally made of protein and the study of these macromolecules
is important in the food, beverage, and pharmaceutical industries. Protein engineer-
ing of enzymes involves designing enzymes to react with the cell membranes or to
settle on solids for better interaction. However, the issues faced are that they react
selectively under mild conditions, are unpredictable in reactions with organic sol-
vents, have low stability, and are difficult to recover as they get lost due to leakage
from microcapsules during the interaction process. Also, the handling and separa-
tion of enzyme-MOF composites is challenging owing to their low density and high
dispersion [54].

In biocatalysis, immobilization techniques or encapsulation of enzymes are
widely demonstrated to overcome these limitations. Enzyme immobilization is the
detention of enzymes to a phase that is different from that of substrates and prod-
ucts. Many researchers have identified a diverse range of materials to augment stable
enzyme activity for longer periods. However, in biotechnology, the drive for identi-
fying innovative methods for synthesizing hybrid enzymes with structured shells,
better porous support, easy accessibility to active sites, potential recyclability, and
elevated enzyme loading and controllable compositions for wider areas are currently
ongoing. Here, magnetic MOFs are identified as potential candidates for enzyme
immobilization with their distinguished characteristics such as manipulative com-
position, large surface area, uncomplicated loading, and swift collection improve the
activity of enzymes and stabilizes enzymes during reactions [55].

The enzyme immobilization onto magnetic-MOFs can be strategies split into four
parts: (i) physical adsorption onto magnetic MOFs, (ii) covalent/co-ordination bond-
ing with magnetic MOFs, (iii) metal-ion affinity co-ordination bonding, and (iv) de
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novo encapsulation method [56, 57]. Adsorption is one of the widely used immobi-
lization techniques which is based on van der Waals forces where there is physical
interaction between the solid carrier and the required enzyme form weak bonds.
Here the solid carriers are MOFs on which enzymes interact for a fixed period of
time under favorable conditions. It is a low-cost process and it does not disturb the
active sites during binding and maintains stability and favors reusability. On the
other hand, the weak bonds between the carrier and enzyme can be altered by the pH
in the aqueous medium, temperature, and variation in the strength of ions may affect
the adsorption ability and lead to desorption.

In covalent bonding, enzymes through side chain functional groups support the
solid carriers. The chain functional groups are carboxyl groups and amino groups
(lysine, arginine, aspartic acid, and histidine) [58,59]. The inherent activities of the
enzymes are independent of these functional groups as they are not involved in cata-
lytic activity [60,61].The enzyme linkage improves enzyme activity and provides
structural and thermo stability and it aids in increasing enzyme half-life [62,63]. NPs
like magnetic cellulose, commercially called ECR8285 and MANAE agarose, are
used for lipase immobilization for their improved performance in enzyme stability
[64,65]. MOF materials like ZIF-8, Td-BDC, MIL-88, and HKUST-1 have ultrahigh
porosity, variable functions, and higher surface properties have found their place in
enzyme immobilization [66,67] (Figure 6.14).

6.5.3 MEeTHODS OF ENzZYME IMMOBILIZATION OF MOFs

Enzyme immobilization on MOF methods follows a combination of adsorption and
covalent bonding methods. Generally, the methods of immobilization follow these
following steps: i) MOF surface immobilization, ii) enzyme diffusion into MOFs,
and iii) in situ encapsulation [69]. In the MOF surface immobilization method, a
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FIGURE 6.14 Graphical representation various immobilization techniques [68].
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combination of enzyme-SNF-IF-8) and PGA forms a hybrid material with tunable
uniform pores with thermal and water stability [70]. In the second method, the dif-
fusion rate of enzyme activity is improved by diffusing microperoxidase enzymes
into mesoporous Tb-TATB MOF [71]. Similarly, catalytic efficiency is improved by
immobilizing OPAA with Nu-1003 MOF [72]. In the third method of in situ encap-
sulation, simultaneous synthesis of MOF or NPs is made possible from an enzyme
or from any organic ligands [73]. Investigations on applied MgAI-LDH in mono-
metallics like ZIF-8, ZIF-67, and Cu-BTC and in bimetallics like CoZn-ZIF MOFs
revealed that both MgAIl-LDH/ZIF-8 and MgAIl-LDH/Cu have responded with better
activity and recyclability [74]. The post-synthesis and in situ approaches with enzyme
immobilization for p-glucosidase enzyme in two different MOF components at nor-
mal temperature and in solvent are investigated and the results are compared [75].

6.6 MAGNETIC SOLID-PHASE EXTRACTION USING MOFs

Sorbent is a substance that has the ability to collect or filter the materials through
adsorption. Thus, a sorbent material can be used to absorb or adsorb solids, liquids,
and even gases through attraction. Magnetic solid-phase extraction (MSPE) is a use-
ful technique to absorb the dispersed sorbents and extract them in the large sample
volume using magnetic retrieval methods. MSPE is one of the effective techniques
used in sample preparation to extract solid sorbents because of its simple proce-
dure, effective pore size variability, enabling reusability of the sorbents, etc. [76,77].
Compared with conventional solid phase extraction methods MSPE overcomes the
associated problems due to non-spherical and uneven pore size which result in high
back pressures, sorbent packing, or packed bed clogging [78,79].

Generally, sorbent materials used for MSPE are basically comprised of MOFs of
magnetite (Fe;O,) NPs that are coated with silica, organic or inorganic polymers,
or carbon nanostructures. As there are no commercially available magnetic MOFs,
conventional MOFs are magnetized using several methods like i) direct MOF mag-
netization is achieved by direct mixing of the MOF and the magnetic NPs in the
sample solution under electrostatic interactions through the sonication method, ii) in
situ growth of magnetic MOFs, iii) single-step MOF coating, and iv) layer-by-layer
MOF growth [80] (Figure 6.15).

6.6.1 MOF MAGNETIZATION

Direct MOF magnetization is achieved by direct mixing of the MOF and the magnetic
NPs in the sample solution under electrostatic interactions through the sonication
method which enables the magnetic NPs to attach to the MOFs. These magnetized
MOFs can be retrieved by a magnetic retrieval process [81] (Figure 6.16).

6.6.2 IN Situ GROWTH OF MAGNETIC NPs

In situ growth of magnetic NPs involves dispersion of MOFs in a mixture containing
the reagents for the synthesis of the magnetic MOFs. Thus, magnetic NPs (Fe,O,) grow
in the presence of MOF crystals and can be separated by the centrifugal process [82].
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FIGURE 6.16 Strategies for the magnetization of MOFs for MSPE [15].

6.6.3 SINGLE-STEP MOF COATING

Single-step MOF coating involves discrete thin coating of magnetic NPs encapsu-
lated in large MOF crystals. For example, ZIF-8 MOF crystals are polymer-coated
magnetic NPs encapsulated in a time-dependent manner [83]. Just by controlling the
rate of encapsulation of magnetic NPs in MOFs, spatial resolution of NPs and addi-
tion of different NPs or multiple applications can be generated.
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6.6.4 LAYER-BY-LAYER MOF GrOWTH

This method is a time-consuming and highly labor-intensive method of generating
thin films by depositing alternating layers of opposite charged magnetic NPs that
are washed with pure solvent and any non-retained materials will be removed [84].
This cycle repeats with every layer using organic linkers for additional increases
in thickness, but now attempts have been made to be automated using flow-based
techniques [85].

6.6.5 MOF CARBONIZATION UNDER INERT ATMOSPHERE

In this method, the precursor MOFs that contain metal ions are carbonized at high
temperature at inert atmosphere to form magnetic NPs. The source of carbonization
is an organic linker that encapsulates NPs by forming a porous carbon structure
[86]. For example, an organic linker ZIF-67 which has a composition of Co(II)/2-
methylimidazole, Co(II) aggregates to form Co NPs and 2-methylimidazole is
encapsulated in N-doped porous carbon..

6.7 APPLICATIONS OF MSPE

MIL-101(Fe) MOF [87] is used for extraction of pesticides from samples of urine
and human hair. MIL-101(Fe) MOF structure comprises encapsulated magnetic NPs
functionalized in ethylenediamine is also used for extracting some metallic spe-
cies like Cd(II), Pb(II), Zn(II), Hg(IT), and Cr(III) from agricultural samples [88].
Pyrocatechol-embedded magnetic NPs are used for identifying flight/fight hormones
like dopamine, epinephrine, and norepinephrine from human urine and serum sam-
ples [89,90]. These hormones are released from the adrenal medulla and nervous
system when the body is under extreme stress conditions. ZIF-8 MOF using different
kinds of magnetic NP sorbents for the extraction of fungicides [91] or phthalate esters
[92] prior to chromatographic separation. Magnetic ZIF-8@Fe,O, sorbent material
has been successful in the determination of arsenic in water and milk samples and
more than 90% of MSPE samples are recovered.

6.8 CONCLUSION

In conclusion, this chapter provided an overview of the bio-based magnetic MOF
nanocomposites including coating, cross-linking MOF to polymer, and metal poly-
mer ligands, with excellent physicochemical properties to their biomedical applica-
bility. However, due to their excellent water stability, most of the bio-based MOFs
currently used are Fe-based MOFs and Zr-based MOFs, and the use of other bio-
based MOFs is rarely reported. Though bio-based magnetic MOFs have demon-
strated excellent performance efficiency in enhancing the biocompatibility of MOFs
with colloidal stability, these composites still have limitations. The biggest problem
at the moment is that the incorporation of nanoparticles with MOF composites. The
encapsulation of MOFs in polymeric composites, have been addressed. In addition



https://www.twirpx.org & http://chemistry-chemists.com

Bio-Based Magnetic MOFs 185

to significantly high preconcentration capabilities, some of the advantages including
environmentally friendly equipment, low detection limits, usability, and speed of
analysis are also discussed.
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7.1 INTRODUCTION

Metal-organic frameworks (MOFs) are a class of versatile hybrid organic-inorganic
porous materials and have attracted immense research interest in the last 20 years
[1-4]. Owing to their exceptional properties such as large surface area, tunable
structure, and high porosity, they are considered superior to other porous materials
such as zeolites and silica [5,6]. MOFs have shown enormous potential in a myriad
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of applications such as gas separation and storage, sensing, catalysis, biomedicine,
energy and environment, supercapacitors, and batteries [7-12]. Despite their consid-
erable advancement in several applications, there are certain issues that need to be
addressed to utilize MOFs to their true potential [12,13]. Firstly, MOFs in general
are electrically non-conductive and unstable against high temperature and moisture,
as well as strong electron beams [13]. Upon exposure to moisture, the surface area of
MOFs decreases drastically [12]. Thus, the poor stability of the MOFs restricts their
use in large-scale industrial applications, which require harsh conditions. Secondly,
the MOF crystals are typically obtained in the form of powder which makes their
subsequent processability a tedious job [13]. Furthermore, the narrow micropores
of MOFs restrict the rapid diffusion of gas inside the pores [12]. Therefore, it is of
utmost importance to address these issues to utilize the full potential of MOFs.

To overcome the above-mentioned challenges associated with MOFs, researchers
developed three general strategies [13]: (i) pre synthetic approach, which can involve
doping metal ions or functionalization of the ligands, or selection of specific build-
ing blocks, (ii) post synthetic approach which might involve exchanging ligands and/
or metal ions or grafting active groups after synthesis of MOFs, and (iii) composite
formation, which involves hybridization of the MOFs with some other material to
develop a new hybrid functional material with superior properties. This latter strategy
has recently attracted a lot of attention compared to the other two strategies discussed.

MOF composites comprise the benefits of both the MOFs as well as the other
functional material [12-33]. Moreover, fabrication of MOF composites is relatively
easy. The composites can integrate the advantages of both the components and at the
same time alleviate the disadvantages associated with each of the single components
[13]. Thus, MOF composite possess superior properties due to the synergistic effects
of the individual components. Composites of MOFs with various other functional
materials have been developed. MOF-metal nanoparticles/quantum dot composites
[14-16], MOF-silica composites [17-19], MOF-polymer composites [20-22], MOF-
polyoxometalates [23,24] and MOF-carbon composites [13,25-32] are widely studied.
Among all these, MOF-carbon composites (composites of MOFs with carbon-based
materials, such as carbon dots, carbon nanotubes, graphene, and graphene oxide) are
special as MOFs are regarded as kind of state-of-the-art materials and carbon-based
materials are known to be somewhat classical [13]. These carbon-based materials
are all unique in the sense that they possess several interesting properties such as
high mechanical as well as elastic strength, excellent thermal and chemical stability,
unique electronic and photophysical properties, low weight, biocompatibility as well
as low cost. Such unique properties of the carbon-based materials have resulted in
their use in sensing and catalysis, as well as energy and environmental applications
[25-32]. Therefore, fabricating MOF-carbon composites will not only alleviate the
disadvantages of MOFs but will also endow them with several novel functionalities
such as improved thermal conductivity, stability, etc. [13]. In this chapter, however,
we will restrict ourselves to only MOF-graphene oxide (MOF-GO) and MOF-carbon
nanotube (MOF-CNT) composites. CNTs are highly conductive 1D materials and
composite formation of MOFs with CNTs can assist in the transportation of elec-
trons from the outer circuit to the inner surface of the MOFs. GO, on the other hand,
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is a 2D material and it can function as a support to anchor and decorate the MOF
nanocrystals on its surface enabling them to be employed in a variety of other appli-
cations. Both these carbon-based materials can suppress MOF aggregation and can
control the properties, structure and morphology of MOFs.

7.2 SYNTHESIS OF MOF-CARBON COMPOSITE

Composites are materials which consist of two or more components which work syn-
ergistically [13]. They are hierarchical architectures which are endowed with new and
enhanced properties without losing the intrinsic nature of individual components. In
this chapter we discuss most generalized synthetic procedures used for MOF-carbon
material composite fabrication which are suitable for both MOF-GO and MOF-CNT
systems. Several studies have been performed on these composites and it has been
found that these hybrids could be generated either by growing MOF crystals on carbon
scaffolds, direct mixing of MOFs with carbon materials, or incorporating MOFs in the
carbon matrices during synthesis [13,26]. For convenience, the synthesis methods have
been divided into two major classes, namely (i) in situ fabrication, which involves one-
pot synthesis as well as stepwise synthesis and (ii) ex situ fabrication, which involves
hybridization after individual synthesis. A third method which involves rarely used
procedures has also been included under the title miscellaneous approaches.

7.2.1 IN SiTu SYNTHETIC APPROACH

It is one of the most commonly employed methods to fabricate MOF-carbon com-
posite and is pretty straightforward and easy to handle. It basically involves three
steps. (i) The first step involves dispersing the carbon material into the solution
containing MOF precursor components (metal ions and ligands). (ii) The second
step involves proper mixing of all the precursors using techniques such as stirring
or ultra-sonication followed by allowing them to react under conditions similar to
those for pristine MOF synthesis. (iii) The third and final step involves separation of
the formed composite by filtration or centrifugation followed by washing and dry-
ing. The functional groups and defects on the carbon material allow close contact
between the composite components, which enhances the synergistic effect between
the two, together with an increase in the porosity of the component. The in situ syn-
thesis can be further divided into one-pot synthesis and stepwise synthetic approach.

7.2.1.1 One-Pot Synthesis

The one-pot synthesis method involves subjecting the reactants to successive chemi-
cal reactions, all in a single reaction vessel. Using this method of synthesis, tedious
and time-consuming purification and separation steps of intermediates can be
avoided. This method is suitable for the synthesis of almost all types of MOF-carbon
composites. It involves the addition of carbon-based material to the solution contain-
ing MOF precursors which are then subjected to various reaction methods such as
ambient room temperature agitation, conventional heating, solvothermal or hydro-
thermal reactions, ultra-sonication, and/or microwave irradiation, etc. (Scheme 1).
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SCHEME 1 Schematic representation of one-pot synthesis of MOF-carbon nanocomposite.
Reproduced with permission from ref. 29. Copyright 2015 Elsevier.

7.2.1.1.1 In Situ Synthesis in Ambient Conditions

This method is a low energy-consuming in situ method for fabrication of MOF-
carbon nanomaterial composite [34—38]. The synthesis is generally performed at
room temperatures, without the addition of any catalyst. Guo et al. [34] successfully
fabricated ZIF-CNT composite for the electrocatalytic reduction of CO, to CO using
this approach. The synthetic methodology involved the dropwise addition of 80 mL
of a methanolic solution of Zn(NO;), (5.65 mmol of Zn(NO;),.6H,0) to another
methanolic solution (80 mL) containing 3.7 g of 2-methylimidazole and 0.1 g of
MWCNTs under vigorous stirring. The stirring was continued for 24 h at room tem-
perature. The composite product was separated using centrifugation, followed by
washing with ethanol. The authors then loaded furfuryl alcohol (FA) into the pores
of ZIF-MWCNT composites by stirring the ZIF-MWCNTs in FA. The FA-loaded
composite was then subjected to pyrolysis at 950°C, which resulted in the formation
of a brown powder. This pyrolyzed composite ZIF-CNT-FA-p was used as an elec-
trocatalyst for the reduction of CO, to CO (Figure 7.1a). It was observed that using
ZIF-CNT-FA-p as catalyst, about 100% faradaic efficiency could be achieved, due to
an enhanced electron transport on the MWCNT network as compared to the catalyst
without CNTs. Using a similar approach Abdi et al. [35] synthesized ZIF-8@GO
and ZIF-8@CNT hybrid nanocomposites at ambient conditions for removal of dyes.
Xiong et al. [36] also utilized a similar ambient condition approach for fabricating
salicylaldehyde @ZIF-8-GO hybrid composite for improving the corrosion protec-
tion properties of PVP coating. In their synthesis, in addition to the precursors for
ZIF-8 and GO dispersion, salicyladehyde was also added to the reaction mixture
(Figure 7.1b).

7.2.1.1.2  Conventional Heating

This method is one of the less energy-consuming approaches where reaction com-
ponents are heated up or refluxed until it produces desired product. Anastasiou et al.
[39] produced a MOF-GO composite by means of in situ ZIF-8 growth on GO lay-
ers. During fabrication, GO dispersed aqueous mixture was added to a clear solution
holding ZIF-8 reactants (namely Zn(NO;),.6H,O and 2-methyl-imidazole) and the
resultant mixture was stirred and sonicated until it produced a well dispersed reac-
tion system. Then the reaction mixture was allowed to reflux at 140°C for 24 h. Once
the reaction was stopped and cooled down to room temperature, the product was
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FIGURE7.1 (a) Schematic representation showing that MWCNT support enhances the inter-
particle conductivity and mass transport of pyrolyzed ZIFs for reduction of CO,. Reproduced
with permission from ref. 34. Copyright 2017 Royal Society of Chemistry. (b) Schematic
representation for the formation of salicylaldehyde @ZIF-8-GO composite. Reproduced with
permission from ref. 36. Copyright 2019 Elsevier.

filtered off and washed successively with CHCl;, DMF followed by DCM. The prod-
uct was then dried overnight under vacuum at 116°C. In later studies the ZIF-8-GO
composite was used as filler in polysulfone (PSF) matrix to fabricate PSF+ZIF-8-GO
mixed matrix membranes for selective gas separation.

Using this methodology Pokhrel et al. [40] synthesized composites of UiO-66
and HKUST-1 with GO for adsorption of acid gases at ambient temperature. For
the synthesis of UiO-66-GO composite, two solutions in DMF were prepared. The
first solution was prepared by dispersing ZrCl, and terephthalic acid in 40 mL DMF
under stirring and sonication, while the second solution was a dispersion of dry GO
in DMF, prepared under the same stirring and sonication conditions. Both these
solutions were then mixed under sonication to yield a well-dispersed mixture, which
was heated at 120°C for 24 h. The as-obtained product was washed with DMF
and methanol and dried at 105°C. The formation of HKUST-1-GO composite was
accomplished by mixing 15 mL of DMF solution containing 0.6 g Cu(NO;), and
0.3 g trimesic acid and an aqueous solution containing 0.5 g of GO under stirring
and sonication. The resultant mixture was then stirred at 85°C for 12 h, resulting in
HKUST-1-GO composite. The obtained composite was washed several times with
DCM. The FTIR spectrum of UiO-66-GO composite showed peaks corresponding
to the oxygen functionalities present in GO, in addition to the characteristic peaks
of UiO-66, confirming the formation of its composite with GO. On the other hand,
in case of HKUST-1-GO composite, the peaks due to oxygen functionalities in GO
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could not be observed, which was ascribed to the high dispersion of GO flakes.
The formation of composite was also ascertained using SEM. Although, the UiO-
66-GO composite did not show GO layers, due to the relatively lower loading of GO
(10%), HKUST-1-GO composite showed a uniform distribution of the particles of
HKUST-1 over the GO flakes, indicating homogeneous growth of MOF over GO.
The PXRD pattern confirmed that the crystals retained their identity in the compos-
ite (Figure 7.2). Several other groups have utilized this strategy to fabricate MOF-GO
or MOF-CNT hybrid composites for various applications [31,41-43].

7.2.1.1.3  Hydrothermal (or Solvothermal) Assisted In Situ Synthesis

It is the most commonly used method for the in situ fabrication of MOF-carbon
composites and involves mixing of the carbon material and MOF precursor, followed
by subjecting the reaction mixture to high temperatures, where reactions are carried
out at self-generated higher pressures. Several groups have successfully synthesized
MOF-GO or MOF-CNT composites using this approach [44-51].

Using a hydrothermal approach, Pang and coworkers [44] produced
[Zn,(ATA);(ATA),,,], in two polymorphic forms [MOF(ATA-a) and MOF(ATA-b)]
by reaction between Zn(NO;),.6H,0 (for [MOF (ATA-a)]) or ZnClO,.6H,0O (for
[MOF (ATA-b)] and 5-amino-1-H-tetrazole (HATA) at 160°C for 48 h. They found
that [MOF(ATA-a)] was unstable and readily converted to stable form [MOF(ATA-b)]
upon heating at 120°C or standing at room temperature for three months. To improve
the stability of the MOF, the authors prepared a hybrid composite of [MOF(ATA-a)]
and GO by an in situ approach. The formation of the MOF-GO composite was same
as that of pure MOF, except that GO powder was also added to the aqueous solution
of ZnNO;-6H,0 and HATA to yield black massive crystals of [GOCMOF(ATA-a)].
The resulting crystals were filtered, washed, and dried and the physical analysis
indicated that it had superior chemical and thermal stability along with improved
BET surface area compared to pure MOF. Mechanistic studies indicated that the sta-
bility of the metastable polymorph [MOF(ATA-a)] might be a result of the extensive
coordination bonds between GO and the MOF. It was also interesting to note that
the GO stabilized metastable [MOF(ATA-a)] exhibited a higher onset decomposition
temperature (377.4°C) which makes it an excellent candidate for its usage as heat-
resistant explosive.

Recently, Wang et al. [45] synthesized flower string-like NiCo MOF-MWCNT
composite for application as a high-performance supercapacitor electrode mate-
rial. The composite was synthesized in four steps (Figure 7.3). In the first step, the
MWCNTs were functionalized by refluxing the CNTs in a mixture of H,SO, and
HNO,; for 5 h at 110°C, followed by drying overnight. In the next step, the carboxyl-
ated MWCNTs were dispersed in 5 mL. DMF by ultrasonication to obtain a homo-
geneous solution. Then Ni(NO,),.6H,0 and Co(NOs;),.6H,0 were added to the above
CNT dispersion. In the third step, a solution of 4,4’-biphenydicarboxylic acid (BPDC)
in DMF-ethanol mixture was prepared by dissolving 0.125 mmol of the ligand in 17
mL of the mixture solvent. In the final step, both the MWCNT-metal mixture and
ligand solution were slowly mixed under agitation and the final mixture was trans-
ferred to a stainless steel autoclave and heated at 170°C for 12 h. The MOF-MWCNT
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FIGURE 7.3 Schematic representation for the formation of NiCo-MOF and NiCo-MOF-
MWCNT composite. Reproduced with permission from ref. 45. Copyright 2019 Elsevier.

composite was obtained as a black powder upon cooling, which was washed with
DMF and ethanol and finally dried overnight at 60°C under vacuum. Microscopic
studies revealed that the NiCo-MOF grew mostly around the MWCNT to give flower-
like strings, whereby the MWCNT were wrapped with some NiCo-MOF nanosheets.

7.2.1.1.4  Ultrasonication

Ultrasonication has been a long-used method for the synthesis of various nanomate-
rials. It is a simple, environmentally friendly, and bulk synthesis method. Recently,
this technique has also been utilized in preparing composites of MOFs with carbon
nanomaterials [52—56] due to its simple operational procedure. Tanhahei et al. [52]
used ultrasonication for the facile synthesis of two-fold interpenetrated Zn based
MOF-GO composite (TMU-16-GO,) (n = the percentage of GO) at ambient tem-
perature and pressure. In a typical procedure, Zn(OAc),2H,0 was added to GO
suspension in DMF which was well dispersed by mild ultra-sonication, and the soni-
cation was continued for 15 more minutes to make sure that complete interaction
of Zn*? jons with carboxylic acid functionalities over the GO surface took place.
It was followed by addition of solution of H,BDC (1,4-benzenedicarboxylic acid)
and 4-bpdh (2,5-bis@-pyridyl)-3,4-diaza-2,4-hexadiene) in DMF and the resultant
reaction components were kept under sonication for an additional hour. The solid
product obtained was centrifuged out (at 6000 rpm) and washed with DMF followed
by drying in a vacuum oven and was characterized by common analytical techniques
like FTIR, SEM, PXRD, Raman spectroscopy, etc. In a similar manner, Zhao [55]
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and Safarifard [53,54] have also synthesized various MOF-carbon composite mate-
rials. Ansari et al. [56] synthesized a MOF-CNT composite by simple blending of
the MOF IITI-1 and CNTs under sonication for 1 h and utilized the composite for
application as supercapacitor. They first synthesized the MOF (IITI-1) by using an
organic linker H,L as the ligand and Cu(NOs;), as the metal salt in a mixed solvent
system consisting of DMF and H,O. The composite of IITI-1 with CNTs was pre-
pared by dispersing 1:1 ratio (Wt%) of the MOF and CNTs in ethanol, followed by
ultrasonication for 60 minutes. The black product was dried on a rotary evaporator
and named IITI-1-CNT. The formation of the composite was ascertained from elec-
tron microscopic studies, which showed uniform wrapping of CNTs by MOF.

7.2.1.1.5 Microwave-Assisted

Microwave (MW)-assisted MOF synthesis is well reported in literature because of
its added advantage in terms of lowering reaction time and low energy consumption
along with production of MOFs with uniform crystal size and high reproducibility.
As far as the synthesis of MOF-carbon material using MW is concerned [57-61], it
is believed that MW irradiation produces super-hot spots (SHS) on the surface of the
carbon material and these SHS enhance the formation of small nanocrystals of MOF
along with a boosting of the interaction between the MOF and carbon materials [60].

Han et al. [58] reported a simplified and efficient synthetic method for graphene
oxide-MIL-101(Fe) composite fabrication. GO-MIL-101 (Fe) composite was fabri-
cated by adopting a microwave-assisted in situ growth approach. In a typical pro-
cedure, GO and FeCl;.6H,O solution in DMF were dispersed. Another solution
containing NH,-H,BDC and PVP mixture was also prepared in DMF. Both these
solutions were mixed in the next step and transferred to a MW vessel and subjected
to MW irradiation at 160°C for 10 min. The final product was separated by centrifu-
gation followed by washing with DMF and ethanol and was vacuum-dried overnight.
The SEM images confirmed the good distribution of MIL-101 MOF on both sides of
the GO nanoplatelets.

Zhao et al. reported, for the first time, in 2018 the fabrication of a GO-MOF
composite using a unique method of microwave irradiation-assisted ball milling, in
which a ball milling instrument was directly kept in a microwave oven [59]. This
combined technique has advantages in the sense that microwave heating helped in
enhancing the rate of the chemical reaction and ball milling helped in refining the
particle size by suppressing grain growth. Varying amounts of GO were placed in a
tetrafluoroethylene milling pot along with nickel acetate, trimesic acid, and stainless
steel balls with deionized water. Both the systems (microwave and ball mill) were
switched simultaneously and the speed of the ball mill was kept at 200 rpm. After
30 minutes of reaction, light blue colored powder was formed, which was filtered
and kept for drying.

7.2.1.2  Stepwise Synthesis

Although an in situ synthetic approach offers several advantages such as short prepa-
ration processes and easy separation and purification of intermediates, it is associ-
ated with several disadvantages such as the lack of control over ratios of components
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in products and inability to obtain defect-free materials, as well as difficulty in
modifications on prepared composites [13]. In order to circumvent these drawbacks,
stepwise synthesis methods such as the seeded growth method, transfer from metal
oxides/carbon-based materials, and layer-by-layer assembly have been developed.

7.2.1.2.1 Seeded Growth Method

The seeded growth method, also known as the secondary growth method, allows
for a more effective control of orientation and is one of the most efficient procedures
for fabrication of crack- and defect-free membranes for purification, adsorption, and
separation applications. This method involves the deposition of the preformed MOF
crystals on the supports as seeds, which greatly assists in further crystallization of
the MOFs [62—67].

Using the seeded growth method, Wang et al. [62] synthesized a 100 nm thick
defect-free ZIF-8-GO membrane using ZIF-8-GO hybrid nanosheets as seeds. The
2D ZIF-8/-GO seeds were prepared by adding GO solution (methanol:water mixture
4:1) to a mixture of methylimidazole and Zn(NO;), in methanol followed by stirring
at different times. The seeds were collected by centrifugation and washing. Porous
anodic aluminum oxide disks were used as supports for the formation of ZIF-8-GO
membrane. The seeds were spin coated onto the support for 30 s at 1000 rpm to
obtain a thin layer of the ZIF-8-GO seed on the support. The layer was then dried for
2 h at 50°C, followed by spin coating of another layer, which was then finally dried
overnight. Next, the coated support was mounted on a home-made setup, where the
metal ion (Zn?>*) and ligand (methylimidazole) were separated by the support, with
the seeded layer facing towards methanolic Zn?** solution. The experimental setup
was kept at room temperature for reactants to diffuse into confined spaces of the
seeded layers and grown into well-dispersed ZIF-8 crystals in membranes. Finally,
membranes were taken out and rinsed with fresh methanol followed by drying at
50°C overnight. (Figure 7.4).

Dumee et al. employed the seeded growth method for the fabrication of a
dense ZIF-8 membrane on porous CNT bucky paper [63]. The CNT bucky paper
substrate was fabricated by vacuum filtration of the suspension of CNTs onto a
poly(ethersulfone) membrane till it was completely dry. The as-formed CNT bucky
paper was placed into a methanolic solution containing the precursors for ZIF-8 for-
mation at room temperature to anchor the nanocrystal seeds. The modified bucky
paper was then transferred to a 200 mL Teflon autoclave and solvothermally heated
at 100°C for 24 hours, where the ZIF-8 seeds grew homogeneously within the pores
of the bucky paper and packed themselves into a continuous, dense ZIF-8 network.
Using a similar strategy, Zhang and coworkers [67] fabricated a continuous and
low-defect ZIF-8 membrane on macroporous CNTs. First, composites of graphite
and ZIF-8 were dip coated and rubbed on the surfaces of the CNTs, producing a
seed layer. Graphite was used in the seed layer to anchor and stabilize the ZIF-8
seeds on the CNT support, as well as to fill up the pores and polish the surface of
the CNTs. The ZIF-8 membrane was then produced using a simple solvothermal
approach, in which the precursors of ZIF-8 in methanol were mixed and transferred
to a stainless steel autoclave. The substrate with the seed layer was then placed
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FIGURE 7.4 Schematic representation for the formation of ZIF-8-GO membrane using the
seed growth method. Reproduced with permission from ref. 62. Copyright 2016 John Wiley
and Sons.

vertically in the reaction vessel, which was then subjected to solvothermal heating
for 4 h at 120°C, after which the autoclave was allowed to cool naturally to room
temperature.

7.2.1.2.2 Transfer from Metal Oxides/Carbon-Based Materials

The synthesis of MOF-carbon composites can also be accomplished using metal
oxides/carbon materials, whereby the metal oxide can be converted into MOF. Dai
and coworkers [68] fabricated a ZIF-8/MWCNTSs from CNT-attached ZnO nanopar-
ticle-assisted growth of ZIF-8 crystal over CNTs. The ZnO nanoparticles were con-
verted to ZIF-8 upon treatment with 2-methylimidazole. ZIF-8 crystals nucleated
in situ around the MWCNTs, wherever the ZnO nanoparticles were located. The
process could be divided into two steps. In the first step, MWCNTs were treated with
ZnO nanoparticles in methanol to form a ZnO-CNT composite, whereas the second
step involved the addition of 2-methylimidazole to the composite, followed by room
temperature stirring for 48 h. The ZIF-8-CNT was obtained in the form of a grey
powder, which was washed and finally dried. Using a similar process, Bechelany and
coworkers [69] fabricated ZIF-8/PAN nanofibers and MIL-53-NH,-PAN nanofiber
mats.

7.2.1.2.3  lLayer-by-Layer Assembly

Layer-by-layer assembly is one of the most systematic and straightforward methods
for the fabrication of MOF-carbon composites and provides excellent control over
structure penetration, composition, and layer thickness of MOFs [70-73]. Yu et al.
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reported a facile and easy-to-handle procedure to produce an ordered MOF-GO
composite with layered architecture [70]. HKUST-1- GO, ZIF-67-GO, and ZIF-
8-GO were fabricated by systematic treatment of metal hydroxide nanowires.
Copper hydroxide nanowires (Cu-NWs), cobalt carbonate hydroxide nanowires
(Co-NWs) and zinc nitrate hydroxide nanoflakes (Zn-NFs) were used as the metal
precursors for the formation of HKUST-1, ZIF-67, and ZIF-8, respectively. All the
metal sources (nanowires and nanoflakes) were then mixed with GO by ultrasonic
treatment. The nanomaterials not only acted as metal source for MOF formation
on treatment with ligands, but also functioned as excellent spacers which keep GO
layers separated and allow the MOF to grow freely in confined spaces between GO
layers. The metal source-GO hybrid layer-by-layer film was prepared and exposed
to the linker solution which makes space for the linker (1,3,5-benzenetricarboxylic
acid and 2-methylimidazole) to interact with metal precursors. It is assumed that
the metal precursors form plenty of interconnected open channels which can allow
the ligand solution to flow through. Once the solution enters the spaces the ligands
with dissociable protons can easily break the bond in metal hydroxides and react
with free metal centers. It is expected that the process continues till the whole metal
is released and no metal-hydroxide is left. The growth of MOF material spreads
into all open spaces results in MOF-GO composite with layer-by-layer architecture
(Figure 7.5).
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FIGURE 7.5 Schematic representation showing the synthesis of ZIF-GO hybrid films using
layer by layer assembly and their supercapacitor electrode material. Reproduced with permis-
sion from ref. 70. Copyright 2017Royal Society of Chemistry.
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7.2.2  Ex SiTu SYNTHESIS APPROACH

The excessive interference of carbon material during MOF synthesis due to the
improper quantity of carbon-based materials in some cases of in situ synthesis can
result in low performance or may interfere with the structural features of the MOF
[13]. Therefore, under such circumstances, ex situ approaches, which involve the
integration of preformed MOFs with the carbon material becomes important for fab-
rication of ideal composites. The generally used ex situ approaches involve direct
mixing, self-assembly approach, or other mechanical methods.

7.2.2.1 Direct Mixing

The direct mixing method generally involves the simple mixing of the MOFs with
carbon materials to yield the composite material [74-76]. Bao et al. used the direct
mixing approach to generate a MOF@rGO/sulfur multi composite for application
in lithium sulfur batteries [74]. The synthesis involved the fine dispersion of GO
in water under sonication, which yielded a homogeneous GO suspension. The pre-
formed MOF, MIL-101(Cr), was then dispersed into the GO dispersion in a mass
ratio of 1:1, followed by room temperature stirring, resulting in the formation of
MIL-101 (Cr)-GO composite. The reduction of GO was then performed using hydra-
zine hydrate at 95°C for 12 h, which yielded a black-colored MIL-101 (Cr)-rGO
composite. Finally, sulfur was loaded onto the composite by liquid phase infiltration
yielding MIL-101 (Cr)@rGO/S multi composite.

Ben-Mansour et al. [75] reported a solid-state direct mixing method to fabri-
cate MOF-CNT composites in which MWCNTs in different ratios were incorpo-
rated into Mg-MOF-74 and MIL-100(Fe) materials to yield MWCNT/Mg-MOF-74
and MWCNT/MIL-100(Fe). In the first step MOFs were prepared solvothermally
from their respective reaction precursors (2,5-dihydroxyterephthalic acid and 1.4 g
Mg(NOsy),-6H,0 for Mg-MOF-74 and for MIL-100(Fe) Fe(NO,);-9H,0 and BTC).
After completion of the reactions, the MOFs were purified by multi-step washing.
The MOF-CNT composite was synthesized by direct physical mixing of MWCNTs
in powder form with solid powder of the MOFs at different weight percentage of
MWCNTs.

7.2.2.2  Self-Assembly Method

It is a special type of solvent-assisted direct mixing method in which pre-synthesized
MOF is directly mixed with carbon material in solution/dispersed form. Secondary
forces such as electrostatic interactions, n-m stacking, hydrogen bonding, van der
Waals forces etc., play key roles in holding the composite components together to
yield MOF-C hybrid composites [77—82]. Following this route Cheng et al. [77] syn-
thesized GO/Co-MOF composite via an electrostatic self-assembly. The synthesis
was achieved by dropwise addition of a freshly exfoliated GO suspension in DMF to
freshly synthesized Co-MOF dispersed in DMF under stirring. The stirring process
was continued for an additional hour after complete addition of the GO suspension.
The resulting uniform mixture was filtered through organic membrane filter and
solid layer left on the membrane was peeled off and left for vacuum drying at 60°C
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for 24 h. The zeta potential measurement showed that the surface of GO was electro-
negative (measured zeta potential =52.0 mV), which was attributed to the presence of
plenty of residual oxygen functionalities. On the other hand, Co-MOF was positive
in nature (zeta potential of +59.1 mV). When these oppositely charged nanomaterials
come together and interact, they form a composite due to electrostatic self-assem-
bly. Using a similar electrostatic self-assembly approach, Shen et al. [78] fabricated
a NH,-mediated UiO-66-rGO composite, where UiO-66 (NH,) was positively
charged, while GO was negatively charged. Lin and coworkers [79] also employed
the self-assembly approach for the fabrication of ZIF-67-GO composites, which were
later used as precursors for the fabrication of a new Co-reduced graphene composite,
which was magnetic in nature. The ZIF-67-GO composite was carbonized under
nitrogen at 600°C for 6 h to yield the magnetic Co-graphene composite (Figure 7.6).
Lietal. [80] recently investigated the interactions of GO with a family of Zr-MOFs
at different pH. Depending upon the pH, the MOFs possessed a net positive or neg-
ative charge, while the GO was negatively charged. When MOFs were positively
charged, they electrostatically interacted with the negatively charged GO to yield
MOF-GO composites. On the other hand, when the MOF was negatively charged, a
composite formation was not expected due to the repulsion between both the materi-
als of the same charge. Nevertheless, adsorption of GO on the MOFs was observed,
which the authors attributed to other non-covalent interactions such as n-w stacking
and acid-base interaction, which can overcome the effect of electrostatic repulsion.
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FIGURE 7.6  Schematic representation for the formation of magnetic cobalt-graphene nano-
composite using self-assembly approach. Reproduced with permission from ref. 79. Copyright
2015 Royal Society of Chemistry.
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7.2.3  MISCELLANEOUS APPROACH

In addition to the in situ and ex situ synthetic approaches, a few methods which are
less common but effective for synthesis of composites are also used.

7.2.3.1 Pickering Emulsion-Induced Growth

Pickering emulsion is a kind of system where solid particles occupy the interphase of
a two phase and stabilizes it. If solid particles are added to the emulsifying mixture
like water-oil emulsion, the solid particles accumulate at the water-oil interphase
and stabilize the emulsion by decreasing the energy of the system. In recent years
MOFs and GO have also been found as emerging emulsifiers owing to their amphi-
philic nature [83,84] (MOF: hydrophilic metal/metal cluster and hydrophobic aro-
matic ligands, GO: hydrophobic carbon ring system and hydrophilic oxygen surface
functional groups). Because of these unique characteristics they are suitable can-
didates for stabilizing Pickering emulsions. Using the Pickering emulsion method,
Bian et al. [85] synthesized Cu,(BTC),-GO composite. In their studies, trimesic acid
in octanol formed the oil phase, while the Cuy(BTC), and GO in water formed the
aqueous phase. Both the solutions were mixed and emulsified using a B25 emulsifier
at a speed of 10,000 rpm for 300 s followed by heating at 60°C for 1 h, which resulted
in the formation of the MOF-GO composite at the interface, which was separated
and vacuum dried at 60°C for 24 h. CO, uptake studies were performed and the
composite formed by the Pickering emulsion method showed better activity than the
one obtained by simple mixing the MOF and GO. (Figure 7.7).

Zhang et al. [86] fabricated Zr-BDC-NO,-GO composite using a similar
Pickering emulsion method using a two-step process. In the first step the emul-
sion was prepared by addition of cyclohexane to the slurry of ultrasonically dis-
persed Zr-BDC-NO, and GO in water. Emulsification was performed and controlled
by ultrasonication to result in the formation of well-dispersed water/cyclohexane/
Zr-BDC-NO,-GO Pickering emulsion where water/cyclohexane boundaries were
well protected MOF-GO composite components. This procedure was followed by
second step in which the emulsion was solidified by liquid nitrogen and the solvent
systems were removed by freeze drying which yielded solid material of Zr-BDC-
NO,-GO composite.

7.2.3.2 In Situ Polymerization Method

This method involves the formation of a covalent metal-polymeric framework
over the carbon materials by in situ polymerization of metal complex monomers
to yield covalent-metal polymeric framework-CNT composites. Du and coworkers
developed a multilayered covalent cobalt framework wrapped MWCNT composite
((CoP)n-MWCNTs) by in situ polymerization of cobalt porphyrin monomer (CoP)
in the presence of MWCNTs [87]. The covalent metal-polymer-CNT composite was
synthesized by sonication and room temperature stirring of a mixture of CoP and
MWCNTS in NMP in the presence of tetramethylethylenediamine (TMEDA) and
CuCl as catalysts and bubbling of O, for additional 48 h. In a similar manner, Yang
et al. produced a CNTs coated by cationic Zn-porphyrin polymer-CNT composite
using the in situ polymerization method [88].
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7.3 CONCLUSION

The development of hybrid MOF-carbon composites has improved the stabilities
of the MOFs and has expanded the range of their applications. The fabrication of
MOF-carbon composites is a step towards exploiting the full potential of MOFs.
Combining MOFs with carbon materials brings about several newer functionalities
such as enhanced stabilities and structural changes, which are crucial in order to
realize the applications of MOFs for practical purposes. The formation of MOF-
carbon composites such as MOF-GO and MOF-CNTs has improved several prop-
erties as compared to bare MOFs. Indeed, the composites have shown much better
mechanical and chemical stability and conductivities, as well as adsorption proper-
ties compared to bare MOFs.

Various methods of synthesis of MOF-carbon composites are important as the
properties of the composites are highly dependent upon the methods of synthesis.
Different strategies involved for the synthesis of MOF-GO and MOF-CNT nano-
composites have been discussed in detail in the chapter. While in situ fabrication
methods are relatively simple and easy to handle and involve the addition of carbon
materials to the MOF precursors followed by synthesis of MOFs, ex situ synthe-
sis methods integrate the preformed MOF with GO or CNTs mainly via the self-
assembly approach, involving various non-covalent interactions. Although these
synthesis methods have proved to be highly successful, the specific function-led
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synthesis of these composites is still in its infancy. More scalable and facile synthetic
strategies are highly desired in order to take complete advantage of the MOF-carbon
composite materials.

ABBREVIATIONS

MOF Metal-organic framework
GO Graphene oxide

CNT Carbon nanotube

MWCNT  Multi-wall carbon nanotubes

FA

Furfuryl alcohol

HATA 5-amino-1-H-tetrazole

BPDC 4,4'-biphenyldicarboxylic acid

H,BDC 1,4-benzenedicarboxylic acid

4-bdph (2,5-bis(4-pyridyl)-3,4-diaza-2,4-hexadiene)

MW Microwave
rGO Reduced graphene oxide
BTC Trimesic acid
PVP Polyvinyl pyrollidone
DMF Dimethylformamide
DCM Dichloromethane
PXRD Powder X-ray diffraction
FTIR Fourier Transform Infrared Spectroscopy
SEM Scanning Electron Microscopy
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8.1 INTRODUCTION

Cancer, being one of the deadliest diseases, has been a threat to humans for several
decades and has attracted immense research interest [1-4]. The most widely used
methods to treat cancer involve radiotherapy, surgery, and chemotherapy. Each of
these methods, however, suffers from certain limitations [5,6]. For instance, radio-
therapy is known to cause toxic side effects such as damage to the normal tissues near
the radiotherapy site as well as systemic immune suppression. Surgical treatment, on
the other hand, suffers from its inability to treat metastasis tumors and tumors grow-
ing in sensitive parts of the body. Further, in most of the cases, the tumor cells are
not completely removed. Chemotherapy uses chemical drugs to control and kill the
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cancer cells. These drugs can effectively be circulated throughout the human body
and are effective towards systemic treatment. However, they have poor targeting
ability and hence cause serious side effects to normal tissues. Therefore, there has
been an urge to develop alternative cancer treatment methods that are not only safe
and cost-effective, but also have the potential to completely remove/kill the cancer
cells without any side effects to other normal tissues. In this regard, cancer therapy
by the use of light, commonly known as phototherapy has recently gained immense
attention [2,3,7-10]. Phototherapy, which employs radiation energy, is a non-invasive
clinical approach with marginal side effects, used for the treatment of tumor cells. It
makes use of near infrared light of wavelength 650—1300 nm for excitation of the pho-
tosensitizers (PS) present in the tumor sites to generate chemically reactive species
(photodynamic therapy) or sufficient heat in the body (photothermal therapy), capable
of killing tumor cells. Photodynamic therapy (PDT) involves the administration of
PS to the tumor cells, followed by illumination of the region using infrared light of
suitable wavelength. This leads to the excitation of the PS, which then transfer their
excess energy to molecular oxygen, generating highly cytotoxic reactive oxygen spe-
cies (ROS) such as singlet oxygen ('0,), which consequently leads to cell death and
tissue destruction [11,12]. In the case of photothermal therapy (PTT), PS are excited
by the absorption of light, and the excess energy is released in the form of heat which
elevates the temperature of the region above 40°C, leading to cell death [13-15].

Over the past two decades there has been a rapid development in the area of nano-
science and nanotechnology. The tunable size, good biocompatibility, and the abil-
ity to favorably deposit in the tumor via enhanced permeation and retention effect
[16,17] has led to the use of nanoparticles for biomedical applications such as sens-
ing, drug delivery, cancer imaging, and phototherapy, etc. [18-21]. Nanomaterials
are broadly classified into three different types, viz., purely organic, purely inor-
ganic, and hybrid nanomaterials [22]. While purely organic nanoparticles consti-
tute micelles, dendrimers, liposomes, and polymeric hydrogel nanoparticles, purely
inorganic nanoparticles constitute metal nanoparticles, metal oxide nanoparticles,
quantum dots, etc. On the other hand, the hybrid nanomaterials constitute nanoscale
metal-organic frameworks and coordination polymer particles.

Metal-organic frameworks (MOFs), a class of hybrid, porous material, can be
built using diverse combinations of metal ions and organic linkers [23,24]. The prop-
erties of MOFs can easily be tuned as a result of the diversity of their constitutional
unit. MOFs offer several advantages such as high porosity, tunable pore size, and
good biocompatibility when compared to the traditional porous materials such as
zeolites and carbon-based materials [25,26]. As a result of these advantages, MOFs
have been employed in a variety of important applications such as sensing, gas sepa-
ration and storage, energy and environment, and catalysis as well as biomedicine
[27-30]. The last decade has witnessed the rise of miniaturized nanoscale MOFs
(NMOFs) for applications in nanomedicine and cancer therapy [31]. Due to the regu-
larity and tunability in structure, high porosity as well as biodegradability, NMOFs
hold promise for application in phototherapy [22,32]. In the case of PDT, the tun-
ability in the composition of the NMOFs permits the incorporation of several PS,
leading to a high loading of the PS. On the other hand, the structural regularity
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prevents the PS from self-quenching, by keeping them isolated from one another.
Similarly, the highly porous nature of the NMOFs helps in the movement of ROS
to exert cytotoxic effects and the biodegradable nature of NMOFs decreases the
concerns related to their long-term toxicity. Moreover, the nanometer dimension of
the NMOFs enhances the solubility and leads to an increase in the cellular uptake
of the PS [32,33]. In the case of PTT, the versatile tunability of the NMOFs allows
the functionalization of both the metal-cluster secondary building units and bridging
linkers such that the efficiency of photothermal conversion can be increased. This
chapter deals with the use of various NMOFs for PDT and PTT of cancer as well as
a combination of both and summarizes the recent advances in the particular field.

8.2 NMOFs FOR PHOTODYNAMIC THERAPY

The tunable, porous, and crystalline structure of MOFs makes them impressive
nanocarriers for delivery of contrast agents and therapeutic cargos. The optimal
size of the nanocarriers must be 10-200 nm such that rapid renal clearance can be
avoided and an enhanced permeation and retention (EPR) effect can be observed
[16,17]. Several factors such as concentration of the precursors, solvents, reaction
temperatures, etc. play a key role in controlling the size and shape of the NMOFs.
The porous and crystalline nature of NMOFs prevents self-quenching of the PS by
keeping them isolated from one another and the biodegradable nature of the NMOFs
ensures that long-term toxicity is alleviated [22]. The first report on the use of
NMOFs for PDT was reported by the Lin group in 2014 [34] and since then several
other papers have been published, mostly by the Lin group [34—40], indicating the
importance of this class of nanomaterials for PDT. Basically, there are three types
of PS that are employed in PDT by NMOFs, viz., porphyrin- and chlorin-based PS
[34—-47], phthalocyanine-based PS [48, 49] and BODIPY-based PS [50,51]. However,
most of the reported methods of PDT employ porphyrins as PS. The reports on all
these three types of PS are discussed in the subsequent pages.

8.2.1 PorprHYRIN-BASED NMOFs ror PDT

Porphyrin derivatives are an effective photosensitizer capable of producing toxic
ROS. However, their hydrophobic nature and reduced selectivity towards the malig-
nant tissues prevents their delivery to the target tumor cells. The miniaturization of
MOFs into functional nanomaterials has provided ample opportunities to mitigate
the disadvantages associated with the porphyrin derivatives. By incorporating the
porphyrin-based derivatives into the MOF structure, a high loading of the porphyrin
can be achieved. The porphyrin-incorporated MOFs show good water dispersibility
and resistance towards aggregation and self-quenching, often associated with por-
phyrin molecules.

8.2.1.1 Porphyrins as MOF Organic Linkers

Lin et al. first reported the use of a Hf-porphyrin NMOF (DBP-UiO) as PS for
PDT of head and neck cancer by using Hf** as metal ion and 5,15-di(p-benzoato)
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porphyrin (H,DBP) as organic linker [34]. The NMOF was synthesized employing
the solvothermal approach, whereby HfCl, was treated with H,DBP in DMF at 90°C
for three days in an oven. Electron microscopic studies suggested the formation of
DBP-UiO NMOFs with a plate-like morphology having a diameter of approximately
100 nm and thickness of 10 nm. The thickness of the nanoplates (10 nm) was suited
for diffusion of '0, from the interior of the NMOF to the cell cytoplasm to exert
cytotoxic effects. A porphyrin loading of 77 wt% was observed in the NMOF and it
exhibited at least twice the 'O, generation than H,DBP alone as observed from the
singlet oxygen sensor green (SOSG) assay. The DBP-UiO NMOF was highly stable
in physiological conditions and prevented the self-quenching of PS and the porous
structure of the NMOF ensured the proper transport of the generated 'O,. The PDT
efficiency of the DBP-UiO NMOF was investigated by incubating the NMOF with
SQ20B head and neck cancer cells. They observed that upon incubation for 4 h, up
to 30% of the NMOF was taken up by the tumor cells, indicating that a high PS
concentration could be achieved in the tumor cells. The PDT efficacy was studied
by illuminating the cancer cells incubated with H,DBP alone and DBP-UiO NMOF
at different concentrations under 640 nm light for 15 or 30 minutes. Excellent PDT
efficacy was observed for NMOF-treated cancer cells, while only a moderate PDT
efficacy was observed for the cells treated only with the ligand. In vivo studies were
also performed using the NMOF using a mouse model. A significant PDT effect
was observed after a single illumination with a 640 nm LED (100 mW/cm?) for 30
minutes as indicated by the complete eradication in half of the mice with a single
dose of DBP-UiO (3.5 mg/kg) (Figure 8.1).

The lowest energy absorption for DBP-UiO had a relatively small extinction
coefficient of 2200 M~'cm™! at 634 nm, which is close to the high energy edge of
the tissue penetrating window. Lin and coworkers reduced the porphyrin H,DBP
to chlorin H,DBC using toluenesulfonhydrazide [35], which led to a red shift in
the lowest energy absorption from 634 to 646 nm. The extinction coefficient for
the chlorin system also increased 11-fold with a value of 2200 M~'cm~'. Using the
earlier method, they synthesized Hf-DBC NMOF with similar plate-like morphol-
ogy. The diameter of these nanoplates was in the range of 100200 nm, while
their thickness was in the range of 3.3-7.5 nm. The smaller thickness of DBC-Hf
as compared to DBP-UiO (10 nm), suggested that DBC-Hf NMOFs could facili-
tate the ROS diffusion better than the DBP-Hf NMOFs during PDT. As expected,
DBC-Hf was found to generate 'O, oxygen three times more than that of DBP-UiO
NMOF. The PDT efficacy of DBC-Hf was studied by incubating CT26 and HT29
colon cancer mouse models with DBC-Hf followed by irradiation with a light (650
nm) at 0.1 W/cm? for four cycles, each of 15 minutes duration. The effect of the
PDT treatment was analyzed by flow cytometry using an Alexa Fluor 488 Annexin
V/dead cell apoptosis kit. While no apoptosis was observed for cells treated with
DBC-Hf in the dark, significant apoptosis was observed for cells treated with
Hf-DBC upon illumination with light, clearly indicating the PDT efficacy of the
NMOFs. Using a ligand dose of 3.5 mg/kg, DBC-Hf could eradicate tumors in a
single treatment in HT29 model, while two treatments were required for the eradi-
cation in CT26 model.



https://www.twirpx.org & http://chemistry-chemists.com
MoFs for Phototherapy of Cancer 217

U

& 8

Fluorescence
8

0 100 200 300 400 500
time (s)

-

h

L]
L

°
>

Tumor volume (cm’) o
o
®

0.0 .
"0 20 40 60 80 100 120 140 O i R N T B T
concentration (uM) Day post injection

FIGURE 8.1 (a) TEM image of DBP-UIO NMOFs showing plate-like morphology, (b)
SOSG assay showing the singlet oxygen generation efficiency of DBP-UiO, H,BDP and
H,BDP+H{Cl,, (c) in vitro PDT cytotoxicity of H,DBP, DBP-UiO, and PpIX at different
PS concentrations and irradiation times, and (d) in vivo tumor growth inhibition curve of
DBP-Hf and H,BDP. Black and red arrows on X-axis refer to the time of injection and light
irradiation respectively. Reproduced with permission from ref. 34. Copyright 2014 American
Chemical Society.

In 2019 the same group also developed a Ti-based NMOF (Ti-TBP) by solvo-
thermal reaction between TiCl,.2THF and 5, 10, 15, 20-tetra(p-benzoato) porphyrin
(H,TBP) in DMF for seven days in the presence of acetic acid as modulator [38].
TEM images showed the formation of square-shaped nanoplates with an average
size of 150 nm. The in vivo PDT efficacy of the system was studied on a colorectal
adenocarcinoma model of CT26 tumor bearing BALB/c mice. Ti-TBP was intratu-
morally injected using a TBP dose of 0.2 pmole, followed by illumination with light
of wavelength 650 nm (180 J/cm?). The PDT treatment resulted in effective tumor
regression of 98.4% in volume with a cure rate of 60%, in comparison to PBS in dark
on day 20.

8.2.1.2 One Pot in Situ Synthesis Involving Porphyrin

In early 2018, Dong and coworkers reported the introduction of an iodine-attached
Zn(I)-porphyrinic dicarboxylic building block (Zn-DTPP-1,-2H) into UiO-66
NMOF [46]. The introduction of the Zn-DTPP-1,-2H into the framework of UiO-66
did not alter its structural features but provided added advantages. Firstly, the iodine-
attached porphyrin PS were dispersed well in the matrix of UiO-66, which avoided
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the aggregation induced quenching. Secondly, the introduction of heavy atom (iodine)
helped promoting the intersystem crossing (ISC) process and enhanced the singlet
oxygen generation capability and thirdly, due to the porous nature of the MOF, the
generated singlet oxygen could easily be released. The NMOF was prepared by a
solvothermal approach, wherein ZrCl,, p-phthalic acid, Zn-DTPP-1,-2H and acetic
acid in DMF were heated for 24 h at 120°C. The NMOFs formed had spherical
morphology with an average diameter of 110 nm. The PDT efficacy of the NMOFs
was studied against HEPG2 cell line using standard MTT assay using different con-
centrations of NMOFs after illumination with a green LED of 540 nm wavelength
and power density 20 mW/cm?. The results showed that while 87% cell viability was
observed in the absence of light, the illumination of the cells with NMOFs (40 pg/
mL) led to a decline in cell viability to less than 25%, indicating the excellent PDT
efficacy of the synthesized NMOFs (Figure 8.2).

8.2.2 PHTHALOCYANINE CONTAINING NMOFs rFor PDT

Phthalocyanine-based PS can be introduced as guest species into the matrix of the
MOFs by using an in situ encapsulation approach. Using the coprecipitation method,
Ma et al. successfully encapsulated hydrophobic Zinc(II) phthalocyanine (ZnPc)
PS into zeolitic imidazolate framework (ZIF-8) [48]. The ZnPc molecules were
encapsulated in the micropores of ZIF-8, which helped in maintaining the ZnPc in
a monomeric state and prevented self-aggregation, thus enabling it to produce 'O,
upon irradiation with a 650 nm light in an aqueous medium. The PDT efficacy of the
ZnPc@ZIF-8 was studied in vitro against HEPG-2 cells. Nearly 80% of the cancer
cells were destroyed using 50 pg/mL of the ZnPc@ZIF-8 NMOFs, upon irradiation
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FIGURE 8.2 (a) SEM image of Zn-DTPP-1,-2H-UiO-66 NMOFs showing particles with
spherical morphology and (b) MTT assays for HepG2 cells incubated with Zn-DTPP-
I,-UiO-66 of different concentrations (blue) and without (red) upon irradiation with light
(540 nm, 20 mW/cm?) for 10 min. Reproduced with permission from ref. 46. Copyright 2018
American Chemical Society.
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with light for ten minutes, indicating excellent PDT efficiency of the NMOFs (Figure
8.3). Furthermore, the sensitivity of ZIF-8 towards acidic pH was also taken advan-
tage of for the complete degradation of ZnPc@ZIF-8 after PDT, which could easily
be monitored by the self-quenching of emission due to ZnPc. A similar study was
performed by Song et al. where the ZnPc@ZIF-8 nanospheres functioned as pH
responsive drug delivery systems for effective PDT [49].

8.2.3 BODIPY-ConNTAINING NMOFs ror PDT

In addition to porphyrins and phthalocyanines, diiodo-substituted BODIPYs (I,-
BDPs) can also function as effective PS due to their high extinction coefficient and
marginal dark toxicities. Xie et al. used a solvent-assisted ligand exchange (SALE)
method to incorporate carboxyl-modified I,-BDP within UiO NMOFs to afford the
light-active UiO-PDT [50]. UV-visible spectrum, EDS mapping, and NMR studies
confirmed the introduction of I,-BDP within UiO NMOFs by SALE. The powder
XRD pattern of the UiO and UiO-PDT showed identical Bragg diffraction peaks,
indicating retention of the structural features of the NMOFs after incorporation of I,-
BDP. Microscopic images of UiO NMOFs before and after incorporation of 1,-BDP
were also similar and showed octahedral morphology with an average size of 70 nm.
Confocal laser scanning microscopy (CLSM) studies indicated that both UiO-PDT
NMOFs as well as 1,-BDP could pass across the cell membrane and accumulate in
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FIGURE 8.3 (a) Schematic illustration for the one-step synthesis of ZnPc@ZIF-8 NMOFs,
(b) cell viability of HepG-2 cancer cells after incubation with ZIF-8 and ZnPc@ZIF-8 for
24 h in dark, and (c) photodynamic cytotoxicity of ZnPc@ZIF-8 under irradiation (650 nm)
for 0 min, 10 min, and 30 min, respectively and further incubation for 24 h. Reproduced with
permission from ref. 48. Copyright 2019 American Chemical Society.
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the cytoplasm. Flow cytometry studies indicated that the cellular uptake of UiO-PDT
was 1.54 times higher than the I,-BDP after incubation for 2 h. The 'O, generation
ability of both the UiO-PDT and free 1,-BDP was studied by using 1,3-diphenyl-
isobenzofuran (DPBF) as a detector under light illumination. The results showed
that the ability of I,-BDP to generate 'O, was better than the UiO-PDT, due to the
heterogeneous nature of UiO-PDT. In vitro PDT studies were performed for both
UiO-PDT and I,-BDP against BI6F10, CT26, and C26 cell lines under light irradia-
tion (power 80 mW/cm?) for 10 min. Both UiO-PDT and free 1,-BDP exhibited good
cytotoxicity against all the three cell lines and inhibited the cell growth by more than
80%. Although the PDT efficacy of UiO-PDT was not higher than the free I,-BDP,
this work paved a newer method for the introduction of PDT agents in the NMOF via
SALE method (Figure 8.4).

Dong et al. also reported a new NMOF system based on ZIF-90 by using host-
guest chemistry, where the guest, 2I-BODIPY-PhNO, (PS) was encapsulated into the
host (ZIF-90) employing a one-pot in situ method to give photosensitive 2I-BODIPY-
PhNO,@ZIF-90 NMOFs [51]. The NMOFs showed a spherical morphology with
diameters less than 80 nm and the PXRD pattern of the ZIF-90 before and after
encapsulation of the PS were identical, indicating no changes in the crystal lattice
due to encapsulation of the PS. The NMOFs showed low cytotoxicity and good
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FIGURE 8.4 (a) Schematic illustration for the synthesis of UiO-PDT NMOFs and their use
in PDT, (b) in vitro cytotoxicity of free I,-BDP and UiO-PDT nanocrystal against B16F10
cells before and after irradiation by visible light at a power density of 80 mW cm= for 10
min, and (c) half maximal inhibitory concentration (IC50) of I,-BDP and UiO-PDT against
the three cells with and without light irradiation. Reproduced with permission from ref. 50.
Copyright 2016 The Royal Society of Chemistry.
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biocompatibility in the dark as evidenced by more than 80% cell viability upon
incubation with HepG2 cells. In addition, the NMOFs exhibited a pH-driven selec-
tive uptake and release of cancer cells and mitochondria targeting ability as well as
highly efficient 'O, generation ability. Therefore, it was reasonable to speculate that
the BODIPY-containing ZIF-90 system would function as an efficient PDT agent.
The PDT efficacy was studied by illumination of the NMOF incubated HepG2 cells.
It was observed that less than 10% of the cancer cells were viable after illumination
with 540 nm green LED light (20 mW/cm?) for ten minutes. Moreover, the NMOFs
showed a distinct selectivity towards cancer cells over normal cells as more than
60% of the normal HL-7702 liver cells were viable under the same PDT conditions.

8.3 SURFACE MODIFICATION OF NMOFs

Singlet oxygen is highly reactive and has a half-life of 3.3 + 0.5 ps and a diffusion
coefficient, D =2 X 1073 cm?s~!, making the effective range of 'O, very limited [52].
As a result of this, only those tumor cells which are immediately close to the 'O,
generation area are affected. Therefore, the exact location of the PS in the NMOF
system is crucial to achieve effective PDT and surface modification of the NMOFs
becomes important.

Liu and coworkers synthesized H-TCPP NMOFs (TCPP = 5,10,15,20-tetrakis(
4-carboxyphenyl)-porphyrin) employing a solvothermal approach, wherein Hf** ions
were heated with TCPP in DMF at 80°C for over 24 h [53]. The purple-colored
product, when observed under TEM showed the formation of spherical nanoparticles
with size ranging from 80 to 150 nm. These particles were hydrophobic in nature and
the average hydrodynamic diameter of the particles, as estimated using Dynamic
Light Scattering (DLS), was 130 nm. To make the particles hydrophilic, surface
modification of the NMOFs was performed by treating as synthesized NMOFs in
chloroform with polyethylene glycol grafted poly(maleicanhydride-alt-1-octdecene)
(PEG-C18PMH) in chloroform under stirring for 12 h. The Hf-TCPP-PEG obtained
showed good water dispersibility and stability at physiological conditions. It showed
good 'O, generation ability and enhanced PDT efficiency both in vitro and in vivo
against 4T1 tumor cells upon exposure to 661 nm light. The in vivo studies were
performed by intravenous injection of Hf-TCPP-PEG in healthy Balb/c mice (Hf =
12.5 mg/kg, TCPP =24 mg/kg). Blood was extracted at different time intervals from
the mice and the concentration of the NMOF was determined by the quantification
of fluorescence due to TCPP. The NMOF had a blood circulation half-life of 3.27 h,
which was attributed to the successful surface modification of the NMOFs. Due to
the EPR effect, the NMOFs were gradually accumulated in the tumor tissues during
circulation of blood. The PDT efficacy was studied by irradiating the tumor sites
20 h post intravenous injection of NMOFs with a 661 nm laser light (5 mW/cm?) for
60 minutes, which showed partial suppression in the tumor growth.

Chen et al. synthesized folic acid-nanoscale gadolinium porphyrin MOFs
(FA-NPMOFs) which had a spherical morphology with sizes around 200 nm [54].
Folic acid was attached to the surface of the NMOFs by EDC:NHS coupling using
the polyethyleneimine on the surface of the NMOFs. The NMOFs exhibited good
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dispersion and water solubility. The NMOFs showed bright red fluorescence and
were good candidates for both in vitro and in vivo magnetic resonance imaging by
virtue of their low biotoxicity as studied against HepG2 cells and embryonic and
larval zebrafish. The FA-NPMOFs also demonstrated strong affinity towards folate
receptor (FR)-expressing cells and could be delivered in a targeted fashion. The PDT
efficacy of the FA-NPMOFs was studied in transgenic zebrafish with deoxycycline-
induced hepatocellular carcinoma (HCC) cells.

Pang et al. successfully introduced TCPP into NU-1000 by a post synthetic ligand
exchange [55]. NU-1000 was synthesized by the reaction between ZrOCl, and 1,
3, 6, 8-tetrakis(p-benzoic acid)pyrene (H4TBAPy). The ligand exchange could be
performed by simple stirring of NU-1000 nanorods in DMF with TCPP in DMF
at 40°C for 12 h. The ligand exchange was ascertained by observing a change in
color from yellow to purple. While pure NU-1000 was incapable of 'O, generation,
the ligand exchanged NMOFs (NT-1000 nanorods) showed effective 'O, generation
upon illumination with a 650 nm light. In vitro cell toxicity was studied against
HeLa cells and it was found that irradiation of the cells incubated with NMOFs
(650 nm, 50 mW/cm?) for five minutes led to the death of a significant number of
cells, indicating the excellent PDT activity of NT-1000 nanorods.

8.4 TARGETED DELIVERY OF NMOFs FOR PDT

Since ROS cannot discriminate between normal and tumor cells, it is of utmost
importance that the PS be selectively accumulated in the tumor cells only, so that
normal cells are not killed. In 2016 Zhou and coworkers reported that modification
of the surface of a Zr-based porphyrinic NMOF, PCN-224, (PCN = porous coordina-
tion network) with folic acid could lead to an increased cellular uptake of NMOFs,
together with an increased PDT efficiency in vitro [41]. PCN-224 nanospheres were
synthesized by solvothermal reaction between ZrOCl, and H,TCPP in the presence
of benzoic acid in DMF at 120°C for 24 h. The diameter of the nanospheres could be
controlled from 24 to 232 nm by increasing the concentration of benzoic acid from
22 to 33 mg/mL. Cytotoxicity studies performed using HeLa cells using particles of
sizes 30, 60, 90, 140, and 190 nm for 12 h, in the concentration range of 0.5-40 pM of
TCPP indicated that 90 nm PCN-224 nanoparticles showed highest cellular uptake.
In vitro PDT studies against HeLa cells were performed by irradiating the NMOFs
(20 pM) using a 420 nm light. The best PDT efficacy was observed with the PCN-
224 nanoparticles with a diameter of 90 nm, which showed 81% cytotoxicity, while
the 190 nm PCN-224 nanoparticles showed the least PDT efficacy (49% cytotoxic-
ity). The authors then modified the PCN-224 nanoparticles with a diameter of 90 nm
with folic acid by coordination interaction between the —COO~ group of folic acid
and ZrgSBUs. It was observed that the folic acid modified PCN-224 nanoparticles
showed better cytotoxicity (90%) than the unmodified PCN-224 nanoparticles (81%)
against FR-positive HeLa cells. The cytotoxicity studies against FR-negative Hel.a
cells did not show any appreciable increase for the folic acid-modified nanoparticles
in comparison to the unmodified nanoparticles (Figure 8.5).
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FIGURE 8.5 (a) Comparison of PDT efficacy between different sized PCN-224 nanopar-
ticles and free TCPP molecules, and (b) comparison of in vitro PDT efficacy of pristine PCN-
224 and 1/4FA-PCN-224 in HeLa cells. Reproduced with permission from ref. 41. Copyright
2016 American Chemical Society.

Lang et al. synthesized 50-70 nm PCN-222 nanoparticles with hexagonal mor-
phology [42]. Upon photoexcitation, the PCN-222 nanoparticles induced apoptosis of
cancer cells due to generation of ROS. Experiments showed that PCN-222 nanopar-
ticles were localized within the endosomes and could not escape into cytoplasm.
The results indicated that targeting the endosomes resulted in oxidative stress in the
cancer cells and accelerated the apoptosis. Over the course of time, the endosomes
gradually develop into lysosomes and the PCN-222 nanoparticles are degraded by
the enzymes present in lysosome.

8.5 NMOFs FOR PHOTOTHERMAL THERAPY

Thermal therapy involves increasing the temperature of the whole body or a part of
the body above the normal body temperature (37°C) and has emerged as an effective
method for treatment of cancer due to its simple operative methods [14,56]. In the
past few years, there have been substantial efforts for the development of simple and
efficient techniques for the controlled and localized heating of the cells in the body
and understanding the mechanisms of cell destruction using temperature [14,56,57].
The energy sources commonly employed for thermal therapy include radiofrequency
pulse and microwave irradiation as well as ultrasound waves [14,56,57]. Recently,
PTT has emerged as a fascinating method of thermal treatment, where near infra-
red light (NIR) is used to increase the temperature of the body. PTT is an oxygen-
independent method of cancer treatment mediated by photothermal agents. In PTT,
the PS are excited by NIR light and during relaxation to ground state, the PS release
vibrational energy which generates heat [58,59]. The suddenly generated heat can
regress tumors by increasing the temperature locally. Several nanoparticles such as
gold nanospheres, nanorods, nanoshells, nanostars and nanocages, carbon nanotubes,



https://www.twirpx.org & http://chemistry-chemists.com

224 Metal-Organic Framework Nanocomposites

graphene, iron oxide nanoparticles, etc. [60—67] have been shown to exhibit good
photothermal activity. The high light absorptivity and efficient photothermal conver-
sion make nanoparticle PTT agents selective [22], whereby the temperature increases
in the tumor areas much more than normal tissues. The immense use of NMOFs for
biomedical applications has led to increased research on the applications of NMOFs
for PTT and PTT-based combination therapies.

Due to the inhomogeneous heat distribution in the cancer cells, PTT itself is
generally incapable in the complete eradication of tumors. Therefore, there has
been development of several new strategies (mainly three) to increase the PTT
efficiency [22].

(i) Firstly, PTT agents which have superior light absorption in the NIR region,
good blood circulation time, enhanched tumor uptake and high photother-
mal conversion are being developed.

(i1) Secondly, PTT is being combined with other modalities for enhanced tumor
regression.

(iii) Thirdly, image-guided PTT with functional nanomaterials which function
as theranostic agents can also increase the PTT efficacy.

All these three strategies can be employed in NMOFs for enhanced PTT. For
instance, both the metal-cluster structural building units as well as bridging ligands
can readily be functionalized to improve photothermal conversion efficiency [22].
Combination therapies can easily be employed using NMOFs as functional moieties
can easily be incorporated into NMOFs by post synthetic modifications. Functional
components can also be easily encapsulated into the cavities of NMOFs to further
enhance the PTT efficacy as well as PTT-based combination therapies. The next few
pages discuss the use of various NMOFs as PTT agents (NMOF enabled PTT), com-
bination of NMOFs with other modalities (NMOF-combined PTT), and as hybrid
nanomaterials for combined PTT and PDT (nMOFs for PTT + PDT).

8.5.1 NMOF-EnaBLED PTT

Prussian blue nanoparticles (PB NPs) are a type of ancient dye used as a typical drug
in clinic. PB is a MOF which lacks large pores but shows high photothermal efficiency
and stability as well as good biocompatibility [68]. Yue and coworkers first employed
the superior NIR photothermal conversion of PB NPs [69]. The synthesis was per-
formed by simple mixing of aqueous solutions of FeCl; and K,[Fe(CN),] with citric
acid acting as the stabilizer. The TEM images showed the formation of PB nanocubes
with average diameter of 42 nm. The size of the nanocubes could be tuned from 10
to 50 nm by varying the concentration of the stabilizer. The PB nanocubes obtained
were highly dispersible and stable in both water as well as biological environments like
blood serum. The photothermal efficiency of the PB nanocubes was studied by expos-
ing the aqueous dispersion of the nanocubes to a 808 nm laser with an output of 2 W.
Using a concentration of 500 ppm and irradiation for 600 s, the temperature of the dis-
persion reached to more than 60°C, suggesting the excellent photothermal efficiency
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of the PB nanocubes. HeLa cells stained with fluorescent calcein AM were then incu-
bated with PB nanocubes in a six-well plate and irradiated with 808 nm light for 4 h to
study the PTT effect of the PB nanocubes. The HeLa cells were then observed under a
fluorescence microscope which showed a dark region in the plate which was incubated
with PB nanocubes and irradiated with a laser light of 808 nm. The results indicated
that cells present in dark region were killed due to the PTT effect of PB nanocubes,
while green fluorescence could still be observed from the cells outside, which indi-
cated the strong PTT efficiency of the PB nanocubes (Figure 8.6).

Chen and coworkers used a simple coprecipitation method to synthesize a core-
shell composite of Prussian blue analog, Mn;[Co(CN),],@SiO,@Ag [70]. The hydro-
dynamic radius of the nanocomposite was found to be 125 nm. The loading of Ag
nanoparticles on the composite was ascertained from UV-visible studies, which
showed a band at 420 nm, characteristic of surface plasmon resonance band of Ag
nanoparticles. The nanocomposite was found to possess T,-T, dual-modal magnetic
resonance imaging (MRI) capability. Due to the presence of the Prussian blue ana-
log Mn;[Co(CN),],, the nanocomposite exhibited brilliant two photon fluorescence
(TPF) imaging upon excitation at 730 nm. Comparison between the TPF imaging
intensities showed that upon loading the Ag nanoparticles on the Mn;[Co(CN)],,
the TPF imaging intensity increased 1.85 fold. They also utilized the nanocomposite
as a drug carrier and loaded the anticancer drug Doxorubin (DOX) on the nano-
composite which showed a drug loading capacity of 600 mg/g. The drug could be
released from the nanocomposite upon excitation with 808 nm light was 30% higher
than that in the dark. The PTT efficiency was studied by exposing the aqueous solu-
tions containing various concentrations of the nanocomposite to 808 nm laser light
for ten minutes. It was observed that using concentrations of 0.05, 0.1, 0.25, and 0.5
mg/mL, the temperature of the solution could be increased to 43.2°C, while control
experiments without the nanocomposite showed only an increase of 5°C, indicating
excellent PTT efficacy of the nanocomposite. The drug-loaded nanocomposite was
utilized for a combined chemotherapy-PTT application against lung cancer A549
cells, which showed excellent anticancer activity.

A similar strategy was employed by Zhang et al. who reported PB@mSiO,-PEG
nanocomposite for efficient loading of DOX [71]. The presence of mSiO, and PEG
improved the photostability and biocompatibility of the nanocomposite and PB was
used both for PTT and as photoacoustic agent. The DOX-loaded nanocomposite was
a highly effective anticancer agent, as it combined chemotherapy and PTT.

In 2016 Chen et al. coated PB nanocubes with MIL-100 (Fe) shells to obtain
core-shell like NMOFs and utilized it for combined MRI and PTT [72]. The hydro-
dynamic radius of the core-shell NMOFs was found to be 210 nm using (DLS). The
hybrid NMOFs showed T,-T, dual- modal MRI contrast and the presence of PB in
the core and MIL-101 (Fe) in the shell ensured that they can also be utilized for
fluorescence optical imaging. They also showed that the NMOFs could be utilized
for efficient loading and release of anticancer drugs. Due to the presence of PB in the
core, the NMOF showed strong NIR absorption, which could be utilized for PTT.
In vivo and in vitro studies performed showed that the core-shell NMOFs loaded
with an anticancer drug (artemisinin) possessed high antitumor efficiency due to a
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FIGURE 8.6 (a) Increase in temperatures of aqueous dispersions of PB NP with different
concentrations under NIR laser irradiation (808 nm, 2 W) for 10 min. The temperature was
measured every 10 s with a digital thermometer, and (b) fluorescence microscopy images of
HeLa cells with different mode of treatments stained with calcein AM: (A) without PB NPs
and without laser irradiation; (B) only with laser irradiation; (C) PB NPs (25 ppm) only; (D)
with both PB NPs (25 ppm) and laser irradiation (scale bars: 500 mm). Reproduced with per-
mission from ref. 69. Copyright 2012 The Royal Society of Chemistry.

combined effect of chemotherapy from the released drug and PTT due to NIR irra-
diation. The low toxicity of both the NMOF and artemisinin ensured that the system
was not toxic to the major organs of the tested animal model.

Au nanostructures are biocompatible and can absorb the NIR radiation, as a result
of which it can function as a CT contrast agent. However, due to the low photosta-
bility, it cannot be used for photoacoustic imaging. To overcome this problem, Dai
and coworkers synthesized Au@PB core-shell nanoparticles for both photoacoustic
imaging and PTT [73]. The synthesis involved slow mixing of the precursors required
for the formation of PB nanoparticles to a preformed aqueous solution of Au nano-
structures. The average diameter of the core-shell nanoparticles as observed under
TEM was 17.8 + 2.3 nm. The obtained core-shell nanoparticles were found to be an
excellent photoabsorbing agent for both PTT and photoacoustic imaging because of
the high stability and high molar extinction coefficient in the NIR region. The pres-
ence of Au core with a size of 9.1 + 0.64 nm ensured that contrast enhancement was
obtained for CT imaging. The PTT studies performed on nude mice showed that
through a single treatment, 100 mm? sized tumors in the mice could completely be
eradicated without any recurrence after laser irradiation of intravenously injected
Au@PB NPs.

8.5.2 NMOF-ComsiNeD PTT

Excellent photothermal activity in NMOFs can be achieved by incorporating pho-
tothermal agents into the NMOFs. The pores present in the NMOFs can easily be
used for the encapsulation of PTT agents. Furthermore, the PTT agents can also be
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hybridized with the NMOF to give a core-shell like structure, where the PTT agents
can serve as either the core or shell of the hybrid composite [22].

In 2016 Tian et al. developed a one-pot synthesis of ZIF-8/graphene quantum
dot composite for combined PTT-chemotherapy [74]. Due to the weak coordination
interactions between the zinc ions in ZIF-8 and an anticancer drug (DOX), they were
able to encapsulate DOX in the pores of ZIF-8 during its synthesis. The large number
of oxygen-containing functional group such as hydroxyl, carboxyl, and epoxy groups
in the graphene quantum dots (GQD) could form H-bonding with the imidazolate
group in the ZIF-8 to give a ZIF-8/DOX/GQD nanocomposite having a spherical
morphology with sizes between 50—-100 nm. Using breast cancer 4T, cells as model
system, the combined chemo and PTT effect of the composite was found to exhibit
a significant synergistic effect, resulting in higher cytotoxicity to cancer cells than
chemotherapy or PTT alone (Figure 8.7).

In early 2017, Wang and coworkers developed a novel ZIF-8-based MOF nano-
composite which encapsulated Pd@Au nanoparticles and DOX and used it for pH
and NIR-triggered PTT-chemotherapy [75]. Pd nanocubes were first synthesized by
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FIGURE 8.7 (a) Schematic representation for the synthesis of ZIF-8/GQD-DOX nano-
composite and synergistic delivery of DOX and PTT, (b) PTT efficacy of DOX-ZIF-8/GQD
nanoparticles measured by noting increase in temperature using NIR irradiation (A = 808 nm)
with different laser intensities for 10 min; (c) PTT efficiency of DOX-ZIF-8/GQD nanopar-
ticles in water and DMEM with different concentrations using 808 nm laser irradiation at
1.5 W/ecm? (efficiency was measured with increase in temperature upon irradiation). (d) Cell
viability of 4T1 cells after 8 h of incubation without and with free DOX solution, ZIF-8/
GQD, and DOX-ZIF-8/GQD suspensions (DOX: 5 pg/mL, ZIF-8/ GQDs: 100 pg/mL) and
without and with 3 min NIR irradiation. Reproduced with permission from ref. 74. Copyright
2017 American Chemical Society.
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reduction of the palladium salt with ascorbic acid, which were then covered with
nanosheets of gold to yield PA@Au nanoparticles as photothermal agent. ZIF-8
was then used to encapsulate the Pd@Au nanoparticles and DOX to afford Pd@
Au/DOX@ZIF-8 nanocomposite. The photothermal efficiency of the nanocomposite
was studied by irradiating the solution containing the nanocomposite and studying
the rise in temperature. Upon irradiation with a NIR light of 780 nm, it was observed
that the nanocomposite not only converted the light energy into heat energy, but also
assisted the release of DOX from the MOF making it a system for combined PTT-
chemotherapy. In vivo cytotoxic studies indicated that upon incubating the cancer
cells with the nanocomposite for 24 h, nearly 50% of cell death occurred due to
intracellular acidic pH that led to the release of DOX from the composite. However,
when these cells were irradiated with a NIR laser for ten minutes, almost all the cells
died, clearly indicating the superior treatment effect of PTT-chemotherapy due to
synergistic effect.

Chen et al. developed a facile method to fabricate polypyrolle@MOF core-shell
nanocomposite for dual modal imaging and combined chemotherapy-PTT, where
polypyrolle (PPy) served as the core, while MIL-100(Fe) was the shell [76]. PPy
core was used as photothermal agent and an organic photoacoustic imaging agent for
deep tissue imaging, while the MIL-100 shell was used for loading of DOX as well as
for MRI T, contrast imaging. The PPy@MIL-100 core-shell nanocomposite enabled
dual-modal imaging as well as light and pH mediated release of the anticancer drug,
DOX and efficient PTT-chemotherapy treatment.

8.5.3 NMOFs ror ComsINATION OF PDT anp PTT

Combination of two therapies for cancer treatment is always expected to be better
than monotherapy as the efficiency and potency of the therapy will increase upon
combination with a different therapy due to the synergistic effects. NMOFs have
been studied and employed as an efficient medium for combination of PDT and PTT
[77-82]. Yang et al. synthesized a hybrid NMOF composite consisting of Fe,O,, ZIF-
8, and Au,; nanoclusters by a green synthesis method [77]. The NMOFs were found
to have an average size of 100 nm and it not only showed temperature elevation upon
irradiation with NIR light (PTT) of wavelength 808 nm for five minutes, but could
also be used for magnetic targeting and MRI due to the presence of Fe,O, in the core.
Additionally, the Au,s clusters (about 2.5 nm) present in the NMOF were capable
of generating the highly reactive singlet oxygen ('O,) in the tissues upon irradia-
tion with NIR light causing effective photodynamic effects. Furthermore, the Au,;
clusters assisted the hyperthermia effect due to Fe;O, in the core. The combined
PDT-PTT efficacy of the nanocomposite was studied in vivo, and a higher anti-tumor
efficiency was observed than individual monotherapies.

Yin and coworkers prepared a biocompatible porphyrin-based metal-organic
framework (PMOF) nanocomposite for dual-modality imaging-guided PTT-PDT
combination therapy [78]. The nanocomposite had a core-shell like morphology,
where Fe;0,@C served as the core, while PMOF formed the shell. The Fe;0,@C@
PMOF was synthesized by a hydrothermal procedure by heating ZrCl, and TCPP in
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the presence of Fe;0,@C, whereby in situ self-assembly of PMOF took place on the
surface of Fe;0,@C giving a core-shell like morphology. The average diameter of
the nanocomposite was found to be 95 nm. The Fe;0,@C core was utilized for both
T2 weighted MRI as well as photothermal activity. The in vivo synergetic PDT and
PTT therapy performed on MCF-7 tumor-bearing mice suggested that the PTT-PDT
co-therapy group showed the highest therapeutic efficiency compared to that of the
single PTT or PDT groups.

8.6 SUMMARY AND OUTLOOK

In summary, the potential and use of NMOFs for phototherapy of cancer using NIR
light is discussed. Although NMOFs have been in use for applications in biomedi-
cal imaging and drug delivery for more than 12 years now, it has been nearly seven
years that they have been in use for phototherapy of cancer. Since the first publica-
tion by Lin and coworkers in 2014, NMOFs have shown their capability as efficient
PS for PDT. This chapter focused on the PS used for PDT, the main strategies and
the advances in sensitizing PDT. NMOFs have shown several advantages for PDT
compared to conventional PS: (i) they can show high loading of PS and can avoid
self-quenching and aggregation, (i) NMOFs can be used for the loading of variety
of therapeutics for synergistic therapies, and (iii) they can easily be surface func-
tionalized to endow them with biocompatibility. Nevertheless, the research on PDT
using NMOFs is still in its infancy and requires extensive realistic in vivo studies
to assess the clinical applications of NMOFs for PDT. Further, the synthesis of
NMOF-based PDT systems is complicated, which makes their synthesis in bulk
quantities quite difficult, and their accumulation in tumor tissues is still insignifi-
cant. Although targeted strategies have increased their accumulation in tumor tis-
sues, further optimization of the accumulation of NMOFs in tumor sites is essential.
All these issues need to be addressed for effective use of NMOFs in PDT in real
life systems.

PTT, which leads to an increase in the temperature of the region irradiated by
NIR light due to absorption of light by PS, has not been studied in depth using
NMOFs alone. It has been explored in combination with other therapies such as
magnetic resonance imaging, fluorescence, chemo or radiotherapy, and PDT. As
multiple therapies are involved in studies involving PTT using NMOFs, it is difficult
to understand the exact effect of PTT in cancer therapy. The light dose required for
PTT is several times higher than the accepted clinical light dose, and although sev-
eral therapeutic techniques have been combined with PTT, it is not clear how such
systems can be used for clinical trials. This issue needs to be addressed before using
NMOF-based PTT systems for clinical trials.

Lastly, the combination of PDT and PTT using NMOFs has been discussed. Due
to their tunability in size and shape, the NMOFs can be combined for PDT and
PTT to achieve superior anticancer efficacy. Although, the studies are still in their
infancy, the results obtained so far indicate that NMOFs can prove to be a crucial
factor in the phototherapy of cancer. It is expected that NMOFs will soon find appli-
cation for phototherapy of cancer in clinics.
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ABBREVIATIONS

PDT Photodynamic therapy

PTT Photothermal therapy

ROS Reactive oxygen species

PS Photosensitizer

MOF Metal-organic framework
NMOF  Nanoscale metal-organic framework

EPR
DBP
DBC
TBP

Enhanced permeation and retention
5,15-di(p-benzoato) porphyrin
5,15-di(p-benzoato) chlorin
5,10,15,20-tetra(p-benzoato) porphyrin

ZnPc Zn(II) phthalocyanine

Z1IF

Zinc imidazolate framework

CLSM Confocal laser scanning microscopy
DPBF 1,3-diphenylisobenzofuran

BDP

BODIPYs

SALE Solvent assisted ligand exchange
TCPP 5,10,15,20-tetrakis (4-carboxyphenyl)-porphyrin

EDC
NHS

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
N-hydroxysuccinimide

TBAPy 1,3,6,8-tetrakis(p-benzoic acid pyrene)

PCN

PB

DOX

Porous coordination network
Prussian blue
Doxorubicin

GQD Graphene quantum dots
DMF Dimethylformamide

XRD

X-ray diffraction
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9.1 INTRODUCTION

Metal-organic frameworks (MOFs) have developed as a comprehensive category of
crystalline materials. Many analysts have given more attention to the favorable char-
acteristics at greater level. MoFs comprise extraordinarily highly porous spacious
capacity and tremendous surface areas. The desirable properties and special attributes
of porous materials have led to rapid growth, especially in the nanoporous materials,
to a broad range of applications as engineering ceramics in the last 25 years.

9.1.1 MOFs

When compared with other recently developed porous materials, MOFs are sig-
nificant and different in nature as well as quality due to their attractive thermal
stability and higher degree of porosity. As such, characteristics combined with a
broad level and quality of variety of constituents subjected to structural aspects of
organic and inorganic compounds, cause MOFs to be attractive for application in the
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environment, energy, chemical, and bio fields. Furthermore, MOFs are playing more
and more crucial roles by applying to the preparation of membranes, biomedical
images, thin films, and catalysis (Figure 9.1).

MOFs constitute a set of porous materials which are constructed through firm
binding of metal ions and organic linkers. The strategic analysis and attentive selec-
tion of components provide the MOFs with superior chemical stability, tremendous
porous volume, and a wide surface area. Analysis of synthesis, structures, and
characteristics of different MOFs has indicated them as well-suited materials and
they can also be directly used for storage purposes, sensing activities, and catalysis
(Figure 9.2).

Put another way, for nanomaterials, MOFs are applied as support substrates. In
order to produce as many different kinds of functional nanostructures, this task is
to use MOFs as sacrificial templates and precursors. It has been considered that one
of the efficient ways to produce porous carbons, metal, etc. is the one-step pyrolysis
method.

9.1.2 CNTs

Iijima developed CNTs in 1991 [1]. The exceptional characteristics of CN'Ts draw the
attention of the research world and keep the focus on the development and analysis of
CNTs to employ them in all related applications. Because of the bad transformation
of nano-graded inbuilt characteristics of CNTs into macro-sized dimensions such as
powder, stacks, and film layers, it’s not possible to use them in bulk shapes except in
a few cases. Hence, in the majority of usages, CNTs have been applied in terms of
blends, alloys, and hybridized components with others in the systematic proportions
[2]. When combining with other materials, their fundamental properties provide the
synergistic integration of adaptability, lighter weight, and adroit processing perfor-
mance with extraordinary mechanical, thermal, and electrical behavior; also intro-
ducing their other additional electromagnetic and thermal features, thus broadening
their sectors of application (Figure 9.3).

METAL ION ORGANIC LINKERS METAL ORGANIC FRAMEWORK

FIGURE 9.1 Basic MOF structure.
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FIGURE 9.2 Various nanostructures developed from MOF precursor.

1s?, 2s?, and 2p? are the electron specifications of carbon which reveal that it
possess two potent electrons in first “s” level and four valance electrons that are
comparatively powerless bound electrons in next two orbits. The little variation in
the energy of the last two orbits permits the carbon to exist in many hybridizing
conditions. The adaptability of hybridization allows each atomic band of carbon to
array itself in construction in which CNTs come under a one-dimensional range.
The structure of CNTs is of hollow forms of graphene with tremendous electronic
attributes and mechanical features. And there are two types CNTs, one graphene
sheet is composed as CNTs, which are called single-walled CNTs and the coaxial
arrangement of more nanotubes is called multi-walled CNTs [3,4].

9.1.3 SYNTHESIS

CNTs are one of the significant carbon-based materials to enhance the function-
ing process of MOFs owing to their distinctive electrical conductivity and greater
thermal stabilizing attributes with larger surface areas. The CNTs could synthesize
with MOFs to construct nanocomposites with custom-made electrical and chemical
attributes [5], i.e., applying the CNTs as inorganic metal ions with organic ligands,
provides the newly designed material with flexibility. It contributed to the tailor-
made materials and the design has been achieved by using different construction
blocks through functioning, surface area, and porosity. In order to employ energy
and cleansing applications in the MOFs, porous carbon, metals, metal oxides, and
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FIGURE 9.3 CNT from graphene.

their hybrids are used as inorganic components. Porous materials are produced using
various synthesis actions based on the required function and outcome. There are two
major actions namely, hard templating and soft templating (Figure 9.4).

The quick growth in the field of synthesizing of nanomaterial leads to the feasi-
bility of specific construction and morphology. Amongst such techniques, the hard
template approach is highly beneficial in combining specific nanomaterials due to
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FILLING CARBONISATION ETCHING

FIGURE 9.4 General process of hard template approach.

their attributes of tunable pore dimensions and ease of process. In hard templat-
ing, the set of cavities existing in the well-formed solid template are fulfilled by the
framework precursors where at the end of the synthesizing process the template is
eliminated. CNTs are very frequently applied as hard templates due to their strong
ability to determine the pore sizes at nano-level. Also, it is highly suitable for mass
production, hence it is employed in industrial applications. This approach has greater
reproducibility and stability. Nevertheless, the detachment of template and product
would harm the construction of nanotubes and hollow spheres. Also, semi-filled and
partly filled components cause defects in the pores and discontinuity in construction.
The delimited facilities of template materials controls and stops the comprehensive
applications of the hard template approach [6] (Figure 9.5).

In the soft templating approach, a high degree of accurate micro-fine physical,
and chemical actions occur mutually and reciprocally amongst the templates and
the origins of the framework; it conducts the auto-assemblage process to initiate
greater determination of the material characterization [7]. Static electricity, chemi-
cal bonding, and hydrogen bonding are known as intramolecular interaction forces.
Generally, a soft template has a loose non-rigid structure. Because of the structure,
it possesses either intermolecular force or intramolecular force. Better repeatability,
ease of procedure, and no need to eliminate the silicon are the major merits of soft
templates, hence they have been applied in a wide range of developments. If relating
both of these approaches, soft templating is favorable for synthesizing the arranged
and disarranged poriferous matrices [8].

ELIMINATING CARBONISATION
ADDING SURFACTANT AT ATELEVATED
PRECURSOR LOWER TEMPERATURE TEMPERATURE

FIGURE 9.5 General process of soft template approach.
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A hard template is produced earlier than the reactions, while on the contrary, a
soft template is produced between the reactions. It indicates the simplicity in con-
structing and eliminating when compared to the hard template. So, no need for com-
plicated tools and no disciplined production specifications and it has better control
in response. The soft template approach is generally applicable for fabricating the
different dimensions and distinct nanostructure. Nevertheless, the soft template
approach has certain demerits. The stability of this approach depends upon particular
synthetic systems, which is not advisable. It produces only an organized-mesoscopic
structure when the template has powerful mutual action with a precursor. It leads to a
mechanically strengthened independent structure which causes non-collapsible con-
struction at the time of eliminating the template. In addition, there is no coordinated
methodology of soft template approach for synthesizing nanomaterials [6].

Solvothermal is one of the techniques applied in order to produce the chemical com-
pounds of porous substances. It’s a very desirable technique because of its key features
such as relative simplicity and scalability, which contribute this technique towards a
greater volume of production. The solvothermal technique has been employed for the
process of synthesizing s as well as MOFs, with a high success rate. Synthesizing
the single crystal based on the solubility of minerals is known as the hydro-thermal
method. This process takes place under heavy pressure and the solubility is tested in
hot water. Producing the crystalline phases is one of the merits of this method whereas
it’s unstable at melting point. MOFs are performing as a precursor under the activity
of producing a variety of nanostructures, including CNTs, from MOFs. Herein, metal
components yield the intrinsic origin of metals in order to obtain the nanostructures.
Either metal oxides, metal, or self-sacrificing templates are the derived nano-contents.
In the same way, organic components are engaged as the origin of the carbon material
to produce nanoporous carbon such as CNTs [9] (Figure 9.6).

Commonly, particular types of MOFs like Cu-BTC and MOF-5 would break
down metaphorically while carbonization; at the same time, other MOFs’ structure,
for instance, ZIF-8 and ZIF-67, behave well in giving a template for directing the
establishment of pores by permitting vaporization from the governable moisturized
organics during pyrolysis, resulting in the spongy-pore arrangement. Very close dis-
persion of pore volumes, and a wider surface area are the major merits of such MOF-
derived nanostructures. Moreover, a tremendous variety of morphology is an added
benefit when compared to other methods of obtaining nanostructures; this technique
renders more advantageous structures such as hollow-shaped cylinders, spheres,
polyhedrons, and nanocages, etc. Ignorance of decomposition mechanisms, diffi-
culties in controlling the dimensions of micropores, and demanding comparatively
higher temperatures during calcination are the demerits during the process of MOF-
derived nanostructures. Specifically, when a variety of precursors of MOF structures
are subjected to various temperatures of calcination, which results in nanostructures
with dissimilar topologies, crystalline phases, and porous properties. lon exchange
is one of the best techniques and can replace the thermal treatment in the fabrication
of a variety of nanostructures out of MOF precursors. Despite the involvement of
so many chemicals and observational procedures, ion exchange methods evidenced
some remarkable characteristics [11-13].
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FIGURE 9.6 Example for synthesizing of a MOF and CNT as nanocomposite [10].

9.2 APPLICATIONS OF CNT-BASED MOF NANOCOMPOSITES

This chapter deals with the role of CNT-based MOF nanocomposites applied in
various fields. Analysis of construction, preparation, and characteristics of differ-
ent MOFs has indicated that MOFs are excellent materials for diverse applications,
for instance, energy/gas storage, sensing, chemical/electrochemical, environmen-
tal, biological, and medical applications. Physical and chemical techniques are the
two approaches involved in the fabrication of nanomaterials. Physical pulveriza-
tion, coacervation, and spraying are the three methods mainly applied physical in
approaches. Chemical vapor deposition, template, sol-gel, hydrothermal, and chemi-
cal precipitation are the chemical-approached methods in the fabrication of nano-
materials. In order to produce the different operational nanostructures, MOFs can
be used directly and as substrates for nanostructured-materials and as sacrificial
templates/precursors (Figure 9.7).

9.2.1 CHEMICAL/ELECTROCHEMICAL SENSING APPLICATIONS

MOFs are frequently synthesized to conduct capable components especially with
CNTs. Because of the extradentary aspect ratio, better mechanical attributes, and
extremely appreciable electrical behaviors, CNTs have been broadly employed as
electrode candidates. Apart from that, they ensure an enormous specific surface
area; approximately, in single walled CNTs it’s greater than 600 m?/g, and in multi-
walled CNTs it’s about more than 430 m?/g [14]. Nanoparticles of composites and
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FIGURE 9.7 Overview of general applications of MOFs.

MOFs have attained a greater level in the field of electrochemical sensing due to
the substantial development of nanoscience and nanotechnology, significantly, con-
ductive nanoparticles such as CNTs and metal nan-particles. A nanocomposite of
multi-walled CNTs and Cu;(BTC), MOFs was fabricated to change the electrode. It
was done for determining the remnant stages of lead by gathering the lead over the
faces of the electrode followed by quantitating the same in terms of concentration
range [15].

In an electrochemical sensor system, in order to identify the high toxin pollut-
ants of hydroquinone and catechol simultaneously, a nanocomposite of MOF-199/
HKUST-1/single-walled CNTs was suggested. A HKUST-1 structure is also under-
stood as Cu;(BTC),, and hydroquinone and catechol are the abbreviated as HQ and
CT respectively. The modifying process was accomplished by casting the single-
walled CNTs on a plain glassy carbon electrode. And then the surfaces of the
single-walled CNT-altered electrode were electrodeposited by Cu-MOF-199. The
composite electrode showed the finest electrocatalytic activity. Also, because of
the interactions of Cu-MOF-199 and single-walled CNTs, electrochemical signals
for the oxidation of HQ and CT were increased. Furthermore, significant repro-
ducibility and attractive anti-interference behavior was displayed by the altered
electrode. The amperometry method was also applied on the altered electrode to
analyze the feasible interference by a few ions. The strong, influential, interrupting
compounds had no impact in determining the HQ and CT. Hence, this nanocom-
posite-altered electrode can be said to be as highly qualified as HQ and CT. This
electrochemical sensor arrangement was tested with the sampling of spiked tap
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and river water to determine the recovery rates of HQ and CT; and received highly
positive outcomes [16].

Synthesized nickel and MOFs were fixed firmly on carboxyl CNTs through the sol-
vothermal technique. Nanoparticles of the synthesized nanocomposite were homoge-
neously distributed over the outer-face of the CNTs. It permitted the microcrystalline
of the MOFs to be connected to the current collector through the CNT conductance.
When comparing prepared (Ni-MOF/CNT) composites with bare Ni-MOF altered
composite, the outcome hybridized nanostructure candidate registered more promi-
nent sensitivity and required stability for the recognition of hydrogen peroxide because
of the interactive integrated catalytic actions of the nanocomposite [17].

Aijaz and team registered an attractive nanocomposite with the support of ZIF-67
MOF, which was developed through the core-shell construction of Co@Co,0, nano-
elements firmly placed in the NCNT-engrafted carbon polyhedral. This novel for-
mulated hybridized composite was combined through reductive carbonization in the
inert condition, also accompanied by oxidation. Pt/C, IrO,, and RuO, are all known
as well accurate and effective Oxygen evolution reaction (OER) catalysts. When
relating the prepared economy material with those traditional catalysts, it registered
a favorable result on very lower reversible over voltage against a reversible hydrogen
electrode. Investigations about the differences revealed the significances about the
approaches of MOFs with other effective CN'T combinations in the development of
influenced constituents for electrocatalysis. The appreciable task is accompanied by
the hollow nanostructure and specific characterized components comprised by the
carbon shells of many layers for the core components of N-doped CNTs and cobalt
nanosized interfacial layers [18] (Figure 9.8).

Wang et al. conducted a comparative analysis of pure MOFs, multi-walled CNTs/
GCE, Ni-MOF/GCE, and Ni-MOF/multi-walled CNTs/GCE in the aspects of sen-
sitivity, stability, and conductivity. Initially, synthesis of Ni-p-benzenedicarboxylic
acid MOFs and multi-walled CNTs was performed through the solvothermal tech-
nique. These prepared nanocomposites were reformed through glassy carbon elec-
trodes and applied for the electrochemical observation of hydrogen peroxide. At
the time of evolution of composites, the nanosized MOF particles between 2 and
3 nm were uniformly distributed on the conducting CNTs. This phenomenon proved
the proper connection of MOF nanoparticles with the conducting CNTs. The limit
of detection of this technique was identified as 2.1 mM and linear bound to be
0.01-51.6 mM. More significantly, nickel-based MOFs were much greater than pure
MOFs. Sensitivity of Ni-MOF/multi-walled CNTs/GCE was greater than other three
combinations of nanocomposites [19].

In order to attain the selective identification of volatile organic compounds, a
cross-reactive chemiresistive sensor has been constructed by the team through MOFs
1-3 in an order like the procedure of CNT composites preparation. When related to
CNT composites, MOFs ensured the exact atomic level influence over the structure
about controlling and eventually permitting an upgraded approach to sensor materi-
als customized for appropriate operation. Furthermore, the MOFs mentioned above
have the merit of a much more narrowly described proportion and structure, which
is favorable on the subject of reproducibility and lifelong system stability. A group
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FIGURE 9.8 Schematic representation for (a) the synthesis of C at multi-walled CNTs. (b)
As-resulted TEM image [50].

of chemically accessed resistors were developed from MOFs 1-3 was brought out
to vapors of volatile organic compounds during the array sensing process, and their
reactions were registered. In the following step, those results were analyzed statisti-
cally that permit for volatile organic compounds categorization by functional group.
When considering the CNT-based sensor arrays discussed earlier, they attained a
very similar volatile organic compounds distinction and were typically composed
of various CNT composites that were planned to combine with definitive forms of
functional categories [20-22].

Lin et al. produced the Co,0, particles from the ZIF-9 and filled the same on
a hybridized nanostructure of multi-walled CN'Ts/N-doped graphitic carbon layer.
The electrocatalyst attained the optimal oxygen reduction rate by adjusting the pro-
portion of multi-walled CNTs to ZIF-9 at the onset potential of 0.89 V to reversible
hydrogen electrode. Moreover, this extremely severe catalyst agent also catalyzed
the oxygen evolution reaction at the onset potential of 1.50 V to reversible hydrogen
electrode. Such kinds of outcomes indicate the significant play of multi-walled CNTs
equipped with active sites and having impact on the characteristics of electron-con-
ductive hybridized materials [23].

9.2.2 ENVIRONMENTAL APPLICATIONS

Fabrication of the zeolitic imidazolate framework was done to study its adsorptive
removal processes in which a hybridized nanocomposite was synthesized with the
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zeolitic imidazolate framework through facile method at closed room temperature.
The required level of graphene oxide and CNTs taken and increment in dispersive
forces were analyzed. The sufficient amount of these substrates determined the
growth of nanoscale MOFs. The developed nanocomponents were employed as
adsorbents for eliminating the cationic dye from wastewater. As a result, the rate
of elimination of hybrid nanocomposites was better when compared to sole MOF.
Malachite green is the color of cationic dye. At closed room temperature of about
20°C, the maximum adsorption capacity of zeolitic imidazolate framework (ZIF-8)
was registered as 1667 mg/g. On the other hand, in this same environmental condi-
tion, zeolitic imidazolate framework with CNTs and zeolitic imidazolate framework
with graphene oxide were recorded the results about of 2034 and 3300 mg/g respec-
tively. The value of these results could be increased if the temperature conditions
were maintained at higher level. The impact of various functional factors was ana-
lyzed well and optimized by batch adsorption study. Dosage of adsorbent, strength
of solution at initial level and its pH, estimated quantity of loading, and condition
of temperature are some of the factors that influenced the task. By employing the
ethanol-washing technique, the regeneration of ZIF and its hybridized nanocompos-
ites was done. The regeneration about of four cycles were shown by these hybrid-
ized nanocomposites. Eventually, these hybridized nanocomposites were ensured as
greater components to adsorptive removal treatments through their attributes of sim-
plified synthesis methods, effectivity, stability, and reformability [24].

Incorporation of multi-walled CNTs in the combining activity of zinc/MOF-74
and copper/BTC would involve molecular formation and attributes. Nevertheless
MOF-74 is being selected for the current analysis due to its appreciable porous
property and adsorption capability. In the task of catching carbon dioxide from flue
gases, it has been carefully counted that the CNTs accompanied amine because of its
chemic nature, specific physicochemical properties, and thermal behavior attributes
[25-27].

In order to apply for the various environmental activities such as water remediation
a combination of novel magnetic carbon nanostructures with MOFs was prepared and
introduced. Magnetic nanoparticles of ferrous-ferric oxide (Fe;O,) and copper-ben-
zene tricarboxylate (Cu-BTC) MOFs were developed through a green solvothermal
technique. As earlier, by applying the same technique, nanoscale absorbents such as
CNTs and graphene oxide were also developed for using as a platform to carry both
of these nanostructured materials. Characterization of these hybridized nanocom-
posites was done by various techniques. X-ray diffraction (XRD) tests revealed that
these hybridized nanocomposites exhibited a greater rate of crystalline structure.
Morphological investigations ensured the productive development of Fe,O, magnetic
nanoparticles and nanoparticulate of Cu-BTC MOFs over the platforms of CNTs
and graphene oxide. Bonding and compositeness of parent materials were inspected
through various analyses. Nitrogen isotherms provide the cumulative pore volume
for the CNT-based hybrid nanocomposite of Fe,0,/Cu-BTC about of 0.360 cm?/g
whereas sole Cu-BTC MOF showed of 0.030 cm?/g. This result revealed the potential
application for the purpose of MOF small molecule adsorption. This experimental
work deduced that the application of CNTs and graphene oxide substrates reduces
the aggregation and raises the dispersive forces inside the MOF; taking the MOFs
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to various sizes and structures; reaction in development of micropores in middle of
the MOF and the platforms. Methylene blue is well known as an organic pollutant
which was used to examine adsorption capacity. As a result, when comparing the
parent materials, the prepared hybridized nanomaterials exhibited improved adsorp-
tion capacity, which was because of the synergistic integration of base materials and
the exclusive attributes of nanoscale MOFs. Eventually, these modern materials were
proved as superior candidates for environmental applications [28].

In water splitting, the oxygen evolution reaction is understood as the key rate-
limiting step. In the preparation of electrocatalysts of oxygen evolution reactions,
MOF-derived charged carriers of concentrated heteroatom CNTs are known for the
hopeful OER electrocatalysts. In an experimental study, the MOF of ZIF-67 was
initially chosen and annealed at 700°C in an inert condition (with the mixture of
argon and hydrogen gases), and catalysts were developed. The as-prepared material
showed tremendous electrocatalytic oxygen evolution reaction performance, signifi-
cantly about lower Tafel slope when compared to the platinum-carbon electrode. In
the same atmosphere, the endurance of N-doped CNT framework catalyst for the
OER was greater when related to a commercial platinum-carbon electrode [29].

The compounds of cobalt phosphide at nitrogen and phosphorous-doped carbon/
CNT hybrid were obtained by employing the phosphidation strategy via pyrolysis of
cobalt phosphate MOFs and additional incorporation of CNTs by effective sonica-
tion treatment. The resulting catalysts exhibited a greater onset potential against
Reversible hydrogen electrode (RHE) for OER and over potential value against RHE
for Hydrogen evolution reaction (HER). When employed as an electrocatalyst in the
water electrolyzer, this hybridized nanocomposite (Co,P@N, P-doped C/CNT) kept
the greater stability for 25 hours. In spite of lower stability than iridium-oxide/plati-
num couple, cobalt phosphide had registered its potential for water splitting. Also,
note the significance of mutual interactivity of carbon structure and cobalt phos-
phide to uphold its activity as a bifunctional electrocatalyst [30].

To meet the demand for the economic and effective sensitive sensor for the
detection of water vapor, Chappanda et al. developed a very sensitive humidity
sensor. In which a nanocomposite HKUST-1 MOFs was synthesized with CNTs
as very thin layered material. Such a thin layer was prepared by the spin-coating
method where quartz-crystal micro-balance was covered. Herein relative humidity
of adsorbed water vapor between 5 and 75% was found which was due to the rela-
tive shift in resonance frequency. As-prepared exhibited about 230% of increment
in sensitivity was recorded when related the to the same with bare HKUST-1 film.
And its performance on mean sensitivity was registered as ten times greater than
that of quartz-crystal microbalance humidity sensors. The working methodology
applied here was very simple and ensured a way for improving the sensitivity of
MOF-grounded sensors [31].

Analysis work on MOF-5/multi-walled CNTs nanocomposite has been done to
accumulate the H,. As a result, 50% of further capability enhancement was found
compared to bare MOF-5. The capability of H, at different conditions has been
noticed and found betterment in adsorption outcomes when considered the bare
MOF-5 [32]. Anbia et al. fabricated the multi-walled CNT/MIL-101 nanocomposite
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to enhance the capturing of carbon dioxide (CO,). As-prepared material possesses
the same morphology as bare MIL-101, at the same time 60% improvement was
registered in CO, capturing. The enhancement of CO, capturing was due to the
expanded nanopore volume of MIL-101 via multi-walled CNTs [33] (Figure 9.9).

Though MOFs have high potential to employ in various applications, their moisture
adsorption suppresses their structure which leads to other limitations in properties.
Enhancing the hydro-stability of MOF-5 by not changing any of its attributes could
be the right idea to use this material. The solvothermal technique was applied to pre-
cipitate MOF-5 in quite-distributed carboxy-formed multi-walled CNTs. The same
solvothermal process was used for precipitating MOF-5 in quite-distributed carboxy-
functionalized multi-walled (FMW) CNTs for fabricating the MOF-5/FMWCNTs.
Further investigations indicated that FMWCNTs supported to produce nanocompos-
ites with good stability through MOF-5 nanoparticles and the subsequent hybridized
MOF-5@FMWCNTs nanocomposite showed strong stable moisture. Though the sta-
bility extended at 28°C temperature to a long time with the humidity of about 55%,
it indicated very minimal degradation. Hence, this experimental task established a
simple, easy, synthetic way to produce stable MOF-5 through the aid of FMWCNTs
without the sacrifice of surface area [34].

In order to gain the Fe,C nanosized molecules implanted with N-doped CNTs,
Guan and team prepared the dual MOFs contained pyrolysis scheme as a compe-
tent electrocatalyst for the oxygen reduction reaction. A prepared nanocomposite
showed the significant electrocatalytic reaction for the oxygen reduction reaction in

R

FIGURE 9.9 Synthesis of MOF-5 with CNTs: (a) TEM image of functionalized multi-
walled CNTs, (b) and (c) TEM images of MOF-5@FMWCNTs, indicating functionalized
multi-walled CNTs clustering over MOF-5, (d) energy-filtered TEM image of MOF-5@
functionalized multi-walled CNTs, and (e) high-resolution TEM image of functionalized
multi-walled CNTs joined to MOF-5 particle with the analysis of energy dispersive X-ray
spectroscopy [34].
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the alkaline electrolyte owing to the short-sized iron carbide nanocrystallites and the
strong formatted and poriferous N-doped ground substance. In particular, hybrid-
ized nanocomposite showed greater oxygen reduction reaction when related with
platinum-carbon electrocatalysts [35].

9.2.3 BioLOGICAL/MEDICAL APPLICATIONS

Biomolecules are well known for their plentiful convenient availability, accessibil-
ity in nature, economy, firmness, adjustability with various classifications of sites,
providing distinct constructions, and agreeable combinations of biological MOFs.
Calcium, magnesium, iron, and zinc are some of the harmless endogenous cations
which are applied to synthesize the MOFs in which ligands comprise the derivatives
or biomolecules [36]. In general bio-MOFs are employed in biomedical applications
due to their bio-consistent and adaptability [36,37].

With the objective of making the biosensors for glucose detection, CNTs were
synthesized with mesoporous MOFs in which terbium was used as the metal can-
didate to produce the advanced nanocomposite. This nanocomposite was charac-
terized through various experimental analysis techniques and the results indicated
that a thin film of Tb@meso MOFs unvaryingly sealed the outer faces of the CNTs.
It acts as a supportive substance to carry both methylene green (MG) and glucose
dehydrogenases (GDH). GDH/MG-Tb@MOF-CNTs/GCE exhibited a better opera-
tion for glucose detection. Here MG was the electron mediator; on the glassy carbon
electrode (GCE), GDH acted as electrocatalysts to make the electrochemical glucose
biosensor. Because of the superior electrical conductance of CNTs and the greater
amount of Tb@meso-MOFs the nanopores united with the very huge surface area of
the prepared nanoproduct [38].

MOFs of Cu-BTC and multi-walled CNTs were synthesized and the GCE
reformed with the above to use in the pharmaceutical field. The traditional hydro-
thermal technique and ultrasonic irradiation technique are the two ways to perform
the synthesis of Cu-BTCs. Both the techniques were applied to produce the Cu-BTC,
in which the traditional one registered a mean crystallite size between the 20 and
40 mm, whereas the ultrasonic irradiation recorded 40 and 100 nm. Hence, the later
technique had a relatively greater influence on the electrocatalytic reaction of the
reformed electrode. This MOF/multi-walled CNT nanocomposite reformed by GCE
was employed to compute the metformin in the pharmaceutical samples [39].

Rusling, who initially progressed and established the single-walled CNT forest
electrode, permitted an effortless linkage of a huge quantity of captured antibod-
ies. So, it showed two orders of magnitude of Low density lipoprotein (LDL) for
immunoglobulin [40]. A coupled, single-walled CNT forest electrode and micro-
fluidic sample deliverance magnetic tape records to understand multiplexed pro-
tein detection at high sensitivity as a series of concurrent events [41]. In order to
realize the enterochromaffin-like (cells) visualization of single cells, a transparent
and a greater conducting attributed CNT-based electrode interacted with micro-
fluidic chips [42]. Many researchers reported that CNTs play a prominent part in
the improvement of ECL intensity. Even though, it can also play a role of quencher
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of enterochromaffin-like cells signal. For instance, Tang et al. progressed this by
quenching at first using multi-walled CNTs, followed by performing the sequence-
specific DNA detection [43]. The multi-walled CNT-quenched luminescence were
mainly assigned to O, molecules of the outer face of multi-walled CNTs united with
intrinsic electron characteristics of the same. In particular, the author demonstrated
a well-ordered and planned exploration on the impacts of CNTs for either improving
or quenching ECL intensities. It yielded the procedure to apply the CNTs efficiently
in ECL sensors for the intended action [44].

MOFs of Niy(BTC), and the porous nanocomposite nickel were taken and synthe-
sized with multi-walled CNTs and were applied to reform the indium tin oxide elec-
trode. The as-prepared product was employed for detection of non-enzymatic urea.
There are many interference species such as amino acids, creatinine, glucose, and urine
analysis. The sensor showed a maximum selectivity towards urea in the existence of
other interferences. When comparing with the urea signal, the amperometric reactions
of other interferents were below 10% of the urea signal. The empirical experimental
result of the sensor was inspected by finding the urea in spiked urine samples [45].

Synthetization of Cu(Il)-based MOF nanocomposite was prepared and immobi-
lized on multi-walled CNTs, followed by characterization of the product carried out
through various analysis tests. Based on the results, the candidate was altered over
the face of glassy carbon material and indicated two peaks in a phosphate buffer
solution and assigned to redox process. This altered candidate material was then
employed for producing a non-enzymatic hydrogen peroxide biosensor. As a result,
a stable, repeatable, good respondent to electrocatalytic actions and better detectable
biosensor was produced. Furthermore, this sensor has been employed to find out the
accurate presence of hydrogen peroxide in H,O sources in a wide range [46].

A nanosized metal-biomolecule-coordination polymer-ceramic was taken and a
desired nanocomposite was synthesized in the combination of manganese-tyrosine-
cathode nanotubes (Mn-tyr/CNTs) by a hydrothermic method. A GCE composite
was employed for the oxidation and reduction of hydrogen peroxide. At the time of
electrocatalytic reaction of hydrogen peroxide, the feasible reaction of oxidation and
reduction progress is given below [47].

Mn" + H,0, - Mn'V , H,0

Mn'V + 2e- - Mn!! (Electro chemical reduction)
Mn'" + H,0, - Mn""* O, (Chemical reduction)
Mn! - Mn!v (Electro chemical oxidation)

After the chemical oxidation of Mn!' due to hydrogen peroxide, a part of Mn'Y ions
was involved in the rising of the reduction peak because of electrochemical reduc-
tion. The rest of the Mn!V were reversed as Mn!! ions owing to hydrogen peroxide.
Eventually, the electrochemical oxidation reaction led the Mn! to Mn!V to provide
the peak of oxidation. Bidirectional electrocatalytic behavior of this material against
oxidation (0.8 V) and reduction (0.4 V) of hydrogen peroxide must enable more
choices to skip feasible intervening and interruption at the time of electrochemical
determination [47].
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In a bio-application to sense the glucose, an electrochemical-sensing candidate
material was proposed, in which porphyrin-adsorbed Co-benzimidazole MOFs with
multi-walled CNTs were applied in order to reform a glassy carbon electrode. When
related to the individual counterparts, this hybridized nanocomposite showed finer
oxidation behavior. Such a result was probably because of the free-conducting char-
acter of the multi-walled CNTs and the huge density-effective spots of MOFs. As
a result, the line of detection of the reformed glassy carbon electrodes for electro-
chemical sensing of glucose was about 0.28 ppb and the liner range was between 1
and 400 [48].

In order to identify the hydrogen peroxide, Zhan and his team designed a biosen-
sor by adopting a self-template technique. Due to its application, this sensor was
specifically classified as a photo-electrochemical biosensor. A glass was prepared
with Fluorine-doped Tin Oxide (FTO) coating and on its outer face, zinc oxide
arrays were produced electrochemically in a systematic arrangement. As-prepared
templates were submerged in a solution consisting of 2-methylimidazole C,H(N, as
ligands in a solvent, dimethyl fumarate:water, followed by thermal combining pro-
cessing, eventually received the ZnO-ZIF-8 nanotube arrangement as the core-shell
structure. Zinc oxide supplied the holes and electrons subjected to light; the syntheti-
zation of zinc oxide and ZIF-8 permitted the limited proportion of reductive species
within the micropores of MOFs, in respect of current generated in this hybridized
arrangement. However, the limit of detection for the analysis substances was not
defined, this team was capable of executing the identification of the concentration
limit between 0 and 4 micrometers. This team assigned to the characterization of
careful molecule-size selectability of MOFs, hence no other investigations were car-
ried out about selectivity as well as reproducibility within batches [49].

9.2.4 ENERGY STORAGE AND OTHER APPLICATIONS

ZIF-8 developed carbon onto multi-walled carbon nanotubes (MWCNTs) to make
a new constructional frame that resembles a necklace. The synthesis was done by
mixing both the materials, preserved for 24 hours, then annealed at about 800°C
for three hours followed by surface treatment with carbon. Hence, the free carbons
were enclosed firmly on the crystalline face of MWCNTs. MOF-developed car-
bon/MWCNTs permitted a little more reachable outer area for ion transportation
which did not form into one cluster, at the same time, when related other core-shell
arrangements with this type, MWCNT-based structural materials can hardly see
such properties. MOF-developed nanocomposites have a few enhanced behaviors,
for instance 99.7% capacitance retention, high specific capacitance, and better rate
capability [50].

Zou et al. had produced the ZnO particles from ZIF-8 and distributed those
porous nanocomponents over a wide area on MWCNTs. When preparing the nano-
composite with the support of CNTs and applying the C,H¢N, organic substances,
the resulting product showed a greater capability rate from 100 to 1000 mA/g and
very minimal reversible capacity at 200 mA/g. It held back the specific capacity of
326.8 mAh/g when mass normalized current attained 1000 mA/g [51]. Xie et al.
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prepared the cobalt with nickel and carbon nanotubes implanted in carbon nano-
cages for the major purpose of high efficiency counter electrode via pyrolysis of ZIF-
67. When discussing the power conversions of this candidate material to be used in
dye-sensitized solar cells, it attained a superior efficiency about of 9.04%, compared
to 7.88% recorded by a platinum counter electrode [52].

The joined function of the nanoparticles into the MOF architectures produced
novel composites with numerous properties. CNTs and MoFs were synthesized by
adding CNTs into 1,3,5-benzenetricarboxylate. Because of the characteristics of
sorption, stability, and metal sideways, this hybridized combination exhibited the
productive carbon dioxide and methane uptakes that were improved by nearly three
times and two times respectively when related to the sole MoF [53]. An inorganic-
organic hybridized framework was fabricated in which zinc and single-walled CNTs
were synthesized. Earlier, covalent binding of single-walled carbon nanotubes
(SWCNTs) were confirmed with benzoic acid and interactive integrating was done
with transition-metal ions in order to make the pattern of three-dimensional porous
hybridized frameworks. Owing to the inherent conductive nature, structural poros-
ity, and good distribution, SWCNT/zinc candidates showed greater electrocatalytic
reduction of methyl parathion, and it acted as the separator and detector of organo-
phosphate compounds [20].

The fastest advancements are taking place in the MOFs due to the micro/nano-
porous materials. Many more developments are looking anticipated in the area of
potential storage media for fossil gas and hydrogen. Nevertheless, MOFs are limited
due to their instability in atmospheric moisture conditions too. The storage capa-
bility of hydrogen is lower at 298 K itself. Hence, it’s not used in a broad range of
applications. To solve this issue, a hybridized nanocomposite was fabricated by syn-
thesizing the MWCNT@MOFMC in which well-distributed MWCNTs in dimeth-
ylformamide solution were immixed on same solution of HgN,O,,Zn and CgH,O,.
Here, the MOFMC is known as MOF-5 and denoted as Zn,O(bdc)3; bdc = 1,4-ben-
zenedicarbocylate. The crystalline structure and appearance of MOFMCs is similar
to the pure MOF-5, however it showed a larger Langmuir specific surface area. The
storage capability of hydrogen was improved to 50% and the stability was enhanced
at a better level under the existence of closed surrounding moisture conditions [54].

Oveisia et.al. developed these nanocomposites for the application of photocata-
lytic dye degradation where porous nanostructured composites of MIL-125(Ti)) and
CNT and synthesized the same through the hydrothermal technique. Various pro-
portions of CNT were handled to prepare the composites and three different speci-
mens were obtained for experimental needs, named as sole MIL, MIL/CNT(0.01)
and MIL/CNT(0.03) and utilized for characterization purposes. In this experimental
task, reactive black 5 was employed as the pollutant. As a result, because of the
interactive integration of CN'Ts, MIL/CNT(0.01) indicated higher photocatalytic dye
degradation. The zeta potential was registered as greater in MIL/CNT (0.01) about
of 19.2 mV. Among the three nanomaterials, the rate of decolorization was higher
in MIL/CNT(0.03) as 0.024 mg/L min; maximum correlation coefficient was about
0.9906 in MIL/CNT(0.01). Over two cycles, these photo-catalytic dye degradation
catalysts can be reused [10] (Figure 9.10).
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FIGURE 9.10 SEM images of synthesis of MIL/CNT (a) CNT, (b) MIL, (c) MIL/CNT(0.01),
and (d) MIL/CNT(0.03) [10].

In order to design novel materials for the adsorption purposes, a simulation tech-
nique was applied. This technique supported this research analysis in a good way.
Duren et al. estimated the storage capability of methane based on modeling of iso-
reticular MOFs, two zeolites, CNTs, and mesoporous material family of silicate and
alumosilicate solids. As a result, as per unit volume, the quantity of adsorbed meth-
ane was enhanced by 23% when using 1,4-tetrabromobenzenedicarboxylate as an
organic linker, and 36% for 9,10-anthracenedicarboxylate [55].

MOF nanocomposites are also used for gas storage. Some of the research tasks
discuss storage of hydrogen through CNT/MOF composites [55,56]. Gas stor-
age by adsorption is being widely analyzed with the support of MOF composites.
Observations revealed that MOF-5 provides a wide capturing capability for hydro-
gen. Even though, this candidate is unstable when subjected to natural humidity.
A MWCNT was synthesized with MOF-5 to enhance the stability in humidity and
was mentioned as MOFMC [55]. This hybridized nanocomposite has a property of
mutual penetrating construction and hierarchical nanovoids that increases the stor-
able capacitance of the composite. This mesoporous MOFMC was well stabilized
and expanded the accumulating capability to 2.02 wt.% at 77 K. Some other experi-
mental analyses revealed that platinum placed MWCNTs/MOFs-5 with the improve-
ment in hydrogen accumulation of about 1.20 wt.% in bare MOF to 1.89 wt.% in the
as-prepared nanocomposite [57].

Huang et al. combined MWCNTs with cobalt (II, III) oxide through the anneal-
ing process as-prepared ZIF-67 with MWCNTs inserted at normal atmospheric
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conditions. In particular, the MWCNTs were first functionalized with COOH and
the pretreated MWCNTs were distributed in methanol with ZIF-67 precursors where
for the development of this MOF, MWCNTs worked as the nucleation center and
polyvinylpyrrolidone as surfactant. Hence the MWCNTs were placed into the MOF
to get the MWCNTSs/ZIF-67 as nanocomposite. Eventually, the hybridized nano-
structure was gained (MWCNTs/Co,0,) after the calcination process [58].

ZIF-67 deduced the Co;0, nanotubes and developed the CNTs in several steps.
Initially by applying the electrospinning technique, PAN-cobalt acetate nanofibers
were produced followed by ZIF-67 crystals grown on the prepared nanofibers, hence
producing the core-shell structure. Then the as-prepared core-shell structure was
modified as ZIF-67 microtubes by keeping the PAN and Co (Ac), in hot dimethyl-
formamide solution. The microtubes obtained were furthermore altered as CNTs/
cobalt-carbon through annealing in an inert environment at high temperature for
couple of hours. The was followed by calcination for about 10 min and eventually
CNT/Co,0, microtubes were received. Due to the tubular construction, large volume
changes could be efficiently relieved physically. As a result, the electrical conduc-
tance and rate capability of the entire candidate materials were improved to enhance
the quality of Li ion batteries [59].

For instance, a tubular-constructed arrangement from the higher order rank with
the integration of cobalt (II, III) oxide hollow nanobits and CNTs have been gradu-
ally prepared through a MOF-committed technique. Herein, polymer-Co acetate
composite was initially produced; later on, reacting to the unsaturated acid C,H,O,
ethanol solution, as-resulted core-shell nanofibers were developed, followed by
application of dimethylformamide solution which eliminated the core of polymer-Co
(Ac), by dissolution. Accordingly, through the calcining technique the hollow MOF
ZIF-67 (the shell nanofiber) was received in the inert condition (mixture of argon
and hydrogen gases), produced the order in ranked hybridized CNTs-cobalt carbon
candidates. Oxidizing the Co-specific molecules by the follow-up thermal method
was conducted in atmosphere; hence the final CNT/Co,0O, microsized tubes were
obtained. Desirably, the final product of hybridized nanocomposite for using in the
Li ion batteries registered a highly reversible capacity with excellent rated capabili-
ties and longer life of about 200 cycles as the anode candidate [60].

Igbal et al. registered the actual developmental observations of successive levels
of micropores in Cu-BTC synthesized with MOFs which provided the higher level
of adsorption and improved the quality of bonding. Hence, these authors feel that
realizing this CO, catching mechanism is leading to conflict and is highly important
for the next level of progress to novel study. The synthesized MOFs show greater
specific surface area and better storing capability, because of the existence of acid
and amine-operated cathode nanotubes and a higher number of very limited sized
nanopores (less than 1.0 nanometers) [61]. The latest analysis on nanocomposites of
MOFs and various kinds of substrata graphene oxide, polymers, ceramics and, CNTs
[62, 63], covers the issues connected to MOFs. Significantly, addition of CNTs, syn-
thesis with MOFs must receive greater crystals for possessing a distinctive feature
to a heightened degree on composite behavior, owing to the exceptional mechani-
cal, thermo-electro conductance, and hydrophobic attributes of the CNTs [64,65].
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Copper-BTC is generally applied for gas adsorption, however the extraordinary
water sensitivity of copper-BTC leads to poor results subjected to atmospheric cir-
cumstances too; it also exhibits a sudden shortfall in surface area after subjecting it
to humid air [66].

9.3 CONCLUSION

In this chapter the successful possible fields of MOF-derived nanostructures in
chemical, electrochemical, biological, environmental, energy, and others have
been discussed in the aspects of investigations on source materials, consequences
of newly applied materials, design of procedure, processing techniques, character-
istics derived, special features of nanocomposites on employed fields. The template
approach has its radically distinctive merits in the synthesizing of nanostructures.
Determining the stable, economical, and toxic templates is the present target in
the analysis of template techniques. A lot of analyses are required for choosing the
suitable template approaches based on various practical measures and conditions.
Many developments have occurred in the MOF-derived nanostructure methods in
recent years. At present, the major issues in this method can be solved by enhanc-
ing the conceptualization and treating of MOF precursors and comprehending the
clear meaning of establishment of mechanisms of different structures of nano-
materials. Also, the stability of MOF-derived structures is comparatively lower
than pure nanostructures, amongst various methods for the fabrication of such car-
bon materials, directly carbonizing through organic precursors. It is a technique
applied very often to fabricate nanoporous carbons such as CNTs because of its
adaptability and ease of procedure. Some of the present research tasks on nano-
composites with the support of CNT-based MOFs are biomedical micro-robots, air
conditioning, carbon capture, gas sensors, eliminations of huge content of heavy
metals from water, refrigeration, capture of nuclear waste, vaccines, nutrient sen-
sors, etc. Even though there are some limitations, for instance, poor surface areas,
unorganized structures, and irregular sizes which do not highly restrict their appli-
cations. Overall, the attitude of using the CNT-based MOF-derived nanostructures
is good, whereas the next level of development is needed in the view of perfor-
mance which enhances the chances of using metal-organic derived structures in
the above-mentioned fields.
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10.1 INTRODUCTION

Metal-organic frameworks (MOFs) are a complex type of porous inorganic-organic
hybrid materials synthesized from metal ions (or cluster) with a multidentate organic
ligand via coordination linkages [1]. Magnetic MOFs (MMOFs) nanocomposites or
magnetic framework composites (MFCs) have emerged as new functional materi-
als in recent years [2]. The MMOFs have attracted tremendous interest due to their
diverse structures, flexible pore size, coordinated metal sites, high porosity, great
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mechanical strength, and adaptable surface properties [3,4]. The selection of material
in the field of MOFs has become a major challenge as a large number of compounds
are reported every year [5]. Over the past decades, more than twenty thousand differ-
ent MOFs have been synthesized, which have presented a wide range of uses in the
field of complex coordination chemistry and effective applications such as catalysis,
gas storage, separation, drug delivery, electronic/optoelectronic devices, and sen-
sors. The MMOFs nanocomposites are of great interest in different environmental
applications, particularly in the field of water purification and green energy [6—8].

The magnetic property is one of the several features of the MOFs that can be
used by incorporating magnetic moment carriers such as paramagnetic metals or
organic ligands, or both [9]. This is not satisfactory to present a magnetic material
because magnetism is a common phenomenon and hence requires an unusual mode
of exchange between moment carriers. Therefore, connections between moment
carriers are required at distances within the interaction range [10]. The interaction
mechanisms between MOFs and substrate are also diverse, due to the structural
features of MOFs, including electrostatic interactions, hydrogen bonding, acid-
base interactions, the effect of framework metal, pore size-selective adsorption,
n-m interactions, hydrophobic interactions, m-complexation, and vacuum expan-
sion [11]. Furthermore, it allows the precise design and alteration of the chemical
and physical properties of MOFs by selecting appropriate metal centers, ligands,
and synthetic conditions to obtain specific pore sizes and spatial cavity patterns
for diverse applications [12]. The resulting three-dimensional outline shows an
extraordinary surface area of more than 2000-8000 square meters per gram of
material [13].

The fabrication of magnetic-based MOF structures is an example of multifunc-
tional network materials where the magnetic properties coexist with the porosity.
These magnetic porous materials act as external chemical stimuli and offer to insert
extra molecules into the pore that may serve to tune the magnetism of the structure.
The coexistence of magnetism and porosity is a challenging aspect from a chemical
design point of view, as these two properties are ineligible for each other, while mag-
netic exchange interactions require short distances between metal centers, which
are typically spin inhibitors [14]. Porosity is generally preferred with the use of long
linkers that often exist at temperatures above zero for too long for magnetic ordering.
However, various synthetic pathways can be hypothesized to develop porous mag-
netic materials. In this chapter, the typical synthesis routes of MMOF materials are
discussed, including their structure and characterization. Furthermore, this chapter
aims to provide an overview of the MMOFs based on the recent advancement of
nanocomposite development.

10.2 METHODS OF PREPARATION

There are different approaches to MMOF or MFC preparation depending on the
design of the MOFs. Particles/fibers with magnetic properties are synthesized
with MOFs by the process of growing or attaching. These MMOFs are examples
of the mutual coexistence of porosity with magnetic properties. Typical magnetic
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nanoparticles (MNPs) are iron, cobalt, nickel, and their oxides. Usually, iron oxides
such as Fe;O, and y-Fe,0, are used as ferromagnetic and super ferromagnetic MNPs
in MMOFs [15,16]. Gao et al. in a systematic review on MMOFs in adsorption and
enrichment removal of food and environmental pollutants application, discussed that
surface modification and sealing are two magnetic functionalized methods for load-
ing MNPs to MMOFs [17]. In the surface modification method, organic molecules
conjugated on the surface of magnetic particles and core-shell structures are grown
via complexation and coordination of dispersed MNPs in a precursor of MOFs [18].
Besides getting the advantages of forming a core-shell structure with a large spe-
cific surface area and high adsorption performance the surface modification process
has certain limitations or disadvantages such as getting an uneven thickness of the
core-shell with poor magnetic properties and a tedious modification process. In the
sealing methods, magnetic particles are embedded on MOF surfaces via continuous
adsorption of magnetic particles during the growth of MOFs [19]. Since the magnetic
particles are adsorbed continuously on the MOF surfaces, they provide a robust mag-
netism and rapid separation, but this synthesis process reduces the specific surface
area and adsorption capacity as the magnetic particles enter the core. However, core-
shell and embedded structures of MMOFs can be obtained by mixing the MNPs
with MOFs via coprecipitation by the mixing method. So, the mixing process is easy
to conduct however, in adsorption applications the adsorbed target molecules are dif-
ficult to elute. Bellusci et al. reported a new synthesis process (Figure 10.1) via ball
milling induced mechanochemical reaction for targeted drug delivery and several
other applications such as catalysis, sensing, and selective sequestration processes
[20]. In this approach iron (III) 1,3,5-benzenetricarboxylate magnetic composite
(MN@Fe-BTC) was studied in the loading and release of doxorubicin drug. Stable
coordination bonds were formed between the drug-loaded in Fe-BTC and magnetic
composite and it is delivered at the target by a mechanism controlled by diffusion
and material degradation.

o HzolCHSCHZOl}\_!—L/
FeCl,, FeCl,
NaOH, NaCl T

e .
- Doxorubicin

FIGURE 10.1 Synthesis scheme. (Reprinted with permission from ref. [20].)
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Espallargas and Coronado also investigated the different approaches developed
for preparing MOFs with magnetic and electronic properties [21]. Since MOFs are
a porous material, the intrinsic molecule can stimulate or tune the magnetic behav-
ior of the MOFs. Therefore, how the magnetism occurs in MOFs can be classified
as four types of MOFs based on magnetic structures (Figure 10.2): (i) Magnetic
MOFs, where magnetic cooperativity occurs via magnetic exchange through the
ligand, (ii) the spin-crossover MOFs, where the nodes have the appropriate coor-
dination environment for the existence of this phenomenon, (iii) MOFs with mag-
netic relaxation, where nodes are clusters with the anisotropic spin ground state,
with single-molecule magnetic behavior, and (iv) MOFs with a magnetocaloric
effect, where nodes are coupled to an isotropic spin ground state. Magnetic MOFs
are designed by using short linkers with selected examples, viz. formats, cyanides,
azolates, diazines, and lactates using the metallo-ligand precursor complexes,
and the radical ligand to achieve coupling and porosity. Nadar et al. classified the
MFCs on the basis of their structure into two forms (Figure 10.3): (i) core-shell
MFCs and (ii) non-core-shell MFCs [4]. Here, the non-core-shell structure can
be obtained by the in situ and embedded mechanism of synthesis in which the
outer surface of the previously synthesized MOFs was attached to a MNP unit or
synthesized within the MOFs via the solvothermal technique. Furthermore, in a
core-shell type structure approach, the MNPs are considered as a core unit of the
core-shell structure while the MOFs will be considered as the shell that was grown
in a restrained condition by the organic precursor and ligands [22]. In this chapter,
we discuss the four different main approaches usually used for designing MFCs as
shown in Figure 10.4.

10.2.1 EMBEDDING

It is also a form of non-core shell-type approach for the synthesis of MFCs.
In this method, functionalized magnetic nanoparticles are attached/embedded

f—/;\‘—& ® & 4 5

O mmm o @ ® \ e
(a) (b) (c)

FIGURE 10.2 Schematic representation of the different strategies to incorporate magnetic
functionalities into MOFs: (a) magnetic exchange via the ligands, (b) spin-crossover at the
nodes, and (c) MOFs with magnetic clusters in the nodes (anisotropic spin for SMM, isotropic
spin for magnetocaloric. (Reprinted with permission from ref. [21].)
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FIGURE 10.3 The design of magnetic framework composites. (a) Core-shell MFCs and
(b) non-core-shell MFCs. (Reprinted with permission from ref. [4].)

on the surface of MOFs by the process of nucleation and growth of the MOFs.
Most MOFs have the applicability of magnetization by this simple and one-step
method. However, this growth of nanoparticles reduces the BET surface area
and lowers the pore volume of MOFs by uniform dispersion of nanoparticles in
a composite. As a result, the extensive use of MFCs is curbed [23,24]. The syn-
thesized MFCs structure morphology is similar to the MOFs crystal that is used
and defined by the route of the synthesis process. Mostly the synthesis procedure
is from conventional heating to sonochemistry using elevated temperature. In
self-template synthesis strategy, inorganic oxide template and MOFs precursor
is mixed in a solvent or mixture of solvent in one pot. The surface of mag-
netic a nanoparticle is used for MOFs as stabilizer or bridge in the framework
component which enables the functionalization of MNPs and particle size and
its distribution carried out in the one-step process. The MOFs coating restricts
the growth of MNPs within MOFs [25]. Wu et al. reported the one-step in situ
pyrolysis route for the fabrication of MFCs. The MNP was produced by ferric
tris(acetylacetonate) [Fe(CsH,0,);] precursor in the ZIF-8 system (Figure 10.5).
The MFCs produced maintain the superparamagnetic characteristics with a
porous structure, having a large surface area along with thermal stability [26].
A solvothermal and hydrothermal method is also practiced depending on the
solvent used. The solvothermal method uses a high boiling point polar non-
protic solvent such as N, N dimethylformamide (DMF), N, N-diethyl formamide
(DEF), N, N-dimethylacetamide (DMA) or, less frequently, dimethyl sulfoxide
(DMSO). Cosolvents such as methanol, ethanol or water can be also added. The
hydrothermal process uses water or a mixture of solvents in which water is the
main component. Generally, a sealed vessel such as an autoclave is used for
the formation of MFCs at above room temperature.
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FIGURE 10.4 Different approaches to the design of magnetic framework composites: (a)
embedding, (b) layer-by-layer, (c) encapsulation, and (d) mixing. (Reprinted with permission
from ref. [22].)

10.2.2  LAYER-BY-LAYER (LBL)

In this method, an appropriate functional group is added on the surface of MNPs
by stepwise liquid phase epitaxy (LPE) to form an MFCs material (Figure 10.4b).
This modification ensures the controlled growth of the crystal and higher stability of
MECs with the formation of a core-shell structure. The thickness and shape of MOFs
are controlled by the number of cycles and shapes of MNPs used respectively. In this
case, by using the solvo/hydrothermal process, bi/trivalent metal ions as ligand and
nitrate or acetate salts as inorganic precursors are combined with MNPs in a solvent
or mixture of solvents. Nadar et al. reported the three ways of functionalization of
MNPs—(i) simultaneous synthesis and functionalization of MNPs in one step, (ii)
synthesis of bare MNPs and then coating them with functionalizing agents, and (iii)
synthesis and consecutive linking with an encapsulating agent. Generally, carbox-
ylate, phosphonate, thiol, and hydroxyl functional groups can bind to the surface
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Method 1
direct synthesis [

Method 2
impregnation

FIGURE 10.5 Schematic illustration of the preparation of superparamagnetic metal-
organic frameworks of y-Fe,O; @ZIF-8. (Reprinted with permission from ref. [26].)

of MNPs. Polyacrylate, polydopamine, dipyridyl amine, and (3-Aminopropyl)
triethoxysilane (APTES) are used for -NH,, Benzene-1,3,5-tricarboxylate, mercap-
toacetic acid and trisodium citrate are used for -COOH while 4-(thiazolyl azo) res-
orcinol used for —SH surface functionalization [4]. Besides having the advantages of
precise control of thickness and an easy preparation method at room temperature in
the LbL process, there are some limitations or disadvantages of this process such as
obtaining a specific thickness to need to achieve a specific surface area and a large
growth cycle which is limited to the MOFs based on divalent metals. HKUST-1 is
the most common example prepared by the LbL method [27]. Ke et al. used to syn-
thesize the novel MOFs (Fe,0,@[Cu,(BTC),]) based on this method and also studied
the relation between the thickness and temperature. The MOFs shell of the micro-
spheres prepared at 70°C is approximately 575 nm after 50 assembly cycles, which
is nearly two times as large as that of the MOFs microspheres prepared at 25°C with
the same assembly cycle [28]. Not only a simple hierarchical level but multi-level
hierarchical core-shell MOFs have been synthesized by this simple LbL method [29].

10.2.3 ENCAPSULATION

In this method, MFCs can be obtained by a buffer interface between the MOFs and
MNPs that encourage the growth of MOFs girdled at the magnetic nanostructure
(particles or fibers) and the carrier. These magnetic functionalized nanostructures
provide better compatibility to trap the material, consequently these nanocomposites
exercised for nucleation and growth of MOFs (Figure 10.4c). This method has a sim-
ple processing step and by changing the MNPs getting the advantage of controlling
the MFCs core-shell structure. Furthermore, this method limits the control over the
compatibility of the MOFs coating and requires pre-embedded MNPs in the polymer
for a better agreement of the MFCs [3]. An innovative and fast synthesis of MOFs
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and MFCs was recently achieved by Kim and his coworker [30]. A microfluidic
device was used for continuous microdroplet production. The microdroplets were
used as microreactors in which MOFs and MFCs were produced in a few minutes. In
particular, iron oxide nanoparticles have been successfully encapsulated into ZIF-8
using a polystyrene sulfonate (PSS) buffer interface.

10.2.4 MixiING

In this method, MNPs and MOFs are synthesized separately and mixed uniformly
under high temperature or ultrasonic for preparing MFCs (Figure 10.4d). Aggregation
and polymerization of MNPs and MOFs create a strong electrostatic interaction that
leads to a durable bonding performance. This approach is one of the simplest meth-
ods among all the methods discussed for preparing MFCs as it could be applied to
almost all the previously prepared MOFs however, in between MOFs and MNPs the
MNPs are easily detachable. Additionally, a large amount of MOFs are required for
this method of mixing which makes it an expensive method. The mixing method for
the preparation of MFCs has been reported by Huo and Yang, 2012 [31]. The unre-
acted MNPs are washed by the centrifuge technique several times and a pure MOF
crystal is separated from the synthesized MFCs effectively.

10.3 CHARACTERIZATION OF MAGNETIC MOFs

The resulting MOFs that are synthesized by different methods should further describe
their properties with the help of various physicochemical techniques to determine
their properties. From the design perspective of MOFs, it is also important to know
its structural and textural properties, studying its homogeneity and stability. The use-
ful techniques for the characterization of MMOFs are explained below.

10.3.1 X-Ray DirrracTiON (XRD)

XRD is generally used to define structural parameters and the crystallinity of mag-
netic MOFs. The structural description of the synthesized MOFs can be performed by
comparison to diffraction with the previous one reported in the literature, or a single-
crystal X-ray pattern and included in a database or using computational modeling [32].
It is possible with this technique to identify the crystallographic parameters (unit cell
size, lattice, and crystallite size), distinctive polymorphic forms, differentiate between
amorphous and crystalline materials and to estimate the percentage of its crystallinity
[33]. The crystalline size is usually calculated using the Debay-Scherrer equation with
the most intense no-overlapped peak after the diffraction peaks are identified.

KA
p -cosO

Where D is the crystalline size, K is the size factor (value 0.84—0.98, which is depen-
dent on equipment), § the full width at half maximum height of the peak (FWHM)
and A the Bragg angle pattern for the peak identified in diffraction.
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This characterization technique is used extensively because it allows an under-
standing of the crystallization of MOFs as well as verifying the formation of new
MOFs or composite. Besides, there are other techniques based on the absorption of
X-rays such as EXAFS or XAFS (extended X-ray absorption fine structure) which
are less used in the characterization of MOFs, mainly because they require the use
of complex synchrotron radiation installations. However, X-ray absorption near-
edge structure (XANES) gives information about the energy bandwidth, valence
state, and bond angles [34,35]. The XRD patterns of the MIL-100(Fe) and M@MIL-
100(Fe) (M = Au, Pd, and Pt) are exhibited in Figure 10.6 as prepared by Liang and
his coworker. It is evident that the M@MIL-100(Fe) nanocomposites with different
metal loadings exhibit similar XRD patterns, suggesting that the integrity of the
MIL-100(Fe) framework is maintained [36].

10.3.2 ScANNING ELEcTRON Microscopry (SEM)

The SEM technique produces high-resolution two-dimensional (2D) images that are
routinely used for MOFs characterization. It displays the shape of the material and its
spatial variations, revealing information about external morphology, dispersion, and
mixing of phases. The porous structure exhibited by the MOFs gives rise to particles
of curious shapes such as cubes, bars, rhombohedral, and yields a diverse morphology
(Figure 10.7a). SEM characterization usually requires gold or platinum for the coating
of the surface with a conductive material based on the insulating nature of MOFs. The
equipment works with a field emission gun that provides a highly focused electron
beam, which increases the spatial resolution working at low potentials. This charac-
teristic prevents damage by reducing the charging effect on the insulating material
that the electron beam may induce in some sensitive MOFs [37,38].
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FIGURE 10.6 XRD patterns of MIL-100(Fe) and M@MIL-100(Fe) (M = Au, Pd, and Pt)
(Reprinted with permission from ref..[36]).
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FIGURE 10.7 (a) Field Emission Scanning Electron Microscopy (FE-SEM) image of
Fe-MOF, (b) Transmission Electron Microscopy (TEM) image of Fe-MOF, (c) High-
Resolution TEM (HRTEM) image of Fe-MOF, and, (e—g) Energy Dispersive X-ray Analysis
(EDX) element mapping of C, O, and Fe obtained from (d). (Reprinted with permission from
ref. [38].)

10.3.3 TraNsmissioN ELecTroN Microscory (TEM)

TEM has been generally used to determine different particle sizes and to create a
histogram with crystallographic data, such as face indices and dislocations. This
technique is highly beneficial for the characterization of modified MOFs by the
composition of nanoparticles, as the images obtained present data about the size
and dispersion of those nanoparticles. These techniques can relate to energy dis-
persive spectroscopy (EDS) or energy dispersive X-ray analysis (EDX or EDAX),
which allows determining the elemental analysis and qualitative composition of
MOFs. Gao et al. synthesized a Fe-MOF which was a uniform axis-like shape and a
similar microstructure and lattice structure characterized by a field emission SEM
(FE-SEM) and high-resolution TEM (HRTEM) which is shown in Figure 10.7b.
The chemical structure is studied by the EDX yield mapping results of each element
which allows knowing the symmetry of the synthesized MOFs [38].

10.3.4 THERMOGRAVIMETRIC ANALYsIs (TGA)/
DirrereNTIAL THERMAL ANALYsis (DTA)

This technique is useful in estimating the thermal stability of MOFs and determining
their solvent-accessible pore volume and their mass loss of materials as a function of
temperature in a controlled environment. The MOFs disintegration varies depend-
ing on the carrier gas (N,, air, or O,) that is used for TGA analysis. Taghizadeh
et al. synthesized the MMOFs nanocomposite and evaluated thermal stability by
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FIGURE 10.8 The TGA/DTA plots of magnetic MOF. (Reprinted with permission from
ref. [39].)

thermogravimetric analysis as shown in Figure 10.8. In DTA plots of MMOFs, exo-
thermic peaks were observed at 283.7, 360.5, 409.3, and 433.3°C. As shown in the
TGA plots, the weight loss for MOFs was about 72%, and the remaining 28% is
related to the presence of Cu?* in the MOFs composition. However, the weight loss
for the magnetic nanocomposite was about 64.4%. In the remaining 35.6%, about
28% is related to Cu?*, and about 7.6% is due to the presence of Fe?* and Fe** ions in
the structure of the magnetic nanocomposite [39].

The TGA curve of MOFs indicates the weight loss (%) versus temperature in
the study. This plot normally describes the first loss of mass in the 40—-110°C range
that corresponds to the removal of solvent molecules and a second loss between
300—-400°C that typically results in structural modification of the MOFs framework.
It should be kept in mind that this is not due to a structural change to reduce weight,
so it is necessary to supplement this study with analysis by XRD at variable tempera-
tures to examine the change of structure [40].

10.4 CONCLUSION

The magnetic-based MOFs or MFCs are a novel type of materials that can be obtained
with the different particles, beads, fibers, or nanorods, porous crystal with magnetic
and functional properties. In this chapter, systematic studies have been mentioned to
understand the recent advancements based on the preparation and characterization
of MMOFs nanocomposites. Among all the above-mentioned methods, the mixing
method has been found as the most suitable technique for the fabrication of MMOFs
based on cost-effectiveness and high yield. Furthermore, a summary of different
characterization techniques is also described to identify their structural and textural
properties.



272

https://www.twirpx.org & http://chemistry-chemists.com

Metal-Organic Framework Nanocomposites

ACKNOWLEDGMENT

The author, Afzal Ansari gratefully acknowledges the financial assistance in terms
of “Non-NET fellowship” by University Grant Commission (UGC), New Delhi.
Further, the authors are also grateful to the Jamia Millia Islamia, New Delhi, for
providing the facility.

REFERENCES

1.

11.

12.

13.

Furukawa H, Cordova KE, O’Keeffe M, Yaghi OM. The chemistry and applica-
tions of metal-organic frameworks. Science (80- ) 2013;341:1230444. doi:10.1126/
science.1230444

. Wu M-X, Gao J, Wang F, Yang J, Song N, Jin X, et al. Multistimuli responsive core-

shell nanoplatform constructed from Fe304 @MOF equipped with pillar[6]arene nano-
valves. Small 2018;14:1704440. doi:10.1002/sm11.201704440

. Ma Y], Jiang XX, Lv YK. Recent advances in preparation and applications of magnetic

framework composites. Chem Asian J 2019;14:3515-30. doi:10.1002/asia.201901139

. Nadar SS, Varadan N, Suresh S, Rao P, Ahirrao DJ, Adsare S. Recent progress in

nanostructured magnetic framework composites (MFCs): Synthesis and applications.
J Taiwan Inst Chem Eng 2018;91:653—77. doi:10.1016/j jtice.2018.06.029

. Watanabe T, Sholl DS. Accelerating applications of metal-organic frameworks for

gas adsorption and separation by computational screening of materials. Langmuir
2012;28:14114-28. doi:10.1021/1a301915s

. Zhao G, Qin N, Pan A, Wu X, Peng C, Ke F, et al. Magnetic nanoparticles@metal-

organic framework composites as sustainable environment adsorbents. J Nanomater
2019;2019:1-11. doi:10.1155/2019/1454358

. Ansari A, Siddiqui VU, Khan I, Akram MK, Siddiqi WA, Khan A, et al. Metal-Organic

Frameworks (MOFs) for industrial wastewater treatment. In Anish Khan, Baha M
Abu-Zaid, Mahmoud A Hussein, Abdullah M Asiri, Mohammad Azam, Met. Framew.
Compos. Vol. I, vol. 53, Materials Research Forum LLC, USA; 2019, pp. 1-28.
d0i:10.21741/9781644900291-1

. Siddiqui VU, Ansari A, Ahmad I, Khan I, Akram MK, Siddiqi WA, et al. Designing

metal-organic frameworks for clean energy applications. In Anish Khan, Baha M Abu-
Zaid, Mahmoud A Hussein, Abdullah M Asiri, Mohammad Azam, Met. Framew.
Compos. Vol. I, vol. 53, Materials Research Forum LLC, USA; 2019, pp. 140-69.
doi:10.21741/9781644900291-7

. Kurmoo M. Magnetic metal-organic frameworks. Chem Soc Rev 2009;38:1353.

doi:10.1039/b804757j

. Blundell S, Thouless D. Magnetism in condensed matter. Am J Phys 2003;71:94-5.

doi:10.1119/1.1522704

Wang B, Xie L-H, Wang X, Liu X-M, Li J, Li J-R. Applications of metal-organic
frameworks for green energy and environment: New advances in adsorptive gas sepa-
ration, storage and removal. Green Energy Environ 2018;3:191-228. doi:10.1016/;.
gee.2018.03.001

Yaghi OM, Li H, Davis C, Richardson D, Groy TL. Synthetic strategies, structure pat-
terns, and emerging properties in the chemistry of modular porous solids f. Acc Chem
Res 1998;31:474—84. do0i:10.1021/ar970151f

Stoeck U, Krause S, Bon V, Senkovska I, Kaskel S. A highly porous metal-organic frame-
work, constructed from a cuboctahedral super-molecular building block, with exception-
ally high methane uptake. Chem Commun 2012;48:10841. doi:10.1039/c2cc34840c



https://www.twirpx.org & http://chemistry-chemists.com

Magnetic Metal-Organic Framework Nanocomposites 273

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Coronado E, Minguez Espallargas G. Dynamic magnetic MOFs. Chem Soc Rev
2013;42:1525-39. doi:10.1039/C2CS35278H

Ghosh S, Badruddoza AZM, Hidajat K, Uddin MS. Adsorptive removal of emerging
contaminants from water using superparamagnetic Fe;O, nanoparticles bearing ami-
nated B-cyclodextrin. J Environ Chem Eng 2013;1:122-30. doi:10.1016/j.jece.2013.04.00
Afkhami A, Moosavi R. Adsorptive removal of Congo red, a carcinogenic textile dye,
from aqueous solutions by maghemite nanoparticles. J Hazard Mater 2010;174:398—
403. doi:10.1016/j.jhazmat.2009.09.066

Gao Y, Liu G, Gao M, Huang X, Xu D. Recent Advances and applications of magnetic
metal-organic frameworks in adsorption and enrichment removal of food and environ-
mental pollutants. Crit Rev Anal Chem 2019:1-13. doi:10.1080/10408347.2019.1653166
YinZ, Wan S, Yang J, Kurmoo M, Zeng M-H. Recent advances in post-synthetic modi-
fication of metal-organic frameworks: New types and tandem reactions. Coord Chem
Rev 2019;378:500-12. doi:10.1016/j.ccr.2017.11.015

Bagheri A, Taghizadeh M, Behbahani M, Akbar Asgharinezhad A, Salarian M,
Dehghani A, et al. Synthesis and characterization of magnetic metal-organic frame-
work (MOF) as a novel sorbent, and its optimization by experimental design methodol-
ogy for determination of palladium in environmental samples. Talanta 2012;99:132-9.
doi:10.1016/j.talanta.2012.05.030

Bellusci M, Guglielmi P, Masi A, Padella F, Singh G, Yaacoub N, et al. Magnetic
metal-organic framework composite by fast and facile mechanochemical process.
Inorg Chem 2018;57:1806—14. doi:10.1021/acs.inorgchem.7b02697

Minguez Espallargas G, Coronado E. Magnetic functionalities in MOFs: From the
framework to the pore. Chem Soc Rev 2018;47:533-57. doi:10.1039/C7CS00653E
Ricco R, Malfatti L, Takahashi M, Hill AJ, Falcaro P. Applications of magnetic metal-
organic framework composites. J Mater Chem A 2013;1:13033. doi:10.1039/c3tal3140h
Falcaro P, Lapierre F, Marmiroli B, Styles M, Zhu Y, Takahashi M, et al. Positioning
an individual metal-organic framework particle using a magnetic field. J Mater Chem
C 2013;1:42-5. doi:10.1039/C2TC00241H

Falcaro P, Normandin F, Takahashi M, Scopece P, Amenitsch H, Costacurta S, et al.
Dynamic control of MOF-5 crystal positioning using a magnetic field. Adv Mater
2011;23:3901-6. doi:10.1002/adma.201101233

Stock N, Biswas S. Synthesis of Metal-Organic Frameworks (MOFs): Routes to vari-
ous MOF topologies, morphologies, and composites. Chem Rev 2012;112:933—609.
doi:10.1021/cr200304e

Wu Y, Zhou M, Li S, Li Z, Li J, Wu B, et al. Magnetic Metal-Organic Frameworks:
y-Fe203@MOFs via confined in situ pyrolysis method for drug delivery. Small
2014;10:2927-36. doi:10.1002/sm11.201400362

Shekhah O, Wang H, Kowarik S, Schreiber F, Paulus M, Tolan M, et al. Step-by-step
route for the synthesis of Metal-Organic Frameworks. J Am Chem Soc 2007;129:15118—
9. doi:10.1021/ja076210u

Ke F, Qiu L-G, Yuan Y-P, Jiang X, Zhu J-F. Fe304@MOF core-shell magnetic micro-
spheres with a designable metal—organic framework shell. J Mater Chem 2012;22:9497.
doi:10.1039/c2jm31167d

MaR, Yang P, Ma Y, Bian F. Facile synthesis of magnetic hierarchical core-shell struc-
tured Fe304@PDA-Pd@MOF nanocomposites: Highly integrated multifunctional
catalysts. ChemCatChem 2018;10:1446-54. doi:10.1002/cctc.201701693

Faustini M, Kim J, Jeong G-Y, Kim JY, Moon HR, Ahn W-S, et al. Microfluidic
spproach toward continuous and ultrafast synthesis of metal-organic framework crys-
tals and hetero structures in confined microdroplets. J Am Chem Soc 2013;135:14619—
26. doi:10.1021/ja4039642



274

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

https://www.twirpx.org & http://chemistry-chemists.com

Metal-Organic Framework Nanocomposites

Huo S-H, Yan X-P. Facile magnetization of metal-organic framework MIL-101 for
magnetic solid-phase extraction of polycyclic aromatic hydrocarbons in environmental
water samples. Analyst 2012;137:3445. doi:10.1039/c2an35429b

Qin J, Wang S, Wang X. Visible-light reduction CO 2 with dodecahedral zeolitic
imidazolate framework ZIF-67 as an efficient co-catalyst. Appl Catal B Environ
2017;209:476-82. doi:10.1016/j.apcatb.2017.03.018

Wilmer CE, Leat M, Lee CY, Farha OK, Hauser BG, Hupp JT, et al. Large-scale screen-
ing of hypothetical metal-organic frameworks. Nat Chem 2012;4:83-9. doi:10.1038/
nchem.1192

Burtch NC, Jasuja H, Walton KS. Water stability and adsorption in metal—organic
frameworks. Chem Rev 2014;114:10575-612. doi:10.1021/cr5002589

Lee PA, Citrin PH, Eisenberger P, Kincaid BM. Extended x-ray absorption fine struc-
ture—its strengths and limitations as a structural tool. Rev Mod Phys 1981;53:769-806.
doi:10.1103/RevModPhys.53.769

Liang R, Jing F, Shen L, Qin N, Wu L. M@MIL-100(Fe) (M = Au, Pd, Pt) nanocompos-
ites fabricated by a facile photodeposition process: Efficient visible-light photocatalysts
for redox reactions in water. Nano Res 2015;8:3237-49. doi:10.1007/s12274-015-0824-9
Bedia J, Muelas-Ramos V, Pefias-Garzéon M, Gomez-Avilés A, Rodriguez JJ, Belver C.
A review on the synthesis and characterization of metal organic frameworks for photo-
catalytic water purification. Catalysts 2019;9:52. doi:10.3390/catal9010052

Gao G, Nie L, Yang S, Jin P, Chen R, Ding D, et al. Well-defined strategy for develop-
ment of adsorbent using metal organic frameworks (MOF) template for high perfor-
mance removal of hexavalent chromium. Appl Surf Sci 2018;457:1208—-17. doi:10.1016/].
apsusc.2018.06.278

Taghizadeh M, Asgharinezhad AA, Pooladi M, Barzin M, Abbaszadeh A, Tadjarodi A.
A novel magnetic metal organic framework nanocomposite for extraction and precon-
centration of heavy metal ions, and its optimization via experimental design methodol-
ogy. Microchim Acta 2013;180:1073-84. doi:10.1007/s00604-013-1010-y

Brunauer S, Emmett PH, Teller E. Adsorption of gases in multimolecular layers. J Am
Chem Soc 1938;60:309-19. doi:10.1021/ja01269a023



https://www.twirpx.org & http://chemistry-chemists.com

’I ’l Metal-Organic
Framework with
Immobilized
Nanoparticles

Synthesis and Applications
in Hydrogen Production

Neslihan Karaman, Kemal Cellat, Hilal Acidereli,
Anish Khan, and Fatih Sen

CONTENTS
11,1 INErOQUCTION ..ouvinviiiinieieiiciieieteeete ettt 276
11.1.1 Synthesis of Metal-Organic Framework Structures...........c..cccc...... 277
11.1.1.1 Solvothermal MOF Synthesis........ccccccceeeenercenereenenen. 278
11.1.1.2  Microwave-Assisted MOF ........ccccccccvvrvinvnininnncnenne. 278
11.1.1.3 MOF Synthesis with Ultrasonication ...........c.ccccceeeeeenee. 278
11.1.1.4 MOF Synthesis by Electrochemical Method.................... 278
11.1.1.5 Mechanochemical Synthesis of MOF ...........ccccccecevinnnne. 279
11.1.1.6 Ionic Fluid-Assisted MOF Synthesis........cccccoceevevvcncnnenne. 279
11.1.1.7 MOF Synthesis by Microfluidic Method............c..cccee... 279
11.1.1.8 MOF Synthesis by Dry Gel Method............ccccecvvirennnne. 279
11.2 Characterization Methods ..........ccccceiriririninenineieieeeeereeeeee e 280
11.2.1 Scanning Electron Microscope (SEM)......ccccovirririrnenienenienenneene 280
11.2.2 X-Ray Diffraction (XRD)Method ..........cccoeeeviriininieiieeiieeeee 280
11.2.3 Thermal ANALYSIS ...cc.eeoieiiieieriieieeiieie et 280
11.2.4 Fourier Transform-Infrared Spectroscopy (FTIR).........ccccevvenennee 281
11.3 ITMMODBILZAtION ...t 281
11.3.1 Immobilization by Physical AdSOrption ...........cccceeceeveeriereneeniennnae 281
11.3.2 Immobilization by Chemical Reactions ............ccooceeverienenieniennene 281
11.3.3 The Synthesis of MOF Contains Immobilized Nanoparticles ......... 281
11.3.4 Synthesis of MIL-101 .....c.oooiiiiiiiieiee e 282
11.3.5 Synthesis of RhNi/MIL-101 Catalysts........ccceecereererrenieienieiennenne 282
11.4 CONCIUSIONS ..cuventitiieietetet ettt et ere s 286
RELEIEIICES ... .ottt 287



https://www.twirpx.org & http://chemistry-chemists.com

276 Metal-Organic Framework Nanocomposites

11.1  INTRODUCTION

Hydrogen is a clean, renewable, environmentally friendly alternative energy source
and 2lst-century energy carrier. In order to apply hydrogen energy, technical dif-
ficulties need to be overcome and improved in terms of the use of fuel cells in the
production and storage of hydrogen. The use of nanomaterials for the production
and storage of hydrogen to increase the efficiency of fuel cells is essential to the
use of nanotechnology to improve the hydrogen economy [1]. Hydrogen gas is an
alternative source of energy that can be obtained from internal sources and can be
used as fuel in zero-emission energy generators. However, there are concerns about
the requirement for a robust hydrogen storage medium to resist high pressure. Some
methods have been developed to solve this situation. One of these methods is storage
in porous structures. Metal-organic frameworks (MOFs) provide a highly porous
medium for storage. MOFs store the hydrogen through the interaction of weak van
der Waals bonds. MOFs have become a promising material for hydrogen storage
applications due to the following advantages: improving activity on delivering and
facilitating the emission of hydrogen by using a simple technique, significantly
increased hydrogen storage capacity, and 4% by weight storage at room temperature.
The most important advantage of MOFs is their ability to form the desired molecular
cavities and excellent crystal structures [2—4].

The use of MOF-based materials for nanostructures, energy storage, and con-
version are important by effectively immobilizing active functional materials and
improving material properties. There are remarkable improvements in energy
applications based on MOFs, composites, and derivatives [5]. Unlike known stor-
age systems, hydrogen is known to be physically adsorbed in storage environments
either chemically or by weak van der Waals interactions. Hydrogen can be stored in
carbon nanotubes by physical adsorption and in an MOF with a high surface area.
Functionalization of MOFs with various nanoparticles (NPs) is an effective way to
strengthen. A typical hydrogen energy system consists of following parts: produc-
tion of hydrogen from renewable sources, storage of high volumes in low volumes,
and the realization of hydrogen energy conversion with high efficiency [6—8]. The
optimal calcination process with the rational combination and production of MOF
precursors works synergistically to improve MOF performance. Considering envi-
ronmental damage caused by fossil fuels and low-efficiency energy transformations,
it is inevitable to search for systems that use renewable energy sources that perform
energy conversion with higher efficiency in the future [9]. MOFs are a kind of three-
dimensional porous material. MOFs are well suited for hydrogen storage due to their
advantages, including structural diversity, functionality, ease of loading, and reverse
laying applications [10] (Figure 11.1).

Focusing on the synthesis, structure, and properties of MOFs is important for this
new class of porous materials due to large pore size, high surface area, and selectivity
of small molecules. When synthesizing a new MOF, various factors should be consid-
ered, as well as the geometric principles considered during the design. The main pur-
pose of MOF synthesis is to obtain high-quality single crystals for structural analysis.



https://www.twirpx.org & http://chemistry-chemists.com
MOFs with Immobilized Nanoparticles 277

MOF composites MOF derivatives

Metal-oragnic frameworks (MOFs)

FIGURE 11.1 Representation and transformations of MOFs, MOF composite, and MOF
derivatives [4].

For the storage of hydrogen, the resulting MOFs, crystal, porous, high surface area,
and low cost with high efficiency are preferred [11]. The functionalized MOFs of the
NPs in the MOFs are called NP@MOFs. Composite materials containing MOFs and
NP@MOFs, which contain inert NPs, are preferred for hydrogen production and stor-
age. The surface area of the integrated MOFs with high porosity, interchangeability,
and immobilized NPs offers unique functionality and versatility. Functionalization of
MOFs with various NPs is an effective way to strengthen the function of MOFs. The
production of metal NPs in MOFs has attracted great interest in recent years due to its
wide application field. Progress in the field of NP@MOF materials and different prepa-
ration methods, as well as appropriate characterization techniques, are discussed [12].

11.1.1  SYNTHESIS OF METAL-ORGANIC FRAMEWORK STRUCTURES

Metal-organic framework structures are nanoporous structures formed by the
coordination of organic binders with metal ions, which can be one, two, or three
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dimensional. Interest in MOF structures has increased as a result of their efficient
use in areas such as H, transport, CO, adsorption, and drug release. MOFs are gen-
erally synthesized by dissolving metal salts and binders in a solvent at a certain pH,
temperature, and pressure. In addition to this method, new methods have been devel-
oped to obtain more stable and porous structures for MOFs in less time. The methods
of MOF synthesis can be gathered under the following topics:

. Solvothermal Method MOF

. Microwave-Assisted MOF

. MOF Synthesis with Sound Waves

. MOF Synthesis by Electrochemical Method

. Mechanical Agitator (Mechanochemical) MOF Synthesis
. Ionic Fluid Assisted MOF Synthesis

. MOF Synthesis by Microfluidic Method

. MOF Synthesis by Dry Gel Method

09O B W=

11.1.1.1  Solvothermal MOF Synthesis

Hydrothermal or solvothermal synthesis is the most common and effective method
used to obtain MOFs. It is carried out in a closed system by dissolving metal salts
with organic binders in the appropriate temperature range (usually 80—260°C) using
water or other organic solvents. After the formation of MOF structures, the solvent is
removed from the medium by centrifugation and washing [13].

11.1.1.2 Microwave-Assisted MOF

Some MOF syntheses are carried out at a high temperature and over a long period by
the solvothermal method. This means a waste of time and a high cost for energy in
industrial-scale applications. The biggest advantage of the microwave method is the
synthesis of MOF structures completed in a very short time. The microwave method
is important for the performance of high-speed syntheses [13].

11.1.1.3 MOF Synthesis with Ultrasonication

The sound waves method achieves homogenous and accelerated nucleation with
small particle sizes and shortened crystallization time. The main advantages of
this method are small particle size and short reaction time. Due to the high energy
emitted by ultrasonic waves, the mixing in the reaction medium is rapid. The ultra-
sonic wave frequency is preferred between 20 kHz and 10 MHz, and the reaction is
occurred rapidly [13].

11.1.1.4 MOF Synthesis by Electrochemical Method

In the electrochemical synthesis of MOF, the metal ions are obtained from the anodic
solution as the metal source instead of the dissolved binder molecules and the metal
salts that react with the conductive salts in the reaction medium. The metal residue
in the cathode is removed by solvents, and as a result of this process, H, is obtained.
Electrochemical synthesis has many advantages, such as low cost, low temperature,
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and outdoor pressure requirement. The production speed can be adjusted to the
desired levels [13].

11.1.1.5 Mechanochemical Synthesis of MOF

The physical and chemical processes take place simultaneously by the utilization
of this method. Mechanochemical synthesis is a method of powder metallurgy in
which controlled and fine composite powders can be produced as a result of repeated
cold welding, rupture, and re-welding in a high energy ball mill. The first step of
this process is mechanical alloying with the help of a mill or grinder to convert the
raw material into the desired microstructure grain size and content as a result of a
mechanical effect in the presence of grinding media and balls. No solvent is required
in this method. Hence, this method is preferred to avoid the adverse effects of the
solvent. Moreover, the reaction occurs at room temperature; no heating is required.
In some cases, metal oxides may be preferred instead of metal salts. In such cases,
pure water is obtained as a byproduct. Adding a small amount to the medium accel-
erates the reaction due to the movement of molecules which increases in the liquid
medium. It has been proved that keeping the reaction method short increases the
pore diameter of the pores of the frame structure [13].

11.1.1.6  lonic Fluid-Assisted MOF Synthesis

It is similar to the solvothermal method. Unlike the solvothermal method, the sol-
vent medium is prepared using the ionic liquid. The ionic liquid can be used instead
of other solvents due to its superior properties such as low vapor pressure, high
solvent property, and high thermal resistance, etc. The most important advantages
of this method are the low solvent cost and the fact that the solvent is not affected
by air [13].

11.1.1.7 MOF Synthesis by Microfluidic Method

In this method, two different solutions are prepared, and these two solutions are
sent to a reservoir via a pump system. The droplets of the two solutions are mixed
in a chamber, and this mixture forms a lattice structure. These droplets then pass
through Teflon immersed in a hot water bath. Following the Teflon column, the
droplets are transferred to a bath with ethanol. In this bath, methanol is removed,
and lattice structures are obtained. Although there is no industrial production of
MOF structures, this method is the most suitable method to be adapted to the
industrial scale [13].

11.1.1.8 MOF Synthesis by Dry Gel Method

This method is generally used in the synthesis of zeolite NPs and zeolite mem-
branes. The dry amorphous silica gel is placed on a platform. Under the platform,
there is water or a volatile amine compound. This solvent evaporates over time and
drops onto the silica gel on the platform, and MOF crystals are formed. The main
advantage of this method is that the volume of MOF synthesized is very low, and the
system requires little space [13].
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11.2 CHARACTERIZATION METHODS

A variety of devices have been developed to examine the surface areas and pore
structures of MOFs as shown below:

1. Scanning Electron Microscope (SEM)
2. X-Ray Diffraction (XRD)

3. Thermal Analysis

4. Fourier Transform-Infrared (FTIR)

11.2.1  ScANNING ELEcTRON Microscope (SEM)

Scanning electron microscopy or Scanning Electron Microscope (SEM) works with
the principle of scanning the surface with high energy electrons that focus on a
very small area. The focusing of high-voltage accelerated electrons on the sample
is achieved by collecting the effects of various interferences between the electron
and the sample atoms during scanning of the electron beam on the sample surface
and transferring them to the screen of a cathode ray tube after passing through the
signal amplifiers. In modern systems, the signals from these sensors are translated
and given to the computer monitor. Thus, the surface characterization of the material
is also carried out by SEM [13].

11.2.2 X-Ray DirrrAcTION (XRD)METHOD

It is possible to visualize the atomic structure of a material using a variety of high-
resolution microscopes. However, it is necessary to use diffraction techniques to
specify unknown structures or to determine structural parameters. X-ray diffraction
is the most widely used diffraction technique to study the crystal structure of solids.
With the X-ray working principle, when X-rays are dropped onto the crystal struc-
ture, the rays are fully reflected from the solid surface at small angles of incidence
and are scattered by the parallel planes of the atoms in the crystal. This crystal-
line scattering is called diffraction, and diffraction consists of scattering containing
many atoms [13].

11.2.3 THERMAL ANALYSIS

Thermal analysis methods can be grouped under two main headings. These are
based on mass loss measurement, thermogravimetry (TG), temperature difference
measurement, differential thermal analysis (DTA), and differential scanning calo-
rimetry (DSC). In the TG method, the decreases in the mass of the substance to be
analyzed as a result of the programmatically increased temperature are examined
as a function of temperature or time. The resulting temperature mass curves are
called thermogram or thermal decomposition curves. Mass losses resulting from a
temperature rise are generally the separation of volatile compounds such as water
from the structure or the decomposition of the substance. The most obvious changes
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examined in the thermogravimetric analysis method are limited to physical pro-
cesses such as degradation and oxidation reactions, evaporation sublimation, and
desorption. In the DTA method, the same temperature program is applied to the
sample and the thermally inert reference material. DTA is performed to record the
change of very small thermal effects. DTA provides the change in temperature by
establishing the relationship between the main part and other standard parts [13].

11.2.4 Fourier TRANSFORM-INFRARED SPEcTROScCOPY (FTIR)

As a working principle, infrared light is absorbed by the measured material, and the
wave number against the infrared intensity of light is measured by the mathematical
Fourier transform method. The infrared region of the electromagnetic light array is
between 14,000 cm™ and 10 cm™!, which consists of the following three main regions:
near wavelength infrared (NIR; 4000 ~ 14,000 cm™!, medium wavelength infrared
(MIR; 400 ~ 4000 cm™) and far wavelength infrared (FIR; 4 ~ 400 cm™) [13].

11.3 IMMOBILIZATION

A material having functional groups capable of carrying out the desired physico-
chemical process is attached to a solid support material which is superior to it in
some physical properties by a suitable method [14].

11.3.1  IMMOBILIZATION BY PHYSICAL ADSORPTION

The desired compound binds to the surface of the solid support by weak van der
Waals interactions. Due to poor interactions, the solubility of the compound can be
reduced [14].

11.3.2  IMMOBILIZATION BY CHEMICAL REACTIONS

A chemical reaction is carried out between the functional groups of the compounds
to be immobilized and the functional groups in the solid support material, resulting
in a chemical bond between the solid support material and the material. Because of
the strong interactions, the solubility of the material can be significantly reduced [14].

11.3.3  THE SyNTHESIS OF MOF CoONTAINS IMMOBILIZED NANOPARTICLES

MOFs are materials that emerge as a three-dimensional porous species. High poros-
ity, low density, and large surface area act as promoters or containers to contain
metal NPs. In the latter case, active species can be designed as nodes, and one- or
two-dimensional MOFs are synthesized due to their superior properties such as sta-
bility and reuse capacity, to increase catalytic activity and increase their insolubility
[15]. In 2018, Zhang-Hui Lu successfully released hydrogen emissions of 2.8 nm,
with NPs of rhodium nickel alloy immobilized with the MOF. Bimetallic composites
with rhodium nickel alloy NPs immobilized on MOFs produce a porous structure
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with a high surface area. The Rh,g Ni,,/MIL-101 catalyst, 100% conversion, and
hydrogen selectivity, the catalytic performance of N,H,BH; and N,H, e H,O dehy-
drogenation in aqueous solution are enormous [16].

11.3.4  SyNTHESIS oF MIL-101

MOFs are unique materials with high surface area, high metal content, and crystal
structures suitable to form molecular cavities. These materials are highly promising
for gas storage, separation processes, and catalysis applications. MIL-101 is used
in hydrogen storage areas due to its high surface area and porosity. The MIL-101, a
member of the MOF family, was the first synthesized in 2005 by Material Institute
Lavoisier [17]. In the literature, studies on the synthesis of MIL-101 are limited and
discussed the improvement of the present method. The MIL-101 material containing
about 50% chromium in its structure is formulated as chromium terephthalate, Cr;F
(H,0),0 [(0,C) -CiH,— (CO,]3.nH,0 (n ~ 25). MIL-101 is synthesized according
to the following procedure: the aqueous solution containing 1.661 g p-phthalic acid,
4.002 g Cr (NO;),, 9H,0, 0.6 ml aqueous hydrogen fluoride and 70 ml water is placed
in a 100 ml Teflon vessel and heated at 220°C for eight hours. The resulting green
powder has the formula KCr;F(H,0),[(0,C)C¢H,(CO,)]3H,0 and is filtered using a
porous glass filter and secondary cooling. The resulting green powder is washed with
hot water-ethanol to remove unreacted excess terephthalic acid and dried in an oven
at 150°C for 24 hours [18].

11.3.5 SyNTHESIS OF RHNI/MIL-101 CATALYSTS

To synthesize RhNi/MIL-101 catalysts, 50 mg of MIL-101 is dispersed in 5 ml of H,O
and sonicated for ten minutes, stirred for eight hours at 20°C. A reduction process
with a total molar ratio reduction ratio of 0.1 mmol of RhCl,e3H,0 and NiCl, e 6H,0
yields RhNi, ,/MIL-101 catalysts with different content of bimetallic compounds
were given in detail. Besides, the synthesis of Rh,, 3Ni, ,NPsRhCl; ¢ 3H,0 (0.08 mmol)
and NiCl, e 6H,0 (0.02 mmol) in 5 ml of deionized water containing 30 mg of cetyl
trimethyl ammonium bromide was performed by using ultrasonication for 2-3 min-
utes. 30 mg of NaBH, was added to the prepared solution and stirred for 30 minutes
to form Rh,¢Ni, ,NPs. The catalytic performance of the catalysts synthesized for the
production of hydrogen from N,H,BH, or N,H, solution is tested in the water-filled
burette system, and the first stage of the H, production reaction is completed. Rh g
can be converted entirely to H, and N, in 2.8 minutes on Ni,,/MIL-101. The synthe-
sized RhNi/MIL-101 is a good catalyst for H, production from both N,H,BH; and
N,H,. The metal/MOF component regions obtained by immobilization of rhodium
nickel alloy NPs on the MOF have rhodium nickel NP dimensions (2.8 nm), high sur-
factants, and porous structure transfer. A heterogeneous catalyst with high yield and
excellent power is obtained for the production of NH,-free hydrogen from Rh ¢Ni, ,/
MIL-101, N,H,BH; and N,H, solution. Compared to pure Rh4Ni,, NPs, the result-
ing Rh gNi, ,/MIL-101 catalyst exhibits high catalytic activity for H, production from
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dehydrogenation of N,H,BH; solution with 100% hydrogen selectivity. RhNi/MIL-
101 has high activity, durability, and reusability performance. MOF rhodium-nickel
alloy NPs immobilized to provide H, production from hydrazine borane and aqueous
hydrazine are successfully synthesized [18] (Figure 11.2).

Metal NPs have very small sizes and can increase activity with a high surface area
[19]. There are also parts where the hydrogen energy system needs to be improved.
One of the priorities is the storage of high volumes of hydrogen in low volumes.
Hydrogen can be stored in many different forms. Hydrogen gas can be stored in
pressurized tubes, liquid tanks, solid storage media, carbon nanotubes, zeolites, and
MOF compounds. MOFs are highly porous organic coordination compounds con-
taining metal ions. The most important advantage of MOFs is their ability to form
molecular cavities of the desired properties and excellent crystal structures [20].
Yaghi et al. reported that MOF-5, one of the MOFs, stores 5% by mass under 77 K
and 90 bar pressure, and IRMOF-20 (iso-reticular; networked) stores 6.7% by mass
under the same conditions. It is synthesized according to the room temperature syn-
thesis method, characterized by different analysis techniques and hydrogen storage
performance. Among chemical hydrogen storage materials, hydrazine monohydrate
(N,H, e H,0) has a hydrogen content (8.0% by weight) developed as a hydrogen car-
rier and easy charging [21]. AuNi alloy NPs consist of hydrogen and ammonia boron
from catalytic hydrolysis of high activity of AuNi alloy NP mesoporous MIL-101
with controlled double phase method (DPM) fixed by size and position control to
MIL-101 [7] (Figure 11.3).

Ammonia borane (NH;BH;, AB) is a promising material for chemical hydrogen
storage, and hydrogen is released by hydrolysis. AB hydrolysis is used to evaluate
catalytic activities. The introduction of the aqueous AB solution into the reaction
flask is achieved by hydrolysis of H, AB produced by vigorously shaking at room
temperature containing synthesized M@MIL-101 catalysts. AuNi@NPs are used
as storage materials for hydrogen production and clean energy applications from
ammonia boron, which can serve as a high-performance catalyst. AuNi alloy NPs

ORh* QN @ RhNistloy @N @B @0 GH

MIL-101 + Rh* + Ni#* Rh#NZ*/MIL-101 RhNI/MIL-101

FIGURE 11.2 Demonstration of catalytic dehydrogenation of N,H,BH; for H, production
by immobilizing MIL-101 with RhNi NPs [18].
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FIGURE 11.3  Schematic representation of the immobilization of AuNi [7].

have been successfully immobilized to MIL-101 by the dual-solvent method (DSM)
combined with a liquid phase concentration-controlled reduction strategy. Uniform
three-dimensional distribution of ultra-fine AuNi NPs encapsulated in MIL-101
pores. Ultra-fine non-noble metal-based NPs in the internal pores of MOFs shed-
ding light on new opportunities, ultra-fine AuNi alloy NPs in mesoporous MIL-101
ammonia showed extremely high activity for hydrogen production from catalytic
hydrolysis of borane [7] (Table 11.1).

MOFs containing immobilized NPs for chemical hydrogen storage are promising
materials. Hydrazine monohydrate (N,H,eH,0), as a safe and efficient storage mate-
rial, has been developed as a promising hydrogen carrier [32-36]. Hydrogen content
(8.0% by weight) and easy charging are very important for these types of materials.
MOF-supported metal NP catalysts increase the hydrogen release kinetics and a high
amount of hydrogen storage material [37-40]. As with any system, the hydrogen
energy system needs to be improved. It is essential to store high volumes of hydrogen
in low volumes of storage material. Hydrogen can be stored in gas-filled pressurized
tubes, liquid-form tanks, solid storage media, carbon nanotubes, and MOF com-
pounds by chemical bonding to surface-interacting metals. Values are increasing
from 10 to 100 bar pressure at 77 Kelvin to form adsorption isotherms. The data were
processed using the software of the analyzer and recorded as National Institute of
Standards and Technology (NIST) isotherms. MOFs are enormous crystal structures
for hydrogen storage. Catalysts for heterogeneous catalysis that would provide NPs
with microstructures in functional MOF pore walls in functional MOFs, size, and
shape of pores with broad surface adjustable values. The structures of MOFs are
supported as NPs of metals, NP/MOF, and MOF. Composite materials containing
MOFs and inert NPs, NP@MOFs, are preferred for hydrogen production and storage.
The surface area of the integrated MOFs with high porosity, interchangeability, and
immobilized NPs offers unmatched functionality and versatility [41-43].



https://www.twirpx.org & http://chemistry-chemists.com

MOFs with Immobilized Nanoparticles

285

TABLE 11.1

Hydrogen Adsorption Capacities of Different Metal-Organic Frameworks
with Surface Areas

References

Furukawa
et al. [22]
Han et al. [23]

Hirscher and
Panella [24]
Kraweic
et al. [25]

Li and Yang [26]

Li and Yang [27]

Panella et al [28]

Rossi et al. [16]

Rowsell
et al [29]

Metal-Organic Framework Type

Metal-organic framework -177

Mg-Metal-organic framework -C30
Zn-Metal-organic framework -C30
Be-Metal-organic framework -C30

Metal organic framework -5

Cu; (BTC) ,

Iso-reticular metal-organic
framework-8

Metal-organic framework -5 (pure)

Iso-reticular metal-organic
framework -8 (pure)

Metal-organic framework -5 (pure)

Metal-organic framework -5
(physically mixed with 10 with %
Pt/AC)

Iso-reticular metal-organic
framework -8 (pure)

Iso-reticular metal-organic
framework -8 (physically mixed

Iso-reticular metal-organic
framework -8 (pure)

Iso-reticular metal-organic
framework -8 (Modified by Pt/AC)

Metal-organic framework -5

Cu 4(BTC) ,
Metal-organic framework -5

Iso-reticular metal-organic
framework -1
Iso-reticular metal-organic
framework -8
Iso-reticular metal-organic
framework -11
Iso-reticular metal-organic
framework -18

Metal-organic framework -177

SSA (m?/g)

1014

1.239 (BET)
890 (BET)

3840 (2296
BET)
1958 (1154
BET)
3362

1466

1911

1501

4526

Hydrogen
(Capacity %
by Weight)

7.5
8.08
6.47
7.61

1.6

0.2
2.18
1.45

1.28
1.48

0.4

1.32

0.5

1.8

0.5

4.0

5.1

3.6

4.5

1.0
1.32

0.89

1.25

Conditions
(Temperature/
Pressure)

77 Kelvin/70 bar

77 Kelvin/20 bar

77 Kelvin/20 bar

77 Kelvin/20 bar

77 Kelvin/10-20 bar
RT 65 bar

77 Kelvin/1 bar

77 Kelvin/1 bar

77 Kelvin/1 bar
77 Kelvin/1 bar

298 Kelvin/100 bar
298 Kelvin/100 bar

298 Kelvin/100 bar

298 Kelvin/100 bar
298 Kelvin /100 bar

298 Kelvin/100 bar

77 Kelvin saturation
pressure

77 Kelvin- saturation
pressure

78 Kelvin/0.75 bar

298 Kelvin/20 bar

77 Kelvin

(Continued)



https://www.twirpx.org & http://chemistry-chemists.com

286 Metal-Organic Framework Nanocomposites

TABLE 11.1 (CONTINUED)
Hydrogen Adsorption Capacities of Different Metal-Organic Frameworks
with Surface Areas

Hydrogen Conditions
(Capacity % (Temperature/
References Metal-Organic Framework Type ~ SSA (m?/g) by Weight) Pressure)
Surble et al. [30] MIL-102 1.0 77 Kelvin/35 bar
Wong-Foy Iso-reticular metal-organic 4170 5.2 77 Kelvin/50 bar
etal [31] framework -1
Iso-reticular metal-organic 3,300 4.8 77 Kelvin/50 bar
framework -6
Iso-reticular metaloorganic 2340 35 77 Kelvin/34 bar
framework -11
Iso-reticular metal-organic 4590 6.7 77 Kelvin/70-80 bar
framework -20
Metal organic framework -177 5640 7.5 77 Kelvin/70-80 bar
Metal organic framework -74 1070 2.3 77 Kelvin/26 bar
HKUST-1 2280 3.2 77 Kelvin/75 bar

11.4 CONCLUSIONS

The usage of hydrogen as a fuel cell energy source is limited by the lack of a
viable hydrogen storage system. MOFs belong to a new class of microporous
materials that have recently been introduced for hydrogen storage. However, no
significant hydrogen storage capacity was obtained at ambient temperature in the
MOFs. Hydrogen storage capacities of modified MOFs have been significantly
increased using a simple technique that provides the emission of hydrogen.
Adsorption is reversible, and rates are fast. These properties made MOFs prom-
ising material for hydrogen storage. The hydrogen energy system, also called
hydrogen economy, is important to produce hydrogen from renewable sources, to
store high volumes in low volumes, and to realize hydrogen-energy conversion
with high efficiency. As with any system, the hydrogen energy system needs to
be improved. Composite materials containing MOFs and inert NPs, NP@MOFs,
are preferred for hydrogen production and storage. The surface area of the inte-
grated MOFs with high porosity, interchangeability, and immobilized NPs offers
unmatched functionality and versatility. Hydrogen energy systems, production
of hydrogen from renewable sources, storage of high volumes in low volumes,
and the realization of hydrogen-energy conversion with high efficiency are very
important for future applications. As in all systems, the hydrogen energy system
needs to be improved. NP@MOFs advances in hydrogen production and storage.
The role of nanotechnology in improving fuel cell efficiency and reducing costs
is important.
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12.1  INTRODUCTION

A rapid and sudden increase in the global population has caused a severe stress on
the global economy as well as the energy sector [1,2]. This is because of the continu-
ous reliance on conventional fossil fuels to facilitate the means of production (during
industrialization processes) in order to meet human needs [3,4]. Dependency on a
fossil fuel-based energy supply faces threats in the future, i.e. depletion of fossil res-
ervoirs [5,6]. Moreover, carbon dioxide (CO,), methane (CH,), sulfur hexafluoride,
hydrofluorocarbons (HFCs), and perfluorocarbons (PFCs) gases accumulate in the
atmosphere and result in a rise in global temperatures and acidic rains [3]. More
efforts have been devoted to finding a sustainable and clean energy supply. In this
regard, hydrogen gas has been recognized as an alternative energy carrier owing to
zero carbon emission, highly gravimetric energy, and its renewable nature [7-11].
However, the key aspect in commercialization of hydrogen gas as an energy carrier
is to find a suitable hydrogen generation/production method.

Currently, hydrogen gas is produced mainly from CO, emission technologies
such as coal gasification and steam reforming of natural gases [8,12]. Ecofriendly
electrochemical water splitting (EWS) offers a favorable solution to generate
hydrogen of high purity [11,13,14]. During EWS, there are two reactions (half-
cell) taking place, cathodic hydrogen evolution (HER) and anodic oxygen evolu-
tion reaction (OER) [15-17]. HER is the most sluggish reaction which requires
a large driving overpotential () to take place [9]. Nowadays, precious/platinum
group metals (PGMs) have been used to facilitate HER reactions, thus reducing the
required overpotential and kinetically accelerate the process [10,18,19]. However,
the market prices and lack of earth abundancy for PGMs hampers their high-scale
utilizations [20,21]. Therefore, it is significant and imperative to find an alternative
cheap, earth-abundant, highly stable, and environmentally friendly electrocatalyst
for HER.

Metal-free electrocatalysts such as intrinsic conducting polymers [22], carbon
allotropes [23,24], and heterocyclic aromatic compounds [25-28] have been explored
for HER. These metal-free materials have advantages such as superior synthetic flex-
ibility, low-cost in manufacturing and great chemical stability. However, the catalytic
efficiency does not match that of PGM-based materials which still need the doping
of metals to enhance their catalytic activities [29,30]. Other materials that gained
enormous attention and became hot research for HER are the PGM-free transitional
metal-based compounds (TMCs) due to their excellent stability, conductivity, and
electronic structures placing them center stage to replace PGMs [21,31-34]. Among
various TMCs, molybdenum disulphide (MoS,) has been regarded as the best can-
didate as its binding energy of hydrogen atoms is closer to that of Pt [23,35-37].
However, limited active sites and poor intrinsic conductivity hinder its application
for HER [38—41]. Various technical strategies to improve MoS,’s active sites and
conductivity are reported in our recent review on MoS, [42]. Taking into account
those strategies, it can be seen that the HER properties are affected by factors such as
active sites which can be linked with the surface area of the material. In this context,
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it is important to evaluate HER on materials possessing high surface area and poros-
ity as an electron transport channel such as carbonaceous compounds which include
single- and multi-walled carbon nanotubes (CNTs) and carbon black as well as inor-
ganic porous materials zeolites and metal-organic frameworks (MOFs).

MOFs are coordinative porous compounds built from interaction between metal
node and di-/polydendate organic linkers which have found great uses in gas (CO,,
CH,, H,) storage, purification, separation, and sensing (during energy production
technologies), drug delivery (for biological and medicinal purposes), and catalysis
[43—49]. This is because MOFs exhibit excellent characteristics such as high surface
area (Brunauer-Emmett-Teller (BET) surface area of approximate 10,000 m?/g), per-
manent porosity, and size/shape selectivity as well as tunable functionality [50-52].
Most importantly, MOFs exhibit types of catalytic sites which make them attract
interest in heterogeneous catalysis and electrochemical sensors [53—55]. The metal
node and organic linker can play multiple roles which includes Lewis acid or base
and redox mediators [56]. In addition, the MOF pores offer a route for migration
of electrons [56]. However, MOFs have limited applications in electrocatalysis, and
this is due to their low chemical stability and poor electrical conductivities [49,57—
61]. Interestingly, MOFs’ high porosity and open framework structures allow full
exposure of active sites and fine tuning of their framework to boost their intrinsic
properties [62,63]. This allows incorporation of secondary components, for exam-
ple carbonaceous materials, metal NPs, conducting polymers, and metal oxides/
sulfides/selenides and derivation of MOFs into porous carbon material which are
of high catalytic activity [62]. Hence, this chapter deliberates on the contemporary
status of improving the electrochemical applications of MOFs. This is achieved by
looking first at the fundamental mechanisms and factors affecting HER. Critical
parameters which are used to measure HER properties of electrocatalysts are dis-
cussed, then structures and synthetic approaches of MOFs are introduced. Lastly,
the challenges and approaches to address the limitations of MOFs for electrocataly-
sis are outlined.

12.2 ELECTROCHEMICAL WATER SPLITTING

12.2.1 FUNDAMENTALS FOR ELECTROCHEMICAL WATER SPLITTING

During EWS, there are two critical and important half-reactions taking place [64—
66]. Oxygen gas (0O,) is produced at the anode half-cell and it is expressed as follows
[15-17,67-74]:

2H,0 - O, +4H" +4e” (12.1)
The actual potential needed to drive the OER, E°; is given by:

Eom = EOOER +iR + Mo 12.2)
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where E°zx =1.23 ViR defines the ohmic potential drop and 1 is the overpotential
needed. The other half-cell reaction at the cathode is where hydrogen gas (H,) is
produced and can be shown by:

4H* +4e” — 2H, (12.3)

and its actual potential is given by:
Eqpr = E g + iR + Mg (12.4)

and EOHER = 0.0 V.
Combining the two half-cell reactions, anodic OER and cathodic HER, the com-
plete EWS reaction is obtained and given as:

2H,0 — 2H, + O, (12.5)

Consequently, the standard potential of the EWS (E; = Eygr — Eogr) is —1.23 V at
25°C at pH O ([H*] = 1.0 M).

12.2.2 MecHANISM OF ELEcTROCHEMICAL HER

HER takes place on the surface of a cathode electrode commonly referred as an
electrocatalyst. During the HER process, two electrons are transferred between the
electrode surface and the electrolyte and combine with hydrogen protons to produce
molecular hydrogen, H,, as described in Equations 12.6 and 12.7 depending on the
electrolyte type (acidic or alkaline) [75,76]:

2H" +2¢” — H, (acidic) (12.6)

2H,0+2¢ —20H +H, (alkaline) (12.7)

In an acidic medium, readily available hydrogen protons react either catalytically
(Tafel) or electrochemically (Heyrovsky) to yield H, whereas in alkaline electrolyte,
a water molecule is dissociated first to generate protons needed to facilitate HER
[8,13]. In principle, HER takes place in a number of steps and the mechanism is
different in acidic and alkaline media. The two multistep mechanisms can be either
Volmer-Tafel or Volmer-Heyrovsky (Figure 12.1) [77,78].

In a Volmer-Tafel mechanism [75,77]:

H" +e” > Hy Volmer(acidic) (12.8)

H,0+e — OH +H, Volmer (alkaline) (12.9)
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FIGURE 12.1 HER mechanism [13].
H, +H,y —>H, Tafel (Both alkaline and acidic) (12.10)

The reaction starts by adsorption of hydrogen protons onto the electrocatalyst surface
(acidic) or dissociation of water molecule to generate hydrogen protons (alkaline)
necessary to initiate the HER process [79]. The latter process is slow and requires
high overpotential (to break the covalent H-OH bond) as compared to the former
(the dative covalent bond in H*-H,0O) and HER kinetics decrease with increase in
pH [80]. Moreover, the OH~ anions may poison the catalyst by adsorbing onto the
surface of the electrocatalyst suppressing the reaction to take place, hence, HER
is more favored in acidic medium than alkaline medium [75]. In addition, for the
overall HER process to take place smoothly, the electrode must adsorb the hydrogen
proton which is neither weak nor strong as shown in Figure 12.2 [81]. Weak adsorp-
tion of hydrogen protons will result in desorption of the proton before the process
starts whereas strong ones will suppress the catalytic combination of neighboring
hydrogen proton adsorbed onto the surface of the electrocatalyst to produce molecu-
lar H, as demonstrated in Equation 12.10. By the way, a cathode electrode must
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FIGURE 12.2 Schematic description of (a) balanced and (b) too strong and too weak hydro-
gen adsorption and desorption on a catalyst surface [81].

possess a great balance between hydrogen proton adsorption and molecular hydro-
gen desorption process [42,57].

For the second mechanism, Volmer-Heyrovsky, the first phase is similar to the
one in the Volmer mechanism illustrated by Equations 12.8 and 12.9 for acidic and
alkaline media, respectively. The succession step is the electrochemical desorption
in which the adsorbed proton reacts with the proton in electrolyte (acidic) or dissoci-
ated proton from a water molecule (alkaline) to yield H,.

H, +H"+e” - H, Heyrovsky (acidic) (12.11)
H,y+H,0+e¢” —OH +H, Heyrovsky (alkaline) 12.12)

In both electrolytic media, if a hydrogen proton adsorbs slowly, the rate-determining
step will be a Volmer step with a Tafel slope of 120 mV dec™! [8,82,83]. And for faster
molecular hydrogen desorption, either a Heyrovsky step with a Tafel slope of 40 mV
dec™ or 30 mV dec! will be a rate-determining step [8,75]. Hence, a faster hydrogen
desorption process is preferred during HER.

12.2.3  AssessMenT ofF THE HER AcTivity

It was seen in electrochemistry that the HER process is one of the most studied
electrochemical methods for hydrogen production [75,76]. Numerous aspects such as
overpotential, Tafel plot (to deduce Tafel slopes and exchange current density), fara-
daic efficiency, stability, and impedance have been used to evaluate HER activity.
Profound understanding of these parameters is essential to design an active, efficient,
and robust catalyst.
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12.2.3.1 Overpotential

In electrochemistry, overpotential (1) is the potential difference (voltage). Its main
purpose is to solve the problem related to the energy barrier that originates from the
mass diffusion in the solution, and electron transfer as well as connections on the
surface of the electrode in practical electrolysis [84,85]. There are three probable
sources for the rise of overpotential which are activation overpotential, concentration
overpotential, and resistance overpotential [85,86].

I. Activation overpotential, also known as onset potential, is an intrinsic prop-
erty of an electrocatalyst and it is vital for initiation of the HER process.
This activation overpotential varies with components of the electrode and it
can be altered from one material to another depending on the modification
of the electrocatalyst. The value of the onset potential must ideally be closer
to zero (0.00 V) like the ones of a Pt-based electrocatalyst.

II. Concentration overpotential occurs immediately the electrode reaction
starts as a consequence of the rapid drop in concentration proximate the
electrode/electrolyte interfaces. This is caused by difference in concen-
tration resulting from the slow ion diffusion. This can be minimized by
homogenizing the electrolyte through stirring the solution.

III. Resistance overpotentials, sometimes referred as junction overpotentials,
occur at electrode surfaces and interfaces like electrolyte membranes. The
junction overpotential can be minimized by conducting ohmic drop com-
pensation as shown by Equation 12.13

Ecorrecied = Emeasurea — 1R (12.13)

where E ,a defines the measured potential versus reversible hydrogen electrode
(RHE), i denotes the measured current and R, represents the uncompensated resis-
tance which can be obtained from the electrochemical impedance spectroscopy (EIS).

During HER studies, the ideal electrocatalyst must give the current density of
10 mA/cm? at low overpotentials derived mostly from linear sweep voltammetry
(LSV). For example, Yu et al. [8§7] used an LSV polarization curve to determine the
electrocatalytic efficiency of electrocatalysts and results are shown in Figure 12.3a.
They obtained the Co@NC/CNT-700 composite possessing a smaller overpotential
of 137 mV which is better than Co@NC-700 with the overpotential of 178 mV at a
current density of 10 mA cm=2.

12.2.3.2 Exchange Current Density and Tafel Plot

Generally, the catalytic efficiency of the electrode materials can be investigated by
the Tafel parameters, i.e. the exchange current density, i, slope, b, and transfer coef-
ficient, a, collected from the LSV polarization and Tafel plot [88]. The exchange
current density, 7, is basically the most significant parameter which is used to probe
the HER performance of the electrocatalyst. The i, value is mostly related with the
surface state/compositions of the electrode as well as the surface area of the elec-
trocatalyst [89]. The large i, obtained from the LSV polarization curves indicates
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FIGURE 12.3 (a) LSV polarization curve and corresponding (b) Tafel plots of MOF-derived
electrocatalysts [87].

the fast electron transfer process and large catalytic surface area [90,91]. From LSV
curves, the i, can be determined from the two points, thus the Tafel plot at a higher
overpotential region and the linear portion of low overpotential [86]. For HER elec-
trocatalyst, i, is deduced from the low overpotential region as surface of the cata-
lyst changes with potential [92, 93]. The i, is obtained from the simplified Tafel
Equation 12.14:

n=a+blogi (12.14)

where i is the current density and b is the Tafel slope.

Another parameter, Tafel slope is normally used to determine the rate-limiting
step and the reaction kinetics. For example, for Volmer, Heyrovsky, and Tafel steps
(see Mechanisms of HER section) to be a rate-determining step, the value of the Tafel
slope must be approximately 120, 40, and 30 mV/dec, respectively [8,75]. For faster
HER kinetics, the Tafel slope must be low, thus the Tafel step (30 mV/dec) is the fast-
est step during HER [70]. Figure 12.3b shows the Tafel slopes derived from Co-based
electrocatalysts in 0.50 M H,SO,. In summary, a good HER electrode material must
possess high exchange current density at low overpotential and a low Tafel slope [94].

12.2.3.3 Impedance

EIS is a technique used to study the electrode/electrolyte reactions occurring during
HER, consequently revealing the kinetics of the reaction [95]. In order to deduce the
information about energy consumed and the size of electrical resistance, the charge
transfer resistance, R, is obtained and associated to the electrochemical reactions
taking place on the electrode material surface. The value of R, determined corre-
sponds with the kinetics of the HER process and low R, value corresponds to faster
HER processes [96].
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12.2.4 Factors AFrecTING HER PERFORMANCE

12.2.4.1 Intrinsic Property of the Electrode Material

The intrinsic property of the electrocatalyst plays important role during the HER
applications in which H protons can be absorbed on the surface of the electro-
catalyst and converted into hydrogen gas [42]. Consequently, the active sites of
the materials determine the electrocatalytic HER. It was shown that the intrinsic
properties of the electrocatalysts are associated with their nature, structural, and
electronic properties, which mostly display a discrete chemisorbed bond between
electrode material and H intermediate [88,92]. Electrocatalysts which are elec-
tron deficient (cationic species) normally experience strong hydrogen adsorption,
whereas some anionic species (electron-rich) are likely to trap H protons weakly,
allowing faster hydrogen desorption. Furthermore, it was demonstrated that the
intrinsic property of the electrode materials can be influenced by factors such as
ligand/strain effects, crystal defects, and/or metal-anion. Accordingly, it is impor-
tant to consider the chemical composition and crystal nature of a material in
order to obtain a material of superior efficiency during electrocatalytic studies/
applications.

12.2.4.2 The Number of Active Sites

One of the important factors in searching for a suitable electrocatalyst for HER, it
is the number of active sites of the materials. Ramohlola et al. [42] reported that
an electrochemical active surface area (ECSA) can be related with the number of
active sites possessed by the electrocatalyst. The electrocatalyst must have high
ECSA as it will tell the number of hydrogen protons to be adsorbed and then
related to the turnover frequency (TOF). TOF is the quantity of hydrogen formed
in a unit of time and is reliant on the active sites available. Hence, materials with
high specific surface areas are a well-known method of increasing the number of
active sites.

12.2.4.3 Electron Transfer Ability

It is well documented that the electrocatalytic reaction takes place on the elec-
trode material surface and two electrons are transferred, as depicted during the
HER mechanism [42,57]. Even though the transport of electrons is a discrete
process from the charge-transfer, it affects the overall HER process and it can
be revealed in Tafel slopes. Since there is a direct relation between electron
transfer ability and the electrical conductivity of the catalytic structure of the
material, developing material with high conductivity is of paramount importance
to enhance the activity of the materials. In this regard, the proposed competent
approach is to prepare a material with the outstanding characteristic of elec-
trical conductivity. Alternatively, the electrocatalysts can be loaded on special
matrix materials that possess high electrical conductivity to enhance their con-
ductivities, which will subsequently improve the electron transport ability of the
electrocatalyst.
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12.3 OVERVIEW OF METAL-ORGANIC FRAMEWORKS

12.3.1 CoNTEXTUAL BACKGROUND OF METAL-ORGANIC FRAMEWORKS

MOFs are coordination polymers with a crystalline structure made up of a transition
metal node coordinated to multidentate organic linkers [97-99]. The organic linkers
usually attach to the metal ion clusters through oxygen atoms to yield an inorganic-
organic hybrid framework with interesting morphology [100,101]. This interaction
combines the physical and chemical functionalities of the individual components to
produce a MOF-type polymer with exceptional properties for a wide range of pos-
sible applications [102]. MOFs were first reported in 1995 by Yaghi and coworker
wherein, they synthesized copper-4,4’-bypyridyl complex [103]. When compared to
other conventional porous materials such as zeolites and CN'Ts, MOFs have distinct
characteristics such as tunable pore sizes, remarkable porosities, and a variety of
reactive sites [104,105]. Furthermore, MOF polymers have been identified to have a
high BET surface area of up to 5000 m?/g [106,107]. Depending on the metal node
and organic linkers used, MOFs can form various structural geometries such as lin-
ear, tetrahedral, square-planar, and octahedral [108—110]. The metal nodes or clusters
which are mostly used during the synthesis of MOFs are transition metals belong-
ing in the first row of the periodic table [111,112]. These metals exhibit a variety of
oxidation states which give rise to a variety of coordination numbers, hence different
geometries. Furthermore, this oxidation state can form other coordination geom-
etries due to the organic ligands/linkers that are coordinated to it. MOFs which are
prepared from lanthanides are rarely studied as compared to transition metal-based
MOFs [113]. Lanthanide ions are usually employed in producing MOFs with unusual
structural morphologies and flexible coordination geometries [114,115]. The behav-
ior of these metals results from high coordination numbers (usually above seven)
and their ability to form porous solids which have Lewis centers and unsaturated
coordination sites [113,114]. For the choice of the organic linker, the important prop-
erty which is preferred is the rigidity of the ligand, which is responsible for stability
in the MOF structure. Furthermore, the rigidness of the ligand backbone allows for
easy prediction of MOF coordination geometry and also assists in maintaining the
open-pore structure after removing the incorporated solvent. These organic ligands
which serve as pillars in forming 3D networks, have different electrical charges such
as cationic, anionic, and neutral [113]. The commonly used linkers are pyrazine and
4,4'bipyridine which are neutral and carboxylates which are anionic [111]. Cationic
organic linkers are rarely used because they have low affinity towards cationic metal
ions [115].

MOFs can be synthesized using various methods which lead to different mor-
phologies and properties [116—118]. The main features of MOF syntheses are to
institute synthetic routes that may give to well-defined inorganic building blocks
without disintegration of the organic moiety. Concurrently, crystallization time
(kinetics) must be suitable to permit the process of nucleation and growth to take
place [118]. Conventionally, MOFs are normally synthesized through hydro-/solvo-
thermal preparation methods by heating a Teflon autoclave consisting of metal ion
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and organic linker solution in an oven for a certain reaction time [119,120]. Different
MOF fabrication routes which include microemulsion, sono-/mechano-chemical,
electrochemical, and microwave-assisted were investigated in order to find syn-
thetic methods with shortened reaction time and fabricate ultrathin, uniform MOF
crystals [119,121-127]. Furthermore, MOFs have been extensively studied for vari-
ous applications which include drug delivery, heterogeneous catalysis, gas sensing,
separation, and storage [54,128]. This is due to ultra-high surface area, porosity, and
tunable functionality [128,129]. However, there are few studies on MOFs for elec-
trochemical application which involve reduction-oxidation (redox) reactions which
include HER, OER, oxygen reduction reaction (ORR), and carbon dioxide reduction
reaction (CO,RR) [54,85,129].

12.3.2 MOF as HER ELECTROCATALYST

The HER process involves two electron transfer processes and MOFs possess low
charge transfer abilities [130]. The low charge transfer property of MOFs results
from the use of organic linkers with high electronegative atoms such as oxygen and
nitrogen in the carboxylate and imidazolate linkers, respectively. Furthermore, the
above-mentioned reactions require an electrocatalyst with high conductivity which
MOFs lack [49]. The low conductivity of MOFs arises from the poor overlap between
the m-orbital (organic linker) and d-orbital (metal node) [57,131]. Taking into account
their tunable functionality, great effort has been made to address the challenges faced
by MOFs in redox reaction-based applications. The reported approaches comprise
of (i) pyrolysis of MOF to form carbonized-MOFs, (ii) compositing with secondary
compounds such as conducting polymers, carbon-based materials and porphyrins to
generate MOF hybrid compounds, and (iii) immobilizing metal NPs on the surface
of MOFs [52,132]. This chapter looks at those strategies and provide a literature
summary on (a) pure MOFs, (b) carbonization of MOFs, and (¢c) MOF immobilized
metal NPs.

12.3.2.1 Pure MOFs as HER Electrocatalysts

The first report on the synthesis of MOFs for electrocatalytic HER was pioneered
by Nohra et al. [133] using polyoxomelate-based MOF (POMOF). The POMOF was
fabricated via the hydrothermal method and their structures were found that they are
insoluble which is a useful property required in electrolysis. This is inconsistent with
other POMOF-based studies [134]. The electrocatalytic studies revealed that the
metal centers of POMOF are electroactive. This is credited to the sequential electron
processes of the chemically reversible reduction of Mo"! centers. Furthermore, the
stability test showed that as-synthesized POMOF can be cycled several times without
significant loss of activity. Comprehensive HER studies of POMOF were reported
by Qin et al. [135]. They studied the HER activities of three different POMOFs,
[TBA],[e-PM0Y¢Mo0",0;,(OH),Zn,]Cl, (NENU-499), [TBA];[e-PMoY;Mo",0,,
(OH),Zn,][BTB],;. xGuest (NENU-500), and [TBA];[e-PMo";Mo",,0,,(OH),Zn,]
[BPT] (NENU-501), where TBA, BTB, and BPT are tetrabutylammonium, benzene
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tribenzoate and [1,1-biphenyl]-3,4’,5-tricarboxylate, respectively. HER activities
of the synthesized materials and other types of MOFs, NENU-5, and HKUST-1
were studied in 0.50 M H,SO, at a scan rate of 5 mV/s using LSV and the results
obtained are shown in Figure 12.4. NENU-500 showed a superior HER performance
as compared to other catalysts with an onset potential of 180 mV as depicted in
Figure 12.4a, overpotential () of 237 mV to attain current density (/) of 10 mA.cm™,
Tafel slope (Figure 12.4b) of 96 mV dec™! and charge transfer resistance (R¢y) of 28 Q
(Figure 12.4c—d). The excellent HER performance of NENU-500 was attributed to
its excellent stability, porosity, and exposed active sites. Following the successful
studies of POMOFs, more effort was placed by different researchers to study the
HER properties of MOF. Wang et al. [136] fabricated two new isostructural 3D MOF
materials, Co-MOF and Ni-MOF ([M(ddbp), s(4,4-biby), s(H,0),] (M = Co/Ni)),
based on mixed-ligands, 1, 3-di(3’,5"-dicarboxyl phenyl)benzene and 4,4’-bipyridine.
The two as-prepared compounds exhibit four-fold polyrotaxane-like (Figure 12.5a)
and (3,4)-connected dmd networks (Figure 12.5b). With unique isostructural net-
works, two MOFs showed remarkable HER electrocatalytic activity in 0.50 M
H,SO,. Co-MOF exhibited best electrocatalytic ability as compared to Ni-MOF
with onset potential of 249 mV vs. RHE and overpotential of 357 mV at 10 mA cm2
(Figure 12.5¢), Tafel slope of 107 mV dec! (Figure 12.5d), and smaller charge trans-
fer resistance (Figure 12.5¢). The excellent HER performance of Co-MOF as com-
pared to Ni-MOF can be attributed to the intermediate binding affinity of Co metal
as compared to weak binding of Ni. Durability studies (Figure 12.5f) demonstrated
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FIGURE 12.4 (a) iR-compensation LSV and (b) corresponding Tafel slopes of the prepared
catalysts in 0.50 M H,SO,. EIS Nyquist plot of (c) different catalysts examined at —0.55 V (vs.
Ag/AgCl) and of NENU-500 recorded at different potentials [135].
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FIGURE 12.5 (a) Four-fold polyrotaxane network view and (b) illustration of 2-nodal
(3,4)-connected dmd net. (c) LSV, (d) Tafel plots, (e) EIS plot, and (f) durability studies of
Ni-/Co-MOF with comparison to Pt/C in acidic (0.50 M H,SO,) medium [136].

that the catalytic activity can be maintained for more than 96 h and 72 h for Co-MOF
and Ni-MOF, respectively.

Duan and coworkers have investigated two dimensional (2D) MOFs for HER elec-
trocatalysts [137]. The 2D MOFs were prepared using a one-step facile chemical bath
deposition approach using 2.6-naphthalenecarboxylic acid dipotassium as organic
linker, and nickel acetate and iron nitrate as metal precursors (Figure 12.6a). The
obtained ultrathin NiFe-MOF array was found to have macropores (Figure 12.6b)
with a distinct crystalline structure showing the clear lattice fringes (Figure 12.6¢)
with d-species of ~1.4 nm. The electrocatalytic studies of NiFe-MOF was performed
in alkaline medium (1.0 M KOH). The LSV polarization curves (Figure 12.6d)
revealed that NiFe-MOF exhibited overpotential of 134 mV at the current density
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FIGURE 12.6 (a) Schematic diagram for the preparation of bimetallic NiFe-MOF and its
(b) SEM and (c) TEM images (inset: selected area electron diffraction (SAED) photograph).
(d) LSV curves and (e) cycle durability test in 0.50 M H,SO, [143].

of 10 mA.cm=2 which is smaller compared to 177, 196, and 255 mV of Ni-MOF,
bulk NiFe-MOF, and calcined NiFe-MOF respectively. In addition, the turnover
frequency (TOF) at the NiFe-MOF was obtained to be 2.8 s~! which is four times
higher than other materials. Furthermore, NiFe-MOFs indicated excellent durability
(Figure 12.6e).

In another study, Lin and coworkers prepared a bimetallic NiFe-MOF using sol-
vothermal synthesis (Figure 12.7a) [138] other than one-step facile chemical bath
deposition used by Duan et al. [137] (Figure 12.6a). It deduced that fabrication of a
bimetallic MOF electrocatalyst via in situ hydrothermal growth on the surfaces of
the conductive material offers steady close contact between the bimetallic MOFs and
conducting Ni foam and this enhances both the charge transport across the electro-
catalyst/substrate interface and the mechanical integrity of the electrode to improve
the stability. In addition, with the correct optimization of the mole ratio of metal
precursors, inter- and intra-molecular synergistic effects can be realized, and this
will enhance the electrocatalytic property. From Figure 12.7b, it can be deduced that
both bimetallic MOF/NF electrodes (5:1 and 1:1) exhibited lower overpotentials than
the other as-prepared materials (Fe-MOF and Ni-MOF). However, the FeNi(BDC)
(DMFE,F)/NF electrocatalyst of molar ratio Fe:Ni (5:1), showed excellent performance,
hence it was said, with correct molar ratio, a bimetallic electrocatalyst with high
activity can be achieved. Other parameters that can access the electrocatalytic ability
of the material are Tafel (Figure 12.7c) and Nyquist plots (Figure 12.7d) which give
information about reaction mechanisms and charge transfer resistances respectively
of the electrocatalyst toward the HER. Unsurprisingly, the FeNi(BDC)(DMF,F)
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FIGURE 12.7 (a) Schematic illustration of the hydrothermal synthesis of bimetallic FeNi-
MOF. (b) LSV polarization curves, (c) Tafel plots, and (d) EIS spectrum of the as-prepared
materials in 1.0 M KOH [138].

electrode of Fe:Ni of 5:1 demonstrated the lowest Tafel slope of 96.2 mV.dec™!' and
Rct value of 0.799 Q among all as-synthesized four MOF/NF electrodes.

Roy and group designed a cobaloxime-based MOF, UU-100 (Co). UU-100 (Co)
consisting of tetranucleating cabaloxime linker (Figure 12.8a) with carboxylates as
metal (Co) anchoring groups [139]. The structural mode of UU-100 (Co) MOF is
shown in Figure 12.8b. It can clearly be seen the six-coordinated centers of Co (IIT)
metal center with cobaloxime linker. The mechanistic illustration of HER on UU-100
(Co) MOF is illustrated in Figure 12.8c in acidic medium and glassy carbon sub-
strate. Scan-rate dependent studies (Figure 12.8d) shows that the as-prepared mate-
rial is electroactive and diffusion-controlled. LSV polarization curve (Figure 12.8e)
showed that the UU-100 (Co) requires onset potential of =150 mV vs RHE in an
acetate butter at pH 4. The Tafel slope obtained was 250 mV.dec™! (Figure 12.8f).

Very recently, Li et al. [140] prepared 2D polyhalogenated Co (IT) MOFs for HER.
Halogens have the electron-withdrawing characteristic, and in this case they have the
ability to enhance the affinity for the reactants to intermediate. Halogen-substituted
linker consisted of a phthalic acid (X,-H,pta = tetrahalogenphthalic acid and X is F,
Cl, Cl, and Br). The three synthesized MOFs, Co-Br,-MOF, Co-Cl,-MOF, and Co-F,-
MOF with general representation [CoCX,-pta) (bpy) (H,0),], (bpy = 4.4-dipyridyl)
were prepared via hydrothermal methods. The HER activities were investigated in
0.50 M H,SO, and from the three Co-X,-MOFs, Co-Cl4-MOF displayed excellent
HER electrocatalytic activity with overpotential of 24 mV at 10 mA.cm~2 and Tafel
slope of 125 mV.dec™. The high active Co-Cl,-MOF was then subjected to acetylene
black (AB) and the corresponding HER results are shown in Figure 12.9a—d.
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FIGURE 12.8 (a) Cobaloxime-linker in UU-100(Co) structure and (b) framework porous
structure of UU-100(C). (c) Illustration of HER mechanism, (d) scan-rate dependent studies, ()
LSV curve, and (f) corresponding Tafel slope of prepared UU-100(Co) in acetate butter [139].

12.3.2.2 MOF Composite for HER

The electrocatalytic performance of MOF is hampered by its poor conductivity, and
stability in different media [49,61]. In order to improve MOF electrocatalytic activ-
ity, most studies were conducted to address the poor conductivity and enhance its
stability. These approaches include encapsulating metal NPs which are deemed good
electrical conductors in the porous frameworks of MOFs. These metal NPs bring
new properties such as new active sites, stabilization of MOF frameworks, and new
channels for electron transport mechanism. Another strategy is to derive the MOF
framework into a porous carbon material, using the MOF as a precursor to achieve
meso/macroporous carbons. The carbon porosity derived from the MOF framework
is then used as a support to immobilize the metal NPs to further enhance its catalytic
activity. These metal NPs deposited on meso/macroporous carbons derived from
MOFs were found to be highly active as these immobilized metal NPs expose more
active sites and enhance the mass transfer rate. Finally, MOFs can form a composite
with other conducting materials in order to enhance its activity. Herein, MOF com-
posites will be comprehensively discussed.

12.3.2.2.1 Metal Nanoparticles@MOF Composite

MOFs structure has a permanent porosity which offers inherent condition to trap
metal NPs. Porous MOFs will stabilize the formation of metal NPs and thus bring
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generation of specific adsorption/catalytic sites [129]. Metal NPs have an advantage
over their bulk counterparts as they give a large surface area at low metal load-
ing, making them cheaper to use [141]. Furthermore, metal NPs in MOFs provide
size and shape selectivity during catalysis [142]. Noble (Pt, Ru, Au), non- noble (Ni,
Co) and bimetallic NPs have been immobilized in the pores of MOFs to improve
their electrocatalytic HER activity [143]. This is because NPs can easily transfer
electrons to MOFs [144]. There are various approaches of loading metal NPs in
the pores of MOFs which include solid grinding, solution infiltration, and layer-by-
layer assembly. In addition to approaches that are conventionally used to immobilize
metal NPs into the pores of MOFs, there are two well-known strategies that are
mostly used, i.e. (i) deposition of metal ions into MOF pores and reducing them
into metal clusters or NPs, and (ii) immobilizing the metal NPs into the pores of
MOFs using the “ship in a bottle” or “bottle around a ship”. Rui and coworkers
[145] presented direct hybridization of Pt NPs into the pores of 2D-Ni-MOF using
a surfactant-free approach. Remarkably, by integrating the Pt NPs into the porous
framework of Ni-MOF, the as-prepared Ni-MOF@Pt heterostructures exhibited
excellent electrocatalytic activity in both acidic and alkaline media. In acidic media
(0.50 M H,SO,), the Ni-MOF@Pt electrocatalyst displayed a low overpotential of
43 mV to achieve current density of 10 mA.cm™ (Figure 12.10a), Tafel slope of
30 mV.dec™! (Figure 12.10b) which are comparable to commercial Pt/C catalyst
(overpotential of 43 mV at 10 mA.cm~? and Tafel slope of 31.0 mV.dec™). In alka-
line medium (1.0 M KOH), Ni-MOF@Pt demonstrated superior HER activity as
compared to Pt/C with overpotential of 102 mV (Pt/C = 172 mV) (Figure 12.10c) at
10 mA.cm™ and Tafel slope of 86 mV.dec™! (Pt/C = 146 mV.dec™) (Figure 12.10d).
Excellent performance in an alkaline medium suggests that the water dissociation
step was enhanced as this step is the one that limits usage of various electrocatalyst
for HER application [42]. As compared to pure Pt NPs, the pure NPs out-performed
the as-prepared Ni-MOF@Pt in both media (Figure 12.10e). The mass activity stud-
ies shown at Figure 10f show that Ni-MOF@Pt out-shined Pt NPs (146 mA/mg at
—100 mV in 1.0 M KOH and 54 mA/mg at —=35 mV in 0.50 M H,SO,) with current
density of 241.0 MA/mg at =100 mV in 1.0 M KOH and 126 mA/mg at —35 mV in
0.50 M H,SO,. From the data obtained, it can be deduced that Ni-MOF@Pt possess
enhanced electrical conductivity and more active sites that resulted in improvement
in HER. There are several studies on noble metals, particularly Pd deposited on
MOF for HER since the binding affinity of Pd is more favorable for hydrogen than
other noble metals [57,146—148].

In another work, Ye et al. [149] immobilized Pt quantum dots (QDs) (QDs have
large surface area and are more conductive than NPs) on a Fe-MOF nanosheet array
supported with conductive core-shell Ni foam (NF) using a one-step facile hydro-
thermal technique (Figure 12.11a). The electrochemical HER performance of the
as-prepared NF, Fe-MOF/NF and Pt DQs @Fe-MOF/NF were studied in alkaline
medium, 1.0 M KOH and displayed in Figure 12b—e. From the iR-compensation
LSV polarization curve, Figure 12.11b, it can be seen that the MOF encapsulated
with Pt QDs supported on a conductive NF electrode (Pt DQs @Fe-MOF/NF)
exhibited the lowest overpotential (33 mV of Pt DQs @Fe-MOF/NF) at a current
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Comparison of overpotential at 10 mA cm~2 as well as (f) mass activity of fabricated electro-

catalysts in both acidic and alkaline media [145].

density of 10 mA cm= which is a measure for HER activity as compared to 219
and 176 mV for NF and Fe-MOF/NF. The significant enhancement of HER on the
Pt DQs @Fe-MOF/NF was attributed to Pt QDs bringing (1) new active centers
and (2) creation of a porous ion buffer reservoir which helps MOFs to be in inti-
mate contact with the electrolyte, which results in a faster electron transfer process
and improved conductivity. The enhancement of the HER activity was supported by
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QDs@Fe-MOF/NF. (b) LSV polarization curves, (c) corresponding Tafel slopes, (d) EIS
plots, and (e) stability investigation for the NF, Fe-NOF/NF and Pt QDs@Fe-MOF/NF in

1.0 M solution [149].

Tafel slopes (Figure 12.11c). Pt DQs @Fe-MOF/NF showed the lowest Tafel slope of
28.6 mV.dec! as compared to other catalysts, NF (172.2 mV.dec™") and Fe-MOF/NF
(152.0 mV.dec™). The Nyquist EIS plot (Figure 12.11d) which is essential to probe
the kinetics of electrocatalyst (lower R, value shows faster kinetics), showed that Pt
QDs@Fe-MOF/NF exhibited lower R, value of 7.678 Q as compared to 12.322 and
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11.847 Q of NF and Fe-MOF/NF, respectively. This suggests that the prepared Pt
QDs@Fe-MOF/NF displays high conductivity and faster HER reaction kinetics. The
chronopotentiometry studies (Figure 12.11e) at a constant current density of 10 mA
cm~ and scan rate of 5 mV s7! for 100 h in 1.00 M KOH displayed a slight decay
for Pt DQs @Fe-MOF/NF. The observations showed that deposition of metal NPs/
quantum dots on the MOF porous framework offers fascinating electrocatalyst with
improved kinetics, stability, and conductivity.

Although monometallic NPs have been encapsulated in MOF porous frame-
works and displayed superior catalytic activity, the use of bimetallic NPs has gained
great attention. This is because conversion of monometallic NPs to bimetallic NPs
results in enhancement of catalytic activity due to synergism between the two met-
als [150,151]. The synergistic effect between MOF and bimetallic NPs on the resul-
tant composite results in improved catalytic activity [143]. This is because the MOF
porous structures and their large surface area will offer a dynamic space for dis-
persion of bimetallic NPs which will suppress the agglomeration and leaching of
the bimetallic NPs [143]. Furthermore, the porous structure allows the substrate to
be more fully contacted to the catalyst [143]. Ding and coworkers [152] encapsu-
lated bimetallic RhRu alloy (bimetallic) NPs into the framework of monometal-
lic MOFs instead of bimetallic MOFs. The as-prepared RhRu@UiO-66-NH, was
investigated for HER studies and it was obtained that it has superior ability in all
pH (Figures 12.12-12.14). The HER performance of the prepared catalysts was first
investigated in 0.50 M H,SO,. The LSV electrolytic studies (Figure 12.12a.) revealed
that UiO-66-NH, showed inefficient HER studies because of their poor conductivity.
It can be noted that upon encapsulating the pores of MOF with Ru and Rh, the HER
activity significantly improved. Rhs,Ru,,@UiO-66-NH, exhibited an overpotential
of 77 mV @ 10 mA.cm™2 which is low as compared to 134, 124, 98, 185, and 210 mV
of Rh,;,,@Ui0-66-NH,, Rh¢;Ru,;@UiO-66-NH,, Rhy;Ru,@UiO-66-NH,, Ru,,,@
UiO-66-NH,, and Ru/C, respectively. This is an indicative that RhsyRus,@UiO-
66-NH, demonstrated the excellent HER properties in 0.50 M H,SO, but did not
match the activity of commercial Pt/C catalyst (31.0 mV). The corresponding Tafel
slope (Figure 12.12b) of highly active Rhy,Ru;,@UiO-66-NH, was 79.0 mV.dec™.
Comparatively, the prepared RhRu alloy immobilized MOF, Rh,,,@UiO-66-NH,,
Rhg;Ru4;@Ui0O-66-NH,, Rh;;Ru,,@UiO-66-NH,, Ru,,,@UiO-66-NH,, Ru/C and
Pt/C showed Tafel slope of 103.0, 98.3, 92.3, 109.5, 128.1, and 60.3 mV.dec™!, respec-
tively. The value of Tafel slope of Rhy,Ru;,@UiO-66-NH, is closer to one of com-
mercial Pt/C and this tells that the HER kinetics were enhanced. To further reveal
the intrinsic properties, TOF was investigated and it was obtained that Rhy,Rus,@
UiO-66-NH, possesses the highest TOF as compared to other Ru and Rh based cata-
lysts (Figure 12.12¢). The LSV polarization curves (Figure 12.12)d—f) of Rhy,Ru;,@
UiO-66-NH, (Figure 12.12)d), Ru/C (Figure 12.12¢), and Pt/C (Figure 12.12f) before
and after 3000 CV cycles at the current density of 10 mA.cm™2, that the overpoten-
tial shifted negatively at 56, 149, and 107 mV, respectively and this suggests that
Rh; Ru5,@Ui0-66-NH, outclassed an Ru/C and Pt/C for long-term operation.

Afterwards, 1.0 M PBS was used as the electrolyte (pH = 7.0, neutral) to test the as-
prepared catalysts. As in acidic solution, UiO-66-NH, showed poor electrocatalytic
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HER activities. Rh,;,,@UiO-66-NH,, RhgRu,;@UiO-66-NH,, Rhs Rus,@UiO-
66-NH,, Rh;;Ru,;,@Ui0-66-NH,, Ru,,,@UiO-66-NH,, Ru/C, and Pt/C exhibited
the overpotential of 232, 137, 111, 197, 303, 195, and 40 mV to attain the current den-
sity of 10 mA.cm~? (Figure 12.13a). The corresponding Tafel slopes (Figure 12.13b)
were 205.6, 113.3, 93.4, 187.4, 245.9, 166.2, and 90.6 mV for Rh,,,@UiO-66-NH,,
Rhg;Ru;;@Ui0-66-NH,, Rhs Rus,@UiO-66-NH,, Rh;;Ru,,@UiO-66-NH,, Ru,,,@
UiO-66-NH,, Ru/C, and Pt/C, respectively. TOF (Figure 12.13c) values obtained
revealed that the intrinsic properties of the UiO-66-NH, were enhanced and stability
test (Figure 12.13d) showed that Rhy Ru,,@UiO-66-NH, possessed an enormously
enhanced stability than that of Ru/C and Pt/C for HER in 1.0 M PBS solution.
Consequently, the HER activities were performed in alkaline solution of 1.0 M
KOH. The similar trends were observed as the one of acidic and neutral solutions
(Figure 12.14a—d). From the three studies, it can be concluded that the as-prepared
RhRu alloyed MOF can be used as an alternative to Pt/C electrocatalysts.

12.3.2.2.2  Metal Nanoparticles Deposited on Porous Carbon
Derived from MOF as Electrocatalyst

One of the limitations of using MOF for electrochemical/catalytic applications is
their poor electrical conductivity [153] and this hampers their usage as electrocata-
lysts. In that case, it is essential to find alternative routes to enhance the conduc-
tivity of MOFs. Recently, MOFs have been used as a precursor for carbon-based
materials [154,155]. Carbonization or pyrolysis of MOF results in degradation/
decomposition of the metal-organic ligand bond and from porous carbon-based
materials [153,156]. The hierarchical porous carbon obtained exhibited excellent
stability and conductivity [153]. The metal centers of MOFs are then transformed
to metal/metal oxide NPs [156]. In short, the pyrolysis or carbonization of MOFs
results in graphitization, growth, agglomeration, oxidation, and carbon reduction
of metal oxide into metal NPs [154,157]. Graphitization of MOF to porous carbon
matrix results in meso/macropores which are essential for diffusion/electron trans-
port mechanism [153]. One other thing, the metal NPs are distributed/dispersed
uniformly on the carbon matrix [154]. This leads to addition of active sites which
are significant during HER [154]. In 2016, Fan et al. [158] fabricated nickel-car-
bon (Ni-C)-based catalyst from a direct carbonization of Ni-MOF and activated
their structural properties by leaching with HCl (HCI-Ni@C) and further activa-
tion to obtain A-Ni-C (Figure 12.15a). The HER studies of HCI-Ni@C, activated
Ni-C (A-Ni-C) together with commercial Pt/C were investigated in 0.50 M H,SO,
and the LSV polarization curves are displayed in Figure 12.15b. HCI-Ni@C and
A-Ni-C exhibited the overpotentials of —440 mV and —34 mV to achieve the cur-
rent density of 10 mA/cm?. Consequently, the A-Ni-C showed a small Tafel slope
(Figure 12.15¢) of 41 mV/dec as compared to 194 mV/dec of HCI-Ni@C displaying
the faster HER process occurring via a Volmer-Heyrovsky mechanism. The faster
HER kinetics were further supported by the EIS Nyquist plot (Figure 12.15d)
which shows that the A-Ni-C exhibited the smallest charge transfer resistance sim-
ilar to that of Pt/C. Most significantly, the A-Ni-C displayed greatest durability of
25 hours with no significant current loss (Figure 12.15¢).
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FIGURE 12.15 (a) Schematic diagram for preparation of pyrolysis, HCI leaching and acti-
vation of Ni-MOF. (b) LSV, (c) corresponding Tafel plots, (d) EIS Nyquist plot and (e) durabil-
ity test of prepared materials [158].

Recently, Qiu et al. [159] reported a bimetallic MOF to fabricate the highly
exposed active site Ru-based electrocatalysts using facile pyrolysis. MOFs will alter
advantages such as (i) high surface area and porosity which are essential for mass
transfer and diffusion of charges during the electrochemical process, (ii) metal cen-
ters in MOFs can be fine-tuned into ultrathin and NPs, and (iii) carbons in MOF
organic linkers can promote electron transfer. In addition, utilization of CuRu-MOF
as a precursor for preparation of Ru-based electrocatalyst plays a significant role as
(1) the Ru and Cu sites are uniformly distributed and will suppress aggregation dur-
ing pyrolysis, (ii) large surface area and rich porosity will generate meso/macropores
during removal of Cu, and (iii) carbon-based linker acts as an electron-transport
chamber. The pyrolysis process CuRu-MOF is shown in Figure 12.16a. For compari-
son, monometallic MOF, Cu-MOF and Ru-MOF were synthesized and subjected to



https://www.twirpx.org & http://chemistry-chemists.com

316 Metal-Organic Framework Nanocomposites
a) - b) )
. e 4 |
e e shthe 3 i |
.fMonﬁ-‘ .o _0‘. = ®, s }.' ne o
metallic —_ f n i ™y WUV, Wl
MOF )
. Route , o 060643
N’

Bi-
metallic
MOF
Route

=

°
L]
8

| « Pioll

J
So1s{+ CuRuc —E,
3 Ble Aim\!dﬁ' <
0.10 E"a
—Ptlail
E =

8
o
LY

g

20% PYC
—CuRu-C

Ru-HPC

&

015 010 008 000 008
Potential (V vs. RHE)

o

Current Density (mA cm,,,?) &  Current Density (mA em,,,”) £

AR 100§ oat o g S6m
204~ . .
i
]
- I : E’ 1851 mV dec”
s N mC
_”!'né ¥ j_-: i = CuRu-C
E * RuHP
03 02 01 00 01 3 07 06 05 04 03 02 01 00 "'oa 0s 10 15
Potential (V vs. RHE) Potential (V vs. RHE) log(J/mA em,., %)

FIGURE 12.16 [Illustration of a fabrication procedure of monometallic, Ru-MOF and
Cu-MOF, and bimetallic, CuRu-MOF as well as their respective simple pyrolysis methods.
XRD of (a) as-synthesized MOFs and (b) pyrolyzed MOF products. (d and e) SEM images and
(f and g) high-resolution (HR) TEM for the MOF-derived Ru-HPC. (h) LSV curves, (i) Tafel
plots, (j) mass current density, and (k) stability and durability test for prepared materials in
0.50 M H,SO,. (1) LSV and (m) corresponding Tafel slopes in 1.0 M KOH for the prepared
catalysts [159].

pyrolysis. The XRD patterns of the CuRu-MOFs indicated the similar as monome-
tallic MOFs (Figure 12.16b). This indicated that CuRu-MOF was obtained without
altering the framework structure. After pyrolysis of CuRu-MOF and monometal-
lic MOFs, the XRD pattern revealed loss of phases of pristine MOF with appear-
ance on metal (Cu and Ru) phases. The XRD of pyrolyzed CuRu-MOF denoted by
Ru-HPC (Figure 12.16¢c) showed the disappearance of Cu phases after treatment
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FeCl,. The SEM micrographs of Ru-HPC indicated the inherent porosity resulted
from the use of MOF as precursors (Figure 12.16d) and large meso/micropores
appearing (Figure 12.16e). TEM images illustrated the uniform distribution of Ru
NPs on the porous carbon network (Figure 12.16f). Furthermore, the high-resolution
TEM (Figure 12.16g) showed d-spacing of 0.234 and 0.214 nm which correspond to
the Ru [100] and [002], respectively. When investigating the HER carbonized mate-
rials as HER electrocatalysts in 1.0 M KOH (Figure 12.16h), Ru-HPC exhibited low
overpotentials (22.7 and 44.6 at current densities of 25 and 50 mA cm~2) as compared
to commercial Pt/C electrocatalyst (45.4 and 84.4 mV at 25 and 50 mA cm™). The
Tafel slopes (Figure 12.16i) of Ru-HPC (33.9 mV/dec) was also lower that of Pt/C
(41.0 mV dec). The small Tafel slope tells that the pyrolysis of MOF results in fast
HER rates and is desirable for practical applications. Furthermore, dispersion of Ru
NPs increased the active sites on the Ru-HPC electrocatalyst. This is evident from
the mass current density studies shown in Figure 12.16j). The mass current density
of Ru-HPC (7.8 A/mg) was 16 times higher than the one of Pt/C (0.46 A/mg) at an
overpotential of 50 mV. Durability studies (Figure 12.16k) showed that the Ru-HPC
can be used for 10 h without losing its activity. In acidic medium, 0.50 M H,SO,
(Figure 12.161-m), Ru-HPC showed superior activities as compared to CuRu-C. The
excellent HER activities of Ru-HPC was due to uniform distribution of Ru NPs on
carbon support.

12.3.2.3 Other MOF Composites as HER Electrocatalysts

Formation of MOF hybrid composite can be another strategy to address the limita-
tion of MOF for HER applications [132]. Highly conductive materials such as intrin-
sic conductive polymers and carbon-based compounds have been studied and were
found to enhance the MOF activity.

12.3.2.3.1 Conducting Polymers@MOF Composites

Intrinsic conducting polymers (ICPs) such as polypyrrole (Ppy), polyaniline (PANTI),
and polythiopene (PTh) have been investigated extensively for electrochemical energy
storage applications such as supercapacitors and lithium-ion batteries [42,83]. This is
due to their metal-like electrical properties that makes them fascinating for different
applications. Moreover, the resonance-stabilized structures of ICPs allow incorpora-
tion of secondary components. This is achieved by ability of ICPs to act as a support/
template of secondary components and impart their properties and this improves
the functionality of the secondary component [30]. Furthermore, the electronic and
physical properties of the material can be influenced by the type of the interactions
between the ICP and secondary component [30]. In this regard, one of the main
things to consider when integrating MOFs and ICPs is the way in which they interact
which result from the approach used for fabrication of the MOF-polymer. Several
methods for preparing MOF-polymer composite include polymer grafted through
MOF, mixed matrix membranes, polymer-templating MOF growth, and using poly-
mer ligands as organic linkers to yield polyMOFs. Our group prepared MOF-PANI/
PANI derivative, poly(3-aminobenzoic acid) (PABA)-based electrocatalysts over the
years using two different approaches, viz. (i) in situ polymerization of aniline in the
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presence of MOF/zeolitic imidazolate frameworks (ZIFs) and (ii) facile hydrother-
mal fabrication of MOF in presence of PANI/poly-3-amino benzoic acid (PABA)
[22,82,83,160,161]. The enhancement of electrocatalytic HER in the as-fabricated
MOF/ZIF-PANI/PABA composite was attributed to polymer acting as a channel
for electron transport to allow the diffusion process to take place. In addition, the
decrease in band gap obtained showed that the MOF-polymer composite exhibited
high conductivity which is essential for HER. In another study of enhancing the activ-
ity of MOF-polymer composite, Khalid and coworkers [162] prepared PANI/ZIF-67
using different weight percentage of PANI via in situ preparation (Figure 12.17a).
The as-prepared PANI/ZIF-67 was further subjected to a simple pyrolysis method.
From the as-prepared PANI/ZIF-67, 50 wt.% PANI/ZIF-67 displayed superior HER
activity in 1.0 M KOH but never matched the activity of Pt/C (Figure 12.17b). The
Tafel slope of 50 wt.% PANI/ZIF-67 (83 mV.dec™) is also less than the other PANI/
ZIF-67 composite at a different weight percentage (Figure 12.17c). This illustrates
that the kinetics of 50 wt.% PANI/ZIF-67 is higher. The stability test (Figure 12.17d)
indicated a gradual decay of HER activity after cycling but the loss is not significant.
This tells that the stability was enhanced, and formation of MOF-polymer composite
can be used to address the limitation of MOF for HER applications.

12.3.2.3.2  Carbon-Based MOF Composite

MOF-carbon-based composites present a new fascinating hybrid material as it com-
bines the state-of-the-art nature of MOFs and the classical nature of carbonaceous
materials [163,164]. Integration of MOFs with carbon-based materials brings new
functionalities which include improved stabilities, enhanced electrical conductivi-
ties, and template effects [127]. Various methods like in situ (one-pot and stepwise
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FIGURE 12.17  (a) Schematic diagram for the synthesis of PANI/ZIF-67 and corresponding
pyrolysis route to obtain pyrolyzed PANI/ZIF-67. (b, ¢) LSV polarization curves and Tafel
plots of the prepared catalysts in 1.0 M KOH. (d) Stability test of the S0%PANI/ZIF-67 [162].
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synthesis) and ex situ approaches have been used for preparation of fascinating
MOF-carbon-based composites [165]. Carbon-based materials such as graphene
oxides (GO), carbon nanotubes (CNTs), and acetylene black (AB) have been used for
fabrication of MOF-carbon-based composite for electrocatalytic HER studies [166].
Johan et al. [164] prepared Cu-centered MOF-GO composite via a facile hydrother-
mal method with different GO weight percentage (2.4 and 8 wt.%). Experimental
results showed that increasing the amount of GO resulted in increasing the elec-
tron transfer rate. The HER studies in 0.50 M H,SO, indicated that (GO 8 wt.%)
Cu-MOF exhibited high electrocatalytic activity due to decrease in activation energy
attributed to presence of GO. In another study, Micheroni et al. [167] investigated
MOF-CNT hybrid composite. The as-prepared Hf,-CoDBP/CNT composite sig-
nificantly enhanced electrical conductivity which resulted in improved HER activity
(Figure 12.18) as revealed by the low onset potential (Figure 12.18a), Tafel slope
of 178 mV.dec™! (Figure 12.18b), turnover number of 3.2 X 10* after 30 minutes
(Figure 12.18c) as well as time-dependent current densities (Figure 12.18d). To be
more specific, Wang et al. [168] used two facile routes to prepare AB&Cu-MOF with
enhanced HER activities. The hydrothermally synthesized 1.7 wt.% AB&Cu-MOF
showed remarkable HER activity in 0.50 M H,SO,. The fabricated 1.7 wt.% AB&Cu-
MOF exhibited the onset potential of 148 mV (Figure 12.19a) and Tafel slope of
80 mV.dec™! (Figure 12.19b). The superior HER activity was further supported by
the EIS data which displayed a faster kinetics, low R, (Figure 12.19¢) and durability
studies displayed negligible decay (Figure 12.19d) and withstand harsh conditions

a) o b) = Wiakon. 188 meoes
~ - > M1, -CODBPICNT. 178 mvidec
~ -
§ 0.0 ')’;/:
241 / =
> o b~
= - 4 e A HI_CoDBP.133 mvice:
$ . 1, -CoDBP St I
E Mf,,-CODBR/CNT £
H1,,-CoDBP/CNT/Nafion g ® DNrNaAS.
E 12
E-12-
o
» 184 o m-:u-va‘,-.'....-
©8 06 04 02 00 02 04 e i S P, S S 10
& 10 d) 06
304 =
L 1.0
m-|-| 5 ——n=515mV
s z n=T18mV
0o E -8
§2°- 5 2z
= 2 20
-
104 2 E 2.6
=
22 3 W‘"‘*‘"‘
304
o Lo - - - . . - -
ns aHs s @5 Ts 1 2 3 4 5 L] 7

FIGURE 12.18 (a) LSV curves and (b) corresponding Tafel plots of prepared MOF/CNTs
catalysts compared to CNT and GCE in 0.10 M perchloric acid. (c, d) Turnover number
(TON) and current-density-time studies of htf,,-CoDBP/CNT/Nafion [167].
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FIGURE 12.19 (a) LSV polarization, (b) corresponding Tafel plots, (c) EIS Nyquist plot, (d)
durability test, (e) cyclic voltammograms at 100 mV s7!, and (f) capacitance double-layer plots
for the synthesized catalysts in 0.50 M H,SO, [168].

(stability) for 18 h (inset). Furthermore, the 1.7 wt.% AB&Cu-MOF exhibited good
capacitive behavior and double capacitance layer (Figure 12.19f) of 0.62 mF.cm™
which shows that new active sites were added. These studies revealed that conductive
carbons are suitable materials for preparing MOF composite for HER applications.

12.4 CONCLUSIONS AND FUTURE PERSPECTIVES

Hydrogen evolution reaction plays an important role in driving hydrogen pro-
duction economy towards commercialization. It was seen that manufacture of
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cost-effective, stable, durable, and highly catalytic active electrocatalysts is a
crucial step in realizing the fruit of hydrogen energy. In this chapter, we clearly
looked at the insight reaction mechanisms during electrolysis splitting of water to
produce hydrogen gas in order to understand better the vital aspects which need
to be taken into consideration during selection of electrocatalysts. It was observed
that HER process requires an electrocatalyst with balanced energies in order for
it to proceed. It was also noted that the HER performance of the material can be
monitored by studying electrochemical parameters such as onset potential, over-
potential, Tafel analysis, and charge resistance transfer. Hence in this chapter, the
theoretical background of the above-mentioned electrochemical parameters were
illustrated. Furthermore, we reviewed the HER mechanisms in both alkaline and
acidic media where it was demonstrated that the HER process may take place
through Volmer-Heyrovsky or Volmer-Tafel mechanisms as the rate-determining
step. The HER mechanisms were mostly associated with the number of active
sites of the electrocatalyst to adsorb hydrogen intermediately. This was shown to
correspond with the Tafel slopes of 30, 40, and 120 mV dec! for Tafel, Heyrovsky,
and Volmer, respectively. It was seen that the HER mechanism depends on the
electrical conductivity of the catalytic structure of the material, therefore, devel-
oping materials with high electrical conductivity will facilitate the electron trans-
fer process. In this regard, the contemporary approach was based on fine tuning
MOFs and their composites for electrocatalysis owing to their large surface area.
However, the HER performance of MOF is hampered by its poor conductivity
caused by organic linkers and stability in different media. The encapsulation of
metal NPs was reported in order to improve MOF electrocatalytic activity by
adding new active sites, stabilization of MOF and new channels for the electron
transport mechanism. In addition, the carbon porosity derived from the MOF is
then used as a support to immobilize the metal NPs to further enhance its cata-
lytic activity. The other approach is to introduce conducting polymers, where it
was shown to improve the electrical conductivity of MOFs resulting in enhanced
HER properties. In future, more efforts are needed in order to attain MOF nano-
structures with superior HER activity.
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LIST OF ABBREVIATIONS AND ACRONYMS

2-,3-D two-, three dimensional
4,4-biby  4,4-bipyridine
AB acetylene black
BET Brunauer-Emmett-Teller

BTB benzene tribenzoate
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BPT [1,1'-biphenyl]-3,4",5-tricarboxylate

bpy 4.4-dipyridyl

CNTs carbon nanotubes

CO,RR carbon dioxide reduction reaction

Cv cyclic voltammetry

ddbp 1,3-di(3’,5-dicarboxyl phenyl) benzene

EIS electrochemical impedance spectroscopy

EWS electrochemical water splitting

GO graphene oxide

GCE glassy carbon electrode

H,, adsorbed hydrogen atom

HER hydrogen evolution reaction

HFCs hydrofluorocarbons

HKUST-1 Hong Kong University of Science and Technology-1
HRTEM high resolution transmission electron microscope
ICPs intrinsic conducting polymers

LSV linear sweep voltammetry

M metal

MOFs metal-organic frameworks

NENU-499 [TBA],[e-PMoY;Mo"!,04,(OH);Zn,]Cl,

NENU-500 [TBA];[e-PMoY{Mo",0,,(OH),Zn,][BTB],,;. xGuest
NENU-501 [TBA];[e-PMoYMo",0,,(OH),Zn,][BPT] (NENU-501)
NF Ni foam

NPs nanoparticles

OER oxygen evolution reaction

ORR oxygen reduction reaction

PABA poly(3-aminobenzoic acid)

PANI polyaniline

PFCs perfluorocarbons

PGMs platinum/precious group metals
POMOF polyoxomelate based MOF

PPy polypyrrole

PTh polythiopene

QD quantum dots

RHE reversible hydrogen electrode
SAED selected area electron diffraction
TBA tetrabutylammonium

TEM transmission electron microscope
TMCs transitional metal-based compounds
TON turnover number

TOF turnover frequencies

X halogen

X,-H,pta tetrahalogenphthalic acid
XRD powder X-ray diffraction
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Carbon nanotube (CNT), 80
applications
biological/medical, 250-252
chemical/electrochemical sensing
applications, 243-246
energy storage, 252-256
environmental, 246250
CNT, 238-239
graphene, 240
hard template approach, 241
MOF, 237-238

soft template approach, 241
synthesis, 239-243
Carbon nanowall arrays (CNWA), 108
Carbon/metal-oxide composite electrodes
binder-free/self-standing, 101-104
N-doped hollow carbon spheres, 106
nanowire arrays (NA) electrodes, 105
research hotspots, 114—117
SAED patterns, 102
Carbonization method, 89
Catalyst
approaches, 31
heterogeneous catalysts, 30
homogeneous catalysts, 29
organic compounds, formation of, 31
strategies, 30
CB, see Carbon black; Conduction band
CC, see Carbon cloth
CF, see Carbon fiber
Charge transfer-induced spin transition (CTIST),
175-176
Charge-discharge mechanism, 92
Chemical vapor deposit (CVD), 141
Chemotherapy, 213-214
CNF, see Carbon nanofibers
CNT, see Carbon nanotube
CNT-based MOF nanocomposites
applications
biological/medical, 250-252
chemical/electrochemical sensing
applications, 243-246
energy storage, 252-256
environmental, 246250
CNT, 238-239
graphene, 240
hard template approach, 241
MOF, 237-238
soft template approach, 241
synthesis, 239-243
CNWA, see Carbon nanowall arrays
Conduction band (CB), 35, 144
Confocal laser scanning microscopy (CLSM), 219
CoNi alloy nanoparticles, 92
CoS, nanoparticles in N-doped carbon (CoSNC)
nanocomposites, 94
CSD, see Cambridge Structural Database
CTIST, see Charge transfer-induced spin
transition
CVD, see Chemical vapor deposit

333



https://www.twirpx.org & http://chemistry-chemists.com

334

D

Differential scanning calorimetry (DSC), 280
Differential thermal analysis (DTA), 270-271, 280
Diffusion method, 24

Dimethyl sulfoxide (DMSO), 265
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porphyrin MOF
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Hard template approach, 241
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applications, 184
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SBU, 18
structural arrangement, 17-19
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synthesis methods, 151-155
diffusion method, 24
dry gel method, 279
electrochemical synthesis, 23, 278-279
hydro/solvothermal process, 21-23
ionic fluid-assisted, 279
mechanochemical method, 154, 279
mechanochemical synthetic process, 24
microfluidic method, 279
microwave-synthesis technique, 23, 154, 278
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treatment method)
background, 15-16, 146-149
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Fourier transform-infrared spectroscopy
(FTIR), 281
scanning electron microscope (SEM), 280
thermal analysis, 280-281
X-ray diffraction (XRD) method, 280
composites, 26-28
crystal structures, 148
crystallinity, 16
definitions, 2
electrochemical water splitting
carbon-based, 318-320
cobaloxime-linker, 306
composite for HER, 306
conducting polymers, 317-318
contextual background, 300-301
HER electrocatalyst, 301-306

post-synthesis modification, 25-26
preparation conditions, 153
solvent evaporation, 25
solvothermal method, 151, 153, 278
sonochemical technique, 24
ultrasonic method, 23, 278
thermal stability, 20
titanium oxide/metal organic framework,
155-159
transition metals, 17
tunable nature, 43
Metal-organic gels (MOG), 106
Metal-organic xerogels (MOX), 107
Metallo-ligand approach, 174, 175
Methyl orange (MO), 34, 58
Methylene blue (MB), 34, 58
MFC, see Magnetic framework composites
MG, see Malachite green
Microsupercapacitors (MSC), 74
Microwave (MW)-assisted MOF synthesis, 199
Microwave-synthesis technique, 23, 154, 278
Mn;0,@N-doped carbon/graphene (MCG), 90
MO, see Methyl orange; Molecular orbitals
MOF, see Metal-organic frameworks
MOF carbon composite
metal oxides/carbon-based materials, 201
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ex situ synthesis approach, 203
in situ polymerization method, 205-206
in situ synthetic approach, 193
one-pot synthesis method, 193-199
Pickering emulsion-induced growth, 205
self-assembly method, 203-204
stepwise synthesis, 199-202
MOF nanocomposites (MOFN)
adsorption mechanisms, 61-62
adsorptive applications
aquatic systems, 58
emerging pollutants (EP), 58—-59
removal of heavy metals, 57
removal of organics, 58
characteristics
degradability and hydrostability, 56
morphology/size, 56
porosity/surface area/crystallinity, 55
structural properties, 56—57
surface charge/functionalities, 55-56
future research, 64
membrane, 62—-64
MOF-carbon nanotube (MOF-CNT)
composites, 192
MOF-derived nanoarchitectures, 74-76
MOG, see Metal-organic gels
Molecular orbitals (MO), 149
Molybdenum disulphide (MoS,), 292
MOX, see Metal-organic xerogels
MRI, see Magnetic resonance imaging
MSC, see Microsupercapacitors
Multi-walled carbon nanotubes (MWCNT), 252

N

N-heterocyclic carbenes (NHC), 32
Nanoporous carbon (NPC), 107
Nanoporous functional composites (NPFC), 80
Nanoporous materials, 3
Nanorod sheet arrays (NRSA), 108, 109
Nanoscale MOF (NMOF)
DBP-UIO, 217
PDT efficacy, 223
photodynamic therapy
BODIPY, 219-221
porphyrin derivatives, 215-218
photothermal therapy, 223-224
combined PTT, 226228
enabled PTT, 224-226
PDT and PTT, 228-229
PTT efficiency, 224
surface modification, 221-222
targeted delivery, 222-223
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National Institute of Standards and Technology
(NIST), 284

Near infrared light (NIR), 223

NHC, see N-heterocyclic carbenes

NHEC, see Non-aqueous hybrid electrochemical
capacitor

Ni-Co-S nanoparticles, 100

Ni/Co-layered double hydroxides, 98, 99

NIR, see Near infrared light

NIST, see National Institute of Standards and
Technology

Non-aqueous hybrid electrochemical capacitor
(NHEC), 112

NPC, see Nanoporous carbon

NPFC, see Nanoporous functional composites

NRSA, see Nanorod sheet arrays

(0]

Octahedrite, 139

OER, see Oxygen evolution reaction

One-pot synthesis method
conventional heating, 194-196
FTIR spectrum, 197
hydrothermal/solvothermal, 196-198
in situ synthesis in ambient conditions, 194
microwave, 199
MWCNT support, 195, 198
schematic representation, 194
ultrasonication, 198—-199

OPC, see Organic photovoltaic cells

Open circuit voltage (Voc), 133

Open framework, 6

Organic linkers, 168

Organic photovoltaic cells (OPC), 136

Organic porous material, 4

Oxygen evolution reaction (OER), 292

P

PAN, see Polyacrylonitrile

PBA, see Prussian blue analogues

PCP, see Porous polymers

PDT, see Photodynamic therapy

PEG, see Polyethylene glycol

Pentacoordinated cocenters, 174

Perfluorocarbons (PFC), 292

Permanent porosity, 67

Perovskite solar cells (PSC), 135-136

Persistent organic pollutants (POP), 54, 60

PFC, see Perfluorocarbons

PGE/PGM, see Platinum group elements/metals

Pharmaceutical and personal care products
(PPCP), 59-60

Photocatalyst, 35-36

Photodegradation process, 33
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BODIPY, 219-221
porphyrin derivatives, 215-218
Photosensitizers (PS), 214
Phototherapy, 214
Photothermal therapy (PTT), 214, 223-224
combined PTT, 226228
enabled PTT, 224-226
PDT and PTT, 228-229
Photovoltaic (PV) technologies, 132
Photovoltaic cells (PVC), 133
background, 133
dye-sensitized solar cells, 136—139
evaluation
fill factor (FF), 133-134
open circuit voltage (Voc), 133
power conversion efficiency, 135
short circuit current (Isc), 133
non-deposited perovskite layer, 136
organic solar cells, 136
perovskite solar cells (PSC), 135-136
Physical vapor deposition (PVD), 141
Pickering emulsion, 205
Platinum group elements/metals (PGE/PGM), 14
materials used, 15
PMOF, see Porphyrin-based metal-organic
framework
Polyacrylonitrile (PAN), 63
Polyethylene glycol (PEG), 177
Polymers, 4
Polypyrolle@MOF core-shell nanocomposite, 228
POP, see Persistent organic pollutants
Porosity, 3, 16
Porous materials, artificial, 3
Porous MOF, 3-4
advantages, 7
application, 8
characteristic, 6
formation, 4-5
nano porous, 8—9
permanent porosity, 6—7
separation of gas, 8
types, 5-6
Porous polymers (PCP), 167
Porphyrin derivatives
DBP-UIO, 217
MOF organic linkers, 215-217
phthalocyanine, 218-219
Porphyrin-based metal-organic framework
(PMOF), 228
Post-synthesis modification (PSM) method,
25-26
Post-synthetic modification, 19
Power conversion efficiency, 135
PPCP, see Pharmaceutical and personal care
products
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Prussian blue analogues (PBA), 172
PS, see Photosensitizers

PSC, see Perovskite solar cells
PTT, see Photothermal therapy

PV, see Photovoltaic technologies
PVC, see Photovoltaic cells

PVD, see Physical vapor deposition

Q

Quantum dot sensitizer solar cells (QDSSC), 135

R

Radical-as-ligand approach, 174-175
Radiotherapy, 213

Rare earth elements (REE), 54, 61
Reversible hydrogen electrode (RHE), 297

S

SBU, see Secondary building units
SC, see Supercapacitors
Scanning electron microscope/microscopy
(SEM), 269-270, 280
SCO, see Spin crossover complexes
Secondary building units (SBU), 2, 19, 149
Seeded growth method, 200-201
Sensors, 29
Short circuit current (Isc), 133
SIHC, see Sodium-ion hybrid capacitors
Single-walled carbon nanotubes (SWCNT), 253
Sodium-ion hybrid capacitors (SIHC), 113
Soft template approach, 241
Soft X-ray-induced excited spin state trapping
(SOXIESST), 176
Solvent evaporation, 25
Solvothermal method, 151, 278
Sonochemical technique, 24
Spin crossover complexes (SCO), 171, 175-176
Spin transition/spin equilibrium, 175
Supercapacitors (SC), 72
SWCNT, see Single-walled carbon nanotubes
Synergistic merits, 92
Synthesis methods, 151-155
diffusion method, 24
dry gel method, 279
electrochemical synthesis, 23, 278-279
hydro/solvothermal process, 21-23
ionic fluid-assisted, 279
mechanochemical method, 154, 279
mechanochemical synthetic process, 24
microfluidic method, 279
microwave-synthesis technique, 23, 154, 278
post-synthesis modification, 25-26
preparation conditions, 153
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sonochemical technique, 24
ultrasonic method, 23, 278
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Tetramethylethylenediamine (TMEDA), 205
TG, see Thermogravimetry
Thermogram/thermal decomposition curves, 280
Thermogravimetric analysis (TGA), 270-271
Thermogravimetry (TG), 280
3D crosslinked structure, 42
Titanium dioxide (TiO,)

Al doping, 145

anatase, 146

background, 139

characteristics, 140

composites, 144-146

condensation, 143

crystalline structures, 139

dye adsorption, 158

electronic absorption, 140-141

equivalent circuit model, 157

hydrolysis, 143

photovoltaic parameters, 145, 156

pyrolysis, 142

synthesis, 141-144

tetrahedral structure, 144

UV-vis spectra, 141
Titanium tetraisopropoxide (TTIP), 142
TMC, see Transitional metal-based compounds
TMEDA, see Tetramethylethylenediamine
TOF, see Turnover frequency
Transition-metal chalcogenides (TMC), 93-101
Transition-metal oxides (TMO)

carbon hybrid materials, EC, 80-87

carbon nanosheets, 80

EDX-elemental mapping images, 79

GO/Fe-MOF aerogel, 78

HRTEM image, 88

KSPC nanocomposites, 92

MCG hybrids, 90

MnO@GC nanohybrids, 89

MOF-derived carbon, 77-78

MOF-derived composites, 78—80, 89-93

MOF-derived TMO, 76-77

NiO/CNF composite, 88
Transition-metal sulfides (TMS), 93-101

carbon hybrid materials, 95-97

EDS elemental mappings, 101
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Transitional metal-based compounds (TMC), 292

Transmission electron microscopy (TEM), 270

TTIP, see Titanium tetraisopropoxide

Turnover frequency (TOF), 299

2D-CMO, see 2D-layered carbon-metal oxide
composite

2D CoSNC nanocomposites, 98

2D-layered carbon—metal oxide (2D-CMO)
composite, 102

U

Ultrasonic method, 23
Ultrasonication, 198—199, 278
Unsaturated metal centers (UMC), 30

\%

VACNEF, see Vertically aligned carbon
nanoflakes

Valence band (VB), 35

Vertically aligned carbon nanoflakes (VACNF),
112

Voc, see Open circuit voltage

Volmer-Heyrovsky mechanism, 294, 295

Volmer-Tafel mechanism, 294, 295

w

Water treatment method
adsorption of organic pollutants, 33-34
magnetic composites, 34
photodegradation of organic pollutants
dyes, 36-38
photocatalysts, 35-36
photodegradation process, 33

X

X-ray absorption near-edge structure (XANES),
269
X-ray diffraction (XRD) method, 247, 280

y4

ZDPC, see ZIF-8 derived nanoporous carbon
Zeolites, 4

Zeolitic imidazolate frameworks (ZIF), 21
Zeotype crystal structure, 34

ZIF-8 derived nanoporous carbon (ZDPC), 115
ZnO QDs-decorated CNF (ZPCNF), 90
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