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Foreword

Make everything as simple as possible, but not simpler

Albert Einstein

The above quote writely and adequately justifies the emerging and the exciting field
of Metal-Organic Frameworks (MOFs). MOFs are one of the most important classes
of materials which involve strong bonding of molecular components into crystalline
porous extended architectures. As a result, MOFs offer extremely high surface areas
and very low crystalline densities. However, the real beauty of MOFs lies in their
simplicity in preparing outstanding architectures by the judiciously selection of the
straightforward molecular components which simply self-assemble following the
geometrical concepts. MOFs offer noteworthy applications in a variety of fields
including gas and vapor storage, gas and vapor separation, carbon dioxide storage
and capture, ion conduction, drug delivery, catalysis, luminescence, batteries, water
treatment, and photo- and electrocatalysis.

Out of varied applications, catalysis is not only fundamentally important but is
also paramount for the industrial andmedicinal applications. The exponential growth
in the field of MOFs in the last few decades has tremendously enhanced our under-
standing both about their synthesis and structures. While a number of review articles
as well as books are available about the synthetic concepts and structures of MOFs;
there is a noticeable lack of a general book for the undergraduate and the graduate
studies that not only covers the underlying principles of MOFs but also focuses on
their catalytic applications. In this context, it is overwhelming to learn about the
new contribution “Metal-Organic Frameworks (MOFs) as Catalysts” in the Molec-
ular Catalysis Book Series published by the Springer Nature. This book is not only
timely but also enriches the readers about various concepts and examples in the ever-
gowing field ofMOF-catalysis. I applaud the contribution of Dr. ShikhaGulati, as the
Editor, and all contributing authors to fill this void with this book onMetal-Organic
Frameworks (MOFs) as Catalysts”. This book covers 28 chapters for showcasing
the development of several MOFs and MOF-based materials as the heterogeneous
materials for a wide range of applications.
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viii Foreword

This book has been organized in such a way that it may be useful as a compre-
hensive text with sixteen parts devoted to the synthesis, characterization, properties,
functionalization, and applications of MOFs. While the initial chapters focus on
the synthesis and the functionalization strategies to aid in scaling-up while also
addressing difficulties that arise during the said process; the subsequent chapters are
devoted to assorted applications. Every chapter provides a good number of chemical
drawings and structures making the whole book a useful resource for the stake-
holders working in the field. Throughout the book, images of molecular structures
are shown while their electronic files have been made available online to enhance
comprehension.

MOF-based catalytic systems are likely to have a significant impact on the future
growth as evidenced by the examples outlined in this book. While there are many
obstacles to overcome in terms of selectivity, compatibility, cost, and robustness in
the field of heterogeneous catalysis; this book is likely to provide an ideal platform for
the development of innovative catalytic materials based on MOFs and MOF-based
materials.

Prof. Rajeev Gupta
Department of Chemistry

University of Delhi
New Delhi, India



Preface

The field of metal-organic frameworks (MOFs) is growing rapidly and steadily.
The method of combining easily accessible metal precursors with organic linkers to
create an extensive range of protracted frameworks evidently captivated the thoughts
of chemists and materials scientists all over the world back then, and it continues
to do so now. There is a significant relationship between the chemistry of MOFs
and Inorganic chemistry from a fundamental approach. MOF’s chemistry permits
chemists to link formerly prevailing coordination complexes to form a conceptual
connection into the field of materials chemistry in diverse ways. This relationship has
now evolved to allow for a wide range of applications, the most common of which is
catalysis. The purpose of this book is to provide a comprehensive understanding of a
fieldwhere new research is emerging that is of interest to a larger scientific audience to
non-specialist readers, whether in academia or industry. As a result, it gives me great
pleasure to be able to put together a multi-author book with impressive contributions
from topmost research laboratories in the field of Metal-organic frameworks.

My aim is to deliver insight into how the area of MOFs came to be, as well as
an explanation of the basics that describe where it has come from and where it can
go in the future. These possibilities have manifested themselves in critical develop-
ments and significant advancements described in the chapters of the sixteen parts.
Part One provides an overview of MOFs, highlighting their potential state-of-the-art
performance in catalytic applications. TheKinetic Stability of RobustMetal-Organic
Frameworks (MOFs) in Catalytic Reactions is demonstrated in Part Two. Part Three
then focuses on the designing and synthesis of MOFs, as well as their functionaliza-
tion procedures, which allow MOFs to be reasonably modified with organic groups
for a variety of applications. Part Four shows how to describe these frameworks using
various analytical approaches, while Part Five provides an overview of MOF appli-
cations in catalyzing various sorts of reactions. Making optimal use of greenhouse
gases into valuable compounds is a major problem for humanity. In the system of
gas storage, separation, and conversion into fine chemicals, MOFs have developed as
possibly effective platforms for addressing this dilemma. As a result, Part Six focuses
on howMOFs interact with gas molecules (such as CO2) and how these frameworks
might be used into capture and utilization strategies. Part Seven explores the use of
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x Preface

covalent-organic frameworks as catalysts in a variety of processes. Part Eight then
presents a quick overview of the heterogeneous nature of themost importantMOFs in
catalysis. Part Nine deals with the rising subject of environmental monitoring using
MOFs, and some groups’ work indicates how these frameworksmight be constructed
to act as sensor platforms. The significance of MOFs in the capture and degrada-
tion of chemical warfare weapons is explained in detail in Part Ten. This part also
discusses how computational skills in chemistry can be used to better comprehend
and eventually support the design ofMOFs, with precise applications in the detection
and catalytic degradation of chemical warfare chemicals. Asymmetric catalysis also
relies heavily on chiral MOFs. Asymmetric organic transformations with MOFs are
discussed in Part Eleven. MOFs are described as catalysts for methane storage in
Part Twelve. Parts Thirteen and Fourteen detail some of the ways MOFs can be used
to catalyze photochemical and bio-catalytic reactions, respectively. Nanotechnology
is a rapidly growing field that includes nanostructures, nanomaterials, and nanopar-
ticles, among other subdisciplines. These materials have attracted a lot of interest in
science because of their size, structure, and potential utility. Part Fifteen looks at how
these MOFs encase nanoparticles, which play a key role in catalytic applications.
Finally, Part Sixteen concludes with Concluding Remarks and Future Perspectives
on MOFs, allowing researchers interested in this topic to plan their future work and
progress.

The contributing authors have chosen carefully selected references to help the
reader over the rich literature, making the area available to a broad and diverse
audience. Contributions also provide a forecast for future advancements in the topic.
As an editor, it will bring me great satisfaction if this book aids those working on the
study and development of catalytic systems based on MOFs.

New Delhi, India Dr. Shikha Gulati
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About This Book

The emerging and exciting area ofMOF inspiredme towrite the bookMetal-Organic
Frameworks (MOFs) as Catalysts. This book brings together a global and inter-
disciplinary group of leading specialists in the fields of metal-organic framework
synthesis, functionalization, characterisation, and applications (MOFs). The authors
present a unique perspective on MOF research that provides a solid foundation in
basic methodologies and instructs the reader on how to think aboutMOFs. This book
can be used as a starting point for theoretical or applied research by researchers who
are new to MOFs. There are twenty-eight chapters in the book, which are organ-
ised into sixteen divisions. This book covers everything from MOFs’ synthetic and
functionalization strategies to their use as sensors and their association with rele-
vant encapsulated metal nanoparticles in CO2 capture and fixation, chemical warfare
agent capture and degradation, environmental monitoring, and water purification,
etc. Because of the wide range of possibilities that MOFs offer in terms of structure,
network topology, integration of active species and post-synthetic modifications,
among other things, the potential of MOFs in these areas is presently developing
at a rapid pace. The purpose is to establish future research objectives that focus on
important peculiarities in this class of materials as a whole. Scientists and researchers
who are interested in MOFs will find the book interesting.
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Abbreviations

°C Degree Celsius
1D One dimensional
2-CP 2-chlorophenol
2D Two dimensional
3D Three dimensional
4-bpmh N,N′-bis-pyridin-4-ylmethylene-hydrazine
4-MAP 4-methylaminopyridine
4-NP 4-nitrophenol
5-HT 5-hydroxy-tryptamine
Å Angstrom
AB Amido-black
ABDC 2-amino-1,4-benzenedicarboxylic acid
ACh Acetyl choline
AChE Acetylcholinesterase
ADA Adamantanediacetic acid
AFM Atomic Force Microscopy
AIM ALD in MOFs
ALD Atomic Layer Deposition
ANNs Artificial neural networks
AO Acid orange
AOP Advanced Oxidation Process
AR3R Acid Red 3R
ARO Asymmetric Ring Opening
ASU Air Separation Unit
ATA 2-aminoterephthalic acid
atm Atmospheric pressure
AuNPs gold nanoparticles
AY Acid Yellow
BASF Baden Aniline and Soda Factory
BB41 Basic Blue 41
BBTA 1H,5H-benzo(1,2-d:4,5-d′)bistriazole
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xxii Abbreviations

BDBA Benzene-1,4-diboronic acid
BDC 1,4 Benzenedicarboxylic Acid
bdp 1,4-benzenedipyrazolate
BE Back Scattered electrons
BET Brunauer-Emmett-Teller
BFDC 2,2′-bifuran-5,5′-dicarboxylate
BiOBr Bismuth oxybromide
BPA Bisphenol A
BPDA N,N′-bis(4-pyridinyl)-1,4-benzenedicarboxamide
BPDC Biphenyl-4,4′-dicarboxylate
BPEI Branched poly (ethylenimine)
BPHZ 1,2-bis(4-[pirydyl-methylene)hydrazine
BPTC 3,3′,5,5′-biphenyltetracarboxylate
bpy 2,2′-bipyridine
bpydc 2,2′-bipyridine-5,5′-dicarboxylate
BPZ Bipyrazole
BSE Back Scattered Electrons
BSL2 Bacillus subtilis lipase
BTB 1,3,5-Tris (4-carboxyphenyl)benzene
BTC Bis(trichloromethyl)carbonate
BTDC 2,2′-bithiophene-5,5′-dicarboxylate)
BTDD Bis(1,2,3-triazolato-[4,5-b],[4′,5′-i])dibenzo-[1,4]-dioxin
BTP Benzenetripyrazolate
BTT 1,2,5-benzenetristetrazolate
BTTA 2,5-di(1H-1,2,4-triazol-1-yl)terephthalate
CAL Coordinative Alignment
CALF Calgary Framework
CAU-1 [Al4(OH)2(OCH3)4(H2N-BDC)3]·xH2O MOF
CB Conduction Band
CBMC Configurational-Bias Monte Carlo
CCS CO2 Capture and Storage
CCs Cyclic carbonates
CEES 2-chloroethyl ethyl sulfide
CEESO 2-chloroethyl ethyl sulfoxide
CFSE Crystal-field stabilization energy
CIF Cobalt imidazolate framework
CIP Ciprofloxacin
CL Chemiluminescence
CMOF Catalytic metal organic framework
CN 2-chloroacetophenone
CNT Carbon Nanotubes
COC Cyclic olefin copolymer
COFs Covalent organic frameworks
CoRE Computation-ready
CORR Carbon dioxide reduction reaction



Abbreviations xxiii

Co-TAPP Cobalt(II) 5,10,15,20-tetrakis(ρ-tetraphenyl amino) porphyrin
Cp*: Pentamethylcyclopentadienyl

CPL Coordination polymer with pillared Layer structure
CP-MAS Cross-Polarization Magic Angle Spinning
CPTPY Bis(4′-(4-carboxyphenyl)-terpyridine
CPU CO2 Processing Unit
CQDs Carbon quantum dots
CR Congo Red
CS 2-(2-chlorobenzylidene) malononitrile
CTAB Cetyl trimethyl ammonium bromide
CTF Covalent triazine framework
CTPY 4-carboxy-4,2′,6′,4′′-terpyridine
CuNWs Copper nanowires
CUS Coordination Unsaturated Sites
CV Crystal violet
CWAs Chemical Warfare Agents
Cyt c Cytochrome Complex
DA 2,5-dihydroxyterephthalaldehyde
DABCO 1,4-diazabicyclo[2.2.2]octane
DCM Dichloromethane
DCP Diethyl chloro phosphonate
DCS Differential Scanning Calorimetry
DEF Diethyl formamide
DENP Diethyl 4-nitrophenyl phosphate
DESH Diisopropylamino ethyl mercaptan
DETH 2,5-diethoxy-terephthalohydrazide
DFPase Diisopropylfluorophosphatase
DFT Density Functional Theory
DHBDC 2,5-dihydroxybenzenedicarboxylate
DHTA 2,5-dihydroxyl-terephthalaldehyde
DIFP Diisopropylfluorophosphate
DLS Dynamic Light Scattering
DMA Dimethylamine
DMA N,N-di-methylacetamide
DMF N, N-dimethyl formamide
DMNP Dimethyl (4-nitrophenyl) phosphate
DMSO Dimethyl sulfoxide
DMTA 2,5-dimethoxyterephthalaldehyde
DOBDC 2,5-dioxido-1,4-benzene-dicarboxylate
DOX Doxorubicin
DPBIB (S)-4- 7-diphenyl-2-(pyrrolidin-2-yl)-1H-benzo[d]imidazole
DPDS 4,4′-dipyridyldisulfide
dpNDI N,N’ -di(4-pyridyl)-1,4,5,8-naphthalenediimide
DPP 1,3-di(4-pyridyl) propane
DQTP 2,6-diaminoanthraquinone-2,4,6-triformylphloroglucinol



xxiv Abbreviations

DR23 Direct Red 23
DRS Diffuse reflectance spectroscopy
DTDAO dibenzo[b,d]thiophene-3,7-dicarboxylate 5,5-dioxide
DUT Dresden University of Technology
E. coli Escherichia coli
EA-2192 S-[2(diisopropyla mino) ethyl]methyl phosphonic acid
EBSD Electron Backscatter Diffraction
ECSA Electrochemical active surface area
EDS Energy Dispersive Spectroscopy
EDX Energy Dispersive X-Ray Analysis
EELS Electron Energy Loss Spectrometry
EIS Electrochemical impedance spectroscopy
EMD Equilibrium molecular dynamics
EMPA Ethyl methyl phosphonic acid
EtOAc Ethyl acetate
FAO Food and Agriculture Organization of the United Nations
FCS Fluorescence Correlation Spectroscopy
FDA-DAM Hexafluoropropane dianhydride-diaminomesitylene
FDCA 9-fluorenone-2,7-dicarboxylate
FDM Fudan materials
FE-SEM Field Emission Scanning Electron Microscopy
FET Field effect transistor
FF Fill factor
FMOFs Functional metal organic frameworks
FTIR Fourier Transform Infrared Spectroscopy
FTO Fluorine-Doped Tin Oxide
g-C3N4 Graphitic Carbon Nitride
GC Gas chromatography
GCMC Grand Canonical Monte Carlo
GF Glufosinate
GGA Generalized Gradient Approximation
GMC Gibbs Ensemble Monte Carlo
GO Graphene Oxide
GOD Glucose Oxidase
GP Glyphosate
GR Graphene
H2BBTA 1H,5H-benzo(1,2-d:4,5-d’)bistriazole
H2BDIM 1,5-dihydrobenzo[1,2-d:4,5-d’]diimidazole
H2CBPTZ 3-(4-carboxylbenzene)-5-(2-pyrazinyl)-1H-1,2,4-triazole
H2HFBBA 4,4′-(hexafluoroisopropylidene) bis(benzoic acid)
H2Me2BPZ 3,3′-dimethyl-1H,1′H-4,4′-bipyrazole
H2SBPDC 2,2′-sulfone-4,4′-biphenyldicarboxylate
H3BTP 1,3,5-tris(1H-pyrazol-4-yl)benzene
H4TBAPy 4,4’ ,4”, 4”’- (pyrene-1,3,6,8-tetrayl) tetrabenzoic acid
H4TPP 5,10,15,20-tetra (1H-pyrazol-4-yp porphyrin)
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HATZ 3-amino-1,2,4- triazole
HER Hydrogen evolution reactions
HF Hartree-Fock
HKUST Hong Kong University of Science and Technology
HMF Hydroxymethylfurfural
HN1 Bis-(2-chloro-ethyl)-ethyl-amine
HN2 2-chloro-ethyl)-methyl-amine
HN3 Tris-(2-chloro-ethyl)-amine
HOMO Highest Occupied Molecular Orbital
HPLC High-performance liquid chromatography
HRP Horseradish Peroxidase
HR-TEM High-Resolution Transmission Electron Microscopy
HSAB Hard-soft acid-base
ICP-MS Inductively Coupled Plasma-Mass-Spectrometry
ICP-OES Inductively Coupled Plasma Optical Emission Spectroscopy
ID50 Lethal Dose 50
IDA Imidazole-4,5- dicarboxylic acid
ILAG Ion-and-liquid assisted grinding
IMPA Isopropyl methyl phosphonic acid
INA Isonicotinate
INT Intermediate
IPCC Intergovernmental Panel on Climate Change
iPrOH Isopropanol
IRMOF IsoReticular Metal-Organic Frameworks
K Kelvin
KAUST King Abdullah University of Science and Technology
LAG Liquid-assisted grinding
LbL Layer-by-layer
LDH Layered double hydroxides
LED Light-emitting diode
LIFM Lehn Institute of Functional Materials
LMCT Ligand to Metal Charge Transition
LMOF Luminescent Metal-Organic Frameworks
Ln-ZMOFs Lanthanide Zeolite-like Metal-Organic Frameworks
LOD Limit of detection
LPA Lysophosphatidic Acid
LSD Lysergic acid diethylamide
LSV Linear sweep voltammetry
LUMO Lowest unoccupied molecular orbital
MAF Metal Azolate Framework
MB Methylene Blue
M-BDC m-benzenedicarboxylate
MCM Mobil Composition of Matter
MCR Multi-component reactions
MD Molecular Dynamics



xxvi Abbreviations

MeOH Methanol
MEPY Methyl pyridine
MFM Manchester Framework Material
MIL Materials Institute Lavoisier
ML Machine Learning
MLCT Metal to ligand charge transfer
MMSV Morse–Morse–spline–van der Waals
MNPs Metal Nanoparticles
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Abstract In this era of incessant development and progress in the production of
diverse class of chemical compounds, heterogeneous catalysis has become an integral
part of the expeditious and efficient synthesis in view of the non-reusability of the
homogenous catalysts. The quality and efficiency of the heterogeneous catalysts is
essentially determined by their stability and availability of their well-defined active
sites. In this regard, synthetically created metal–organic frameworks (MOFs) have
garnered immense interest in the past decade, bringing favorable characteristics for
their application as heterogeneous catalysts over other materials, such as zeolites.
They comprise special organometallic coordination polymers having a cationic center
and linkage with organic ligands giving rise to a stable crystalline porous cage-
like structure. Because of their flexibility in redefining surface area, crystallinity,
tunability, rich topology, porosity, and dispersity of active sites, they find numerous
applications, catalysis being the more promising one. In this chapter, the basics
of MOFs are introduced, their synthesis methods, typical characteristics along with
limelight of their promising appliances as catalysts. Further, the salient advantages of
MOFs over homogenous counterparts and conventional heterogeneous catalysts has
been deliberated with limitations, and their future prospects in the field of catalysis.

Keywords Metal–Organic Frameworks (MOFs) · Zeolites · Porosity ·
Crystallinity · Catalysis · Synthesis

1 Introduction

A catalyst is an entity capable of increasing the rate of a chemical reaction towards
equilibrium, without getting itself consumed in the process [19].With almost 90% of
the chemical processes linked to a catalytic reaction, it can be said that catalysis has
an enormous impact on the global economy [28]. Catalysis contributes immensely to
accomplishing the desired reaction(s) with higher selectivity and rate under relatively
mild conditions. Nowadays, a major chunk of all industrial chemicals produced in
industries around the globe deploys catalysts within the manufacturing process, with
the global catalyst market close to 35 billion USD.

Conventionally, catalystswere differentiated into two types- homogeneous (where
catalysis operates in the same phase as the reactants and heterogeneous (where the
phase of catalysis and reactants are different). The proposal of a rational theory for
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the effect of nitrogen oxides as homogeneous catalysts in the lead chamber process
for the synthesis of sulphuric acid dates back to the eighteenth century; it has been
in use for thousands of years, like fermentation. However, homogeneous catalysis
has limitations which include difficulty in its recovery from the reaction medium,
environmentally compromised, and corrosive nature. In order to reutilize homoge-
neous catalysts, the distillation of reaction products or elimination of precipitating
counter-ion is typically required, which often leads to the deactivation of the catalyst.

Heterogeneous catalysis has offered significant advantages over homogeneous
ones, the major one being the simple and inexpensive separation options and reuse
of heterogeneous catalysts over the homogeneous counterparts due to distinction in
the phases of catalysis and reactionmedium.Their preferability in industrial chemical
production can be attributed to their robustness and lower operational costs. MOFs,
mesoporous silica, and zeolites are the three types of porous materials that have
garnered enormous attention as heterogeneous catalysts for chemical industries over
the years.

In the past two decades, metal–organic frameworks (MOFs), have successfully
bloomed as a relatively new class of crystalline porous materials, drawing significant
attention globally with potential applications in various fields, ranging from gas
sorption and separation [46, 71, 121, 122], to luminescence [23], biomedical [54],
and electrochemical applications [10, 146], among others [70], [98].

MOFs serve as the gateway to interesting possibilities in the field of catalysis as
their well-defined single active sites contribute to overcoming the typical drawbacks
of both, the homogeneous and crystalline heterogeneous catalysts [83]. In the domain
of heterogeneous catalysis, MOFs are a relatively new entry with the first report of
their catalytic application in 1994 when Fujita et al. [40] produced a 2-dimensional
network of Cd(4,4’-bpy)2 (NO3)2 through the combination of Cd(NO3)2 and (4,4’-
bpy), deploying them as heterogeneous catalysts in the cyanosilylation of aldehydes.
Early patents in 2003 [6, 100, 119], [126], with BASF developing MOFs catalysts
at that initial stage. The initial reports kindled research devoted to the exploration
of heterogeneous catalysis in a variety of reactions, later transcending towards the
finding of specific catalytic applications. Over the years, the field of heterogeneous
catalysis has been explored for other catalytic applications, like photocatalysis, and
electrocatalysis, etc.; Fig. 1.1 shows the timeline of progress for MOFs in catalytic
applications.

Although the proposal of these materials with high expectations in catalytic appli-
cations has seen quite a few years [40], MOFs only have experienced a substantial
activity in last decade. Easy recovery and recyclability are some of the appealing
properties which make them favorable candidates for replacement of conventional
Bronsted [59] or Lewis acids as well as other homogeneous acids utilized in classical
synthesis [1]. Their tunable adsorption properties, pore size, and topology, etc., all
point to their potential applicability in heterogeneous catalysis [37, 83, 108]. The
main driver of the growing recognition of MOFs can be attributed to the advantages
that it offers over traditional porous materials like zeolites and mesoporous silica. Its
structural diversity, tunability, well-defined structures, mutable pore environments,
etc. make them ideal candidates for catalytic applications.
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1994 2008 2009 2010 2011 2012
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Fig. 1 Timeline of progress for MOFs in catalytic applications. (i) MOFs invented for catalytic
applications [40]; (ii) MOFs derivatives invented [78]; (iii) MOFs utilized for photocatalytic
hydrogen production [107]; (iv) MOFs utilized for electrocatalytic CO2 & O2 reduction [68, 140];
(v) MOFs utilized for electrolytic hydrogen evolution [95]; (vi) MOFs utilized for electrolytic
oxygen evolution [17]; (vii) Advances in photocatalytic and electrocatalytic applications of MOF
derivatives [24, 82, 88, 89, 135], [144, 147], [149]; (viii) Active study on stability improvements of
MOF catalysts

Furthermore, although the acid/base sites of organic linkers, and metal sites of
MOFs are limited, the structural tailorability of MOFs greatly compensates for its
limitations leading to the origination of more active sites. The possibility to graft
various functional groups on their metal nodes and linkers through post-synthetic
modification approaches, and to capture into their pores and defects, the species like
metal NPs, enzymes, etc. that are catalytically active, greatly enhances their catalytic
potential.

2 Metal–organic Frameworks (MOFs): A Promising Class
of Crystalline Heterogeneous Catalysts with Promising
Properties

Metal–organic frameworks (MOFs) are inorganic–organic hybrid materials that
represent an advanced class of solid, crystalline materials; inorganic building units
like metal ions/clusters or metal–oxygen clusters are interlinked with the help of
organic linkers [65], [110].

Since the arrival of MOFs as a promising novel organic–inorganic material,
their potential applications have seen strikingly revolutionary, from being used in
gas storage, separation, molecular sensing, optoelectronic devices, food packaging
materials, to being exploited as heterogeneous catalysts, owing to their chemical
mutability, pore structures, high metal content, and large internal surface areas, and
flexibility in designing the active sites.



Introduction to Metal-Organic Frameworks (MOFs) 7

Ideal properties of 
MOFs for 

heterogeneous 
catalysis 
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inorganic-organic 

nature
Well-defined porosity

Presence of 
uncoordinated metal 

sites

Possibility of tailoring 
of micro- and 

mesopores

Rational design & 
structural diversity

Fig. 2 Ideal properties ofMOFs thatmake them exceptional candidates for heterogeneous catalysis

In the Metal–organic frameworks (MOFs), inorganic clusters or metal ions are
linked by organic ligands, thereby creating solid hybrid structures that are crystalline
and have varied dimensionalities [41]. The chemical building components form the
basis for designing these materials by presenting specific structures and properties
[141]. The structural and compositional variability favors the applicability of MOFs
in various fields.Moreover, the post-modification ability of the organic linkers results
in the formation of compatible and flexible MOFs [97, 134]. Functional organic
groups can further decorate the nanoscale features of MOFs for specific interactions
with biomolecules, thus making them an attractive candidate for the stabilization of
enzymes in catalytic applications [47, 76, 87].

Figure 2 shows several properties ofMOFs thatmake them exceptional candidates
for heterogeneous catalysis.

MOFs comprise diverse frameworks types because of their finely tunable pore
size, dimensionality, and chemical environment, which is totally a win–win over
other crystalline porous solids that lack diversity in their framework types. Its pore
network can be used to discriminate reagents or direct reactivity by manipulating the
size and shape of the pore spaces available within a MOF. Excellent mass transport
can be facilitated by tailoring the pore network, which can be further enhanced by
structuralizing the MOF onto a hierarchically porous support. Furthermore, the high
surface areas offer a high density of active sites and potentially a more effective
catalyst. Synthesis or post-modification methods can easily control the chemical
environment and host–guest interactions.

MOF’s environment can be rationally designed along with the active sites with
great precision [48]. The catalytic function can be implemented at the organic [51]
or at the inorganic [127] component directly, or by post-synthetic modifications
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Fig. 3 Favorable structural and chemical properties of MOFs and their corresponding advantages

post [114, 128, 134, 136]. Catalytically active species (e.g., metal nanoparticles,
metal coordination complexes, etc.) can also be captured in their pore system [60,
93], thereby providing space for the chemical reactions to occur. Figure 3 lists the
properties of MOFs and their corresponding advantages.

3 Structural Analysis of MOFs

MOFs are composed of two types of units, organic and inorganic (Fig. 4). The inor-
ganic part, which comprises metal ions or clusters forms the core. The resulting
porous topology of MOFs with respect to the desired application is decided by
secondary building units (SBUs) which enable the formation of extended networks
feasible. On the other hand, the organic units play the role of linking the molecule
together and are often organic ligands consisting of carboxylates, phosphate,
sulfonate, etc. This combination of metal nodes interlinked with organic linkers
results in the formation of a crystalline material that is highly porous, i.e., MOFs
(Fig. 5). Based on the number of extension points, different secondary building
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Fig. 4 Some examples of common (A) Metal ions and (B) Carboxylate and other organic linkers,
and their coordination geometry

unit (SBU) geometries can be observed in MOFs namely, triangle, square paddle-
wheel, trigonal prism, and octahedron with 3, 4, 6, and 6 points of extension respec-
tively (Fig. 6). The porous and open structure of MOFs makes renders them suitable
candidates for catalysis [64].

The possible diversification in the structure of MOFs with the usage of certain
inorganic and organic units for diverse applications becomes their vital asset.
MOFs also comes with the flexibility of further tuning of special cavities by post-
functionalization methods in order to increase its functionality spectrum, eventually
assisting in specific target-oriented catalysis applications [56].
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Fig. 5 Simplified representation of Metal–Organic Frameworks (MOFs)
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Fig. 6 Combinatorial possibilities for MOFs originating from different metal nodes and bridging
ligands
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4 Strategies for Synthesis of Metal–Organic Frameworks

4.1 Solvothermal Synthesis

The conventional approach for the synthesis of MOFs via heating is known as
solvothermal synthesis. The process is initiated by the self-assembling of MOFs
typically by the inorganic unit (metal-ion) and the organic linkers. HKUST-1
[112] and MOF-5 remain as the two benchmarks in MOFs chemistry reported
back in 1999. In HKUST-1, the porous cubic networks are coordinated via 1,3,5-
benzenetricarboxylate (BTC). As for MOF-5, they’re composed of Zn4O clusters
linked with linear BDC (benzene dicarboxylate) linkers. This approach has been
inherited by many researchers in order to synthesize versatile MOFs for different
applications. To name a few, MIL-[85, 130] MIL-101 [85][39][52][49], MIL-53
[39], MIL-74 [25, 91, 109], etc., among others.

4.2 Microwave(MW)-assisted Synthesis

During this process, MW irradiation serves the purpose of providing energy for the
synthesis ofMOFs.Themutual interaction betweenmobile electric charges (e.g., ions
in solution) and electromagnetic waves derives the principle which encapsulates this
approach.TheMW-assisted synthetic approachproves to be vastly advantageous over
other conventional methods as it has higher efficiency, phase selectivity, morphology
control, and flexible particles size reduction [53, 62, 79, 117, 120]. Many MOFs
have been prepared using MW-assisted method and one of the most popular ones is
Cr-MIL-101 which was synthesized in 2011 through MW heating at 210 °C [66].
Sabouni et al. [113], first reported a facile method that generated CPM-5 with a high
surface area of 2187 m2g−1 in about 10 min, thereby exhibiting high adsorption of
CO2 [113].

4.3 Electrochemical Synthesis

In 2005, HKUST-1MOFs have been synthesized using the electrochemical synthesis
approach as reported by BASF. The report stated an aim of exclusion of anions for
the production of MOFs at a large scale. Since then, the electrochemical synthetic
strategy has created a revolution in MOF chemistry, as many Zn, Cu, and Al-based
MOFs are being synthesized using this approach [90]. Electrochemical synthesis
usually takes place under high temperature and pressure conditions where electro-
chemical deposition takes place. Even though the electrochemical synthesis route has
been highly recognized for the production of MOF layers, anodic electrodeposition
comes with a downside which is, the possibility of synthesis of only those MOFs
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Fig. 7 Schematic of the anodic and cathodic electrochemical deposition mechanisms. Reprinted
with permission from [118]. Copyright 2015 American Chemical Society

that have the same metal as the substrate. Figure 7 is a schematic representation of
electrochemical deposition mechanisms depicted by Stassen et al. [118].

4.4 Solvent-Free Synthesis

There had been extensive research in the field ofMOFs over the past decade regarding
the exploration of solvent-free routes for the synthesis of MOFs which could eventu-
ally replace the solvent-based reaction between the organic ligands and metal ions.
Greener synthesis methods have always been preferred over conventional methods
which can cause harm to the environment by the release and usage of toxic chemicals
[7, 45]. Under this solvent-free category, there are a number of mechanochemical
synthesis methods which allow clean synthesis of MOFs with minimal generation
of by-products. They particularly are less time-consuming reactions which a highly
efficient yield rate. There are several branches of mechanochemical synthesis of
MOFs: (i) by NG (neat grinding or no solvent), (ii) by LAG (liquid-assisted grinding)
in which a few drops of solvent are utilized to increase the reactivity of reagents,
(iii) ILAG (ion-and-liquid assisted grinding in which minimal amounts of solvents
and salts), and (iv) via extrusion [33, 124]. The first solvent-free mechanochemical
synthesis of microporous 3-dimensional MOF [Cu(INA)2], has been reported by
grinding together copper acetate and isonicotinic acid for 10 min [105].
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5 Post-Synthetic Modification (PSM) Approaches
for Enhanced Functionality of Synthesized MOFs

The addition of various chemical functionalities, post-synthesis, enables the proper-
ties of MOFs to be tuned in different ways to channel their utilization for different
applications (Fig. 8). Attempts to bring functionalities simultaneous to the synthesis
of MOFs is not feasible in many cases as it risks chemical and thermal stability,
solubility, functional group compatibility, unwanted interference in the interactions
of metal ions and organic linkers during the assembly of MOFs, etc. Post-synthetic
approaches address these problems and bring functionalities to the pre-synthesized
MOFs. Investigation on several of these post-synthetic approaches has been accom-
plished, namely, post-synthetic modification (PSM) [18, 125, 134], post-synthetic
deprotection (PSD) [38], and post-synthetic exchange (PSE) [26, 34]. Adding func-
tionalities after the synthesis helps to maintain the structure and stability of MOFs
which is difficult in the direct synthesis of MOFs. A few of these approaches are
presented here briefly.

One of the most common routes of post-synthetic modification is the use of cova-
lent modifiers; usually, amino groups are used for functional modification. Amino-
functionalized linkers showhigh chemical compatibilitywith a number ofMOFs such

Nanoparticle assembly

PSM

MOFs Functional MOFs

Functional MOFs

Metal node
Functionalizable
organic ligand 

Functionalizable
organic ligand 

Functional centre Functional 
building blocks

Direct assembly

MOFs Functional MOFs

Fig. 8 Assembly of MOFs having active sites for catalysis by post-synthetic modification or direct
assembly of a (i) linker or (ii) a metal node or (iii) nanoparticle encapsulation
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Fig. 9 Ligand and cation exchange for post-synthetic modifications in robust MOFs. Reprinted
with permission from [67]. Copyright 2012 American Chemical Society

as MIL-53 [8, 20], MIL-101 [90], UiO-66 [43], and CAU-1 [3]. By deploying alde-
hydes, anhydrides, alkyl bromides, isocyanates, and additional such metal–organic
complexes PSMs of amino groups have been reported [3, 43, 129].

Besides covalent modifications, another post-synthesis approach has been opted,
via the metalation of MOFs with the assistance of soft metal ions. Metalation of
Zr-based MOFs in PSM showed good results of the product as an organic catalyst
for a broad range of conversions and reactions.

Apart from amino groups, different additional ligands can also be used to modify
themetal siteswhich are coordinatively vacant or unsaturated. Solvent-assisted ligand
incorporation (SALI) methods have been developed for the alteration of coordi-
natively unsaturated cluster [Zr6(µ3-O)4(µ3-OH)4(OH)4(H2O)4(COO)8] cluster by
perfluoroalkyl carboxylate entities for enhanced CO2 uptake in Nu-1000 [26].

Anothermethod that has demonstrated a difference in application-basedmodifica-
tions is the post-synthetic ligand and metal-ion exchange [67] (Fig. 9). Although the
metallic bonding in a stable complex of MOF has shown a rather subdued behavior
towards the ligand and metal-ion exchange, however, further studies revealed the
overestimation of these assumptions as many stable MOFs such as ZIFs, UiO, and
MIL family MOFs, etc. have been realized by post-synthetic ligand and metal-ion
exchange processes.

6 Comparative Study of MOFs Catalysis with Traditional
Heterogeneous Catalysts like Zeolites and Mesoporous
Silica

Rational design of MOF frameworks with coordinatively unsaturated metal sites and
controlled pore size for selective catalytic properties offers a powerful platform for
the development of heterogeneous systems in comparison to other porous materials
like zeolites [77], [103]
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A promising solution to green and sustainable chemistry is the translation of
homogeneous catalysis into heterogeneous catalysis. As a result of the several diffi-
culties associated with the utilization of conventional homogeneous catalysts for
organic reactions, such as complications in separation, recovery, and disposal of spent
catalysts, the use of heterogeneous catalysts in the liquid phase is highly preferable.

In this regard, MOFs as heterogeneous catalysts are expected to see major growth
in the near future, as a replacement for not-so-environment-friendly and homogenous
catalysts. The tunable nature, permanent microporosity, and well-defined reaction
environmental conditions of MOFs make them preferable candidates for new inno-
vations in catalyst design and application. In addition to their excellent robustness
and reusability, these materials showcase size selectivity relative to their homoge-
neous counterparts. One major highlight of using MOFs is the fact that MOFs as
heterogeneous catalysts are easily separable from the reaction mixture by centrifu-
gation and can be recovered and reused multiple times without significantly losing
their catalytic activity. Unlike homogeneous catalysis, homochiral MOFs can also be
employed for enantiomeric selectivity in product formation. Although MOFs prove
to be inferior to zeolites when it comes to thermal and hydrolytic stability, they
exhibit other favorable features like extensive tunability, extremely regular catalytic
sites, etc. where zeolites do not seem to be a preferable option.

MOFs, mesoporous silica, and zeolites are the three porous materials utilized
significantly in heterogeneous catalysis. Zeolites are an important group of catalysts
with their limited pore size and appreciable stability, have been increasingly utilized
for many years under harsh conditions, however, they prove to be quite inadequate
when the reactants’ molecular dimensions are larger than their pores. Over time, with
the discovery of MCM-41 [9, 69], mesoporous materials created a new buzz in this
domain with their favorable properties such as large surface area and pore volume
and pore dimensions that could be tuned, thus enabling catalytic reactions with bulky
products. However, the amorphous walls of mesoporous materials provided lower
stability and catalytic activity when compared to crystalline pore walls of zeolites.
In contrast, MOFs have been garnering a lot of attention as they offer a large variety
of frameworks with varied structures and compositions [92], [96]. These attractive
features of MOFs form the basis for the large number of reviews published on MOF
catalysis [31, 44, 80, 83, 106, 115]. However, their low thermal and chemical stability
still poses a problem, and researchers are actively working for improvements in this
context.

A detailed comparison of the structure and catalytic behavior is presented in Table
1) [75]

(a) Comparison of the structures of Zeolites, Mesoporous Silica, and MOFs

Structural comparison betweenMOFs,mesoporous silica, and zeolites is provided
in Fig. 10.

(b) Comparison of the catalytic behavior of MOFs, Zeolites, and Mesoporous
Silica

(i) Gas-phase reactions
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Table 1 Depicts different structural features of MOFs, mesoporous silica, and zeolites and their
advantages

Property MOFs Mesoporous silica Zeolites

Pore walls Crystalline porous
structures prove to be
advantageous for
determining the
composition and
positioning of atoms in
space

It has amorphous pore
walls, suitable for
facilitating the
incorporation of
heteroelements, thereby
leading to sites with
different local
environments. However,
major disadvantages are
its low thermal and
hydrothermal stability

Its crystalline porous
structure offers
advantages similar to
those offered by MOFs

Pore size MOFs have a pore size
between mesoporous
silica and zeolites which
consequently bridge the
gap between the two

With a pore size of
1 nm, mesoporous silica
is suitable for catalytic
reactions involving
bulky products

Zeolites, with pore size
larger than 1 nm prove to
be an advantageous option
for shape selectivity

Stability The thermal and chemical
stability of MOFs is
comparatively lesser than
inorganic porous solids,
so much so that some of
them even decompose in
air, moisture, etc

They showcase good
thermal stability, which
can be effectively
improved by increasing
the wall thickness.
Although their
hydrothermal stability is
much lower than that of
zeolites

Zeolites generally display
excellent thermal and
hydrothermal stability.
High silica zeolites can
show stability up to 800
degrees celsius

Surface area MOFs possess a high
surface area, thereby
permitting higher
concentrations of active
sites. The regular active
sites are an added
advantage. They behave
as single-site catalysts

Although mesoporous
silica has a high surface
area, the distribution of
active sites is
inhomogeneous because
of their amorphous walls

The distribution of active
sites is although
homogeneous, but
random, which proves to
be less advantageous than
single-site catalysts

Zeolites, with their unique structural, chemical, and thermal stability, prove to be
the ideal heterogeneous catalysts for gas-phase reactions carried out at temperatures
> 300 degrees celsius. In petrochemical industries, zeolite-based catalysts are widely
utilized for many well-established processes like aromatic alkylation, fluid catalytic
cracking, hydrocracking, etc.

The success of zeolites in this domain although cannot just be attributed to
their stability, but to their microporous structures and flexible chemical composi-
tion. The main advantage that zeolites show is that they can easily be reactivated to
remove heavier residual products; unlike heterogeneous catalysts that tend to become
deactivated as a result of adsorption or formation of residual products.
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Pore size

Pore volume

Surface area

Crystallinity

≤ 1 nm 2-50 nm 0.5-9.8 nm

0.1-0.5 cm³ <1 cm³ >1 cm³

<700 m²g ¹ <2000 m²g ¹ <10,400 m²g ¹ 

Yes
Amorphous 
pore walls Yes

Zeolites Mesoporous 
silica

MOFs

Fig. 10 A comparison of the structural features of MOFs, mesoporous silica, and zeolites

Therefore, it is still difficult for MOFs and mesoporous silica to compete with
zeolites that still dominate this field.

(ii) Liquid-phase reactions

Unlimited pore size and lower thermal and chemical stability providemesoporous
silica and MOFs an edge over zeolites for liquid-phase reactions; liquid-phase reac-
tions are typically carried out at temperatures < 200 °C.Mesoporous silica andMOFs
complement zeolites in the production of fine chemicals that proceed in a liquid phase
under mild conditions.

Zeolites have a propensity to open the epoxide ring easily, whilemesoporous silica
shows good potential for Friedel–Crafts acylation requiring lower acidic levels, and
MOFs seem suitable for cycloaddition of CO2 into epoxides because of possessing
both, the acidic and basic sites.
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In Knoevenagal condensation, interactions between substrates, intermediates, or
products with active sites are facilitated by the catalytic behavior of MOFs, relative
to negligible influence by zeolites.

In the case of alkene oxidation reactions, mesoporous silica with larger pores
shows better performance in the oxidation of bulky alkenes while zeolites are more
suited for oxidation of small substrates.

7 Strategies for Incorporation of Specific Catalytic Activity
into a MOF

Wehave so far elaborately discussed the potential role ofMOFs in catalysis.However,
MOFs can be catalytically functionalized in a number of ways. For example, they can
encapsulate the active species in their pores; serve as a host for metal NPs, enzymes,
and other moieties; incorporate the catalytic sites in the organic struts linking the
metal nodes; or by PSM of the organic linkers by catalytic metal species; or even by
combining all the above-mentioned features (Fig. 11).

To date, three approaches have been primarily utilized to achieve the intrinsic
catalytic activity of MOFs as depicted in Fig. 12.

(i) catalysis on the open metal sites (coordinatively unsaturated sites) and non-
decorated MOFs.

(ii) catalysis on the defects, that arise from the removal of linkers, clusters of
coordinated solvent molecules.

(iii) catalysis on the organic linkers.

Furthermore, MOFs can perform as a host for metal nanoparticles (NPs). The
catalytic centers in MOFs are either metal ions that act as Lewis acids or organic
linkers. The centers can be modified or tuned for them to act as supports for NPs.

Due to the high porosity and crystallinity of these composites, NPs are highly
dispersed within the pores and are easily accessible as active sites.

In such composites, MOFs play numerous roles.

(i) They stabilize the metal NPs within pores.
(ii) They help in the selectivity of the reaction.
(iii) By controlling charge transfer and electronic density between the metal

nanoparticle and MOF, they modify the electronic properties of metal NPs.
(iv) They can catalyze one-pot tandem reactions.

The catalytic performance of metal nanoparticle@MOF composites is capable of
covering a wide range of reactions.
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Fig. 11 Coarse representation of catalytically active sites in MOFs; (A) Sites on metal clusters,
(B) Organic linkers (ligands such as BDC), (C) PSM grafted sites, (D) Catalytically active site,
(E)Encapsulated MOF composite sites

Fig. 12 Three main
strategies for achieving
intrinsic catalytic activity in
a MOF
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8 Different Catalytic Applications of MOFs: Appropriate
Properties and Opportunities

With the extensive ranges of chemical composition and structures, MOFs offer
substantial opportunities to incorporate catalytically active sites by tailoring pore
structures and environments around the catalytic sites.

The following section discusses the particular advantages that MOFs provide for
assorted catalytic applications; threemain types of catalysis are deliberated namely—
Heterogeneous catalysis, photocatalysis, and electrocatalysis.

8.1 Heterogeneous Catalysis

MOFshave proven to be a very promising class of heterogeneous catalysts for organic
transformations, that act as a “bridge” by combining the advantages offered by both
homogeneous catalysts (such as high selectivity, activity, and easily accessible sites),
and heterogeneous catalysts (reusability and easy separation). Their uniform and
tunable pore size and structure make them highly preferable for size-selective catal-
ysis. Their high porosity and high surface area benefit the contact and interaction
between reactants and catalytic sites, thereby improving the catalytic efficiency.

Their pore space provides the chiral environment, appropriate hydrophobic and
hydrophilic pore nature, electron-rich and deficit circumstances, that greatly affect
the reactivity and interaction of reactant molecules. The possibility to graft desired
active sites through post-modification approaches provides an extra edge. All in all,
MOF-derived porous catalysts exhibit high desirability for heterogeneous catalysis.

Figure 13 depicts the broad utilization of MOFs for the synthesis of cyclic
organic carbonates (COCs) fromCO2, owing to their favorable physical and chemical
properties and functionalized porous structure.

8.2 Photocatalysis

Apart from the common advantages mentioned above for heterogeneous catalysis,
MOFs showsuperb suitability as photocatalysts, owing to the numerous opportunities
that they have to offer: [29, 30, 36, 72, 139, 148], [152].

• High crystallinity prevents structural defects.
• Organic linkers and metal ions in MOFs can be rationally designed as light-

harvesting centers with wide spectrum absorption.
• Metal clusters provide uniformly distributed catalytically active sites.
• There is a possibility of introducing photosensitizers like polyoxometalates

(POMs), metal nanoparticles, semiconductors, etc., owing to the high surface
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Fig. 13 Schematic representation of MOFs as heterogeneous catalysts for cycloaddition into
organic carbonates, of CO2 with epoxides. Reprinted from Coordination Chemistry Reviews, 387,
Wen-Gang Cui, Guo-Ying Zhang, Tong-Liang Hu, Xian-He Bu, Metal–organic framework-based
heterogeneous catalysts for the conversion of C1 chemistry: CO, CO2 and CH4, 42, Copyright
(2019), with permission from Elsevier [22]

area and porous structures of MOFs, which further helps in achieving improved
photocatalytic efficiency.

• CO2 photoreduction reactions can be accelerated as their excellentCO2 adsorption
capacitymay lead to a high concentration of CO2 around their active sites [63, 72].

• MOF-derived porous materials possess exceptionally higher performance than
their bulkier counterparts.

8.3 Electrocatalysis

In recent years, MOFs have emerged as the desirable materials for electrocat-
alytic applications [81, 138], [151]. MOFs and MOF derivatives are capable of
driving significant electrochemical reactions like hydrogen evolution reactions
(HER), oxygen reduction reactions (ORR), oxygen evolution reactions (OER),
carbon dioxide reduction reactions (CO2RR), among others. The large surface area,
tailorable structures, and tunable pore sizes are highly desirable for electrocatalysis.

MOF-derived materials like doped porous carbons, metal oxides, nitrides, phos-
phides, etc., and their composites, easily obtained by chemical or thermal conversion
have been studied intensively for electrocatalytic applications.
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Fig. 14 Assorted applications of MOFs in catalysis discussed in the following chapters

This is only a glimpse of MOFs prowess in the field of catalysis. The relevance of
MOFs has been realized in a number of applications, such as bio-catalysis, catalysis
for CO2 capture and fixation, sensors, asymmetric catalysis, catalysis for capture
and degradation of chemical warfare agents (Fig. 14). A detailed discussion has
been undertaken in the chapters ahead.

9 Some Examples of the Common MOFs-Catalyzed
Reactions

Owing to their exceptional properties, MOFs tend to catalyze a variety of reactions.
A good amount of these reactions can be catalyzed on a limited scale due to reactants
being of higher value and under preferably mild conditions. Some of the examples
include hydrogenation of ethylene, hexene, octene, and reactions of alcohols/CO2

with epoxide ring opening. These catalysis reactions have added value to the literature
on MOFs providing outcomes and deriving correlations between the structure and
performance of the catalysts. Here, some of the enticing reactions catalyzed byMOFs
are discussed (Table 2).
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9.1 CO/CO2 Hydrogenation

MOFs have been used as catalysts in hydrogenation reactions for the production
of various hydrocarbons, alcohols, and many other oxygenates in presence of CO,
making it of great industrial importance;

However, in the case of CO2 hydrogenation reactions, there are limited industrial
applications but they have been actively investigated by catalysis researchers due to
the availability, economic and environmental prospects; CO2 being a greenhouse gas
accumulated in the atmosphere. Table 1 illustrates some examples, such as UiO-67
MOFs [50] applied as catalysts for hydrogenation reactions using CO2; additional
cases can be found [5, 57, 111].

9.2 Alkyne Hydrogenation

One of the most important industrial reactions is the purification of alkynes such as
ethylene and propylene by semi-hydrogenation reaction (Fig. 15). Conversion of a
family of acyclic alkynes to alkenes has been catalyzed by NU-1000 MOFs having
Rh-Ga bimetallic sites has been reported with very high stereoselectivity (greater
than 99%) [27]. Although in many cases, limiting issues pertain to the stability and
regenerability of catalysts.

9.3 Dehydrogenation

Another example of an extensively used industrial process is the dehydrogenation
of alkanes. Some examples of industrial applications such as, dehydrogenation of
propane reveal that the conditions under which they are undertaken aren’t suitable
for MOFs due to deployment of extreme conditions; temperatures can be > 500 °C.
However, research has shown that dehydrogenation of propane at 230 °C using NU-
1000 MOFs-supported Co clusters is feasible as the catalyst has sustained stability
for 20 h (Fig. 16) [73].

9.4 Epoxidation

Epoxidation is another process that is amongst the important ones in the industrial
context. MOFs are often used as supporters of the main catalyst involved in the
epoxidation reaction as exemplified by Hupp et al. [99] using NU-1000-supported
molybdenum oxide as the catalyst. Unlike conventional catalysts, the reaction didn’t
require extreme conditions and occurred only at 60 °C in presence of oxygen gas.
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Fig. 15 Reaction mechanism for semi-hydrogenation of phenylacetylene to styrene using Co-
MOF-74-derived catalyst by Caia et al. Reprinted from Carbon, 160, Jingyu Cai, Yi Chen, Haotian
Song, Linxi Hou, Zhaohui Li, MOF derived C/Co@Cwith a “one-way-valve”-like graphitic carbon
layer for selective semi-hydrogenation of aromatic alkynes, 7, 2020, with permission from Elsevier
[13]

Another research group has reported the epoxidation of cyclopentene catalyzed by
Mn-exchanged MOF-5 at room temperature. Zhou et al. gave a generally graphical
representation of epoxidation of olefins using Cu-BTC MOF [150].

9.5 Oligomerization

In the polymer industries, processes such as oligomerization of olefins to produce
monomers, polymers, and motor components are common. These reactions are
usually catalyzed by metal complexes or acids. Presently, a number of MOFs have
demonstrated their reliability for the oligomerization reaction. As an example, the
dimerization of ethene to form 1-butene has been accomplished using MIL-101(Fe)-
anchored nickel as a highly selective catalyst [14].
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Fig. 16 Structural representation of NU-1000 MOF support and preparative routes for the MOF-
based Co catalyst for oxidative dehydrogenation of propane. Reprinted from [73]

Coming back to post modifications, Metzger et al. [94] have suggested the incor-
poration of Ni sites in MFU-4 by cation exchange for the enhanced performance and
selectivity for the dimerization of ethylene to 1-butene. Polymerization reactions for
isobutylene, 1-hexene, and many other olefins have shown exceptional results under
such mild conditions suggesting a bright future for MOFs being deployed in the
mainstream of polymer industries.

9.6 Hydrolysis, Dehydration, Esterification,
and Condensation

These are someof themost common reactions in the industrial contextwhereinMOFs
can play crucial role in numerous applications such as the manufacture of various
olefins and ethers. Water is an integral part of all these reactions and is catalyzed by
active sites which are acidic in nature. For example, UiO-66 feasibly catalyzes the
reaction of dehydration of ethanol to diethyl ether at 200 °C. However, the dehydra-
tion of alcohols to give alkene (olefins) requires temperature conditions > 300 °C
where MOFs fail to assist due to stability reasons. In contrast to dehydration, MOFs
show high activity in esterification reactions which occur at temperatures 60–80°[15,
58]. Figure 17 presents the esterification of benzyl alcohol and methanol carried out
by Fan et al. [35]. The hydrolysis and condensation reactions occurred comfortably
at room temperature and under mild conditions. Thus, MOFs are expected to have
fascinating prospects once adequate studies are performed on their stability under
realistically harsh conditions.
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Fig. 17 Schematic representation of Au/UiO-66-HCl catalyzed (MOF-based catalyst) oxidative
esterification of benzyl alcohol and methanol to the corresponding ester by fan et al. Reprinted from
Catalysis Communications, 140, Chaoyang Fan, Ruiyi Wang, Peng Kong, XiaoyuWang, Jie Wang,
Xiaochao Zhang, Zhanfeng Zheng, Modification of Au nanoparticles electronic state by MOFs
defect engineering to realize highly active photocatalytic oxidative esterification of benzyl alcohol
with methanol, 1, 2020, with permission from Elsevier [35]

9.7 Isomerization and Alkylation Reactions

These acid-catalyzed reactions are of immense importance in the industry. Skeletal
isomerization reactions of olefins and kinds of paraffin aren’t feasible for MOFs to
catalyze because of the recurring drawback of not being stable at elevated tempera-
tures. On the other hand, MOFs offer some prospects for reactions of cyclic hydro-
carbons as they take place at relatively lower temperatures. Take an example of
methylcyclopentane whose conversions take place at 150–200 °C [58]. It has been
reported that NU-1000-supported catalyst could perform the isomerization reaction
for o-xylene to m-xylene at very high temperatures, compromising with the stability
ofMOFs [2]. Figure 18 shows the graphical representation and comparison of results
for isomerization of glucose and fructose.

Similar extreme temperature conditions are required for the alkylation reactions
of paraffin and olefins which may utilize MOFs as potential catalysts. However, the
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Fig. 18 a Structure of UiO-66 framework unit. b Isomerization of Glucose and Fructose to HMF
(Hydroxymethylfurfural). c Graphical comparison of the efficiency of reaction using no cata-
lyst, UiO-66 MOF, and its derivatives. Reprinted with permission from Oozeerally, R., Burnett,
D.L., Chamberlain, T.W., Walton, R.I., Degirmenci, V., 2018. Exceptionally Efficient and Recy-
clable Heterogeneous Metal–Organic Framework Catalyst for Glucose Isomerization in Water.
ChemCatChem 10, 706–709. https://doi.org/10.1002/cctc.201701825. Copyright (2018) American
Chemical Society [101]

alkylation reaction of alcohols and benzene takes place at relatively lower tempera-
tures of 100–200 °C which makes a number of MIL-series MOFs potential catalysts
for limited periods of time.

https://doi.org/10.1002/cctc.201701825
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9.8 Photocatalysis

In order to harness solar energy, photocatalysis provides a direct and sustainable path
to convert it into clean chemical energy. MOFs owing to their versatile properties
on different post-modification treatments tend to be photo-responsive by showing
adsorption of light, an aspect broadly looks into in the following chapters.

10 Some Other Important Applications of MOFs

Luminescent MOF (LMOF) is a class of MOFs that have high potential in different
sensing applications as described below.

10.1 Luminescent Sensing

Many substances such as organic solvents, water, aromatics, ions, etc. have been
used to exploit the high-level performance of LMOFs with the transition metals
in metal-ion sensing. Due to the interference of metallic ions (Cu2+, Ag+, Zn2+,
etc.), a reduction in the intensity of fluorescence of lanthanide-based MOF has been
observed. The fluorescence spectrumofMOFs changed from showingmultiple peaks
to a single peak with the introduction of Ag+ ion in the coordination site. These
alterations in the luminescence of the MOFs indicate the presence of metal ions.

Furthermore, not only in metal-ion but MOFs also have prospects in various
other types of sensing such as biosensing, electrochemical sensing, aromatic sensing,
among others which are discussed in the following chapters.

10.2 CO2 Capture and Photocatalytic Reduction

The versatility ofMOFs brings out exceptional adsorptive properties aswell (Fig. 19).
There have been many routes that have established an industry acceptance but are
not yet as efficient in economic terms; MOFs have become breakthrough candidates
for the adsorption of CO2 [21].

Theporosity ofMOFsbecomes an asset in giving thema largeCO2 uptake capacity
and as a result, the level of CO2 on the surface also increases to attain intimation
between the gas and the catalytic sites.

Semiconductors have been the most explored candidates for the photocatalytic
reduction of CO2 where MOFs have made inroads only recently. In view of the low
photogenerated charge and low charge separation efficiency, MOFs have not been
exceptional as photocatalysts. However, with pre-and post-synthetic modification,
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Fig. 19 3-D representation of adsorption of CO2 molecules onMg2+ and Linker sites onMg-MOF-
74 pore. Reprinted with permission from Alonso, G., Bahamon, D., Keshavarz, F., Giménez, X.,
Gamallo, P., Sayós, R., 2018. Density functional theory-based adsorption isotherms for pure and
flue gas mixtures onMg-MOF-74. Application in CO2 capture swing adsorption processes. J. Phys.
Chem. C 122, 3945–3957. https://doi.org/10.1021/acs.jpcc.8b00938. Copyright (2018) American
Chemical Society [4]

MOFs with high potential in efficient and low-cost photoreduction have attracted the
interest; target-improved efficiency and chemical stability of MOFs being the two
major attributes.

10.3 Biomedical Applications

High surface area, tunability of pores, and many other physical and chemical prop-
erties allow MOFs to be exploited in diverse biological and medical applications
including biosensing, biomimetic catalysis, drug release, etc. Chemical stability is
an essential and standout property that allows its usage in these biomedical applica-
tions. The robustness of MOFs plays an important role in order to show resistance
against collapse due to hydrolysis under physiological environments.

Among a few examples, two MIL-series MOFs, MOF-68 and MOF-100 with
a Fe core, showed colorimetric biosensor behavior for the detection of hydrogen
peroxide [145]. MIL-53 with Fe and Cr cores (MOF-53(Fe) and MOF-53(Cr)) have
been applied for the drug release of ibuprofen [55]. Owing to the flexibility, the slow
and complete drug release was accomplished in a duration of 3 weeks. The use of
biomolecular ligands such as adenine in order to enhance biocompatibility has also
been a part of biomedical applications of MOFs.

https://doi.org/10.1021/acs.jpcc.8b00938
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11 Limitations in Catalytic Properties of MOFs

Numerous discoveries and novel demonstrations of the catalytic properties of MOFs
made so far indicate the potential that researchers and scientists see in MOFs as
catalysts, however, their application as catalysts is still lacking.

In order to put MOFs to feasible catalytic use, knowing their limitations is of
utmost importance. Some of the major limitations of using MOFs as catalysts are
discussed here.

11.1 Transport Limitations in Catalysis by MOFs

Narrow MOFs pores may inhibit the access of reactants inside the interior part
of MOFs by offering transport resistance. When the transportation restrictions in
pores are sufficient enough to influence the rate of reactions, measured rates become
less than that of intrinsic ones, the kinetics of catalytic reactions are disguised, and
hindrance in measurement rates of reactions in fundamental terms occurs. Corma,
Garcia, and co-workers [84] demonstrated an example of reactant shape selectivity
by choosing 1-octene and cyclododecene as reactants for hydrogenation in the MOF
incorporating nodes of Pd ions (2 pymo = 2-hydroxypyrimidinolate). They reported
that due to the pores of cyclododecene being too large to enter its pores, MOFs did
not show activity for cyclododecene because of its failure in accessing the catalyt-
ically active Pd; it did exhibit sufficient activity for the hydrogenation of 1-octene.
Another group [131] found that the platinumNPs in ZIF-8 did not exhibit activity for
hydrogenation of cyclooctene because its critical diameter (5.5 Å) was large enough
to fit into the MOF with an aperture diameter of 3.4 Å.

Synthesizing MOFs under harsh conditions has been considered as the solution
to this limitation which may result in the generation of hierarchical pores and it is
expected that the catalytic activity of the MOFs will increase by doing so.

11.2 Minority and Defect Structures in MOFs

Due to the non-uniformity in theMOF structures, identifying and counting the active
sites has proven to be the central challenge in MOF catalysis. The major catalytic
sites, as in MOFs having metal nodes, can be straightforwardly determined. But
catalytic sites in some of them have defects in the crystalline structures. Vacancies
like node sites, not linker bonded are one example. Some could have the linkers
missing [137], while some may have node binding sites not occupied by liners, but
other ligands formed during synthesis [42, 133].

In some cases, defectsmay be generated bymodulators competingwith linkers for
bonding to nodes [116]. Nodes may be missing in some defects [16]; while missing
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linkers could be a case too. The Kieslich and Fischer group [32] showed that missing
node defects are the consequence of the distorted distribution of linker defects within
the MOF framework.

In MOF-catalyzed processes, investigations of defects have been mostly detailed
in the context of catalysis on MOF nodes by the Lewis acid sites. However, there
are still opportunities for future research on the investigation of other types of defect
sites, for example, the -OH groups on defect sites.

11.3 Stability Limitations in MOFs

One major limitation of MOFs is their relatively low thermal and chemical stability.
The thermal stability of a MOF is usually established by thermogravimetric analysis
(TGA) in which the temperature is raised enormously (typically up to 850-1000 K)
up to the point where the framework is completely destroyed. This temperature is
high enough to carry out MOF-catalyzed liquid-phase reactions (typically carried
out at temperatures < 473 K). However, structures that exhibit stability over 573 K
might undergo extensive damage at lower temperatures when exposed for longer
periods of time.

Another major issue that can restrict their stability is the mechanical resistance of
MOFs. Upon submission to mechanical compression, some MOFs might lose their
crystallinity, robustness, and specific surface area and just collapse after a limiting
pressure. However, the stability of MOFs as catalysts is not only influenced by their
intrinsic resistance, but also by their compatibility with reactants such as O2 and
other compounds that can break the metal-linked bonds.

12 Conclusion and Future Outlook

Over the past two decades, MOF-related catalytic applications are advancing at a
tremendous rate. These MOFs, endowed with a variety of catalytic sites, provide a
vast range of chemical compositions and structures for catalysis. Since their advent,
researchers and scientists have believed in their competence in the field of catal-
ysis, owing to the extensive opportunities that they have to offer, such as high
metal content, large surface areas, chemical mutability, structural diversity, and well-
defined porosity, among others. Furthermore, the post-modification ability of its
organic linkers and the possibility to incorporate catalytically active species such
as metal NPs, enzymes, etc. into its pores, enrich their catalytic activity consider-
ably, making them potential competitors to traditional crystalline porous materials
for multitudinous catalytic applications.

However, despite the striking advances made in recent years, in order to put them
into practical application as catalysts, a few challenges need to be circumvented: (i)
cheap and large-scale high-yield production of MOFs is yet to be achieved; (ii) the
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thermal, chemical and mechanical stability of MOFs is still unsatisfactory, which
further makes high-temperature regeneration process challenging; (iii) the mass
transfer resistance to large substrates due to the microporous structures of MOFs
is problematic; (iv) Poor conductivity of MOF catalysts affect the charge transfer in
photocatalysis and electrocatalysis. Thus, it can be justifiably said that research on
MOFs has entered a new phase where challenges and opportunities coexist, and there
is enormous scope for future research and improvement in this field. Undoubtedly,
by virtue of the wide-ranging strengths and opportunities of MOF structures, they
have the potential to be exploited for practical applications in industry in the near
future.

Abbreviations

MOF Metal-Organic Frameworks
BASF Baden Aniline and Soda Factory
NPs Nanoparticles
SBU Secondary Building Unit
HKUST Hong Kong University of Science and Technology-series MOFs
BTC 1,3,5-Benzenetricarboxylate
MIL-series Matériaux de l′Institut Lavoisier-series
NG Neat Grinding
LAG Liquid-assisted grinding
ILAG Ion-and-liquid assisted grinding
INA 1,5-Bis(n-benzyloxycarbonyl-l-leucinyl)carbohydrazide
PSM Post-synthetic modifications
PSE Post-synthetic exchange
PSD Post-synthetic deprotection
UiO Universitetet i Oslo-series MOFs
CAU-1 [Al4(OH)2(OCH3)4(H2N-BDC)3]·xH2O MOF
SALI Solvent-Assisted Ligand Incorporation
ZIFs Zeolitic imidazolate frameworks
MCM Mobil Composition of Matter
COC Cyclic organic carbonates
POMs Polyoxometalates
HER Hydrogen evolution reactions
ORR Oxygen reduction reactions
OER Oxygen evolution reactions
CO2RR Carbon dioxide reduction reactions
NU-1000 Zirconium-based MOF
HMF Hydroxymethylfurfural
LMOF Luminescent Metal–Organic Frameworks
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Abstract In the past few decades, researchers have ventured to search for kinetically
stable framework materials as conventional ones were expensive and lack chemical
robustness, which hinders their practical application. In this context, metal–organic
frameworks (MOFs) have gained a lot of attention as metastable design catalysts for
a broad range of chemical alterations including catalysis, gas storage, separation,
and conversion, etc. MOFs are one the fastest emerging class of organic–inorganic
hybrid crystalline porous material assembled with metal ions/clusters as nodes with
organic linkers. Although MOFs inherit a unique set of properties including high
porosity, ultra-high surface area, diverse composition, and versatile functionality,
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however, for these materials to be industrially viable, the kinetic stability is neces-
sary. In order to attain improved stability, kinetic factors such as coordination number,
surface hydrophobicity, as well as framework interpenetration are considered to give
rise to numerous robust MOFs, broadening their applicability rate and benefiting
in industrialization. The present chapter focuses on the kinetic factors affecting the
topology of the framework, different strategies to stabilize the porous phase, their
stability in the gas and vapors phase has been highlighted, and their role in various
application prospectus. Apart from this, significant emphasis has been given to tech-
niques to improve the kinetic stability of existing frameworks using the contrasting
methodology.

Keywords Metal–organic frameworks (MOFs) · Kinetics · Stability · Catalyst

1 Introduction

The porosity of any material is of eminent importance for its application in catal-
ysis, gas storage, sensing, drug delivery, etc. Over the past several years, researchers
have tended to develop a material with high porosity. To this, metal–organic frame-
works (MOFs) have generally been considered to be among the foremost groups of
porous crystalline structures. MOFs distinguish themselves from all other typical
porous materials such as zeolites and carbon materials in terms of their chemical
tunability and adaptable tailorability. MOFs are organic–inorganic hybrid materials,
constructed via metal ions/clusters that serve as nodes and organic ligands as linkers,
bonded by coordinate bonds. MOFs regulated porosity, high surface area, and crys-
tallinity are some of the unique features that help to control the topology of the
material through molecular design. The property of porosity creates opportunity at
micro-, meso-, and nanoscale to design facile MOFs with desirable characteristics
by incorporating various guest species [44].

A variety of frameworks with almost the same topology but with enhanced pore
size, wider dimension, indeed be prepared by adopting a variety of techniques. Unfor-
tunately, industrial applications of these materials are not beneficial as they lack reli-
able performance. Many efforts have been taken to address this challenge. One of
the primary issues in this context is the stability of MOFs, particularly kinetic, chem-
ical, thermal, and mechanical [10]. In general, the stability of MOFs is determined
by several factors including thermodynamic, kinetic, chemical, and other operating
environmental factors. Even when the metal cluster and framework topology remain
the same, the chemical stability of certain MOFs diminishes with linker extension
and pore widening. This is generally attributable to kinetic variables that are intrinsi-
cally linked to the structural stiffness, coordination bond, hydrophobicity of frame-
work surface, strength of interpenetration, etc. [2]. The first porous moisture-labile
MOF(MOF-5) was developed by Li et al. in the year 1999. It was observed that this
MOF may preserve its crystalline structure even after 24 h of continuous heating at
300 °C [9]. Numerous potential approaches to modify MOF stability, particularly
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kinetic stability, have been established which be the crucial need for their potential
utilization. In this context, various approaches to understanding the stability ofMOFs
on exposure to different gases or water have been studied by researchers around the
globe. Herein, theMOFs are subjected to coordinating, acidic, and oxidizing agent in
gases and vapors phase, and in addition to this, its effect on MOFs is used to propose
strategies to synthesize more firmMOFs [44]. The kinetics of perforatedMOFsmust
be improved by enhancing the energy barrier between the porous and denser layers
of the transition state, and this can be done by adopting various techniques. Owing
to their unique set of properties and highly ordered crystalline structure, it is vital to
highlight that the position and degree of modification in MOFs are controllable, so
that they may be used for a variety of purposes, as discussed in detail in the various
sections of this chapter.

The current chapter focuses on the distinctive factors affecting the kinetic stability
ofMOFs. Furthermore, from an industrial application viewpoint, a section is devoted
to strategies to enhance the kinetic stability of MOFs and their endurance, on expo-
sure to different gases and water phases. In addition to this, various applications of
stabilized MOFs are elaborated.

2 Kinetic Factors Affecting MOFs Topology

MOFs are a special variant of porousmaterials, constructed via coordination bonding
between metal ions/clusters and organic ligands as linkers. Over the past few years,
the stability of these materials are of great concern about their utilization in catalysis,
adsorption, separation, drug discovery, etc. The kinetic stability of MOFs, in partic-
ular, describes the degree of decomposition of the MOF at any temperature, relative
humidity (RH), and exposure interval [33]. To investigate the compatibility of MOFs
over conventional materials, several kinetic variables that impact the topology of the
framework are shown in Fig. 1.

2.1 The Rigidity of the Linker

The rigidity of the ligand linkers is crucial to determine the endurance of the frame-
work. It is usually observed that the dense and rigid frameworks built from robust and
concentrated constituents, typically demonstrate excellent stability. In this context,
Song and co-workers used two MOFs to illustrate transmetalation. The synthesized
MOFs are Zn-HKUST-1 and Zn-PMOF-2. These MOFs possess identical metal
centers of Zn with varying ligand linker sizes. It was revealed that the large organic
linkers of flexibleZn-PMOF-2 support proper transmetalation,whereas small organic
linkers of rigid Zn-HKUST-1 framework favor limited transmetalation [47]. It should
be noted here that metal centers linked by a flexible organic linker seem to be more
reactive than metal centers linked by a firm organic linker. As metal centers on the
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Fig. 1 Different kinetic
factors that affect the
topology of MOFs

periphery of a particle are in a more flexible environment compared to others present
in the core, which is in a more rigid environment, therefore, the latter is more stable
than the former.

2.2 Coordination Bond

In order to understand the ligand-rigidification mechanism, it is very crucial to study
coordination bonds formed between the metal cluster and the ligand. To increase
the kinetic stability of MOFs, it is necessary to robust M-L coordination bond in
the material. Herein, it should be kept in mind that although strong coordination
bonds are essential for stability it is not sufficient. For example, a series of Zr-MOFs
were having quite a strong coordination bond, but still some of them are found
to be unstable [8]. When water substitution causes dissociation on one side of a
ligand attached to a metal cluster, the ligand poses rotational flexibility to exit the
initial coordination sites. The change in coordination offers various possibilities of
different types of flexibility forMOFs [35]. These coordination changes inMOFs can
change/improve MOFs properties. There are different ways by which coordination
changes can occur in MOFs:

• Coordination geometry changes
• Formation of open metal sites non-topological changes
• Topological changes.
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These changes bring change in their structure and proved to have better adsorption
for gases, magnetic behavior, etc. Mendes et al. discussed various examples ofMOFs
in which transformation brought improvement in MOFs [31]. The ligand is not able
to migrate much in the framework as structural deformation of stiff ligands is limited
by other coordination sites. As a result, the lability of the metal–ligand coordination
bond at some positions may cause fast structural repair. The bond between a metal
cluster and a ligand can dissociate for flexible ligands without having any effect on
other coordination sites, which leads to the reformation of a slower andmore complex
ligand–metal bond. As a result, the defect ratio in the system will rise, resulting in
the demise of the framework [26].

2.3 Surface Hydrophobicity

Surface hydrophobicity inhibitswater from adsorbing into the pores ofmetal clusters,
and this improves the stability of MOFs in the presence of water even at the higher
temperature. The approach of increasing the bond durability of metal–ligand inter-
action is used to enhance the hydrophobicity of MOFs. This stabilization approach
can be examined by analyzing the adsorption isotherm of the MOF to demonstrate
that water is prevented from trapping into the framework by hydrophobic groups. It
has been extensively studied that stability of MOF under humid circumstances might
be enhanced by adding hydrophobically fluorinated and/or alkyl functional groups
to the ligand site [2].

2.4 Framework Interpenetration

Metal–organic frameworks (MOFs) interpenetration is a fascinating phenomenon
that has critical structural, porous, and functional effects on the framework. It is
also called a framework catenation. With a considerable rise in the number of docu-
mented MOFs, framework interpenetration is now becoming a prevalent study. It is
only possible when the pore space of the framework is sufficiently wide enough to
incorporate host material. In this context, the interpenetrated motifs greatly improve
the framework stability by filling the space, and this also forms a repulsive force
that helps to prevent framework collapse [17]. Some of the contrasting features of
framework interpenetration that strike to enhance the stability of MOFs are:

• 2D or 3D networks are used to form motifs with identical structure.
• The finite number of interpenetrated motifs is used.
• Same dimensionalities are there in the single network and final structure.
• In order to form the final structure, each network is interwoven with all the others.

In a study, Jasuja and co-workers used the strategy of pillaring to catenate two
MOFs (MOF-508 and DMOF) [16]. Their study demonstrated that on exposure to
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90% RH, the non-interpenetrated DMOF showed a reduction of surface area from
1980 to 7 m2 g−1, whereas twofold interpenetrated MOF-508 blocked water adsorp-
tion and maintained their stability after the same treatment. With an outstanding
unique set of features that makes MOFs robust, it should be noted that interpenetra-
tion has a detrimental impact on the porosity of open frames caused by limiting the
size of open pores [17]. In order to reduce this impact and to build a highly porous
MOF with extraordinary surface area, the framework interpenetration needs to be
controlled. To this, various strategies to suppress interpenetration are as follows:

• By regulating reaction temperature and concentration
• By implementing a template to avoid multiple net interpenetrations
• By selectively modifying induced ligand design.

3 Strategies for Stabilizing the Kinetics of Porous MOFs

Porous MOFs are the best examples of unique hollow-structure materials that can
provide a whole raft of excellent features. Porous MOFs are found to be metastable
as compared to their denser phase. The denser phase of MOFs is an imaginary
component of the same constituents, but its porosity is negligible. In the case of
all silica zeolites, it can be easily conceptualized and achieved by simple heating,
but in the case of MOFs, it is a difficult task due to the directionality of ligands
[22]. However, it is worth noting that some MOFs have been achieved thermally
in their denser and amorphous phase. As mentioned above, the porous MOFs are
less stable when compared to their denser phase, so their stability can be enhanced
kinetically only [44]. For kinetically stabilizing the porous MOFs, the energy barrier
for transition state between the porous and denser phase needs to be increased which
can be done in two ways:

1. By enhancing the energy of transition state
2. By reducing the porous phase energy.

In this section, we will discuss different approaches to stabilize different MOFs,
as shown in Fig. 2. There are four methods that can increase the stability of porous
MOFs kinetically either by enhancing the energy of the transition state or by reducing
the porous phase energy, and they are mentioned below:

3.1 Metal Ion Substitution Kinetics

By this method, the energy of the transition state can be increased. When the tran-
sition from porous phase to denser phase occurs, the substitution of ligands takes
place around the metal ion. The complexes with higher ligands exchange rates are
considered to be liable and with lower ligands exchange rates are considered to be
inert, represented in Fig. 3 [36]. For example, the rate of substitution of ligands in
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Fig. 2 Different strategies for improving the kinetic stability of MOFs

Fig. 3 Metal ion substitution kinetics
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octahedral complexes for Cu2+ and Cr2+ is 5.9 × 109 s−1, which are liable, and
for inert Ir3+, its value is 1.1 × 10–10 s−1. Cr3 + which has a ligand exchange rate
slower than 1 s−1 most widely used inMOFs synthesis because it forms a carboxylate
framework that is stable on water and steam exposure [19]. The stability trend within
the family of triazolate MOFs and an impact of the energy of transition state which
is an outcome of the metal ion’s size follows the kinetic metal-aquo substitution rate.
Thus, by increasing the inertness of cation, we can increase the stability.

Ni2+ is another example of an inert metal cation showing excellent stability. Li
et al. replaced native Zn2+ withNi2+ inMOF-5 [23] and Jaio et al. partially substituted
Ni2+ inMg-MOF-74 framework [18]. Herein, in both cases, the newMOFwas found
to have more stability toward the water at a higher temperature.

3.2 Strengthening the Bonds for Stabilizing the Porous Phase
in Contrast to the Transition State

In this approach, the ligandswith higher donating ability are being used to enhance the
porousMOFs stability. Theweakmetal–ligand bonding of porousMOFs is the reason
for their poor stability. If the heterolytic metal–ligand bond strength is increased, it
results in enhancing the stability of porous MOFs toward polar substances or it can
lower the energy of porousMOFs, demonstrated in Fig. 4. An increase in the donating
ability of ligands especially in the case of late transition metals can be beneficial,

Fig. 4 Effect of strength of M-L bond on kinetics
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and this will also enhance the chemical stability. Choi et al. used pyrazolate-bridged
MOFs and combined it with tetrahedral Zn2+ [5, 6]. It was found to be highly stable
toward boiling water, organic solvents, and even in an acidic medium.

Another strategy to enhance the metal–ligand bond strength is by increasing the
valency of metal ions.With the same ligand and coordinating atmosphere, metal ions
having higher valency with high charge densities might form a stable framework.
Metals with higher valency like Ti4+, Zr4+, and Cr3+ when combined with carboxy-
lates are found to have stronger linkage [53]. There is no doubt in the fact that by
increasing the bond strength of metal and ligands, the porous MOFs’ stability can be
enhanced, but in this approach, the stability of the denser phase also increases at the
same rate. So, the net energy for the transition from porous to denser phase is almost
the same.

Fig. 5 SomeMOFs blocks with high kinetic stability a Zn(2-methylimidazolate)2 (ZIF-8). Reused
with permission from [42]. b Zr6O4(OH)4(BDC)6(UiO-66). Reused with permission from [4]. c
Al(OH)(isophthalate) (CAU-10). Reused with permission from [43]. d Ni8(OH)4(H2O)2(BDP)6.
Reused with permission from [30]
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3.3 Steric and Hydrophobicity

This is a simple method that involves steric shielding of the metal–ligand bond.
For a hydrolysis reaction to proceed, there are two required conditions. Firstly, water
molecules should come close enough, so that interaction can take place, and secondly,
there should be an available minimum amount of energy, so that energy of activation
can be overcome. In the first case, framework hydrophobicity can be an important
factor to increase the MOFs stability which is possible by substituting hydrophobic
alkyl and fluorinated functional groups with ligands. Nguyen et al. used the post-
synthetic method and modified isoreticular metal–organic frameworks (IRMOFs) by
substituting longer alkyl groups [38]. Most of the modified IRMOFS were found to
have better stability, even after exposure to ambient atmosphere for few weeks. In
the year 2013, a series of Ni(II)-pyrazolate basedMOFs was prepared by Paidel et al.
TheseMOFswere introducedwith a fluorinatedmethyl group on organic linkers [39].
In the results, it was found that fluorinated methyl groups are capable of increasing
the partial pressure at which water vapor condenses in the material which further
increases the hydrophobicity of MOFs to a greater extent.

The presence of steric factors enhances the stability [2] and also increases the
activation energy barrier, so that they cannot interact with MOFs even if water
molecules come enough close, due to high activation energy. Thus, shielding of
porous MOFs can prevent the access of water, and other coordinating vapor and can
enhance stability. Jasuja et al. placed methyl groups which are non-polar shielding
groups on BDC (1,4-benzenedicarboxylic acid) linkers [15]. And the newMOF was
found to have better stability. The extent of hydrophobicity is predicted by calcu-
lating the contact angle between water and material. For a hydrophobic framework,
the contact angle is between 90° and 150°, and the material having an angle above
150° is considered superhydrophobic [29]. But this approach has limitations due to
the following reasons:

• Sometimes it decreases the overall porosity of MOFs.
• It can impede the access of sorbates which are needed for framework sites as they

can give stronger guest binding interactions.

3.4 Linkers and Nodes Connectivity

In this method, the energy of the transition state is increased as it does in the
chelate effect. Here in this approach, the connectivity of constituents of the frame-
work is increased. This kinetic stabilization can be increased by increasing the
number of a special kind of metal ligands bond. And during the phase transition
or collapsing of pores, those bonds should rearrange or dissociates. Mondloch using
this approach targeted the MOF made from hexa-ZrIV nodes and tetratopic linkers
[34]. He used carboxylates linkers and did many changes and formed the new MOF
having the formula Zr6O4(OH)4(HCOO)4(TBAPy)2(NU-1000; TBAPy4− = pyrene
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tetra-p-benzoate). Themetal–oxo–hydroxo clusterswhich are frameworks composed
of secondary building units (SBUs) with greater connectivity have proved to have
increased stability. For example, MOFs are made from Zr4+ oxo–hydroxo nodes,
which are linked by 6, 8, 10, or 12 carboxylate groups, with node connectivity
the stability usually increases [4]. A pyrazolate-based porphyrinic MOF with ftw-a
topology, namely PCN-601 was synthesized by Wang et al. [50]. It was connected
by Ni8 cluster and 5,10,15,20-tetra(1H-pyrazol-4-yl)-porphyrin (H4TPP)PCN-601
and it is found to be highly stable even in a saturated solution of aqueous NaOH.
Cadiau et al. [3] reported (KAUST)-7 which is also known as NbOFFIVE-1Ni is
found to have extreme stability in aqueous solution for 6 months and even stable in
an atmosphere of 95% humidity and 10% H2S [9]. It was connected by (NbOF5)2−,
and assembled by a square-shaped Ni-pyrazine (4,4′) square grid.

4 MOFs Stability in Gases and Vapors Phase

The bond strength between the metal cluster and the linker is an essential factor,
understanding the kinetic stability of MOFs. Change in ligand connectivity and
binding typically results in reductions of effective surface area and porosity. This
damage is generally observed during the reaction processor in the regeneration of
the framework. It also reduces the effectiveness of sorbent [25]. One of the sources
of such disturbances is the exposure of the framework to different gases and vapors.
In this section, we will discuss different approaches for assessing the sustainability
of various MOFs. The tolerance of numerous the framework is studied either on
exposure to profuse gases or water, and its out-turn is elaborated below.

4.1 Effect of Different Gases

• Coordinating Gases: H2O, NH3, and H2S

TheMOF stability trends toward polar gases are heavily influenced by the acidity
and nucleophilicity of the gas. Accordingly, the operative reaction mechanisms
include the following:

• Substitution of ligand
• Hydrolysis of metal–ligand bonds
• Ligand reconfiguration mediated by coordination site

The aforementioned variables witness the relationship between the kinetics of
metal–ligand bonding strength and the robustness of MOFs in response to coor-
dinating gas exposure [44]. In a study by Peterson et al., it was concluded that
when ammonia combines with water, it produces NH4OH, which is extremely abra-
sive and results in metal–ligand interaction hydrolysis. Herein, the MOF Cu3(BTC)2
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evidenced persistent breakdown of structure and porosity, particularly with ammonia
under humid circumstances [41].

• Acidic and Oxidizing Gases: SOx, and NOx

The development of materials that can resistant to acidified as well as oxidizing
gases including sulfur dioxide (SO2), and nitrogen oxides (NOx) presents distinct
problems. The substitution kinetics can be significantly be altered by oxidizing the
metal center using an oxidizing gas. Although, several composites are robust towards
toxic pollutants in single component investigations, also by the addition of moist air
introduces a slew of additional difficulties due to possible side reactions that generate
powerful acids [13]. The apparent instability of MOFs in humid environments is due
to their unexplored interactions with SOx and NOx. Herein, SO2 reacts with water
vapor to produce sulfurous acid (H2SO3), which can then react with oxygen to form
SO3 and sulfuric acid (H2SO4). Therefore, in order to mitigate this issue, Elder and
co-workers investigated the function of metal center on exposure of MOFs to humid
SO2 atmosphere. They consummated zinc benzenedicarboxylate (ZnBDC) to be the
most stable to date on 80 ppm-days exposure in a moist SO2 environment [11]. Also,
adsorption of SO2 in humid air is difficult, because the protonated linker produces
metal sulfites or sulfates.

However, it should be noted that NOx capture poses extra complications. Compa-
rable to SO2, under humid circumstances, both NO and NO2 produce strong
acids such as nitrous acid (HNO2) and nitric acid (HNO3), this can also proto-
nate linkers and deteriorate the framework. Even nitrogen oxides can go through
many redox reactions including NO disproportionation, NO oxidation reactions, or
dimerization/disproportionation of NO2 [1].

4.2 Effect of Water and Vapors

Porous MOFs have been extensively investigated for catalysis, and they are used
in two ways as a catalyst directly or as a scaffold. Some catalytic reactions might
not involve water, while in many reactions water is required as it is considered as a
novel solvent for catalysis due to environmental, economical, and safety concerns.
Similarly, MOFs are widely investigated for luminance and drug delivery too where
water can also be present [2]. So, to increase the use of MOFs in these areas, it has
become an important need of MOFs to be water stable. There is a high diversity of
MOFs out of which some can be highly hydrolytic stable while others may not be.
Different MOFs show different behavior on exposure to water or humidity, and it
also depends on what type of water exposure it is. There are six levels proposed in
Fig. 6 to discuss the harshness of moisture exposure.

To discuss the hydrolytic stability of water, it is necessary to know what type of
water exposure is there and some of the types of water exposures are as follows:
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Fig. 6 Several levels of harshness on moisture exposure

• Exposure to ambient air: This condition is considered a level 1 condition. Only
testing MOFs for ambient conditions is not a good method for stating whether
MOF is stable or not because it is much dependent on local conditions existing
during testing and it includes ambient relative humidity also. The ambient relative
humidity is used to predict the amount of water vapor in the air based on external
temperature and pressure conditions [45]. MOF is not fully activated, then it may
have some remaining guests in pores which can prohibit the excess of water and
impart extra stability to MOFs. And if MOFs are kept in a closed system, then
equilibrium will exist between water absorbed in MOFs and water vapor in a
surrounding which might result in different relative humidity.

• Immersion in liquidwater: It is anothermethod of testing the hydrolytic stability
ofMOFs.Generally, it is considered that ifMOF is synthesized in thewater, then it
will be stable toward the water which is not always true [7]. There can be different
reasons why MOF is not soluble in water like it might be kinetically insoluble in
water or there can be some other constituents available like organic solvents or
salts which result in decreasing the solubility [40].

• Uncertain relative humidity exposure: Another method for testing hydrolytic
stability of MOFs is the use of humidity with unknown concentration by using
vial in vial method at a fixed temperature [37]. Since internal pressure is unknown,
the amount of water content cannot be measured in this method which can show
uncertainties. The main advantage of this method it provides a fast-screening
way for predicting whether MOF has the capability of stability toward water and
vapors or not.

• Certain relative humidity exposure: In this method, the MOF is exposed to
various degrees of water at different temperatures for different time periods [37].
The important advantage of this method is that the stability of internal pores can
be tested.
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• Exposure to bulk versus water vapor: While describing the MOFs stability,
it should be clear whether it is done in bulk water or in water vapor. Adhesion
and entropy decide the surface coverage by water at low RH. While at saturation
point, adhesion and cohesion of water molecules can determine hydrophobicity
of the surface. Like a material may appear stable when the only external surface
is exposed to water and it may not when it is in bulk because internal pores might
be interacting with water [2].

Different MOFs show different stability toward water and vapors, some MOFs
are highly hydrolytic stable, while some of them are partially hydrolytic stability
and their stability depends on the type of water exposure. Weber et al. studied the
stability of MIL-53(Al) toward water [51]. MIL -53(Al) has quite good stability
toward the water, but in boiling water, a slight decrease in its porosity can be seen
due to the formation of a thin layer of AlO(OH) on it. And if it is further boiled,
then a thick layer is formed, and it completely loses its porosity. According to a
study HKUST-1, [Cu3(Btc)2] when kept in water for 24 h at 50 °C, then there was a
decrease in its surface area and porosity was retained by 48%. According to another
study by Majano et al. when it was exposed to humidity, there was a complete loss
of porosity and crystallinity [28]. This example shows that a change in the type of
water exposure changes the stability. In another study, CALF-28 was studied, when
it was exposed to 80% to 90% RH, then a decrease in its surface area was found, and
its bimodal pore distribution changed into unimodal but further increase in humidity
did not show any effect. Similar to this, there are many other MOFs which are there
who show decreases in surface area to a specific extent but on further increase the
exposure to humidity or water they do not show effect [14].

5 Applications of Kinetically Stable MOFs

MOF catalysts are being extensively researched for their use in precision chemical
synthesis. MOFs with a variety of functions may be systematically developed and
built for a particular purpose. Figure 7 depicts some of the most notable uses of
stabilized MOFs, which are briefly addressed below:

5.1 Adsorption and Separation

In the recent few years, MOFs have made an important place in novel materials for
adsorption and gas separations because of their large surface area, plus tunable porous
framework. These frameworks are ideal candidates for the storage of gases like H2,
CO2, CH4, and noble gases because of their large surface areas and highly ordered
porous structures. Large surface areas of MOFs help in the efficient adsorption of
gas, but the adsorption of pureMOFs is not satisfactory in practical applications [32].
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Fig. 7 Some of the
applications of kinetically
stable MOFs

So, some modifications are mandatory, for instance, confinement of certain superior
metal nanoparticles in MOFs by also merging the stronger adsorption capacity of
metal nanoparticles as well as extremely wide surface areas of MOFs. The resulted
material shows excellent adsorption capacity. Palladium is a well-known metal for
hydrogen storage. According to a study, by Li et al. when these Pd nanocrystals
were combined with MOFs then the resulted material showed a great increase in
the storage capacity of hydrogen [21]. Even when compared with the PC curves of
MOFs, then completely reversible absorption/desorption response was observed for
Pd@HKUST-1 while simple Pd shows hysteresis behavior.

In practical applications, water, humidity, and other harsh conditions are present
which are unavoidable. So, theMOFs should have enough hydrophobicity to increase
practical applications. The MOFs show a high assortment in their pore size, struc-
tures, inorganic clusters, and their chemical activity, so their water adsorption prop-
erties lie between high diverse profiles of adsorption–desorption isotherms [46].
Highly porousMOFs can show great potential in industrial applications, for example,
hydrolytic stable MOFs show highly water adsorption profiles for heat pump and
chillers.

Along with gas adsorption, MOFs also show high potential in gas separation too
which can be ascribed to the following two characteristics of MOFs:

1. By regulating inorganic metal ions and organic linkers, their pores can be
controlled.

2. By various methods, their pore surface can be improved with a lot of functional
groups.
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The gas separation applications are attributed to the shape and size of gas mixture
molecules and their interactions. For industrial applications on large scale, also over
substrates, consistent MOFs membranes of superior quality are coated, which can
increase their separation selectivity [10]. Song et al. synthesized a core porous struc-
ture which is denoted by MOF@ZIF using a UiO-66-NH2 core having a higher pore
size of 0.6 nm and a shell of ZIF-8 [48]. The newly formed MOF@ZIF nanoma-
terials were combined to form hybrid polysulfone (PSF) membranes for capturing
CO2. And the resulting material showed 50% higher selectivity for CO2 and N2.

5.2 Fluorescence Sensing

The easily tunable structure of MOFs serves it to be an exceptional platform for fluo-
rescence sensing. Interestingly, fluorescent MOFs are way more sensitive to external
stimuli, taking advantage of this attributeMOF’s can be excellent sensors. Moreover,
the MOFs sensitivity toward analyte, selectivity, time of response, and stability for
longer duration are some of the prerequisites. In the application perspective, Wang
et al. used a topological design strategy to synthesis Zr(IV)-based MOFs which
showed outstanding fluorescent properties [49]. The produced MOF helps to iden-
tify and eliminate organic contaminants from water waste which include antibiotics
and organic explosives. Also, it showed an exceptional capacity for detecting nitrofu-
razone (NZF), nitrofurantoin (NFT), 2,4,6-trinitrophenol (TNP), and 4-nitrophenol
(4-NP) in aqueous solutions with minimal detection limit, the result of the combined
electron, and energetic exchange effect. In contrast to all chemical sensors, the tria-
zolate MAF-2 Cu(I) was developed by Liu et al. as an oxygen-gassing sensor [24].
It was based on high humidity stability, rapid absorption and sorption kinetics of
oxygen, and other optical characteristics. It is worth pointing out that for the first
time soft membrane oxygen sensor was produced by the counter-diffusion crystal-
growth method with astonishing oxygen sensing performance (detection limit =
0.047 mbar) and remarkable kinetic stability.

5.3 Heterogeneous Catalysis

One of the prime demonstrated implementations ofMOFs is heterogeneous catalysis.
Kinetically stabilized MOFs have made tremendous progress toward their prospec-
tive application in catalysis over the last two decades. However, the presence of
metal cluster active sites or organic MOF connectors makes them stable and reli-
able for heterogeneous catalysis [10]. In addition to this, MOF or MOF-supported
catalysts have attracted a lot of interest in applications, such as organocatalysis,
photocatalysis, and electrocatalysis due to their outstanding catalyst characteris-
tics. In a study, for the first time, Lv et al. used Mn3+ porphyrin ligand as a base
and constructed PCN-602(Mn) framework for halogenation of C-H bond in basic
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medium. The as-constructed MOF shows outstanding performance with a high yield
of 92%chlorocyclohexane [27]. To beneficially utilize the outstanding porous feature
of the framework, Kornienko and co-workers introduced cobalt porphyrin MOF to
formAl-TCPP-Co composite. The selectivity rate of this MOFwas found to be more
than 76% for electrochemical reduction of CO2 to COwith the stability of more than
7 h and 1400 turnover numbers [20].

5.4 Biological and Pharmaceutical Application

Metal–organic frameworks (MOFs) are widely used for drug delivery owing to their
unique properties like tunability and ultra-high surface areas. They have demon-
strated tremendous potential anddistinct benefits in the domain of pharmacy.Broadly,
the applications of kinetically stabilized MOFs include the following:

• Biosensing
• Drug delivery
• Biomimetic catalysis
• Antimicrobial enzyme
• Biological imaging.

Interestingly, Cu-TCA, a biosensing sensor was built using Cu2(O2CR)4 paddle-
wheel units and tricarboxy-triphenyl amine (TCA) as linkersa by Wu et al. [52].
Herein, when NO was added, the coordination association with NO and Cu(II)
complexes converts Cu2+ to Cu+ ions, resulting in the restoration of luminescence
from Cu-TCA in an aqueous medium. In another study by Horcajada et al., two flex-
ible frameworks,MIL-53(Cr) andMIL-53(Fe),were chosen as bearer frameworks for
transporting ibuprofen. It was a prior effort to utilize MOFs for drug transport. Both
prepared MOFs, MIL-53(Cr) and MIL-53(Fe), were able to achieve a progressive
plus continuous release of ibuprofen beyond a three-week period [12].

6 Conclusion and Future Perspectives

Metal–organic frameworks (MOFs) offer abundant applications in a variety of fields
due to their exceptional structural, inherited porosity, and chemical characteristics.
This is justified as MOFs have become a high priority in the scientific community
whose interest and development in the domain are escalating. However, there are
several issues with these MOFs that must be addressed by alterations. The primary
issue that MOFs confront is maintaining their porosity and stability, which can be
simply explained by their dynamics.

In this chapter, we have thoroughly put highlights on various methods to stabilize
the MOF units and the involved challenges. Despite their numerous potential uses,
MOFs have pertinent issues, as a result, different techniques for further improvement
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have to be proposed. More detailed studies are required in various domains of MOFs
to solve the current challenges. These characteristics point to exploring new oppor-
tunities for achieving a more stable framework for reactions that require extreme RH
value at relatively high temperatures on prolonged exposure.

Important Links

1. https://www.azom.com/article.aspx?ArticleID=17851
2. https://www.nanowerk.com/mof-metal-organic-framework.php
3. https://www.nature.com/articles/s41578-019-0140-1#:~:text=MOFs%20f

ormed%20with%20kinetically%20inert,30%2C31%2C32
4. https://novomof.com/metal-organic-frameworks/?hsCtaTracking=ec8597ef-

7650-4f00-9975-26a88ba24130%7C8d8099f6-9030-4abd-8c17-bc155c
09fe0a

5. https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/celc.201
700931.
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MIL Materials Institute Lavoisier
NU Northwestern University
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TCPP Tetra kis(4-carboxyphenyl porphyrin)
TCA Tricarboxy Triphenyl Amine
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44. Rieth AJ, Wright AM, Dincă M (2019) Kinetic stability of metal-organic frameworks for
corrosive and coordinating gas capture. Nature Rev Mater 4(11):708–725

45. Serhan M et al (2019a). “Total iron measurement in human serum with a smartphone.” In
AIChE annual meeting, conference proceedings, American Institute of Chemical Engineers

46. SerhanMet al (2019b) “Total ironmeasurement in human serumwith a smartphone.” InAIChE
Annual Meeting, Conference Proceedings, American Institute of Chemical Engineers

http://pubs.acs.org


Kinetic Stability of Robust Metal–Organic Frameworks (MOFs) … 65

47. Song X, Jeong S, Kim D, Lah MS (2012) Transmetalations in two metal-organic frameworks
with different framework flexibilities: kinetics and core-shell heterostructure. Cryst Eng Comm
14(18):5753–5756

48. Song Z et al (2017) Dual-channel, molecular-sieving core/shell ZIF@MOF architectures
as engineered fillers in hybrid membranes for highly selective CO2 separation. Nano Lett
17(11):6752–6758

49. Wang B et al (2016) Highly stable Zr(IV)-based metal-organic frameworks for the detection
and removal of antibiotics and organic explosives inwater. J AmChemSoc 138(19):6204–6216

50. WangK et al (2016) Pyrazolate-based porphyrinicmetal-organic frameworkwith extraordinary
base-resistance. J Am Chem Soc 138(3):914–919

51. WeberG et al (2016)Mechanismofwater adsorption in the large pore formof the gallium-based
MIL-53 metal-organic framework. Microporous Mesoporous Mater 222:145–152

52. Wu P et al (2012) Luminescent metal-organic frameworks for selectively sensing nitric oxide
in an aqueous solution and in living cells. Adv Function Mater 22(8):1698–1703

53. Yuan S, Qin JS, Lollar CT, Zhou HC (2018) Stable metal-organic frameworks with group 4
metals: current status and trends. ACS Central Sci 4(4):440–450



Strategies for the Synthesis
and Functionalization of MOFs



Strategies to Synthesize Diverse
Metal–Organic Frameworks (MOFs)

Chetna Gupta, Parul Pant, and Himanshu Rajput

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
2 History of MOFs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3 Categories and Names of Metal–Organic Frameworks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4 Reticular Synthesis of MOFs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5 Properties and Parameters Considered During Synthesis of MOFs . . . . . . . . . . . . . . . . . . 75
6 Different Methods of Synthesis of MOFs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
7 Microwave-Assisted MOF Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
8 Electrochemical Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
9 Mechanochemical Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
10 Ultrasonic Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
11 Conclusions and Future Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Abstract Metal–organic frameworks (MOFs) are remarkable platforms with
numerous applications. These coordination polymer networks of inorganic metals
blended with organic ligands in a 3-D crystalline fashion, result in porous, ther-
mally, and chemically stable, robust polymers. Functionalized MOFs have been
widely researched and used for energy storage, catalysis, and separations. This
chapter focuses on the different strategies adopted for the synthesis and function-
alization of MOFs. Various synthetic routes of MOFs are discussed in detail that
includes the solvothermal method, ultrasonic method, microwave method, elec-
trochemical method, and mechanical method of synthesis. Parameters governing
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different shapes and sizes of MOFs, like reaction temperature, solvent, pH are also
briefly covered in this chapter. Lastly, the advantages of the functionalization of
MOFs, their applications in several fields like catalysis, drug delivery, sensors, etc.,
are also highlighted.

Keywords Metal–organic frameworks (MOFs) · Synthetic routes · Reaction
temperature · Solvent · pH

1 Introduction

Over the last decade, the synthesis, characterization, and analysis of metal–organic
frameworks (MOFs) have increased manifolds. These structures are formed by
combining metal-containing units with organic ligands and generating open crys-
talline frameworks with persistent porosity employing strong bonds (reticular
synthesis). Their modular design provides for a wide range of synthetic tuning
options, including precise chemical and structural control. Porosity, stability, particle
shape, and conductivity are all adjusted for specific purposes through innovative
synthetic synthesis. More than 20,000 distinct MOFs have been reported and inves-
tigated in the last decade due to the ease with which the materials’ shape, size, and
functionality may be changed. MOFs have surface areas that vary from 1000 to
10,000 m2 per gram, much surpassing those of conventional synthetic polymers like
zeolites and carbons [12].

MOFs are a type of porous inorganic–organic hybrid component made up of
metal oxo clusters coupled by organic ligands. MOFs have both organic and metal
cores in their structure. Organic links are regarded as organic SBUs (Secondary
Building Units) that operate as “struts” inMOF structures, whereas metal centers are
called inorganic SBUs that act as “joints.“ (Fig. 1) The structure of the framework,
inorganic metal centers, and organic ligands are the three primary components of
MOF. Ligands for organic compounds are usually molecules with one or more N-

Inorganic SBU(Metal)     Organic SBU(Ligand)                     MOF

Fig. 1 A general structure of metal–organic frameworks (MOFs) illustrating the bonding between
organic ligands and metals
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or O-donor atoms. These molecules act as connecting linkers that connect the metal
ions. Ligands like carboxylates, pyridyl, polyamines (particularly those derived from
benzene, imidazole, oxalic acid), and cyano groups are most commonly used for the
purpose.

MOFs have a wide range of applications, such as gas storage, separation, and
catalysis. Fuel cells, supercapacitors, and catalytic conversions, in particular, have
been the subject of substantial research, industrial-scalemanufacture, and application
due to their uses in energy technology. Metal–organic frameworks feature porous
topologies that are comparable to zeolites, but they can bemanufactured in an infinite
number of configurations with various surface chemistries and pore topologies.

MOFs’ easy tunability also allows them to be used as precursors and templates
in the production of synthetic polymers with specific chemical compositions and
topologies. Materials produced fromMOFs, such as metallic compounds, permeable
carbons, and their nanomaterials, are being studied extensively. Chemical and struc-
tural control may be achieved by adjusting MOF initial composition and modifying
conversion processes.

2 History of MOFs

MOFs like structures were initially reported by Tomic et al., in the 1960s [35]. Later,
in the 1990s, a porous crystal with persistent porosity was developed. OmarM. Yaghi
was the scientist who coined the term “Metal–Organic Framework” to describe these
porous crystals. MOF research work has exploded since then, notably when Yaghi
and his research team rediscovered MOF-based porous materials [27].

Professor Yaghi’s invention of MOF-5 (Fig. 2) ushered in a new era for metal–
organic frameworks. This MOF-5 shattered the previous world record for porosity at

Fig. 2 Synthesis of MOF-5
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the time, with a surface area of 6500m2g−1. Many experts see MOF-5’s discovery as
the most notable example of a metal–organic framework. The synthesis of MOF-5
marked a significant step forward in MOF Chemistry [17].

3 Categories and Names of Metal–Organic Frameworks

MOFs are an abbreviation for metal–organic frameworks, which is normally used as
a generic term for a class of substances (Fig. 3). When MOF is followed by ordinal
numbers, it refers to a particularmetal–organic framework structure (Table 1, lines 1–
2). The study of MOF properties and structures aid in the development of framework
structures that have desirable characteristics, such as the same symmetry as the family
of isoreticular metal–organic frameworks abbreviated as IRMOFs (Table 1, lines
3–4). The other large class of MOFs is the ones having zeolite-like geometry and
arrangement. Similarly, the zeolite imidazolate framework (ZIF) (Table 1, line 8) can
be used to generate a spectrumof neutral frameworks. ZIFs are a class ofmicroporous
materials where metal ions such as Fe, Co, Cu, Zn, and others are surrounded by
nitrogen-based tetrahedra and connected by imidazole rings,with different functional

Fig. 3 Some representative MOF structures
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Table 1 Examples of MOFs (names and their composition)

S.No Abbreviated name of
MOF

Formula Abbreviation meaning

1 MOF-101 Cu2(BDC-Br)2(H2O)2 Metal–organic
frameworks

2 MOF-253 Al(OH)(BPYDC) Metal–organic
frameworks

3 IRMOF-16 Zn4O(TPDC)3. 17DEF.2H2O Isoreticular
metal–organic
frameworks

4 IRMOF-1 Zn4O(BDC)3. 7DEF.3H2O Isoreticular
metal–organic
frameworks

5 UiO-67 Zr6O6(BPDC)6 Universitetet i Oslo

6 MIL-53 Al(OH)(BDC) Materials of Institut
Lavoisier

7 HKUST-1 Cu3(BTC)2 Hong Kong University
of Science and
Technology

8 ZIF-8 Zn(MIM)2 Zeolite Imidazolate
Framework

9 MOP-1 Cu24(m-BDC)24(DMF)14(H2O)10 Metal–organic
Polyhedra

10 CPL-2 Cu2(PZDC)2(4,4’-BPY) Coordination polymer
with pillared layer
structure

Note BDC is benzenedicarboxylate; BPYDC is 2,2/-bipyridine-5,5/-dicarboxylate; TPDC is p-
terphenyl-4,4/-dicarboxylate, BPDC is biphenyl-4,4/-dicarboxylate; MIM is 2-methylimidazolate;
m-BDC is m-benzenedicarboxylate; PZDC is pyrazine-2,3-dicarboxylate, 4,4/-BPY is 4,4/-
bipyridine

groups. CPL, UiO, HKUST, and MOP are among the other classifications used by
research groups to classify synthesized MOFs.

4 Reticular Synthesis of MOFs

The most accepted mechanism which is followed by the different types of MOF
synthetic routes is reticular synthesis. Reticular synthesis is the process of combining
specially constructed rigid molecular building blocks into prescribed ordered
networks held together by strong bonds. In reticular synthesis, the secondary building
units (SBUs) are connected by strong bonds to produce crystalline solid-state mate-
rials with a defined topology [3]. The creation of novel structures known as metal–
organic frameworks has resulted from the chemistry of linking building components
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together with strong chemical bonds to form extended frameworks [36]. The utiliza-
tion of predefined reaction conditions in reticular synthesis in the in-situ generation
of rigid and very well-structured molecules that preserve their structure and strength
throughout the synthesis.

As a result of reticular synthesis, a wide spectrum of MOFs is made from poly-
atomic inorganic metal clusters, generally, the first-row transition metal (inorganic
SBUs), connected by polytopic chelating linkers (the organic SBU). Both inorganic
and organic SBUs can have a range of geometric structures, ranging from linear to
polygonal.

Secondary building units (SBUs) are molecular structures and cluster enti-
ties in which polytopic linkers such as 1,4-benzenedicarboxylate, 1,3,5,7-
adamantanetetracarboxylate, etc., can be used to convert fragments into extended
porous networks using ligand coordination sites and metal coordination environ-
ments. The geometric and chemical properties of the SBUs and linkers are used to
predict the framework topology, which leads to the design and synthesis of MOFs
[7].

So, we can say that SBUs give MOF:

• building directionality
• as well as framework durability.

As a result, the SBU idea is useful for rationalizingMOF structure topologies. A vast
number of geometric structures can be created using structurally varied inorganic and
organic SBUs.

If the reaction circumstances are appropriately recognized to generate an SBU
in-situ with a specific shape, the predesigned network can be formed. As a result,
reticular chemistry entails designing, synthesizing, and predictably analyzing the
structure. This form of crystal chemistry allows MOF to design structure and char-
acteristics to a far larger extent than zeolite, which uses the silicate tetrahedron as
the basic building block rather than the SBU.

Different functionalized organic linkers are directly introduced as a reactant into
the syntheses of MOFs, and the metal-based units assemble in-situ during crys-
tallization. As a result, using organic linkers with the same geometric arrange-
ments of bonding groups (commonly carboxylates and amines) but different organic
molecules, it is possible to generate a series of compounds with the same topology
but different composition and dimension, both in principle and in practice.

The creation of desired types of pores is feasible if the inorganic moiety (Inor-
ganic SBUs) and organic linkers (organic SBUs) are properly selected. Furthermore,
the ability to chemically alter the organic linker via organic synthesis enables the
predictable production of functionalized MOFs.
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5 Properties and Parameters Considered During Synthesis
of MOFs

Over the past few years, MOFs have gained much interest due to the properties
depicted in Fig. 4.

• The enormous porosity and surface area of MOFs are arguably their most
well-known feature. Hierarchically porous MOFs—frameworks with a mix of
micropores and mesopores—create even more strategic channels and pore space.

• By choosing the right ligands and metal sites, the framework’s pore size and
structure may be fine-tuned to get atomic-level structural uniformity.

• Isoreticular MOFs have a lot of control over pore size and the chemical
environment.

• MOFs have great thermal stability and mechanical stability due to their whole
composition of strong bonds.

• Awide range of construction components and connecting types allows for a wide
range and variety of MOFs.

• The network flexibility can be easily achieved by tuning how they are connected.

Proper es 
of MOFs

Tunable 
porosity

Extensive 
varie es

High 
mechanical 

stability

Flexibility in 
network

High surface 
area

Uniform pore 
structures

High thermal 
stability

Atomic level 
structure 

uniformity

Fig. 4 Properties of MOFs
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Fig. 5 Some important
parameters to be considered
for the synthesis of MOFs

Parameters

Temperature Solvent pH

Adjusting the synthesis conditions to reach suitable quantities for real-life application
is themajor challenge forMOF synthesis.While preparing theMOFswith controlled
morphology and structure, the most considerable parameters to be taken into account
are temperature, size, solvent, and pH (Figure 5).

These parameters are discussed below:

(i) Temperature

In the synthesis of metal–organic frameworks, one of the most important factors is
the reaction temperature. Despite the fact that the numerous experimental param-
eters do not all agree, reaction temperature has been proven to have a signifi-
cant impact on MOF formation and structure, particularly in terms of controlling
topology and dimensionality. In reaction thermodynamics and reaction kinetics, the
reaction temperature has a direct effect on the reaction energy barrier. Significant
temperature produces high reaction pressure in the sealed system, which affects the
assembly and final architecture of MOFs in hydro/solvothermal processes, which
are widely employed in the synthesis of MOFs. It has been shown that raising the
hydro/solvothermal reaction temperature increases the coordination number of the
central metal ion and the dimensionality of theMOFswhile lowering the coordinated
solvent molecules.

It has been observed that as the reaction temperature is raised, the dimension-
ality and concentration of the MOFs also increase. For example, with the same
starting reaction mixture but a different reaction temperature, totally distinct Co(II)-
succinatesMOFs were produced, and the results demonstrate that the dimensionality
and concentration of the MOFs increased as the reaction temperature was elevated.
Five distinct Co(II)-succinate MOFs were separated by reacting cobalt hydroxide,
succinic acid, and water in a 1:1:28 ratio at different temperatures viz. 60 °C, 100 °C,
150 °C, 190 °C, and 250 °C. At 60 °C and 100 °C, the dimensionality of the resultant
Co(II)-MOFs evolves from one-dimensional (1D) chains to two-dimensional (2D)
networks at 150 °C, and three-dimensional (3D) frameworks at 190 °C and 250 °C.
Furthermore, as the reaction temperature was raised, the density of the MOFs grew,
while the number of coordinated water molecules dropped [10].

At higher temperatures, the effect of classical thermodynamic considerations
can be seen in the shift from highly hydrated complexes at low temperatures to
metal hydroxide complexes at higher temperatures. A mixture of Mn(OAC)2.4H2O,
4,4‘-oxy bis(benzoic acid), imidazole, and NaOH were dissolved in water and
heated at different temperatures. By raising the temperature, three novel manganese
oxy-bis(benzoate) compounds, [Mn(H2O)3 (C12H8O) (COO)2]H2O (a), [Mn(H2O)
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Mn(OAC)2.4H2O, 4,4`-oxy 
bis(benzoic 

acid)+imidazole+NaOH

[Mn(H2O)3 (C12H8O) (COO)2]H2O 
 (a) 

[Mn(H2O) (C12H8O) (COO)2]
(b)

[Mn(OH)2C12H8O (COO)2] 
(c) 

1600C

Fig. 6 Formation of 3 different structures with different temperature conditions for same starting
materials

(C12H8O) (COO)2] (b), were generated as pure phases (Fig. 6). The synthesis of
a higher dimensional structure [Mn(OH)2C12H8O (COO)2](c) was achieved by the
removal of certain aqua ligands at a higher temperature. This is thought to be a
thermodynamically entropy-driven dehydration pathway that reduced the Mn–Mn
distances inside the framework. The structures’ dimensionality was determined to
be a pseudo 2D for (a) at 100 °C and two 2D layer structures for (b) at 160 °C and
(c) at 220 °C [22].

Another research that displayed when the reaction temperature rises, the total
dimensionality of the MOFs rises, was studied by Dan et al. Effect of tempera-
ture on the dimensionality of zinc(II) oxalate complex MOF was done by using a
zero-dimensional (0D) dimeric zinc (II) oxalate complex.Dan andRao [6] observed a
gradual rise in dimensionalitywithMOF(C4N2H12)3[Zn2(C2O4)5]0.8H2O (I) (where
C4N2H12 = piperazine di-cation). MOFs (C4N2H12)2[Zn2(C2O4)4]0.3H2O (II),
(C4N2H12)3[Zn2(C2O4)7] 0.4H2O (III), aswell as(C4N2H12) [Zn2(C2O4)3] (IV)were
successfully synthesized (Fig. 7). Heating (I) in the presence of piperazine (PIP) at

Fig. 7 Formation of different dimensionalities of zinc(II) oxalate complex MOFs with a variation
of temperature
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100, 165, and 180 °C, resulted in the isolation of II, III, IV respectively. (II) is a one-
dimensional endless chain structure, (III) is a pseudo-2D with honeycomb apertures,
and (IV) is a three-dimensional design. The 3D structure is thought to originate from
the construction of lower-dimensional molecules by removing the oxalate moiety.

(ii) Solvent

Metal–organic frameworks (MOFs) have been explored for their customizable func-
tions, tunable porosities, and high-surface area, in the fields of catalysis, gas storage,
and drug delivery. It has been reported that the solvent plays an essential role in
affecting the stability and function (e.g., adsorption capacity) of a MOF in these
applications. The different coordination capabilities of the solvents with metal can
influence the dimensions of MOFs [40]. Various solvents (and their derivatives) that
have been used over the years for MOF synthesis are depicted in Fig. 8.

To study the effect of solvents employed in the reaction combination,
Pachfule et al. [25] observed that by reacting Cu(NO3)2.3H2O with 4,4’ -
(hexafluoroisopropylidene) bis(benzoic acid) (C17H10F6O4, H2hfbba) and terminal
monodentate ligand 3-methyl pyridine (3-picoline/3-mepy) solvothermally, and
taking N, N-dimethyl formamide (DMF) and N,N-diethyl formamide (DEF)
as solvents different MOF structures were obtained for MOF Cu2(hfbba)2(3-
mepy)2](DMF)2(3-mepy)] and, [Cu2(hfbba)2(3-mepy)2].

Banerjee’s group [2] also studied the effects of a mixed solvent system on a
group of MOFs. They used a mixture of DMF, MeOH, EtOH, and H2O to create
four Mg-based coordination networks: three 3D [Mg3(3,5-PDC)3 (DMF)3]. DMF,

Fig. 8 Various solvents used in MOF synthesis
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[Mg(3,5-PDC)(H2O)].(H2O), [Mg4(3,5-PDC)4(DMF)2(H2O)2]2DMF. 4.5H2O, 2D
[Mg(3,5-PDC)(H2O)2] (PDC-pyridine dicarboxylate). The dimensions of these four
MOFs were found to be affected by the relative coordination capabilities of the
above-mentioned solvents with the metal. It was observed that H2O has a strong
propensity for coordinating with metal centers. When MeOH/H2O and EtOH/DMF
combinations were employed, DMF has a lower affinity forMg thanH2O, butMeOH
and EtOH had no affinity for the metal core.

In order to study the solvent effect on drug delivery, Gomar et al. [13] researched
on ZIFs (Zeolite Imidazolate Frameworks, ZIF-6, ZIF-3) and ethanol interaction
at different pressures. They discovered that when ethanol is present at 300 K and
105 Pa, drug molecules are better adsorbed at the ZIF-ethanol interface. As a result,
at atmospheric pressure, the solvent plays a crucial role in drug adsorption, but it was
found that at lower pressures, it has no effect. This study implied that solvent plays a
crucial role in the adsorption of small molecules in porous materials. So, the impact
of solvent on small molecules should be considered when designing new materials
investigation, both experimentally and computationally.

(iii) pH

The acidity/basicity of the reaction medium has a significant impact on the crystal-
lization and development of inorganic–organic hybrid materials. On the basis of the
acid–base concept, the amount of deprotonation of an organic ligand and, in certain
cases, the creation of an OH-ligand in an aqueous solution with regard to the pH of
the reaction medium would favor the connection of ligand (e.g., polycarboxylate) to
the metal ion.

It has been observed that:

(a) During MOF synthesis, higher pH values encourage the production of inter-
penetrating networks, whereas lower pH values encourage the construction of
simple un-interpenetrated 3D frameworks.

(b) Distinct composition and dimensionality are influenced by the pH value of the
solution.

(c) pH values can alter the color of MOF.

To study the role of pH, Yuan et al. [38] and his colleagues used CdCl2.2.5H2O,
4-carboxy-4,2‘,6‘,4“-terpyridine(CTPY), and oxalic acid to make two MOFs
by varying the pH levels. At pH 7.5 and 5.5, frameworks of the formula
[Cd2(CTPY)4]n2nH2O] (a) and [Cd2(CTPY)2(ox)]n (b) were produced. It was
observed that CTPY adopts multiple coordination modes based on pH. Oxalic acid’s
role as a templating agent was also affected by pH. It was found that oxalic acid can
function as a medium for the synthesis of (a) at a higher pH of 7.5, resulting in a
3D interpenetrating framework, but it is coordinated with the Cd(II) atom in (b) at a
lower pH of 5.5 (Fig. 9) So, it was concluded that higher pH values favor the produc-
tion of interpenetrating networks, whereas lower pH values favor the formation of a
simple un-interpenetrated three-dimensional framework.

Similarly, Zhang and his research group [39] systematically examined the ability
of the flexible ligand 1,3-adamantanediacetic acid (H2ADA)’s to react with cobalt
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Fig. 9 Formation of differentMOFs [Cd2(CTPY)4]n2nH2O] a and [Cd2(CTPY)2(ox)]n at different
pH conditions

salt for the formation of different MOFs, reveals that the varied coordination pref-
erences are mostly influenced by the pH value of the solution. Three neutral MOFs,
[Co(HADA)2(bpp)]n, [Co (ADA)(bpp)(CH3OH)](H2O)n and [Co2(ADA)2(bpp)]n,
were obtained at pH = 5, pH = 6, and pH = 7, each with its own composition and
dimensionality.

The pH value was also studied by Luo et al. [21] to check its effect on the color of
the Co-MOFs formed by taking 1,3,5 benzene tricarboxylate (BTC) as ligand. The
pH value was adjusted to produce three distinct colored Co-BTC-3,3‘,5,5‘-tetra(1H-
imidazole-1-yl)-1,1’ -biphenyl (L) compounds. At pH = 5, pink-colored crystals of
[Co(L) (HBTC)2(µ2-H2O)(H2O)2]0.3H2O were produced, as were purple-colored
crystals of [Co3(L)2(BTC)2]0.4H2O at pH = 7, and brown-colored crystals of
[Co2(L)(BTC)(µ2-OH)(H2O)2]0.2H2O at the pH = 9. It was observed that pH =
5, BTC was slightly deprotonated, while at pH 7 and pH 9, it was completely depro-
tonated. The pH value of the reaction system was found to control the BTC ligand’s
coordination mode as well as the color of the compounds.

6 Different Methods of Synthesis of MOFs

MOFs are now regarded as a significant category of porous compounds due to their
unique functional and structural characteristics. Bridging organic linkers and metal
ion clusters and metal ions are used to generate these frameworks (Fig. 10).

It becomes very important to discuss the synthesis of the MOFs employing
different methods in order to understand the advantages and limitations of each
method of synthesis.

It is critical to employ a variety of synthesis techniques because different proce-
dures can lead to new “frameworks” that would otherwise be impossible to obtain.
Alternative methods of synthesis can result in compounds of various particle sizes
and sizes. Morphologies, as well as distributions, can also have an impact depending
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Fig. 10 MOFs are organic–inorganic hybrids

on the material’s qualities. Different particle sizes, for example, can influence the
migrationof guestmolecules inMOFswhichhas a direct impact on catalytic reactions
or catalytic reactions in general molecular adsorption and separation.

Figure 11 summarizes the scope of this topic. The MOF synthesis processes like
hydrothermal (solvothermal), electrochemical mechanochemical, microwave aided,
heating, and ultrasonic methods that have been used over the years are discussed
under this topic.

(a) Solvothermal Synthesis

Metal–organic frameworks (MOFs) are formed when a metal-containing precursor
reacts with an organic linker in an organic solvent at a high temperature (more than
that of the solvent), and this process is known as solvothermal synthesis (Fig. 12).
Here, the MOFs are synthesized through electrical heating on small scale either in
NMR tubes or small vials. The procedure generally uses thermal energy (353–453K),
and it might take anywhere from 48 to 96 h to complete. DMF (dimethylformamide),
DEF (diethyl formamide), ethanol, methanol, acetone, and other organic solvents
were often employed in solvothermal processes. In the end washing and drying are
done for obtaining pure MOFs.

Different starting materials exhibit different solubility so either a single solvent
or combination of solvents have been used to carry out solvothermal reactions.
Depending on the reaction, solvothermal reactions can be performed at a variety
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Fig. 12 Steps involved in solvothermal synthesis

of temperatures. As the self-assembly interaction between metal ions and organic
ligands occurs easily in the liquid phase, solvothermal synthesis is the most often
utilized method.

For example, different MOFs were obtained depending on the solvents
used in the reaction combination by employing solvothermal synthesis in the
followingway. Inorganic salt Cu(NO3)2.3H2Owith 4,4’ -(hexafluoroisopropylidene)
bis(benzoic acid) (C17H10F6O4, H2hfbba) was reacted with terminal monodentate
ligand 3-methyl pyridine (3-picoline/3-mepy) solvothermally, taking N,N-dimethyl
formamide (DMF) and N,N-diethyl formamide (DEF) as solvents respectively to
produce two different MOF structures Cu2(hfbba)2(3-mepy)2](DMF)2(3-mepy)]
called F-MOF-4 and, [Cu2(hfbba)2(3-mepy)2] called Cu-F-MOF-4B [26].

Similarly, Férey and co-workers [9] described the synthesis ofMIL-101 (Matérial
Institut Lavoisier-101) by solvothermal method (taking water as a solvent and the
process also known as Hydrothermal synthesis). They reacted terephthalic acid with
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Fig. 13 Steps involved in the preparation of MIL-101

Cr(NO3)3.9H2O, fluorohydric acid, and H2O in a hydrothermal vessel and heated the
resultant mixture for about 8 h at 220 °C. The reaction mixture produced crystallized
chromium terephthalate (MIL-101) on completion (Fig. 13).

In a similar way, Clausen et al. [5] the Zn–terephthalic acid (benzene-1,4-
dicarboxylic acid, H2BDC)–dimethyl formamide (DMF) system yielded two novel
crystal structures via solvothermal synthesis. The two structures reported by them
were obtained by reacting a solution of benzene-1,4-dicarboxylic acid in DMF with
a solution of Zn(NO3)2.6H2O in DMF. They heated the reactant mixture in an auto-
clave for 4 days at a temperature of about 381 K.When the tank was brought to room
temperature, two different sorts ofmacroscopically indistinguishable colorless single
crystals (1) Zn(C8H4O4)(C3H7NO) and (2) Zn(HCO2)3(C2H8N) were obtained.

7 Microwave-Assisted MOF Synthesis

The technique relies on electromagnetic waves interacting with any substance having
mobile electric charges, such as polar molecules in a liquid or conducting ions in
a solid. Unlike traditional solvothermal techniques, which transmit thermal energy
from the heat source to the solution via the reaction vessel, Microwave irradiations
interact directly with the reactants, resulting in more efficient and quicker heating.
Furthermore, in microwave synthesis, crystallization happens in hot spots formed by
direct heating of the solvent, rather than the reactor vessel’s wall, as with traditional
heating techniques. As a result, it is considerably quicker and produces smaller
particles.

Microwave technique comprises of treating the reactants in a suitable solvent
inside a sealed Teflon vessel placed in the microwave unit, where it is heated for the
required time at the set temperature. The microwave technique leads to rapid heating
of the liquid phase because of the interaction of the applied oscillating electric field
is with the permanent dipole moment of the molecules in the synthesis medium.
The final product is obtained by washing, followed by heating or vacuum drying.
Figure 14 depicts various steps involved in microwave-assisted MOF synthesis.
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Fig. 14 Schematic representation of microwave-assisted MOF synthesis

Some of the important aspects of microwave synthesis are listed below:

• Microwaves may be used to increase the temperature of the solution for an hour
or longer in order to generate metal nanosized crystals.

• Microwave synthesis is an essential technique for doing high-speed synthesis.
• The form and size of the resultant particles may be precisely controlled using

Microwave synthesis. Because uniform nanocrystals are easily produced, MW
irradiation is an appealing technique for synthesizing MOFs with biological
applications, such as iron-carboxylate MOFs.

• Microwave irradiation (MI) is an innovative approach for increasing MOF scal-
ability because MI syntheses depend on targeted heating rather than heating the
entire solution, microwave heating uses less energy than standard solvothermal
techniques.

As a result, MW synthesis can significantly reduce the synthesis cycle for a
variety of operational purposes while also regulating the form and size of the crys-
tals. Another advantage of microwave synthesis is that microwave irradiation results
in the formation of crystals in minutes of reaction time, whereas the conventional
method required hours for producing the same. The idealmicrowave settings produce
regular cubic crystals in certain cases. Aside from rapid crystallization, phase selec-
tivity, narrow particle size distribution, and easy morphological control are potential
benefits of this method for the synthesis of porous materials [33].

Jhung et al. [14] described the water-based synthesis of the chromium trimesate
MIL-100MOF bymicrowave synthesis. They reacted Cr salts with H3BTC (benzene
tricarboxylic acid) in presence of fluorohydric acid and water. The reaction mixture
was sealed in an autoclave and kept in a microwave oven and heated to about 220 °C
for a specific period of time. For reaction durations after 4 h, the data revealed the
presence of reacted metallic chromium species. After 4 h, the crystal yield was 44
percent,which is equivalent to the 45 percent obtained in a 4-day traditional synthesis.

The same group also researched the Microwave synthesis chromium terepthalate
of Cr-MIL-101 [14]. They reactedCr(NO2)3·9H2O,H2BDC (benzene dicarboxylate)
fluorohydric acid, and H2O. The reacting mixture was sealed in a Teflon autoclave
and kept inside a microwave. The microwave oven was preheated to about 210 °C.
Then, after keeping the reacting mixture in the microwave oven, it was heated at
the same temperature (210 °C) for about 1–60 min. MIL-101 was produced in this
study utilizing microwave irradiation at a significantly lower temperature than previ-
ously reported. The substance was further purified using a two-step procedure that
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comprised double filtering and ethanol extraction. The purified MIL-101 remained
stable in air for months, even after being handled with different organic solvents at
high temperatures or boiling water during purification.

Similarly, Ni et al. [23] reported theMW synthesis of different isoreticular metal–
organic frameworks (IRMOFs): IRMOF-1, IRMOF-2, and IRMOF-3 in less than
2 min obtaining microcrystals with very uniform size and similar cubic shape.
For IRMOF-1, they reacted Zn(NO3)2.6H2O and 1,4-benzene dicarboxylate acid
(H2BDC) and dissolved them in N,N′-diethylformamide (DEF). The dissolved solu-
tion was sealed in a pyrex vial and heated in a microwave synthesizer at 150 W
for 25 s. Microsized cubic crystals of Zn4O(BDC)3.7DEF.3H2O IRMOF-1 were
obtained after the completion of the process. A similar case was seen in IRMOF-2
and IRMOF-3 but with a difference of micro-units in size. They also demonstrated
that by varying the concentration of the starting material, and the crystal size can be
changed from micrometer to submicrometer.

MW irradiation has been used as a successful technique for synthesizing
MOFs with biological applications, such as iron-carboxylate MOFs. Taylor and
coworkers [34] for example, published the MW synthesis of iron-MIL-101 (Fe3-
(µ3-O)Cl(H2O)2(BDC)3) MOF nanoparticles and their amino-functionalized form
in 2009. The reactants FeCl3 and terephthalic acid (BDC) were dissolved in DMF
and heated with microwave at 150 °C for about 10 min. The product formed Fe-MIL-
101 was isolated and washed with DEF and C2H5OH. Post-synthetic modifications
were done on Fe-MIL-101 and the product formed by incorporating 2-amino tereph-
thalic acid (NH2-BDC) that produced MOF-88B (Fe-based MOF) used in biological
applications.

MW irradiation has been used as a successful technique for synthe-
sizing MOFs with biological applications, such as iron-carboxylate MOFs. For
example, Vilela et al. [37] synthesized quality single crystals of the microp-
orous cationic [Ce2(pydc)2(Hpydc)(H2O)2]Cl (where pydc corresponds to the 2,5-
pyridinedicarboxylic acid) by using MW heating at 200 °C for 20 min. They synthe-
sized a series of lanthanide (Eu, Gd and Tb) bisphosphonates in a similar way,
using conventional hydrothermal synthesis (180 °C, 3 days), MW-assisted heating
(40 °C, 5 s). They proved the efficacy of MW synthesis for the above synthesis over
conventional hydrothermal synthesis with their research work.

Bag and co-workers [1] also synthesized [La(TTTPC)(O)2(NO2)2(Cl)] · (H2O)10
by reacting La(NO3)3·6H2O, H3TTTPC, in a mixture (1:1) of H2O/EtOH. The reac-
tant species were taken in a microwave tube and heated by microwaves at 85 °C for
about 5 min. The same MOF was produced solvothermally at the same tempera-
ture in 2 days. Bag et al., demonstrated the gram-scale manufacture of nine other
isostructural microporous lanthanide MOFs in 5 min using a microwave. The same
synthesis using a traditional solvothermal process took seven days to generate the
same materials with a similar yield.
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8 Electrochemical Synthesis

The study of the interconversion of chemical and electrical energy is referred to
as electrochemistry. It is a branch of chemistry that deals with chemical changes
produced by an electrical current.

MOF powders are produced on a large scale using an electrochemical method
(Fig. 15). When compared to solvothermal synthesis, this technique has several
advantages, including the avoidance of anions such as nitrates from metal salts,
lower reaction temperatures, and highly rapid synthesis. As a result, as compared
to solvothermal approaches, electrochemical synthesis methods provide greater fine
tuning parameters owing to simple voltage adjustments or the imposition of specific
signals (e.g., pulses).

The electrochemical synthesis of MOFs has evoked a lot of interest as it offers
a lot of benefits. One of them is the ability to carry out MOF synthesis in a contin-
uous manner. It also enables them to be synthesized under gentler temperatures than
traditional solvothermal or microwave syntheses, which reduces reaction time. Elec-
trochemical techniques usually create MOF material in minutes or hours, whereas
solvothermal synthesis might take hours or days. Furthermore, the electrochemistry
technique allows for direct control of MOF synthesis throughout the process by
adjusting the passing current or applied voltage. In addition, the electrochemistry
technique allows for the creation of homogenous thin films or coatings.

The two major approaches for electrosynthesis of MOFs are:

(i) anodic deposition, which was the first way patented by BASF, and
(ii) cathodic deposition.

(i) Anodic Deposition

In this process, an applied electric potential causes metal ions from the electrode to
be released, which subsequently react with an organic linker present in the solution
to produce a MOF film. The use of a metallic electrode (rather than metal salts) as
the source of metal cations in this environment prevents the production of any corro-
sive anions (mostly nitrate and acetate anions) or by-products. Anodic dissolution
is normally done in a two-electrode setup without a reference electrode, and protic

MOFMetal ions

Organic ligand

M

n

Anode Cathode

Fig. 15 Representation of MOF synthesis by electrochemical method
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solvents are usually required to assure hydrogen evolution and minimize metal ion
reduction at the counter electrode. Furthermore, the use of a selectively reduced sacri-
ficial compound (e.g., acrylonitrile, acrylic, or maleic esters) or a counter electrode
with a sufficient over potential for hydrogen evolution is also advisable for getting
the best results.

The company BASF first patented the use of electrochemical synthesis to produce
MOFs in 2005.BASFwas thefirst to prepare andpatentHKUST-1 (HKUST= “Hong
Kong University of Science and Technology”), by the process of anodic deposition.
The synthesis consisted of immersing a copper plate in a solution containing the
organic linker, 1,3,5-benzenetricarboxylic acid (BTC), and an electrolyte, taking
advantage of the potential of electrochemistry to synthesize materials and their large
experience in the domain. In this case, the source of Cu(II) ions was a copper plate
that served as the electrode. Cu(II) ions were released from the copper electrode
into the solution and interacted with the dissolved linker when a certain current or
voltage was applied. After applying a voltage of 12–19 V and a current of 1.3 A for
150 min, a powder of electrochemically generated HKUST-1 which is also called
MOF-199, with octahedral crystals (size: 0.5–5 mm) was created. This synthesized
HKUST-1 had a surface area of 1820m2 g−1, which is greater than the solvothermally
synthesized HKUST-1 (1550 m2 g−1).

Many attempts have been made to study and optimize the conditions of electro-
chemical synthesis of HKUST-1 (by BASF) utilizing anodic dissolution since it was
first patented. Campagnol et al. [4] suggested a four-phase process for the anodic
dissolution synthesis of HKUST-1:

(a) Initial nucleation;
(b) growth of HKUST-1 islands;
(c) intergrowth; and
(d) crystal detachment.

(a) Initial nucleation: Initially in the solution, Cu (II) ions are released where the
organic ligand is already present. After reaching the critical concentration of
the reagent, the formation of nuclei takes place in and on the surface.

(b) Growth of Islands: On the surface, these nuclei develop to micrometer-sized
crystals adjacent to and on top of each other.

(c) Intergrowth: New crystals continue to form and develop, producing an
intergrown layer.

(d) Crystal Detachment: Finally, due to the internal pressure in the MOF layer and
the depression of the crystals, portions of the MOF surface break interaction
with the substrate and thus are discharged into the solution.

Schafer et al. [31] characterized the anodic dissolving process from a chemical
perspective at the same time. According to these researchers, the chemical species
implicated in the electrochemical synthesis of HKUST-1, include Cu(I)2O, which is
produced on oxidation of copper plate in the presence of H2O or O2. Thus, on further
oxidation of Cu(I)2O to Cu(II)O, these may subsequently interact with the organic
ligands to form HKUST-1 crystals.
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Similarly, anodic dissolution electrochemical synthesis of nanostructures of rod-
like MOF-5 crystals were reported by Li et al. [19] to make dense and robust MOF-
5 films, zinc electrodes were utilized in an aqueous phase that contained H2BDC
(BDC = 1,4-benzenedicarboxylate) and the salt ammonium fluoride as electrolyte
and the voltage of about 2 Volts was applied at 65 °C.

(ii) Cathodic Deposition

In this technique, a cathodic surface is contacted with a solution comprising the
organic linker, metal ions, and a so-called probase. In this method, MOF film depo-
sition is caused by raising the pH at the cathodic surface, where the probase is
electrochemically reduced. The nitrite ions formed by the reduction of nitrates are
an example of a probase since they can deprotonate the organic linker and create the
MOF.

As previously mentioned, the second main technique for the electrochemical
synthesis of MOFs is cathodic deposition. In 2011, cathodic deposition of MOF
was investigated by Li and Dinca [18] to overcome two major anodic dissolution
limitations:

1. The deposition surface (anode surface) is continually degraded during the
synthesis process because it is used to produce metal cations.

2. Since the anode is also used as a metal resource, the metal option for the anode
is limited.

In the cathodic deposition, the metal salt is used as the metal precursor, which is
incorporated in the electrolyte solution along with the organic linker and the probase.
Dinca et al. proved the method’s efficiency by synthesizing HKUST-1 and MOF-5
in less than 15 min at room temperature. Fluorine doped tin oxide (FTO) was used
as working electrodes. Ag/Ag(cryptand) (Cryptands are a class of synthetic bicyclic
and polycyclic multidentate ligands that may bind to a wide range of cations.) was
used as a reference electrode and the electrolyte fluid was a mixture of DMF and
water in the ratio 100:1 that included organic linkers and metal salts. The kind of
metal salt used has been revealed to have a key function in these syntheses. This was
because of probase character of counter anions, which can either hinder or favor the
creation of the desired MOF. Because the production of Zn5(OH)8(H2O)2(NO3)2 is
the first step in the synthesis of MOF-5 (by reacting zinc nitrate and benzene dicar-
boxylic acid (BDC)), employing chlorine anions can prevent this step by producing
Zn5(OH)8(Cl)2(H2O)2. By serving as the probase and contributing to the synthesis
of the intermediate species, the use of nitrate anions can help in its production.

9 Mechanochemical Synthesis

Mechanochemical synthesis is a well-known technique in metallurgy and mineral
extraction, but it has expanded into a variety of chemical disciplines in recent
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years, including catalysis, inorganic chemistry, and pharmaceutical synthesis. Chem-
ical reactions and a range of physical phenomena can be induced by mechanical
force (mechanophysics). Mechanical breakdown in mechanochemical synthesis is
preceded by breaking intramolecular connections. In multicomponent (ternary and
higher) procedures, this process has a wide history to generate pharmaceutically
active co-crystals, and also in conventional inorganic chemistry (solid-state), polymer
science, organic synthesis, andmany other disciplines,mechanochemistry has played
a great role. Mechanically induced MOF synthesis is appealing for a variety of
reasons. Without the need for organic solvents, reactions may also be carried out at
an ambient temperature, which again is beneficial for many reasons when organic
solvents are unavailable. Short reaction durations (10–16 min) make it possible to
make products with few constituents and precise yields.

In the mechanochemical synthesis of MOFs, the organic linkers and metal nodes
are mixed physically (grinding, ball-milling, etc.) rather than solvents or prolonged
heating,which reduces the expense and chemicalwaste.Mechanochemical syntheses
may also be utilized to produce mixed metal MOF in large amounts by altering the
constituent reagents. The cost of production can be further reduced by using cheap
metal sources such as metal salts, oxides, hydroxides, or carbonates.

The main concept behind this technique of synthesis is to improve chemical reac-
tions by grinding or milling particles with or without the use of minimal solvent. In
this approach, conventional solvothermal synthesis of MOF reactors is completely
replaced by either a mortar and pestle or mechanized ball mills in a mechanical
process. Generally, mechanical milling consumes higher energy and ensures produc-
tion uniformity. This technique allows for faster and more efficient production of
MOFs with measurable yields, including the use of MOF substrates with low solu-
bility, for example, oxides, hydroxides, and carbonates, in contrast to the solvent-free
conditions.

Some shortcomings of the mechanochemical method include.

(i) Because mechanosynthesis is essentially a batch processing method with a
restricted rate of output, expanding it up is challenging

(ii) Despite almost ‘solvent-free production, purification may still be necessary,
which may necessitate the need for a solvent MOFs are produced using three
distinct mechanochemical methods.

Nevertheless, this synthesis technique is the most ecologically responsible way of
manufacturing MOFs, which might result in considerable cost savings.

Mechanochemical Synthesis can be applied by using the following two types:

1. Solvent-free grinding (SFG). This is the simplest method that eliminates the
need for solvents

2. Liquid-assisted grinding (LAG). Thismethod ismore flexible and faster because
it employs catalytic quantities of liquid phases,which improves reagentmobility

3. Ion and liquid assisted grinding.
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The synthesis of nearly all MOF classes has been proven using these methods, and
the following part will discuss some examples of each type.

(1) Solvent-free grinding

For various reasons, solvent-free synthesis of metal–organic frameworks (MOFs) is
of importance. It might, for example, provide information about the functions of
solvent molecules in the synthesizing of microporous structures, as well as access to
environmentally friendly large-scale manufacturing procedures and more efficient
lab-scale sample preparation methods. Solvent-free production of porous MOFs is a
major step forward.

Pichon and colleagues [28] utilized the SFG technique by milling a dry combina-
tion of copper acetate and isonicotinic acid (Hina) powder for about 10min to synthe-
size copper(II) isonicotinate (Cu(INA)2) MOF with acetic acid and water molecules
clogged in pores (Fig. 16). The formation of the product was observed when the color
changed from green to blue with a characteristic order of acetic acid (by-product).
Surprisingly, they also discovered that in their solvent-free synthesis, grinding was
only required to start the reaction; it was not essential to grind further to complete
it. Even if the process was ground only for one minute, the reaction nevertheless
continued in quantitative yield to provide the product, although the entire reaction
took a longer time to complete, taking 6 h total.

Fig. 16 Solventless preparation of Cu(INA)2 MOF
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The same group used the same approach to screen sixty distinct combinations of
twelve different divalent metal salts consisting of copper, nickel, and zinc with five
different carboxylate organic linkers for 15min.HKUST-1 andCu(INA)2, twomicro-
porous metal–organic frameworks, were produced as a consequence. The capacity
to synthesize MOFs with mere water as a by-product, eliminating the need for a
purification process altogether, is a key advantage of this technique. This is achieved
by combining protons generated by the organic ligand with metal substrates such as
hydroxides or oxides to form H2O.

MIL-101(Cr) was recently synthesized without the need for solvent or hydroflu-
oric acid, according to Leng and colleagues [16]. The chromium salt was ground
with terephthalic acid at ambient temperature for 30 min before being placed in an
oven at 220 °C for 4 h, giving a product with a BET surface area of 3517 m2 g−1 and
a smaller particle size than the batch procedure.

Niraj and colleagues [24] reported the production of the yttrium-based MIL-78
MOF under totally liquid-free circumstances by using a metal hydride as a reac-
tantmaterial and generating hydrogen as a by-product. They observed that on reacting
trimesic acid (TMS, C6H3(COOH)3) with yttrium hydride (YH3), only MIL-78 and
Hydrogen as a product were produced as a result of solvent-free grinding (Fig. 17).

(2) Liquid assisted grinding

In liquid-assisted grinding, a little (catalytic) volume of liquid is added to the
grinding mixture in the LAG (or kneading) method. Unlike conventional grinding,
LAG employs the addition of a small amount of liquid phase to aid or enable the
mechanochemical reaction. LAG products often have a high level of crystallinity,
implying a way to prevent the amorphous impurities that are common in neat
grinding.

For example, Klimakow et al. [15] synthesized the well-known HKUST-1 and
its benzenetribenzoate(H3BTB) based analog MOF-14 using the LAG technique in
2010. They ground copper acetate monohydrate and benzenetribenzoate(H3BTB)

Fig. 17 MIL-78 synthesis by solvent-free grinding
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powders in a ball mill with two balls. The mixture powder, at a frequency of about
25 Hz was ground for ten minutes. The mixture was milled at 40 Hz after adding
ethanol for another 15 min. The change in the wet powder’s color changed from deep
green to blue during the reaction process, followed by an odor of acetic acid odor.
The color of the product turned to a more greenish-blue after drying in the air.

Similarly, Pichon and co-workers [29] showed that introducing tiny amounts of
liquid by-products created using the SFG technique before the mechanical process
might speed up the synthesis. The production of Cu(INA)2 MOF (INA = isonico-
tinic acid) was substantially increased by adding tiny quantities of acetic acid to the
reactant mixtures, but there was no enhancement for HKUST-1 due to the reduced
solubility of the trimesic acid.

(3) Ion and liquid assisted grinding (ILAG)

Over the past years, the ion and liquid-assisted grinding (ILAG) technique has been
utilized to aid the mechanochemical production of MOFs by combining ions and
liquids. ILAG induces, enhances, and directsmechanochemical production by adding
catalytic quantities of simple ionic salts to the metal oxides.

Friscic et al. [11] showed that utilizing ZnO as a metal substrate and H2BDC
(BDC = 1,4-benzenedicarboxylate) and DABCO (diazabicyclo[2.2.2]octane) as a
mixture of ligands, the catalytic quantity of simple salts can speed upMOF formation.
Through the effects of the template, the salts cause the development of product
structure. Under mechanochemical circumstances, salts are trapped in the pores of
MOFs,whereas ion templatesmayplay an important factor in the formation of neutral
MOFs. They then investigated the three imidazoles (imidazole, methyl imidiazole
ethylimidazole) in the presence of various solvents (DMF, DEF, and EtOH) and salts
(NH4NO3, NH4CH3SO3, and (NH4)2SO4) with ZnO as the metal substrate. They
discovered through the liquid is absent, the ammonium salt enhanced ZIF production.
The reaction between imidazole and ZnO is facilitated by the substoichiometric
amount of ammonium salt, and quantifiable yields were achieved in most instances.

Pilloni et al. [30] also synthesized Fe-MOF by ILAG. They placed H3BTC(1,3,5-
benezenetricarboxylic acid) and Fe(NO3)3.9H2O (iron(III) nitrate nanohydrate) in
Teflon coated stainless-steel grinding jar followed by aqueous TMAOH (tetramethy-
lammonium hydroxide) solution. A vibrating ball-mill was used to grind themixture,
and then after 1 h of grinding, a thick slurry was obtained. After that the washed and
air-dried light-orange colored sample of Fe-MOF (MIL-100(Fe) was obtained.

10 Ultrasonic Synthesis

Ultrasound is now considered one of the most effective methods for the production
of metal–organic frameworks as it leads to the high efficiency of energy. The process
involves the phenomenon of acoustic cavitation,which is caused by strong ultrasound
radiation (in the range of 20 kHz–10MHz) in the field of sonochemistrywhich causes
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molecules to undergo chemical reactions. Cavitation consists of formation, develop-
ment, and sudden uncontrollable breaking down of bubbles in a liquid, resulting in
the formation of local hot spots of about 5000 °C temperature and pressure of around
500 atm within microseconds. As a consequence, these severe circumstances can
aid in the development of nanoscale structures, mostly by increasing the number of
crystallization nuclei.

A variety of chemical reactions may now be performed at room temperature with
the help of ultrasonic synthesis at room temperature, even those that were earlier
difficult to perform with traditional methods. High-intensity ultrasound may also
be employed to develop nano/micro-scaled coordination complex compounds with
novel morphologies and properties in a quick, easy, cost-effective, consistent, and
environmentally friendly manner.

Feldblyum et al. [8], synthesized Zn-HKUST-1 ([Zn3(BTC)2(H2O)3] ultra-
sonically (BTC = benzenetricarboxylic acid) in DMF by taking 1,3,5-
benzenetricarboxylic acid (H3BTC) and zinc(II) acetate dihydrate as reactants. They
observed that the ultrasonic synthesis produced MOF nanorods in 30 min at ambient
temperature and pressure, whereas single crystals of the framework were synthe-
sized using a conventional heating method technique. When compared to traditional
thermal synthesis of the similar chemical Zn-HKUST-1, which is performed at 85 °C
for 12 h, ultrasonic synthesis is observed to be a very efficient method (Fig. 18).

Liu et al. [20] also carried out the ultrasonic synthesis of Ce(1,3,5-BTC)(H2O)6
by adding a Ce(NO3)3 solution to a 1,3,5-H3BTC (benzenetricarboxylic acid) solu-
tion and treating it at room temperature. It was observed that depending upon the
reacting species, the size of MOFs formed also varied. All the products obtained
exhibited a bundle-like structure made up of perfectly aligned nanorods. When the

Fig. 18 Preparation of Zn-HKUST-1
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concentrations of reactant species 1,3,5-H3BTC and Ce(NO3)3 were increased, the
MOFs of significantly smaller sizes were obtained.

MOF-5 crystals were synthesized by Son et al. [32] using the ultrasonic synthesis
method and 1-methyl-2- pyrolidine (NMP) was utilized as the solvent. As a typical
prerequisite of synthesis, MOF-5 was synthesized by reacting zinc nitrate hexahy-
drate Zn(NO3)2.6H2OwithH2BDC in the presence ofNMP(solvent). They dissolved
the reactant species in NMP, and the solution was further processed for about 10–
75 mins to ultrasonic treatment to get MOF-5 crystals at different power levels.
They also investigated the effects of various sonochemical synthesis parameters on
MOF-5, and then their parameters were compared to those of a sample synthesized
using traditional solvothermal synthesis. It was found that in the case of ultrasonic
synthesis the maximum time required for the formation of MOF-5 was 75 minutes
but the same MOF-5 synthesis took 12–24 hours by the solvothermal conventional
method of synthesis.

11 Conclusions and Future Perspectives

MOFs are more attractive than traditional materials like zeolites, COFs, and poly-
mers because they combine different metals and organic linkers to produce a diverse
range of materials with varied crystal structures and chemical compositions. MOFs
are paving the way for systematic studies of fundamental polymerization reactions
and the development of next-generation materials, from supporting organometallic
moieties as heterogeneous analogs of molecular catalysts to employing them for
optics, ion exchange, gas storage, gas separation, sensing, polymerization, and drug
delivery, molecular electronics, and so on. Due to the tuneability and versatility
of metal-organic framework catalysts, as well as the large range of polymerization
reactions already proven, the design space and opportunity for future research are
broad. So, using logical designing methodologies and diverse synthetic methods of
MOF-based materials will be very rewarding in a multitude of ways.

Abbreviations

ADA Adamantanediacetic acid
BDC Benzenedicarboxylate
BET Brunauer-Emmett-Teller
BPDC Biphenyl-4,4/-dicarboxylate
BPY Bipyridine
BPYDC Bipyridine-5,5/-dicarboxylate
BTB Benzene tribenzoate
BTC Benzene tricarboxylate
COF Covalent Organic Framework
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CPL Coordination polymer with pillared layer structure
CTPY 4-Carboxy-4,2/,6/,4//-terpyridine
DABCO Diazabicyclo[2.2.2]octane
DEF Diethyl formamide
DMF Dimethyl Formamide
FTO Fluorine-Doped Tin Oxide
H2HFBBA 4,4/ -(Hexafluoroisopropylidene) bis(benzoic acid)
HKUST Hong Kong University of Science and Technology
ILAG Ion Liquid-Assisted Grinding
INA Isonicotinate
IRMOF IsoReticular Metal–Organic Frameworks
LAG Liquid-Assisted Grinding
M-BDC M-benzenedicarboxylate
MEPY Methyl pyridine
MIL Matérial Institut Lavoisier
MIM Methylimidazolate
MOP Metal-Organic Polyhedra
NMP N-Methyl-2- Pyrrolidine
PYDC Pyridinedicarboxylic acid
PZDC Pyrazine-2,3-dicarboxylate
SBU Secondary Building Blocks
SFG Solvent free grinding
TMAOH Tetramethylammonium hydroxide
TMS Trimesic acid
TPDC P-terphenyl-4,4/-dicarboxylate
TTTPC Tris(2,4,6-trimethylbenzene-1,3,5-triyl)-tris(methylene)-

tris(pyridine-4-carboxylic acid)
UiO Universitetet i Oslo
ZIF Zeolite Imidazolate Framework
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Abstract Recently, metal–organic frameworks have been regarded as one of the
major classes of porous crystalline materials. Each year witnesses new and novel
MOF structures. The as-developed novel structures possess a distinct set of hall-
marks, i.e., permanent porosity, diverse composition, and unique surface properties.
In structural aspects, MOFs are often constructed from metal ions/clusters coordi-
nated by organic linkers. Any modifications in the adjustment of linker geometry,
length, ratio, or functional group can tune the size, shape, and internal surface proper-
ties of a MOF for a targeted application. Available literature significantly proved the
improved properties like high thermal stability of the MOFs upon functionalization.
In this chapter, we have focused on the recent advances in MOF synthesis through
various strategies of functionalization to attain unique properties. Finally, the possible
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future development of functional MOFs toward different practical applications is
presented.

Keywords Metal–organic frameworks · Functionalization · Synthesis ·
Applications

1 Introduction

In the last few decades, particularly since the 1990s, a novel family of porous,
organic–inorganic supramolecular hybrids, known as the metal–organic frameworks
(MOFs), have been in the limelight of extensive and fast-growing research. So far,
over 20,000 distinct metal–organic frameworks, differing in morphology, size, func-
tionality, and structure, have been reported [20]. These materials rely on Werner’s
coordination chemistry, wherein metal ions (or clusters) are coordinately connected
by bridging ligands, to form infinite porous frameworks [16, 37]. The concept of
isoreticularity, deals with the idea of building different solids having identical frame-
work topology, but differing in morphology and other features like the size of the
pores. Isoreticular synthesis ofMOFs is a very effective approach to tune the porosity,
increase the surface area, and introduce functional groups within the framework [19,
21]. To put it simply, given a starting framework geometry, by elongating the organic
ligands, a number of frameworks with identical, unaltered topology but with bigger
dimensions, wider pore aperture, increased window sizes, and different functional
groups, can be prepared. With the gradual addition of more atoms in the organic
linkers, precise control of the pore size of the frameworks can be achieved at the
Angstrom level [57]. Moreover, due to the obtainability of a wide array of building
units of metal clusters and bridging ligands, there is an ever-expanding scope of
preparing infinitelymany newMOFswith various structures, porosity,morphologies,
and other characteristics.

With their outstanding, unique set of properties, MOFs form an intriguing class of
porousmaterials, distinguishing them fromothermaterials such asmesoporous silica,
porous carbon, and microporous fully inorganic zeolites. Precisely tunable pore size,
high surface area which provides a more available surface for interaction with guest
species, chemical tailorability, and synthetic flexibility are some of the noteworthy
properties of MOFs that set them apart. Most importantly, the structure and function-
ality ofMOFs can be tuned during their synthesis, following the isoreticular principle
[58]. MOFs can be functionalized by the addition of substituent functional groups
on the backbone of the bridging ligands during synthesis. However, this strategy is
limited asmanyof the desired functionalities cannotwithstand the reaction conditions
of MOF synthesis [7]. Additionally, even a small change in the reaction parameters,
chemical nature of the linker, sterics, electronic configuration of the metal ion and
the ligand, results in drastic changes in the MOF thus formed and we may not get
the target MOF [58]. To overcome these challenges and limitations of pre-synthetic
functionalization, an alternative strategy, known as post-synthetic modification, can
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Fig. 1 Schematic diagram of functionalization of MOF

be employed. It is an approach that leads to diverse functionalities without affecting
the structural stability, porosity, and crystallinity of the as-synthesized framework [7,
35]. Owing to their unique set of properties and highly ordered crystalline structure,
it is of paramount significance to mention that the position, as well as the degree of
functionalization of MOFs, are controllable. Figure 1 represents the functionaliza-
tion process. For the representative purpose, we have shown a ligand functionalized
MOF, but the functionalization strategies are not limited to it and are explained in
detail in the different sections of this chapter.

In this chapter, we will present the various methods to impart functionality and
elaborate on the strategies of functionalization. Furthermore, from the application
perspective, to gain insights into the enhanced features of the functional MOFs and
to understand the host–guest interactions and synergistic effects, we will devote a
section to the applications of functionalized MOFs, wherein we cite examples from
recent research works to illuminate the concept.

2 Metal–Organic Frameworks: General Characteristics,
Structure and Synthesis

Metal–organic frameworks (MOFs), or PorousCoordinationPolymers (PCPs), are an
impressive class of crystalline, hybridmaterials of organic and inorganic units, which
have gained immense attention since the 1990s. They are composed of secondary
building units, SBUs, or nodes (metal clusters or ions), and organic bridging ligands,
connected by coordination bonds. They possess an outstanding set of properties such
as ultrahigh porosity (about 90% free volume), large specific surface area (as high
as 10,000 m2/g), flexibility, and chemical tunability [46]. Owing to these remarkable
features, MOFs have been meticulously explored for a wide variety of applications,
such as heterogeneous catalysis, gas separation and storage, chemical sensing, optical
luminescence, water remediation, biomedicine, and many more.
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As opposed to the classical porous materials like activated carbons and zeolites,
MOFs stand out due to their chemical tunability and flexible tailorability. Since the
framework connectivity of the building blocks governs the characteristic features of
a MOF, by prudent choice of SBUs and organic linkers, MOFs can be tailored to
have the desired pore size, functionality, and structure. This feature of MOFs is of
vital importance for the realization of specific applications mentioned before. The
size of the pores can be regulated by choosing organic ligands of various lengths
and spaces. Also, the type of metal sites in the MOF, surface, and size of the pores,
can be wisely manipulated by judicious choice of metal ions (giving preference to
its coordination), which in turn determines the number of ligands that can bind to it
[12].

MOFs are characterized by their permanent porosity, which is highly favorable for
incorporating various guest species. From the application perspective, MOFs with
greater pore size, capable of accommodating diverse guest species such as metal
complexes, metal nanoparticles, single-metal atoms, polymers, organic dyes, and
small enzymes, are immensely useful [50]. The serious concerns regarding MOFs
for their practical applications are their low chemical and thermal stabilities. Many
efforts have been taken to address this challenge. In this regard, increasing the strength
of the coordination bonds connecting the organic ligands and the metal ions is a
verified strategy. Combining metal ions having high oxidation states with hard bases
like carboxylate ligands is another successful strategy to enhance their acid/base
stability. The thermal stability can be improved by using high-valence metal ions
like Al3+, Ln3+, Ti4+, etc. [28].

2.1 Synthetic Methods of MOFs

An interesting feature ofMOFs is that even a slight variation in the reaction conditions
including the precursors’ ratio, temperature, solvent, can result in striking changes in
the structural properties like pore size, topology, etc. Also, the same starting material
can give rise to different products when different synthetic strategies are employed.
The commonly used preparation strategies are described in brief:

• Solvothermal/Hydrothermal Method: It is the most commonly employed
synthetic strategy for the preparation of MOFs. In this method, the crystals are
grown from solutions of organic-linker source and mixed-metal source by self-
assembly in closed vessels, at high temperature (higher than the boiling point of
the solvent) and high pressure [9, 46]. Special care has to be taken in adjusting
the reaction environment and parameters, such as the pH and temperature, the
solubility of the precursors in the selected solvent, and the metal salt-organic
linker ratio, lest the structure of the MOF get altered. One of the major limitations
of this method is that the sensitive functional groups cannot withstand the harsh
reaction conditions, making it a tough task to incorporate them into the MOF.
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Nonetheless, the sensitive functional groups can be incorporated into the MOFs
at milder conditions via post-synthetic modifications.

• Microwave-Assisted Synthesis: This method utilizes microwave irradiation as
the source of energy for the reaction, and facilitates the quick synthesis of smaller
crystals, plausibly beneficial in industrial applications. In the course of the process
of irradiation, the energy is generated within an oscillating electromagnetic field.
A special metal tube carries the microwaves to the vial containing the reaction
mixture. However, regulating the power and time of irradiation is a daunting task
[46].

• Seeded-Growth Method: In this method, the growth of a new crystal having
well-ordered morphology, is attained by nucleation of a small crystal that is used
as the seed. This synthetic route was first reported by Falcaro et al. [15]. They
also demonstrated that this strategy can simultaneously facilitate confinement of
nanoparticles (NPs) in the pores of a MOF, by the introduction of the NPS to the
nucleating seeds [15]. Therefore, this approach also helps prevent the issues of
disintegration of the framework and outer surface functionalization of the MOF,
attached with the conventional synthetic methods of host–guestMOF composites.

Electrochemical, mechanochemical, and sonochemical syntheses are alternative
strategies for MOF preparation and are yet to be explored more. A serious issue
during MOF preparation is that the solvent molecules most often retain in the MOF
pores, and it is necessary to remove them for activation of the MOF. Activation by
heating at high temperatures is avoided, as there are chances for decomposition of
the sample. Instead, activation at lower temperatures is preferred.

3 Functionalization of MOF Backbone (Internal-Surface
Functionalization)

3.1 Inorganic Nodes

The inorganic/metal nodes in various MOFs are in coordination with labile ligands,
which can be eliminated during the activation stage, resulting in the formation of
coordination unsaturated sites (CUSs) in the metal nodes [52]. Nevertheless, the
organic linkers block the coordination sphere over the metal nodes in most cases,
leading to poor MOF activity [55]. For partially exposing the inorganic nodes of
MOFs with defects, two synthetic strategies have been applied:

(i) “de novo” synthesis
(ii) Post-synthetic treatment.

In “de novo” synthesis, synthetic conditions are modified in order to purposely
induce defects in the parent framework while retaining its structural integrity. In
such techniques, metal ion vacancies can occur, partially exposing them [17]. Post-
syntheticmodification is another effective technique to expose themetal nodes,which
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involves the heterogeneous treatment after MOF synthesis. Moreover, the inorganic
nodes can be electronically modified by employing a mixed linker approach in which
the ligand of the parent framework is substituted by a ligand with distinct functional
groups. Sometimes, it is possible to enhance the properties of MOFs by replacing
their metal species. For example, in MOF-5, Botas and co-workers substituted zinc
with cobalt to obtain CoZn-MOF-5. The obtained composite showed higher uptake
capacity for H2, CO2, and CH4 [4]. Some strategies have been developed to partially
break the association of metal nodes and linkers, which also help in the creation of
defects in the inorganic nodes. These include:

• Mechanical treatment
• Treatment with acid or base
• Solvent-assisted ligand exchange (SALE)
• Harsh activation procedure.

The inorganic nodes can also be functionalized by the immobilization of active
species, which can lead to the prevention of intermolecular deactivation [44, 60].

3.2 Organic Linkers

Organic molecules containing functional groups are used as ligands for the prepa-
ration of MOFs. Linkers consisting of carboxylate groups are the most preferred
ones, owing to their high chemical and thermal stability, and flexibility [40]. Organic
ligands can be more conveniently functionalized as compared to metal centers. A
comprehensive study has demonstrated that the inclusion of functional moieties into
the ligands is a suitable method for the functionalization of MOFs. For example,
chromogenic groups can be linked to the backbone of the ligand in order to enhance
the photo-responsive properties of MOFs [43]. Some of the commonly functional-
ized organic ligands are shown in Table 1. Functionalization of ligands also can also
lead to the improvement in the water stability of MOFs. In a study, Nguyen et al.
[39] showed that IRMOF-3, earlier which displayed hydrophilic properties, became
hydrophobic after its integration with the medium-long alkyl group [39]. However,
sometimes the immobilization of functional groups on the organic ligands can result
in problematic solubility. Therefore, alternative strategies like post-syntheticmethods
are generally employed for the introduction of functional groups into MOFs [55].
The various methods involved are stated below:

• Post-synthetic modification of the ligand
• Post-synthetic exchange of ligand
• Post-synthetic deprotection.

The immobilization of functional groups of organic ligands with the metal ions
leads to the development of some properties, which facilitate various applications of
MOFs, such as catalysis. Both precious, as well as earth-abundant metal ions, have
been successfully immobilized on the organic linkers of MOFs by:
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Table 1 Some of the commonly used organic ligands in functionalization

IUPAC name Abbreviation Chemical structure

1,4-benzenedicarboxylate bdc

4,4’-bipyridyl bpy

Pyrrole-2-carboxylate PyC

1,3,5-benzenetricarboxylate btc

p,p’-terphenyldicarboxylate tpdc

4,4’-biphenyldicarboxylate bpdc

2,5-dioxobenzene-1,4-dicarboxylate dobdc

(i) Employing pre-metallated organic linkers
(ii) Post-synthetic metalation of the functionalized ligands.

In addition, the immobilization of metal complexes on organic linkers of MOFs
can prevent mutual deactivation by isolating the active sites [55].
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4 Strategies for Functionalization

Metal–organic frameworks can be synthesized in countless ways out of which few
were reported in the previous section. Though these synthesis methods allow the
targeted synthesis of porous structures with tunable pore sizes yet they do not repre-
sent the full synthetic potential of MOFs. For this, researchers across the globe
suggested the functionalization of MOFs prior to their synthesis, or through in situ
functionalization, or post-synthesis functionalization [58]. In this section, we will
discuss different approaches for functionalization as represented in Fig. 2.

4.1 In Situ Functionalization

The introduction of guest species during the MOF synthesis is referred to as in situ
functionalization. These guest species can be introduced either inside the pores or
within MOF matrices. The various guest molecules are different organic molecules,
metal clusters, metal nanoparticles, etc. Briefly, these can be achieved in two ways.

Entrapping Molecules in MOF Pores

For trapping the species within pores of a MOF framework, the pore aperture must
be considerably smaller than the diameter of the guest species and the framework
must have the binding sites. Under fulfillment of either of the conditions, molecules
will be trapped efficiently [6].

A wide variety of molecules of interest can be immobilized by this approach,
including but not limited to, quantum dots, polyoxometallates, dyes, drug molecules,
and enzymes. Recently, a polyoxometalate (POM), H3PW12O40, was encapsulated

Fig. 2 Different strategies for functionalization
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within the pores of UiO-67 during the framework formation, to form a remarkably
capable heterogeneous catalyst for oxidative desulfurization reaction [41]. The suit-
able cage size and confined windows of the MOF help prevent the leaching of the
POMaswell as facilitates the interactionwith the commonly found sulfur compounds
in fuels while retaining the structure of the MOF. On a similar note, by the immo-
bilization of different guest species, a plethora of applications can be facilitated and
improved.

Encapsulation of Nanoparticles in MOF Matrix

This technique is known to prevent the Ostwald ripening of nanoparticles, resulting
in immense potential for a plethora of applications. In various studies, the increased
activity of MOF-catalyst composite is witnessed due to synergic effects [58].

In a recent study, copper nanoparticles were encapsulated into the single crystals
of UiO-66 MOF that upgraded the activity as well as selectivity of the catalyst in
CO2 hydrogenation. This is due to the strong interaction between the nanoparticles
and the SBUs of the MOF [45].

4.2 Pre-Synthetic Functionalization

In another way, functionality can be imparted by the conversion of the organic linkers
to their derivatives before the MOF synthesis. It is important to wisely choose the
substituents attached to the linker to ensure that they do not affect the formation of
the desired MOF. Linkers substituted with amino or bipyridyl groups are generally
preferred because they offer suitable sites for the corresponding functionalization.
Post-synthetic deprotection is often done to take the advantage of these functionalities
[32].

To briefly explain the functionalization of the bridging ligand prior to MOF
synthesis and its effect on the properties, we consider and compare two isoretic-
ular MOFs- {[Cd(bdc)(4-bpmh)]}n.2n(H2O) and its amino-functionalized analog,
{[Cd(2-NH2bdc)(4-bpmh)]}n.2n(H2O) [48]. The amino-functionalized MOF was
prepared by replacing the bdc linker (benzene dicarboxylic acid)with 2-NH2bdc. The
adsorption experiments revealed that the CO2 uptake ability of NH2-functionalized
MOF was almost twice that of the parent MOF, which can be attributed to the forma-
tion of a complex between the electron donor NH2 groups and the electron acceptor
CO2 molecules. Moreover, the selectivity for CO2 over methane was higher in the
analog (7.0 wt% at 298 K) than the non-functionalized homolog (4.3 wt%). Further-
more, the amino-functionalized MOF could more efficiently adsorb and release I2,
and offers a promising application in the management of nuclear waste.
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4.3 Post-Synthetic Modifications

The so far discussed methods are not that effective as they offer various constraints
as MOFs undergo subtle changes in reaction parameters. These limitations for func-
tionalization made it necessary to functionalize the MOFs post-synthesis. These
approaches often deal with reactions involving the exchange of metal ions or solvent
molecules, and the incorporation of guest species in the pores [58]. These can be
further divided into three parts briefly based on interactions involved.

Functionalization Involving Weak Interaction

This approach takes benefit of coordinative interactions of MOF framework with
guest molecules imparting functionality. Citing a few examples, here we briefly
explain the various methods employed.

Besides the in situ functionalization by which various large functional molecules
are trapped in the matrices (or pores), small molecules may be trapped within the
pores by means of adsorption, however, due to the weak interactions, the molecules
cannot be effectively trapped by spatial confinement [21]. Often, it is difficult to
immobilize already synthesized metal NPs or bigger molecules directly, due to the
small pore aperture.Alternatively, precursors for the formation ofNPs can be diffused
into the pores by methods like solution impregnation or chemical vapor deposition,
wherein the NPs are formed within the framework by reduction. In a study, MIL-101
was loaded with a precursor complex of palladium [(η5-C5H5)Pd(η3-C3H5] via the
method of vapor deposition, to synthesize Pd@MIL-101 for application as catalysts
[25].

Lewis acidic open metal sites are formed when terminal ligands get dissociated
from the SBUs during the removal of solvent molecules coordinated to metal at
high temperatures or in vacuum conditions [42]. Coordinative functionalization of
such open metal sites is another way of imparting new properties to MOFs. The
polar Lewis acidic nature of the metal sites increases the sorption capacity of MOFs,
particularly for nonpolar gases like H2, CO2, etc. In this regard, Kang and co-workers
grafted the well-exposed unsaturatedmetal sites of a framework resemblingMOF-74
with diamines of varying lengths and arrangements, to tune the CO2 uptake abilities
[29]. The principle is that while one end of the inserted diamine group stays free,
the other end binds to the metal ion and the Lewis acidic metal sites couple with the
oxygen in CO2. The experimental results revealed significant information regarding
the relationship between the structure and functionalization potential. The framework
of Mg2 (dondc) which had narrow channel sizes, exhibited relatively low grafting
of diamine groups to the open metal sites. Whereas frameworks with larger channel
sizes could accommodate more diamines, resulting in enhanced CO2 uptake.

Another strategy renders the linkers functionalized via the pre-synthetic approach
to be “coordinatively functionalized,” wherein metal ions are coordinated to such
linkers. Long et al. presented the first MOF (MOF-253) with open 2,2’-bipyridine



Functionalization Strategies of Metal–Organic Frameworks (MOFs) … 109

ligand sites [3]. The Al(OH)(bpydc) (known as MOF-253) was prepared by the
reaction of AlCl3.6H2O with H2bpydc (2,2’-bipyridine-5,5’-dicarboxylic acid), and
they demonstrated that it reacts with Cu(BF4)2 and PdCl2, filling 97% and 83% of
the 2,2’-bipyridyl sites, respectively. The resulting material of the complexation of
Cu2+ showed an enhanced adsorption selectivity for CO2 over N2 under typical flue
gas conditions.

Functionalization Involving Strong Interaction

The various commonly employed strategies for functionalization involving strong
interactions are enlisted in Fig. 3.

Atomic layer deposition (ALD) refers to a typical synthetic strategy generally
adopted for hydroxyl-containing surfaces of exclusively inorganic substances. ALD
when applied in MOFs is popularly known by the acronym “AIM,” this is possible
because the metal nodes (or SBUs) within some zirconium MOFS, could be chem-
ically considered as small fragments of zirconia. Kim and co-workers reported an
example of the coordinative functionalization of the SBU by AIM. The existence
of -OH and -OH2 functional groups at the surface of the Zr6 node, makes NU-1000
MOF an ideal candidate for AIM. They treated NU-1000 with the ALD precur-
sors, Al(CH3)3 and In(CH3)3, and successfully demonstrated that Al3+ and In3+,
respectively, bond to the zirconium secondary building units by the terminal oxygen
atoms and make up heterometallic clusters [31]. Therefore, it can be inferred that the
terminal ligands on Zr SBUs act as Lewis bases and coordinate to additional metal
ions.

Fig. 3 Different strategies for post-synthetic modifications involving strong interactions
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Coordinative alignment (CAL) is a strategy by which various organic molecules
are attached toMOF backbones that are chiral. This is of particular interest in single-
crystalX-ray diffraction (XRD), an analytical technique for the precise determination
of chemical structures, which is often hindered by the orientational disorders of
the molecules. In this context, crystallization of the molecules in the pores of the
chiral MOF helps reduce their motional degrees of freedom. Moreover, the chiral
metal–organic framework backbone acts as a reference in the sample solution for
the accurate identification of the absolute configuration of the aligned molecules. An
exemplary example is that Lee and co-workers coordinatively aligned 16 different
molecules of 4 common functional groups (phenols, vicinal diols, primary alcohols,
and carboxylic acids) to the chiral MOF-520 [33]. With this strategy, they could
accurately distinguish the gibberellins,A1 andA3,which differed only in the presence
of a single bond and a double bond. Of significance is the fact that they could
enantioselectively crystallize and obtain the structure of the racemic jasmonic acid.

Another strategy for obtaining preferred functionalized frameworks,which cannot
be achieved by direct synthesis, is the post-synthetic exchange of the ligand. It
involves the exchange (partially or completely) of a terminal ligand of the framework
by a different ligand of a distinct functional group or length, while retaining theMOF
topology. In this regard, the solvent-assisted ligand exchange (SALE), involving the
soaking of ametal–organic framework in a concentrated solution of the chosen ligand
molecule for a long duration, at elevated temperatures, is a commonly employed
method. Very recently, Gharib et al. [23] adopted a SALE pathway for obtaining
new MOFs with improved catalytic efficiency in reactions involving epoxide ring-
opening. They exchanged a malonamide pillar ligand containing acidic hydrogen,
N1,N3-di(pyridine-4-yl) malonamide linker (S), with the acylamide pillars in three
amide-functionalizedMOFs (TMU-49,TMU-50, andTMU-51). The resultantMOFs
were isostructural to the parent frameworks. After incorporation of the S linker,
TMU-50S showed a 98% efficiency in catalysis, much greater than the parent
TMU-50.

Ligand exchange is often accompanied by the lack of site-specificity, that is, the
exchange occurs randomly with no precise control over the sites. This limitation is
overcome by the sequential linker installation (SLI), a stepwise installation technique
for precisely positioning the secondary linkers, without altering the structure of the
parent MOF. Recently, Liu et al., employed SLI to prepare a Bronsted acid–base
bifunctionalMOF catalyst [26]. The PCN-700MOFhas two “pockets” with different
lengths, pocket A of 16.4 Å and pocket B of 7.0 Å. They installed Bronsted acid
site-bearing H2TPDC-(COOH)2 linker into pocket A and Bronsted base site-bearing
H2BDC-NH2 into pocketB. The installation followed single-crystal-to-single-crystal
transformation and as a result, the acid and bases sites could be accurately determined
by single-crystal X-ray diffraction (SC-XRD). The Bronsted acid carboxyl groups,
catalyze the de-acetalization reaction, while the Bronsted base group, -NH2, catalyze
the Knoevenagel condensation reaction, thus rendering the resultant MOF with an
outstanding acid–base catalytic ability for the one-pot tandem reaction.

Post-synthetic metal ion exchange is another strategy to prepare desired MOFs
that cannot be prepared directly via conventional methods. In this strategy, a metal
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center within a MOF is exchanged for another, and can also be used for the prepa-
ration of MOFs with mixed-metal SBUs. Denysenko et al. [13] successfully carried
out post-synthetic metal ion exchange by replacing four of the five zinc centers in
[Zn5Cl4(BTDD)3] with cobalt centers, by treating the MOF with CoCl2 in DMF.
The isostructural replacement of Zn2+ ions gave rise to the formation of the redox-
active [ZnCo4Cl4(BTDD)3] MOF possessing catalytically active metal sites, which
cannot be prepared directly. The resultant MOF having open (or unsaturated) metal
sites exhibited reversible gas-phase oxidation properties, as revealed from the cyclic
temperature-programmed oxidation (TPO) results.

By the controlled removal of linkers and/or metal ions, ordered vacancies can be
created at specific locations, and the topology can be altered to a desired one. The
introduction of such ordered defects bestows the MOF with superior properties like
increased pore size,which can be exploited for several potential applications. Further-
more, the deliberately created vacancies can be filled with new functional groups to
prepare more complex and useful MOFs, which cannot be synthesized by conven-
tional methods. As a proof-of-concept, Tu, Pang, and co-workers introduced ordered
vacancies in a MOF constituting Zinc(II) and pyrazolecarboxylic acid, Zn4O(Pyc)3
[51]. The deliberate elimination of half of the PyC (4-pyrazolecarboxylate) ligands
and a quarter of theZn2+ ions, introduced ordered vacancies and changed the topology
of the framework from pcu to srs. The increased pore size of the resultant frame-
work allows bigger dye molecules to occupy the pores. Further, they filled the metal
vacancies with different metal ions such as Li+, Cd2+, etc., and functionalized linkers
such as NH2-PyC and CH3-PyC were introduced into the vacancies formed by the
removal of the linker.

Functionalization Involving Covalent Interaction

The covalent post-synthetic modification was the first successfully reported post-
synthetic functionalization technique [30]. So far, covalent transformations of the
organic linkers are the most extensively studied PSM type in MOF chemistry, such
as amide coupling, imine condensation, bridging hydroxyl groups within the SBUs,
etc. This approach often relies on the existence of functional groups in the ligands,
which act as the site for modification. Here, we throw light into the principles of this
approach with the help of examples.

Wang and Cohen [54] came up with the terminology “post-synthetic modifi-
cation,” and pioneered in demonstrating a post-synthetic covalent modification by
an amine to amide transformation. They carried out the reaction of IRMOF-3, the
isoreticular NH2-functionalized analog of MOF-5, with acetic anhydride in chloro-
form or dichloromethane, to form an amide-functionalized IRMOF-3(AM1). The
Cohen group further demonstrated that the degree of amidation decreases with
increasing chain length [49]. This implies that the size of the reactant with respect
to the pore aperture is a crucial factor. By this strategy of amide coupling, chiral
centers can be introduced to an achiral MOF, by the reaction with chiral anhydrides
[22]. In more recent work, Stock and co-workers treated MIL-101(Cr)-NH2 with
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p-phenylazobenzoylchloride to produce Cr-MIL-101_amide and further probed into
the photoisomerism of the azo groups [38].

“Click chemistry” mainly comprises the Huisgen cycloaddition reactions of
alkynes with azido group (RN3) catalyzed by Cu(I), yielding a triazole compound.
MOFswith organic linkers having a terminal azide can chemically react with alkynes
in cycloaddition reactions and, those with linkers bearing an alkyne moiety can
react with azides. A noteworthy advantage of this reaction is its low steric demand,
which enables a broad range of MOFs to undergo this reaction. Jiang et al. [27]
reported covalent PSM via click chemistry of the remarkably stable isoreticular
MOF series- PCN-56, PCN-57, PCN-58, and PCN-59. The azide group in PCN-
58 (Zr3O2(OH)2(TPDC-(CH2N3)2) and PCN-59 (Zr3O2(OH)2(TPDC-(CH2N3)4)
undergoes click reaction with acetylenes post-synthesis to produce triazole species.
By varying the ratio of the azide group-containing ligands during theMOF synthesis,
the loading of the azide groups can be precisely regulated. This in turn permits the
anchoring of various functional groups to the pore walls, which influences their gas
sorption selectivity.

When multiple PSMs are carried out in a sequence, the process is referred to
as “tandem functionalization.” Besides the strategies mentioned above, some of the
other strategies for PSM involving covalent interactions include tandem functional-
ization of amino-functionalized metal–organic frameworks, cycloaddition reactions,
bridging hydroxyl groups within SBUs of MOFs, etc.

5 Immobilization of Guest Species in MOF Matrices
and Pores

Taking advantage of the characteristic high permanent porosity of MOFs and well-
ordered pore structure, various guest species can be encapsulated within the pores of
MOF, including metal nanoparticles, metal oxides, quantum dots, polyoxometalates,
polymers, enzymes, dyes, and biomolecules. Besides enhancing the activity of the
guest molecules, this strategy also endows the resulting composites with superior
properties that are not found in the individual components, on account of synergistic
effect. In contrast, the deposition of the guest species on the outer surface of MOFs
would lead to their self-deactivation and leaching, and hence, is avoided [55]. The
presence of binding sites within the pores in the MOF framework for interaction
and fixing of the guest molecules, the size of the pore aperture being smaller than
the diameter of the introduced species, are some of the necessary requirements for
trapping of the guest molecules [58]. Also, the host framework should be inert toward
the embedded precursors or free ligands of the precursors. By virtue of the caging
effect or the spatial confinement of the cavities of the MOF, the growth of the guest
molecules is limited to the size of the corresponding pore diameter.

There are several characteristic properties ofMOFs thatmake them ideal platforms
for the immobilization/encapsulation of different guest molecules [10]. Tunable pore
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environments and pore size are noteworthy features of MOFs, because of which
preparation of isoreticular MOFs (MOFs with the same topology) with various func-
tionalities or different pore sizes, respectively, is possible. This is of significance as
it helps in determining the influence of the pore environment on the performance of
the immobilized guest molecules or helps in understanding the diffusivity of guest
species in MOFs for gaining insights into their potential applications. The pore size
can be readily tuned by changing the length of the bridging ligands; increasing the
length of the linkers would result in larger pore apertures. The uniform pore structure,
that is, the long-range order distribution of uniform cavities throughout the three-
dimensional structure, facilitates an ordered arrangement of the guest molecules in
the lattice. This is particularly useful for studying the host–guest interactions by
various crystallographic methods. Typical cage-like MOFs, characterized by large
pores and narrow windows, permit the encapsulation of guest molecules with no
constraints on their degree of freedom and prevent their leaching and aggregation.
Moreover, it is highly effective in catalytic applications, as the pore windows facil-
itate easy diffusion of substrates in and out of the cavities to get to the catalytically
active sites which are embedded within the MOF.

The conventional strategies for the immobilization of guest species within MOFs
are described in brief:

• Ship-in-bottle strategy: It can be accomplished by pre-assembly incorporation or
post-assembly incorporation [10]. In the former, the guest species precursors are
bound to the organic linkers before the assemblyof theMOF.Whereas, in the latter,
the precursors are dispersed within the pores of theMOFmatrix. This strategy has
some limitations such as difficulty in regulating the size, shape, internal location,
and composition of the guest species within the framework.

• Bottle-around-ship strategy: In this method, the guest species, say metal
nanoparticles, are pre-synthesized and,MOF is assembled or grown in situ around
the metal NPs [11]. The use of surfactants or capping agents is essential, for
enhancing the stability of the guest species and assisting theovergrowthofMOFon
them. Controlling the overgrowth of the MOF is often difficult and is a limitation
of this strategy.

• Sandwich assembly strategy: This approach facilitates embedding the guest
species between the layers ofMOF. Initially, a MOF core is synthesized, followed
by the deposition of guest species. Further, the growth of aMOF shellwith control-
lable thickness is achieved on the core. MOFs with similar crystal topologies are
preferred to MOFs with mismatched topologies, in view of attaining conformal
outgrowth of fracture-free shells on the core.

• In situ encapsulation or One-pot synthesis: It facilitates a quick, cost-effective,
scalable preparation technique of MOF composites, by simultaneous synthesis of
MOFand the nanoentity [10]. It is accomplished by directmixing of the precursors
of the MOF and the nanoentity as well as the other reagents, to form a solution.
In this approach, MOF shells grow precisely on the surface of the guest species
ruling out self-nucleation. To ensure the assembly of both the components into a
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single nanostructure, the reaction parameters (such as the temperature, precursors,
solvents, surfactants, etc.) must be kept in check.

In bottle-around-ship strategy and in situ encapsulation, it is essential to maintain
mild reaction conditions, for retaining the stability and activity of the guestmolecules.

The MOF composites formed by the immobilization of guest molecules have
excellent potential in numerous applications. For example, Zhao and co-workers
reported novel “sandwich” type composites, MIL-101@Pt@MIL-101, by sand-
wiching platinum NPs between a core and an outer shell composed of MIL-101
MOF, consisting of metal nodes of either Fe3+ or Cr3+ or both [61]. The compos-
ites were employed as selectivity regulators in the hydrogenation reaction of α, β-
unsaturated aldehydes to unsaturated alcohols, because of their ability to selectively
tune catalysis. In practice, hydrogenation of the carbon–carbon group is favored
thermodynamically, as opposed to that of the carbon–oxygen group. However, pref-
erential interactions of the MOF metal site with the carbon–oxygen group make
the hydrogenation of it (and not carbon–carbon group) by the Pt NPs a thermody-
namically favored reaction. Thus, with the new catalytic pathway, the “sandwich”
structures were successfully tested as suitable catalysts for the selective reduction of
α, β-unsaturated aldehydes.

In another study, Let et al. [34] successfully prepared a dye@MOF lumines-
cent composite for chemical recognition application for water remediation. They
prepared Bio-MOF-1@RhB composite by encapsulating luminescent, cationic RhB
dye (Rhodamine B) in the porous channels of the water stable, anionic Bio-MOF-1,
via the ion-exchange process. The composite exhibited selective and sensitive recog-
nition/detection of Fe3+ ions in water even in the presence of other metal ions, via
a luminescence quenching mechanism. The quenching coefficient value (KSV) of
the composite was as high as 5.5 × 104 M−1, making it an excellent sensory probe.
Similarly, a plethora of applications can be realized using suchMOF composites and
there is an endless scope of research in this field.

6 Coating MOFs with Functional Materials

Functionalization of MOFs can also be accomplished by adopting any of the three
approaches: (1) coating the MOF with a functional shell (2) encapsulation of MOF
in functional matrices (3) deposition of MOF on functional supports [55]. Figure 4
shows a general representation of MOF coated with a functional material. However,
these strategies are relatively underexplored, and more extensive research is antici-
pated. In these strategies, the type of interface between the MOF and the functional
support (such as oxides of metals, polymers, carbon, other MOFs, etc.) is pivotal in
controlling the assembly process, which involves growth kinetics, nucleation, and
alignment. Furthermore, the interaction at the interphase between the MOF and the
functional materials influences the properties of the composites formed and also
triggers the synergistic effects for enhanced properties [5].
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Fig. 4 An illustration of coating a MOF with functional material

The various strategies for the preparation of functional material-coated MOF
composites are essentially based on the three general methods of preparation of
composites: top-down synthesis, bottom-up synthesis, and one-pot synthesis. The
growth of MOFs on substrates is the approach in top-down synthesis. However, it
is less preferable due to the intrinsic limitation of difficulty in precise controlling
of the size and morphology of the nanostructure. Bottom-up synthesis involves the
coating of MOF crystals with protective functional shells, wherein the shell can be
another MOF too. One-pot synthesis accomplishes operationally simple, low-cost
preparation of the MOF/functional material composites.

Besides improving the physicochemical properties, morphology, and stability of
MOFs, these strategies also introduce several new, desirable functionalities such as
mechanical strength, magnetic properties, conduction of electricity, hydrophilicity
or hydrophobicity, etc., Silica, monoliths, carbon, alumina, and polymers are some
of the commonly used substrates for integration with or deposition of MOFs. This
method of imparting functionality to MOFs is an effective strategy to significantly
improve properties and bring about better properties, specific to different applica-
tions. For example, combining biopolymer interfaces with MOFs which have exhib-
ited potential in diagnostics and drug delivery, helps improve their biocompatibility
and solubility in an aqueous medium.

As a proof-of-concept of this functionalization strategy, Liang and co-workers
prepared an enzyme-coated MOF shell, for attaining adaptive cell survival in the
simulated oligotrophic environment [36]. They covered living eukaryotic cells with
the bioactive shell, and the cells could thrive in the nutrient-deficient medium even
with other unfavorable conditions such as ultraviolet irradiation and the presence
of toxic agents. This was possible because the enzyme/MOF coating generated the
nutrients required by the cells and the MOF allowed the transport of nutrients, as
well as protected the cells and enzymes from the toxic agents by providing a selective
barrier. Furthermore, on the disposal of the biocomposite MOF covering, the cells
regained their full growth capacity.

In another work, Wang et al. coated UiO-66 MOF crystals with a lumines-
cent biocompatible polymer, BDP-imine. The composite was prepared by epitaxial
growth of the polymer on the surface of UiO-MOFs seeds. The resulting composite
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displayed a set of remarkable properties such as well-retained pore integrity,
enhanced luminescence, low cytotoxicity, and available functional sites, making it a
potential candidate for bio-imaging and improved intracellular uptake applications
[53].

7 Applications of Functionalized MOFs

MOFsfind awide rangeof applications due to their unique properties like highperma-
nent porosity, extraordinary functionality, tunable pore structures, and ultrahigh
surface areas. Moreover, combining MOFs with other suitable materials can further
improve their properties [1]. MOFs with diverse functionalities can be designed
and constructed for certain applications [56]. Some of the important applications of
functionalized MOFs are listed in Fig. 5 and are discussed below briefly.

Fig. 5 Some of the potential applications of functionalized MOFs
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7.1 Chemical Sensing

MOFs serve as excellent platforms for constructing chemical sensors owing to their
highly ordered and tunable structures. The incorporation of a guest species often
leads to the change in luminescence for theMOF hosts [28]. The inclusion of various
chemical functionalities into the coordination nano space of MOFs has shown great
sensing applications. Water sensing holds a great significance in chemical industries.
Douvali et al. reported a flexible MOF [Mg(H2dhtp)(H2O)2]·DMAc with a three-
dimensional open framework structure. It showed remarkable breathing behavior
upon the incorporation of guest DMAc molecules and was found to exhibit the
excellent potential to detect the trace water in several organic solvents [14]. The
research concerning the potential application of MOFs in electronic devices, like
sensors is still in its infancy, probably because the fabrication of MOFs with well-
designed structures represents a big challenge.

7.2 Heterogeneous Catalysis

Heterogeneous catalysis is among the earliest reported applications of MOFs. Func-
tionalizedMOFs have presented expeditious progress toward their prospective appli-
cation in catalysis in the past two decades. MOF-based catalysts were firstly reported
by Fujita et al. [18] in 1994. They developed a 3D Cd(II)-MOF with 4,4’-bipyridine
which was found to have catalytic properties for the cyanosilylation of aldehydes.
Since then, in a quite short period of time, these materials have been found useful as
heterogeneous solid catalysts for various organic processes like ring-opening reac-
tions, transesterification, coupling reactions, Mukaiyama–aldol reaction, oxidation,
Knoevenagel condensation, etc. Besides these, owing to their excellent catalytic
properties, MOF-supported catalysts have gained immense interest in energy-related
applications like photocatalysis and electrocatalysis [28]. In order to explore new
visible-light-promoted photocatalysts with increased H2 evolution, Han et al. [24]
investigated the photocatalytic properties of hybrid materials obtained from MIL-
125. They reported the first example of methylthio-functionalized MOF decorated
with Pt co-catalyst for effective production of H2. The H2 production rate of this
hybrid material was found to be as high as 3814 μmolg−1 h−1.

7.3 Gas Storage and Separation

MOFs are excellent candidates for the storage of gases like H2, CO2, CH4 because of
their large surface areas and high permanent porosity. Large surface areas of MOFs
help in the efficient adsorption of gas [28]. The functionalization of MOF materials
is a primary and effective strategy for altering the interaction between the MOF
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framework and the guest species in order to obtain high gas storage capacity [56].
Because of hydrogen’s gaseous form and low density, its storage is a critical aspect
in determining its practical use as transportation, stationary, and portable fuel. In
the past decade, functionalized MOFs have been enormously explored for hydrogen
storage.

Anthropogenic CO2 emissions are causing disastrous environmental issues,
leading to an adverse impact on human lives. Carbon dioxide, in comparison to
hydrogen, forms stronger intermolecular interactions with the functionalities of
MOFs, allowing it to be stored more effectively. While gas storage emphasizes
storing a pure gas, gas separation requires MOFs to have high selective adsorption
of a particular gas [28]. The low partial pressure of CO2 is responsible for making
its separation from the gaseous mixture challenging. This is because it significantly
lowers its adsorption by MOF [28]. Open metal sites and amine functionalities can
be introduced in the MOF adsorbents in order to enhance the adsorption capacity as
well as the selectivity of CO2 over other gases. Recently, Bahamon et al. [2] reviewed
the effect of the introduction of amine functionalities in MOFs for improved capture
and separation of CO2.

7.4 Biomedical Applications

MOFs have presented great potential and unique advantages in the field of
biomedicine. Thanks to the rapid growth of synthetic methods and surface func-
tionalized strategies, smart MOF-based composites with superior bio-related prop-
erties have been designed to fulfill the rising demands of MOF materials in biomed-
ical applications [59]. In this domain, functionalized MOFs are finding various
applications such as:

• Drug delivery
• Bioimaging
• Antimicrobial
• Biosensing
• Biocatalysis.

Metal–organic frameworks (MOFs) are widely used for drug delivery because of
their unique properties like tunability and large surface areas. Their high surface area
enables the loading of small molecules as well as biomacromolecules. Recently, Cai
and co-workers employedmono substituents for the functionalization ofMOF-5, and
studied its effect on drug delivery. A substantial effect on the drug delivery behavior
of MOF upon the incorporation of single substituents has been reported. Moreover,
the obtained composites were found to possess good biocompatibility and negligible
cytotoxicity [8].

Till now, various MOFs have been employed for the preparation of MRI contrast
agents [59]. For example, in 2017, Sene et al. decorated the MIL-100(Fe) with γ-
Fe2O3 for MRI imaging and cancer treatment. The obtained composite, after being
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loaded with DOX, showed high antitumor activity. Also, it showed low cytotoxicity
and great biocompatibility, and hence, could be used as an efficient MRI contrast
agent [47].

8 Conclusion and Future Outlook

Progressing interest and development in the domain of MOF studies is continued
which is justified enough by vast applications of exceptional size dimensions, gas
storage, and separation, owing to the inherent pores and their volume. Despite the
large potential applications, there are pertinent challenges that MOFs face in their
conventional aspects, and hence to further improve various strategies have been
suggested. Functionalization is commonly utilized to exploit the pore structure of
MOF increasing its tunability by many folds. In this chapter, we have thoroughly
put highlights on various methods to functionalize the MOF units and the involved
challenges.

More detailed studies are required in various domains of MOFs to solve the
current challenges to utilize more effectively for current applications. For instance,
the porosity of most MOFs makes them potential agents for gas storage applica-
tion but the size exclusion approach requires fine-tuning of pore size for separa-
tion of gases with similar kinetic diameters that is often a challenging task. Indeed,
size exclusion is difficult for separating molecules of similar size and polarizability.
Hence, this is one such area that needs future exploration by researchers across the
globe.
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Abstract Nanoscale metal–organic frameworks are well known for their ease of
synthesis, surface modification, stability, porosity, and thus are found to have great
potential in numerous industrial and biomedical applications such as in gas storage,
molecular separations, sensors, catalysis, and drug delivery. This chapter focuses
on various characterization techniques that are required to study the properties of
synthesized and functionalized nanoscale metal–organic frameworks (NMOFs). To
understand the morphological properties of NMOFs, microscopic characterization
such as scanning electron microscopy (SEM), transmission electron microscopy
(TEM), scanning probe microscopy (SPM), scanning tunneling microscopy (STM),
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and atomic force microscopy (AFM) are indispensable tools. However, to gain
insights into the different functional groups present inside the framework and in
determining its elemental and chemical composition, spectroscopic characteriza-
tions such as solid-state nuclear magnetic resonance (SS-NMR), fluorescence spec-
troscopy, powder X-ray diffraction, infrared and Raman spectroscopy are employed.
In this chapter, various microscopic and spectroscopic techniques that provide in-
depth knowledge of the size, stability, porosity, and functionality of NMOFs will be
elaborated on with some examples cited from the literature.

Keywords Nanoscale metal–organic frameworks · Surface ·Modification ·
Microscopic characterization · Spectroscopic techniques

1 Introduction

Metal–organic frameworks (MOF) are an extremely important emerging class of
organic–inorganic hybrid, crystalline compounds with a porous and modular struc-
ture. Metal–organic frameworks comprise of two components: metal ion nodes or
inorganic clusters, which are referred to as secondary building units, and organic
linkermolecules or spacers. The variety of combinations of nodes and spacers as well
as the flexibility with which their size, functionality, and geometry can be varied aids
in the preparation of a huge number of metal–organic frameworks (MOFs). These
compounds are of tremendous interest to scientists owing to their unique features like
large surface area, easily tunable structure, high pore size and volume, porosity, and
surface functionality. MOFs are widely used in the field of drug delivery, catalysis,
optics, sensing, diagnosis, and storage [1].

In addition, the size of MOFs can be controlled at the nano level to generate
nanoscale metal–organic frameworks (NMOFs). At the nanoscale level, the proper-
ties of NMOF depend on both its inner and outer surface due to its larger surface
area to volume proportion. Hence, NMOF properties and behavior are considerably
size and shape-dependent [2]. Depending upon the synthesis procedure, NMOFs
can exist in diverse morphologies resulting in unique physicochemical properties.
A slight variation in morphology can lead to changes in their properties. Hence,
the characterization of NMOFs plays a crucial role and is requisite for their future
applications.
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Fig. 1 Different methods used for the characterization of NMOFs

This chapter reviews the different microscopic and spectroscopic techniques
for the characterization of NMOFs (Fig. 1). These techniques are employed to
study morphology, functional groups, crystal structure, and chemical composition of
NMOFs.

Microscopic Characterization
It is used for the purpose of magnification of NMOFs and visualizing what cannot be
seen with the naked eye. These techniques are invaluable for imaging and observing
the structural features of NMOFs. There are mainly three types of microscopes
available. Visible light microscopes, and electron microscopes, scanning probe
microscopes (Fig. 2) [3].

VisibleLightMicroscopy uses light in the visible range to visualizeNMOFs.Due
to a larger wavelength of photons, the images formed do not have a high resolution
and cannot be magnified further. Thus, to overcome the disadvantages of optical
microscopes, electron microscopes are used.

ElectronMicroscopes replace photons with electrons. Owing to the wave nature
of electrons and a smaller de-Broglie wavelength, images of higher atomic resolution
and greater magnification can be produced [4]. Thus, the characterization tools that
employ electron microscopes are (Fig. 3): scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) [5].

Scanning ProbeMicroscopy does not involve light or electron beams but instead
scans the NMOF using a sharp probe kept at a constant distance of a few nanometres.

VISIBLE LIGHT MICROSCOPY

ELECTRON 
MICROSCOPY

Scanning Electron Microscopy (SEM)

Transmission Electron Microscopy (TEM)

SCANNING PROBE 
MICROSCOPY 

Atomic Force Microscopy (AFM)

Scanning Tunneling Microscopy (STM)

Fig. 2 Various microscopic characterization methods used for NMOFs
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SEM

• The electron beam from the microscope 
scans the NMOF in a raster pattern, 
interacting only with its surface.  Thus, 
the 3D image formed gives information 
only on the surface characteristics, 
topography and composition of the 
NMOF.

TEM

• The electrons from the beam are used to 
transmit through the sample and the 
transmitted electrons from the sample 
are detected. Since the electrons pass 
through the NMOF, TEM is useful for 
internal imaging. It helps determine the 
crystal structure and finding possible 
defects in the sample. 

Fig. 3 Basic principles and uses of scanning electron microscopy and transmission electron
microscopy in NMOF characterization

AFM

• The probe is brought in close contact to 
the NMOF surface and rastered over it. 
The image is formed due to the 
repulsive interatomic forces between 
the tip and NMOF surface. 

• Surface topography can be measured

STM

• STM uses a probe passed over the 
surface of the NMOF horizontally, and 
a voltage is applied between the probe 
and sample. The images are formed by 
STM because of Tunnel Effect. 

• The current produced helps measure the 
local electron density on the NMOF 
surface

Fig. 4 Basic principles and uses of atomic force microscopy and scanning tunneling microscopy
in NMOF characterization

Due to this direct interaction, 3D topographical images of higher magnification can
be produced. SPM is the most efficient microscopic method for generating high-
resolution images of NMOFs [3]. It can be broadly classified into atomic force
microscopy (AFM) and scanning tunneling microscopy (STM) (Fig. 4) [6].

Spectroscopic Characterizations
The interaction of electromagnetic radiation with matter gives rise to various
phenomena, and hence, different spectroscopic techniques are required to under-
stand the spectra generated. Electrons in an atom or molecule, principally reside
in the lowest energy state (ground state) and when a photon strikes the surface, it
transfers its energy to the electron that in turn rises to a higher level (excited state).
Each electronic state is associated with vibrational and rotational states (Fig. 5).

The energy thus acquired by an electron can be released in many ways, and hence,
different spectra corresponding to different phenomena would be obtained such as
absorption, emission, scattering, or fluorescence. Thus, spectroscopic characteriza-
tion techniques (Fig. 6) are helpful in analyzing the structure of a metal–organic
framework with respect to the different functional groups present inside the frame-
work and in determining its elemental and chemical composition. The details are
discussed subsequently in the chapter.
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Fig. 5 Energy level diagram of a molecule depicting various levels in it

Fig. 6 Basic spectroscopic characterization techniques used for NMOFs
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2 Microscopic Characterizations

Microscopic characterization techniques are used for the physical characterization
and imaging of NMOFs. Microscopy is advantageous in providing images of objects
with good resolution. Figure 7 compares the resolutions achieved by the different
kinds of microscopies [7].

Human eyes can resolve images up to 1/10th of a millimeter. For better resolution,
optical microscopes are required that can resolve images up to a micrometer due to
a higher wavelength of visible light. However, to study the morphological proper-
ties of MOFs, even higher resolution is required for which electron microscopes
are employed. Electron microscopes, scanning electron microscopes, and transmis-
sion electron microscopes can resolve images up to the nanometre level, with high-
resolution transmission electron microscopes being capable of atomic resolution.
Another powerful tool that can provide resolution up to the atomic level is scanning
probemicroscopy (SPM).All these techniques arewidely implemented; for example,
SEM is employed when the surface topography of an NMOF needs to be analyzed,
and TEM is advantageous for characterization of features inside the compound, i.e.,
below the surface. SPM is the best method for when surface sensitivity is needed.

The three microscopic methods are discussed in the further section.

2.1 Visible Light Microscopy

Opticalmicroscopesmake use of light to visualize images. Owing to the higherwave-
length of photons, they cannot fully interact with nanoscale metal–organic frame-
works. The maximum resolution possible is 200 nm with a magnification of 1000
× only. As a result, visible light microscopy does not serve much importance in the
characterization process. Particles can be observed up to themicron level, but beyond
that, clear images cannot be produced.

Fig. 7 Image resolution achieved in various kinds of microscopes
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Fig. 8 Optical microscope
image at a resolution of 500.
Reprinted with permission
[8]. Copyright (2013)
Elsevier

The resolution of a microscope can be described as its ability to produce clear
images. Higher the resolution, better will be the microscope’s ability to separate two
features in proximity as different parts of the image.

Salmi et al. [8] took optical images of MOF-5 (Fig. 8) using an Olympus PX51
light microscope. They observed the crystallization of MOF-5 films when kept
under 300 °C under 60% controlled humidity. This observation contrasted with their
original hypothesis that MOF-5 was stable under moist conditions.

2.2 Electron Microscopy

Electron microscopy is one of the most widely used techniques for the visual charac-
terization of nanoscale metal–organic frameworks. Unlike light microscopy, electron
microscopes can provide images of higher resolution and greater magnification. This
advantage is possible by replacing photons in a light microscope with an electron
beam. As compared to photons, electrons have a smaller de-Broglie wavelength;
therefore, they can strongly interact with the nanoscale compounds.

An electron gun is used to produce electrons in an electron microscope. These
electrons follow de Broglie’s relation, λ = h/p, i.e., the wavelength of an electron is
directly proportional to its momentum. High energy electrons having smaller wave-
lengths can be generated using higher accelerating voltages.An electron gun applying
voltages of 1–300 kV can produce electrons with wavelengths in the range of 1–
40 pm. This is useful in generating images with atomic resolution down to < 0.1 nm
and magnified up to 1 million times depending on the microscope [5].

Interaction of Electrons
Theelectrons fallingon themetal–organic framework from themicroscope are known
as primary electrons. When primary electrons interact with the specimen, it causes
scattering of electrons from the sample along with the other interactions (Fig. 9).
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Fig. 9 Some of the valuable
signals generated when a
focused beam of electrons
impinges on the nanoscale
sample

Secondary electrons (SEs) are produced because of the inelastic scattering of
electrons. This causes a transfer of kinetic energy from primary electrons to the
loosely bound valence electrons on the sample surface. The SEs generated have low
energy, 2–5 eV, and get deflected at low angles from the sample.

Elastic scattering occurs due to repulsion between the primary electrons and elec-
trons in the sample. As a result, primary electrons get deflected from the specimen
and are now called backscattered electrons (BEs). BEs are scattered at higher angles
and are comparatively higher in energy than SEs. They are originated from deep
within the sample and reach the surface due to their high energy [9].

The two most generic electron microscopes used to study the morphological
details of a specimen are scanning electron microscopes (SEM) and transmission
electron microscopes (TEM). While SEM is used to characterize the surface of an
NMOF, TEM is primarily used for the analysis of internal structure.

Scanning Electron Microscopy

SEM is one of the most useful microscopic techniques to gain insight into the NMOF
surface. The scanning electron microscope uses an electron beam to scan the sample
in a raster pattern, interacting only with atoms on the sample surface. The standard
electron energy of the beam is in the range of 1–30 keV; therefore, to generate a
beam of higher energy, a field emission source is employed. The scattered electron
and signals emitted from the sample at each location are collected and detected using
an Everhart–Thornley (E–T) detector. The corresponding signal intensity regulates
the pixel of the image. The entire setup needs to be kept under high vacuum pressure
[10].
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Scanning electron microscopy is especially valuable for studying the surface
topography, composition, and properties like the electrical conductivity of anNMOF.
SEM can also be useful for analyzing specific point locations on the surface of
the sample due to the raster manner of the scan. SEM is usually coupled with
energy dispersiveX-ray (EDS) technique to help qualitatively determine the chemical
composition of the sample [11].

Brief Description of the Scanning Electron Microscope

The scanning electron microscope was developed by Dr. Charles Oatley in 1948.
The microscope consists of the following parts:

• electron gun and converging lenses
• coils that enable raster scanning
• a deflection system, and
• an electron detector.

A standard scanning electron microscope generates the electron beam by a
thermionic process (using a heated tungsten filament). The electron beam thus gener-
ated has lower energy and is incapable of generating clear images of nanoscale
substances.Afield emission scanning electronmicroscope (FESEM) employs electro
magnetization (using needle-shaped tungsten) instead to produce the electron beam.
This beamhas a higher electron density and ismore suitable to produce higher resolu-
tion images for the particle. In addition, field emission sources are brighter and more
stable [12]. A series of electromagnetic lenses are applied to shape and converge the
beam onto the sample, adjust astigmatism, move the beam across the specimen to
scan the NMOF, and generate images.

The magnification of the image is the ratio of the linear size of the viewing screen
to the corresponding length of the specimen area being scanned. Due to the variable
nature of the scannable area, magnifications of 10X to 300,000X can be achieved in
FESEM [5].

An Everhart–Thornley (E–T) detector, a scintillator–photomultiplier combina-
tion, is used to collect SEs and BSEs. Depending on the angle of incidence of the
beam with the sample, the interaction area increases and so does the intensity of
electrons emitted. Thus, flat surfaces have a lower number of electrons emitted as
compared to angled surfaces, ridges, slopes, and edges. The brightness of the signal
is subject to the number of electrons striking the detector. Hence, the irregularities on
the sample surface tend to be brighter than the flat areas. This results in 3D images
with resolution < 0.5 nm [13].

By detecting the X-ray emitted by the specimen, its elemental composition can
be determined. This is termed energy dispersive X-ray spectroscopy (EDS).

Sample Preparation
Due to the electronic nature of themicroscopic analysis, the sample under observation
must be electrically conducting and able to withstand high-pressure conditions. The
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Fig. 10 a Microscopic image generated from scanning electron microscope (SEM); b Histogram
of diameter measured from a 1000 NMOF particles

primary electrons are supposed to be absorbed by the specimen creating a dissipating
current, the absence of which makes imaging difficult and produces faulty images.

Most NMOFs are non-conducting in nature and hence get damaged when
impinged by an electron beam for a long duration. To avoid damage, NMOFs require
a coating with a thin layer of conductive material like gold or platinum, deposited
under high vacuum conditions [11].

SEM Analysis of Zr–Fumarate NMOFs
Hirschle et al. [14] prepared zirconium fumarate nanoscale MOFs and coated them
with a thin layer of carbon to make the surface conducting. When SEM analysis was
performed on the NMOF, a spherical morphology was revealed. Figure 10 shows
the microscopic image generated from the microscope. To measure the particle size,
the diameter of 1000 NMOFs (Fig. 11) was measured and plotted in a histogram.
This histogram was fitted using a Gaussian function and the average diameter of the
Zr–fum NMOF was found to be 62.0 ± 18.9 nm. Scanning electron microscopic
analysis was thus used for the determination of the average particle size of Zr–fum
NMOF.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a versatile technique used for NMOF
characterization. It is most widely used for the determination of NMOF crystallo-
graphic arrangement, chemical composition, and atomic dimensions. TEM imaging,
diffraction patterns, and energy spectrum are all produced using transmission elec-
tron microscopes. High-resolution TEM imaging can capture the finest details like
surface facets and possible defects in the crystalline structure. High-resolution TEM
(HRTEM) can also measure at the nanometric scale and is the best technique for
NMOF characterization [4]. TEM is beneficial to obtain high-resolution images
of NMOFs. This is possible due to the presence of elastically scattered electrons
originating from deep inside the sample that is highly localized. With energy loss,
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Fig. 11 A 1000 NMOF
particles for size
determination. Images [14]
are being reused under
permission of a Creative
Commons License

localization increases, and TEM can filter out electrons providing lattice resolution
of up to 0.3–0.5 nm [15].

TEM presents high magnification of images, ranging from 50 to 106. Both image
and diffraction patterns can be detected using TEM, which is crucial for determining
NMOF crystallinity.

Despite the effectiveness of TEM for MOF characterization, there is a paucity
in the number of TEM studies. This is due to the instability of NMOFs toward the
electron beam used in the microscope.

Working Principle of TEM

In HRTEM, a beam of electrons is transmitted through a thin specimen. This results
in interactions between the primary beam and the electrons of the sample causing
elastic and inelastic scattering. The scattered electrons are then transmitted through
imaging lenses (objective and magnifying). The enlarged image is finally focused
onto a screen where the images are observed. The main signal used for bright images
in TEM is elastically scattered electrons due to their origin from deep inside the
specimen. However, inelastically scattered electrons can be detected using electron
energy loss spectroscopy (EELS) for information on the NMOF composition [16].

Brief Description of Transmission Electron Microscope

A transmission electron microscope is an electron microscope capable of producing
magnified images of thin specimens, usually with a magnification of the range 103–
106. The electron–optical system of the microscope consists of the following [17]:

• An electron gun responsible for electron beam generation.
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• Illumination System consists of the electron gun and a couple of condenser
lenses used to converge the electron beam onto the sample. It is responsible for
the electron beam diameter and thus the intensity of the final image.

• Specimen Stage is the location of the specimen slide. It is necessary to keep the
sample stable and hence produce images with better spatial resolution.

• Imaging System comprises lenses responsible for magnification and spatial
resolution. Depending on the imaging mode, TEM applications vary.

• Screen/Computer where the images are seen or recorded such as a fluores-
cent screen or photographic film layer.

Selected Area Electron Diffraction

TEM can combine diffraction patterns with various imaging techniques and is hence
a superior characterization technique. The diffraction pattern of NMOFs can provide
information on their crystal structure. Selected area electron diffraction (SAED) and
high-resolution TEM (HRTEM) combination are employed when identifying the
crystal structure and defects in an NMOF.

Transmission electron microscopes are also capable of analyzing spectroscopic
information for electron transmissions. (Fig. 12).

TRANSMISSION ELECTRON MICROSCOPY

IMAGING

TEM imaging
STEM imaging

SPECTROSCOPY

EDS
EELS

DIFFRACTION

SAED pattern

Fig. 12 Various techniques that can be used to get data from a transmission electron microscope
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1. Energy-Dispersive X-Ray Spectrometry (EDS)
An X-ray spectrum is useful for the determination of element concentration

of a specific portion in the NMOF sample.
2. Electron Energy-Loss Spectrometry (EELS)

EELS is useful for the determination of the chemical composition of the
NMOF. EELS analysis is also valuable in the determination of the distribution
of lighter atoms like B, C, N, and O in the sample [18].

These spectroscopies are highly localized and useful in the combination of SEM
and TEM, i.e., scanning transmission electron microscopy (STEM). STEM is useful
for the high spatial resolution of the chemical maps [19].

The first systematic TEM analysis was performed by Lebedev et al. [20]
in 2005. It was conducted on the MIL-101(Cr) sample comprised of trimeric
chromium(III) octahedral clusters interconnected by 1,4-benzenedicarboxylates. The
electron diffraction (ED) patterns were recorded inmultiple crystallographic orienta-
tions alongwithHRTEMimages in [111] and [011] orientations. TheHRTEMimages
were interpreted by comparing them with simulations. Both these data helped reveal
that MIL-101 was crystalline and octahedral in shape. They also seemed to have
[111]-like surface facets.

TEM Analysis of Zr–fumarate NMOFs

Hirschle et al. [2] prepared a carbon grid on which a droplet of the Zr–fum NMOF
suspension had been evaporated. They analyzed this sample under a transmission
electronmicroscope. TheTEMmicrograph of the sample showed the interconnection
between the particles in the sample.

As shown in Fig. 13, Zr–fumNMOF particles are interconnected via necks.When
the diameter of 1000 particles (Fig. 14b) was measured, the following histogramwas

Fig. 13 TEM imaging at a resolution of a 10 nm, b 100 nm. Image [14] is being reused under
permission of a Creative Commons License
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Fig. 14 a Histogram of diameters measure from 1000 particles, b Zr–fum particles measured for
TEM size determination. Figure [14] is being reused under permission of a Creative Commons
License

drawn (Fig. 14a). This distribution when adjusted with a curve following the normal
law, the average NMOF diameter was calculated as 29 ± 12.9 nm.

The ED pattern of Zr–fum particles is shown in Fig. 15. This is helpful in deter-
mining the structure of the sample. Zr–fum is crystalline in nature as proved by the
ED pattern. The radial distance in the image gives information on the lattice distance
of the particle. When compared with literature values for a crystalline compound,
the sample’s values agree with the crystal structure. The Debye–Scherrer rings in
Fig. 15 are proof enough for crystallinity.

Fig. 15 ED pattern of the
Zr–fum sample. Figure [14]
is being reused under
permission of a Creative
Commons License
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Fig. 16 a and b Low
magnification BFTEM of
MOF-5 crystals. The inset in
(a) shows ED ring pattern of
MOF-5 crystals. c SAED
pattern of a single MOF-5
crystal

Wiktor et al. [21] performed TEM analysis on MOF-5 ([Zn4O(bdc)3]) at temper-
atures as low as -200 °C and applying very low doses of electron exposure. Since
MOF-5was found to be highly unstable, HRTEM images had to be recorded using the
first electron exposure itself. TEM images showed MOF-5 to contain cuboidal crys-
tals (Fig. 16). MOF constituents were located by conducting HRTEM simulations
and comparing them with the HRTEM images generated (Fig. 17) [21].

2.3 Scanning Probe Microscopy

Scanning probe microscopy (SPM) is a microscopic tool commonly employed for
the characterization of substances down to the atomic level. The principle of SPM
is to use a sharp tip to scan the surface of a sample and since the properties at nano
or atomic scale. The most important types of scanning probe microscopes are the
scanning tunneling microscope (STM) and the atomic force microscope (AFM).

Scanning tunneling microscopy (STM) was the first kind of scanning probe
microscopy developed. It was invented by Binnig and Rohrer in 1981. STM uses
the tunneling property of current to produce images of greater resolution. Here,
the scanning tip is adjusted in a way to keep the tunneling current as well as the
tip–sample distance constant. However, scanning tunneling microscopy can only be
conducted for conductive material due to the principle of tunneling current. Atomic
force microscopy (AFM) developed in 1985 by Binnig, Quate, and Gerbe resolves
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Fig. 17 a HRTEM images
of MOF-5. bMagnified
image of area marked in (a).
c Further magnified and
filtered images of the same
area. d Magnified and
noise-free version of the
same image. e Crystal
structure of MOF-5.
Reprinted with permission
[21] Copyright (2012)
Elsevier

this disadvantage of STM. AFM, alternatively known as scanning force microscopy
(SFM), can also be used on non-conducting/insulating samples. In AFM, the sharp
tip is attached over a cantilever with is oscillated over the sample. The forces between
the tip and the surface of the sample are sensed by the deflection of the cantilever
which can be detected.
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SPM is highly important for molecular imaging to elucidate the arrangements in
arrays, orientations, and intramolecular structures of molecules. SPM can be used
for substances in a high vacuum as well as in a solution [22].

2.4 Scanning Tunneling Microscopy (STM)

Scanning tunneling microscopy is one of the most advanced microscopic techniques
for the atomic characterization ofNMOFs. In STM, a very sharpmetalwire tip is used
to raster scan the sample surface. Once the tip is brought closer to the sample surface
and a voltage is applied, the electric circuit is completed and one can image the
sample surface down to the atomic scale, i.e., individual atoms. Scanning tunneling
microscopy works on the principle of tunneling effect and piezoelectric effect.

Tunneling effect is a quantummechanical effect allowing us to produce images of
the specimen. This effect is based on the wave nature of electrons. The piezoelectric
effect ensures high resolution of the images and precision.

A feedback loop is maintained to monitor the tunneling current being produced.
The current coming from between the tip and the surface helps analyze the electron
density and topography of the sample beneath the tip (Fig. 18). However, scanning
tunneling microscopy has its disadvantages. Being surface sensitive, it requires a
clean surface to operate and hence has a low success rate as compared to TEM.
In addition, scanning tunneling microscopy can only detect conductive samples,
therebymaking it difficult to characterize insulatingNMOFs. But scanning tunneling
microscopy is preferred to explore the structures of conductive materials like carbon
nanotubes and graphene.

Fig. 18 Schematic diagram
of an STM [23]
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2.5 Atomic Force Microscopy (AFM)

Atomic force microscopy measures the forces between the sharp tip and sample to
obtain the topography of the sample. The AFM probes the sample with a sharp tip
located at the free end of a cantilever. The tip used has a diameter of < 100 Å and the
cantilever can be as long in length as 500μm.Unlike scanning tunnelingmicroscopy,
in AFM, the tip and the sample are in direct contact, therefore, instead of tunneling
current, interactive forces between the tip and the sample are measured.

The forces between the tip and the sample cause the deflection of the cantilever.
These deflections are then measured by the detector as and when they happen. The
detection is carried out using a laser beam and a split photodiode. These signals are
further used by a computer to generate a map of the surface topography (Fig. 19) [7].

Van der Waals’ forces of attraction play the most important role in the cantilever
deflection. The forces are at the nanoscale level, measuring < 1 nanonewton. When
the distance is > 0.5 nm, the forces are attractive in nature (Van der Waals) and
at shorter ranges, become repulsive. Owing to this, atomic force microscopy can
be employed for the study of insulators and semiconductors as well as electrically
conductive materials.

When the tip is further away from the surface, the forces between the two are
negligible. In contrast, at very small distances, a repulsive force is observed between
the tip and the surface due to the repulsion of electrons (Fig. 20).

The ideal distance as shown in the figure is between points 1 and 2. At this
distance, the sharp tip, and the surface experience attractive forces, mainly Van der
Waals. Attractive forces are negative. This distance must be maintained in order to
conduct atomic force microscopy [7].

Fig. 19 Schematics of atomic force microscopy
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Fig. 20 Forces between the
tip and the sample surface at
varying distances

Atomic forcemicroscopy has its own advantages over othermicroscopicmethods.
One of its main advantages is its ability to characterize anymaterial, be it conductive,
insulating or in solution. Magnetic materials can also be characterized using AFM
unlike in SEM and TEM. [6]

Imaging Modes
Depending on the scanning pattern of the cantilever on the sample, there are three
imaging modes in AFM.

(a) Contact Mode (C-AFM)
In contact mode AFM, the tip makes physical contact with the sample

surface. As the tip gently scans the surface of the sample, the Van der Waals
forces cause the cantilever to bend or deflected in accordance with the topo-
graphical changes. (Howland and [24] Here, the motion of the scanner is used
to generate the images.

The contact mode is the easiest method for NMOF topography imaging;
however, it has the highest wear and tear rate due to friction from direct contact.
This method is also more prone to tip failure.

(b) Non-Contact Mode (NC-AFM)
In non-contact AFM, the cantilever is vibrated to a frequency of 100–

400 kHz and the tip hovers 1–10 nm over the sample, i.e., with an amplitude
ranging from 10–100 Å.

The image is generated by detecting the change in the amplitude of the
vibrating cantilever. The more sensitive the detector in the AFM, the better is
the resolution (down to angstrom scale) of the image.

In non-contact AFM modes, the tip or sample does not undergo degrada-
tion effects. NC-AFM is also preferred over contact AFM for analyzing soft
samples.

(c) Tapping/Intermittent Contact mode (IC-AFM)
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Fig. 21 a AFM Micrograph. b Particle size distribution of Zr–fum MOFs from AFM images

In tapping mode, the vibrating cantilever oscillates over the sample surface
and taps/hits the sample at a constant interval of time. In comparison to NC-
AFM, in the tapping mode, the cantilever oscillates with a higher amplitude.
This leads to a greater deflection and hence easier signal detection. The tapping
mode is like the non-contact mode, except the cantilever just taps the sample
and makes no contact further. The life of the tip in the IC-AFM mode is less
due to the tapping nature of the tip. It is more prone to wear and tear and hence
has a smaller life.

AFM Imaging of Zr–Fum NMOFs
Hirchle et al. [14] performed a closed loop IC-AFM in air on Zr–fum NMOFs. The
sample was prepared by making an ethanolic dispersion of the NMOF and drying
it on a SiO2 slide. The cantilever was excited close to its resonance frequency with
the help of a piezoelectric device. With changing distance, the forces (Van der Waals
attractive forces and repulsive Coulomb forces) between the tip and sample varied,
leading to a change in the amplitude of the cantilever vibrations. The feedback loop
maintained a constant oscillation amplitude. The topographical image was produced
by detecting the variations in the amplitude of the vibrations.

The AFM micrograph and height distribution obtained from scanning probe
imaging process is shown in Fig. 21. The average diameter of the Zr–fum NMOFs
was calculated to be 68 nm with a standard deviation of 15 nm (Fig. 22).

3 Spectroscopic Characterizations

Spectroscopic characterizations play a significant role in knowing the constituents
present in eachmaterial.When electromagnetic radiations (light) interactwithmatter,
different phenomenon could take place. The interaction results in either the absorp-
tion of photons from light, by the material or the promotion of an electron to a higher
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Fig. 22 a Zoomed in AFM
micrograph. b Cross section
of a single particle. Images
[14] are being reused under
permission of a Creative
Commons License

level after acquiring energy from the incident photon, and consequently releasing
excess energy in the form of heat [25] or by emitting a photon spontaneously or non-
spontaneously. The spontaneous energy emission leads to a scattering phenomenon,
where the emitted photon is identical to the absorbed photon except for its direc-
tion of propagation [26] or Raman scattering if energy is released spontaneously
but in two stages. Here, two photons at a longer wavelength are released per photon
absorbed. The energy can also be released after some relaxation times that may vary
from nanoseconds to hours and is non-spontaneous then the phenomenon is called
fluorescence. The absorption or emission requires the difference in absolute energies
between the final and the initial state as �E = Efinal – Einitial (Fig. 23).

The different phenomena give rise to different spectra that generally require:

1. a source of light
2. a disperser to separate light based on wavelength
3. a detector to detect the light after dispersion.

The instrument consisting of these three parts is called a spectrometer, and the
spectrum obtained from it is unique to the element, that is, each spectrum is the
fingerprint of each element.

The light consists of photons that carry discrete amounts of energy called quanta.
Absorption of a photon by an atom or molecule could take place in any region
of the EMR spectrum and depending on which part of the spectrum is absorption
taking place, different structural information can be obtained from the spectra; for
example, absorption of a photon in UV or visible have sufficient energy to excite
the electrons and hence reveals more about the electronic structure of a molecule.
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Fig. 23 Absorption and emission

However, lower energy IR radiations do not possess sufficient energy to excite the
electrons but are sufficient to cause the vibrations in a molecule; therefore, the IR
spectrum obtained from this would give insights into the types of chemical bonds
present in the molecule. Other spectroscopies based on absorption phenomena such
as nuclear magnetic resonance (NMR) spectroscopy, X-ray diffraction and those
based on scattering phenomena, diffuse reflectance spectroscopy, X-ray crystallog-
raphy, and Raman scattering are equally significant in analytical applications. The
emission spectroscopy is also an important tool by which the elemental and chem-
ical composition of MOFs can be determined. In this technique, the frequency of
photons emitted by atoms or molecules is examined when an electron jumps from
a higher energy level to a lower energy level. The energy of the emitted photon is
equal to the energy difference between the two levels. Depending upon the type of
source that is employed to excite the electrons, there are different techniques that
are called as such as fluorescence spectroscopy (or fluorimetry) where fluorescence
of the sample is analyzed, and the ultraviolet light is used to excite the electrons
in the sample. Most of the time, radiations are emitted in the visible region of the
electromagnetic spectrum. Another technique is inductively coupled plasma optical
emission spectrometry (ICP-OES) which is used to determine the elemental compo-
sition of MOFs. This employs inductively coupled plasma to produce excited atoms
and ions that give off radiations at a wavelength characteristic of a specific element.
Energy-dispersive X-ray spectroscopy (EDS or EDX) uses the source that emits the
X-rays from the sample, and the energy of the emitted X-rays is characteristic of the
difference in energy between the shells and hence of a particular atom. X-ray fluo-
rescence (XRF) is closely related to the EDS technique but is more sensitive in terms
of reading and reporting concentration levels in the parts per million (ppm) range.
In this high energy, X-rays are being used for excitation that give off secondary or
fluorescent X-rays from the sample. The spectral data obtained by employing these
spectral techniques and the corresponding spectra thatwe obtain is revealing different
information about the molecule. To have complete information about the structure
and composition of the material, all spectroscopic characterizations play a vital role.
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We would be discussing each in detail with reference to metal–organic frameworks
which are loaded with numerous functional groups and metal ions.

3.1 NMR Spectroscopy

The most powerful spectroscopic technique used to characterize NMOFs is solid-
state NMR (SSNMR). It is extremely useful for the study of NMOF dynamics and
how the adsorbedmolecules react once inside the framework. Thus, solid-state NMR
is an asset in the structure-to-function relationship deduction ofNMOFs. This chapter
will investigate the application of SSNMR for studying the absorbate interactions
inside the NMOF pores [27].

Brief Description of Solid-State NMR

NMR spectroscopy is dependent on the magnetic property of atomic nuclei. Those
atomic nuclei with both nonzero electric quadrupole and electric dipole can detect
slight changes in the local electric and magnetic field. The local magnetic field
around the nucleus depends largely on the electron dipole surrounding it. The external
magnetic field is generated using a superconducting magnet. This induces an electric
current in the surrounding electronic cloud of the nucleus, which results in a local
magnetic field shielding the external one, i.e., chemical shift and shielding. This is
the reason why NMR spectra of the nucleus largely depend on its neighboring atoms
in the first and second coordination, their nature, bond strength, and bond angle.

Dipole interactions (dipolar coupling) from neighboring nuclei having non-zero
magnetic moments are the second-important interaction that contributes to the local
magnetic field of themain atomic nucleus. Due to the non-zero nature of themagnetic
moment, those atomic nuclei also act like tiny magnets generating a magnetic field
of their own. The strength of this interaction decreases with an increase in distance
thereby providing information on interatomic distances. The local electric field
around the nucleus depends upon the electric charges present around it and their
arrangement. This electric field gradient is detected only for non-spherical nuclei.
These are termed quadrupolar nuclei and have spin quantumnumbers >½. This sensi-
tivity can help give information on the symmetry of their environment.Measuring the
strength of the quadrupolar interaction can also provide information on the dynamics
of the species of which the atomic nucleus is a part. In this case, the dynamics of the
metal–organic framework.

The factors on which an NMR spectrum depends are shown in Fig. 24.
The chemical shift helps distinguish environments around the atomic nucleus,

i.e., between CH4, CH3OH due to the different environments around 13C nuclei.
Dipolar coupling enables signal enhancement aswell as distancemeasurement, while
quadrupole coupling is useful for the detection of symmetry in the environment.
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Fig. 24 Factors that influence NMR spectroscopy

Fig. 25 Showing NMR
active nuclei in NMOFs

Nanoscale metal–organic frameworks can include several NMR active nuclei,
some of which are shown in Fig. 25.

Measuring 13C and 1H NMR spectra is useful for determining the organic linker
and attached functional groups present in the NMOF. Solid-state NMR can give
an insight into the dynamics of the linkers as well. Aluminum is by far the most
studied metal center in NMOFs. Carrying out 27Al MAS NMR can help us get
important information on the framework. Quite often, NMOFs may contain para-
magnetic metal centers making NMR spectroscopy a little difficult. Despite having
magnetic moments, the unpaired electrons have very strong interactions with the
nuclei, and hence, NMR spectra cannot be measured. However, 13C and 1H NMR
spectra can be measured from the linkers without any difficulty.

Solid-state NMR is extremely useful for studying molecules adsorbed within the
NMOF pores. The most common adsorbed species studied is water since it can give
important insight into the NMOFs stability.

Benzaqui et al. [28] used 27Al MAS NMR and 2D double-quantum–single-
quantum (DQ–SQ)MASNMR to study the effect on Al environment upon hydration
and dehydration of MIL-96. The changes in the Al3 site of the metal–organic frame-
work were denoted by the splitting of the Al3 signal (Al3 and Al3’) in the spectrum
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(Fig. 26). The 27Al chemical shifts and the quadrupole coupling constants were in
agreement with the density functional theory (DFT) calculations that provided a

Fig. 26 27Al DQ–SQ
spectrum of MIL-96 when a
Hydrated; b Dehydrated.
Reprinted with permission
[28]. Copyright (2017)
American Chemical Society
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structural model of the interactions between water molecules and MIL-96. There-
fore, SSNMR can be used to detect highly subtle structural changes in the NMOF
and can provide valuable information when used in combination with DFT [29].

3.2 UV–Visible Differential Reflectance Spectroscopy

Differential reflectance spectroscopy (DRS) is a surface analytical technique used
for solid-state materials. It uses the ultraviolet (UV) range of the electromagnetic
spectrum to probe the sample. UV–visible spectroscopy is most frequently used to
study the optical properties of NMOFs. Since NMOFs contain organic linkers with
unsaturated bonds, they have a π-electron cloud with high conjugation and hence
is UV active. NMOFs can absorb light in the UV region and provide a spectrum.
This spectrum aids in the calculation of the maximum wavelength at which the
absorbance is most. The maximum wavelength is useful for further carrying out
photoluminescence (PL) and to obtain the PL emission spectrum. This technique
uses the UV–visible part of the electromagnetic spectrum, 200–800 nm, to record
the absorption spectrum of the NMOF sample.

UV–visible spectroscopy follows Beer Lambert’s law. This law states that the
absorbance of a sample is directly proportional to the concentration of the sample
and the path length that the light must travel.

Aα(b)(c)

where A = Absorbance; b = length of light path and c = concentration.
The proportionality constant is known as molar absorptivity (ε).

A = εbc

Li et al. [30] studied the activation process of Ni-doped MOF-5 by observing the
color change. MOF-5 is white and gradually turns green upon nickel doping. The
green color deepens when the Ni content increases in the sample. The sample turned
purple upon introducing vacuum, i.e., degassing. DRUV-vis spectra were performed
to confirm the color change thus observed. (Fig. 27) The Ni-doped MOF spectrum
showed 2 peaks at 420 and 720 nm which resembled the literature Ni(II) values in
an octahedrally coordinated system. The degassed MOF-5 exhibited 3 bands in the
UV spectrum and was purple in color. Upon introducing air back in the environment,
the original color and spectrum were observed, proving the possibility of reversible
change in the Ni(II) coordination environment.
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Fig. 27 a Color changes observed in the specimen upon Ni-doping and introducing different envi-
ronments, b DRUV-vis spectra of MOF-5, Ni13-MOF-5, and Ni22-MOF-5. c DRUV-vis spectra
of Ni13-MOF-5. d DRUV-vis spectra of Ni22-MOF-5. Reprinted with permission [30]. Copyright
(2012) American Chemical Society

3.3 Infrared and Raman Spectroscopy

Infrared andRaman spectroscopy involves the interaction of radiationwithmolecular
vibrations that yield information about themolecular structure. These two techniques
are part of vibrational spectroscopy that provide complementary information about
the nature and strength of chemical bonds present in the molecule. They differ in the
way they transfer photon energy to the molecule by changing its vibrational state
[31]. IR spectroscopy measures absolute frequencies at which a molecule absorbs
radiation, and it responds to the change in the dipole moment while Raman spec-
troscopy responds to the polarizability changes in the molecule and measures the
relative frequencies at which a sample scatters radiation.
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While the microscopic characterization methods are useful for gaining insight
into the local geometry and the structural topography, the mechanistic information
pertaining to the working of an NMOF while engaging in catalysis, drug discovery,
etc., is difficult to obtain. However, the vibrational spectroscopic methods, IR, and
Raman are widely used to analyze the workings of an NMOF while interacting with
other molecules as they are especially sensitive to detect the interactions between the
surface of the metal–organic framework and guest molecules [32]. FT-IR (Fourier
transform infrared) spectroscopy employs infrared radiation to produce vibrations in
the sample. While some radiation gets absorbed, some are transmitted resulting in a
unique absorption spectrum of the molecule. The vibration is said to be IR active if
there is a change in the dipole moment of the molecule. However, in Raman spec-
troscopy, there is a shift in the wavelength of light due to the inelastic scattering
phenomenon. A vibration is termed as Raman active if it causes a change in polar-
ization in the molecule. On the basis of the principle of mutual exclusion, molecules
having a center of symmetry are usually either Raman or IR active. They cannot be
both. However, in molecules with other symmetry elements, they can either be IR
active, Raman active, both, or none. Lastly, complex molecules having no symmetry
elements are both IR and Raman active [33].

Infrared and Raman spectroscopic studies are crucial to understanding the adsorp-
tion of gases such as H2, CO2 into the metal–organic framework [32]. The hydrogen
molecule is IR inactive due to the lack of permanent dipole in it. However, upon inter-
action with the NMOF, the molecule gets polarized and becomes weakly IR active.
During the process, a redshift is observed in the H–H stretching modes. Nijem et al.
[34] suggested that the hydrogen stretching frequency shifts’ magnitudes and its
nature of interaction with the metal–organic framework largely depend on the chem-
ical nature of the NMOF itself. The organic linkers, metal center, and the structure of
the NMOF dominate the magnitude of IR shifts. Similarly, CO2 is also IR-inactive,
being a linear molecule and having a center of symmetry, and when it interacts with
theMOF framework, the adsorption band changes and becomes IR active. Depending
upon the nature of metal ions present in the framework, various red shifts and blue
shifts are observed.

A lot of studies have been carried out in exploring MOFs as adsorption materials
for H2 and CO2; however, some of the MOF’s are found to lose their stability in
the presence of a small amount of water. Tan et al. [35] investigated the behavior
of metal–organic framework upon exposure to water vapor with the help of infrared
and Raman spectroscopic studies and concluded that the nature of central metal
ion in MOF plays important role in stability and decomposition pathways in humid
environments. Different vibrational spectra of the frameworks M(bdc)(ted)0.5 [M =
Cu, Zn, Ni, Co; bdc = 1,4-benzenedicarboxylate; ted = triethylenediamine] were
recorded in controlled humidity to observe the structural changes in the MOF upon
gas uptake.

The hydrated spectra of different MOF’s were found to have distinct bands as
depicted in Fig. 28. The stretching frequency of the ligand, bdc inMOF framework in
all the samples yield information about the different responses of MOF to hydration,
that is, it redshifts to 1010 cm−1 when M = Ni, Co and blue shifts to 1027 cm−1
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Fig. 28 IR adsorption spectra of hydratedM(bdc)(ted)0.5, referenced to activatedMOF in a vacuum
after the introduction of 9.5 Torr D2O vapor and evacuation of gas phase D2O vapor. Reprinted
with permission [35]. Copyright (2012) American Chemical Society

when M = Cu. However, Zn(bdc)(ted)0.5, observed to undergo a larger red shift to
1001 cm−1. These observations were applied for CO2 adsorption and dehydration
processes in MIL-53 framework as reported in the literature.

Nijem et al. [34] investigated the interaction of CO2 with the MOF framework
and observed C–C inter-ring of the bpdc ligand in Zn2(bpdc)2(bpee) gets weakened.
The Raman spectra in Fig. 29 supported this observation by depicting red shift in

Fig. 29 Raman spectra of activated Zn2(bpdc)2(bpee) (a) in a vacuum and b after the introduction
of 1 atm of CO2 at room temperature. Reprinted with permission [34]. Copyright (2011) American
Chemical Society
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C–C inter-ring stretching in the ligand by approximately 3 cm−1 and blue shift in
coordinated C-O symmetric stretching by approximately 10 cm−1.

3.4 Fluorescence Spectroscopy

When the molecules absorb energy in the infrared, visible, or ultraviolet region,
outermost electrons get excitedwhichwhen returning to their ground state, emit light,
which is called photoluminescence, and this is the basis of fluorometric analysis. At
room temperature, most of the molecules occupy the lowest vibrational level of the
ground electronic state. The excitation may occur up to any of the vibrational sub-
levels within each electronic state. Once the molecule reaches one of the higher
vibrational levels of an excited state it dissipates excess of vibrational energy and
falls to the lowest vibrational level of the excited state [36]. The further dropping
down to any of the vibrational levels of the ground state emits energy in the form of
fluorescence (Fig. 30).

As far as Metal–organic frameworks are concerned they are generally reported
to be luminescent, owing to the presence of various aromatic or conjugated groups
in the organic linkers [37]. Hao and Yan [38] developed a luminescent lanthanide-
organic framework to capture toxic and carcinogenic cadmium ions that are being
widely used in industrial and agricultural fields. They encapsulated Eu3+ cations into
the pores of luminescent Ln-MOF and recorded its emission spectrum that confirmed
the successful encapsulation of Eu3+ inside the framework. In this way,

Fig. 30 Phenomenon of
Fluorescence as explained by
Jablonski diagram
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Fig. 31 FCS autocorrelation curves of a the free dye (green) and Zr-fum NMOFs in water (black),
b GDM curve peaking at 135 nm representing average NMOF size. Figures are being reused under
permission of a Creative Commons License

3.5 Fluorescence Correlation Spectroscopy

Fluorescence correlation spectroscopy is a statistical tool that gives the concentration
and size of the particles by measuring the fluorescence intensity of the fluctuating
particles. Due to the Brownian motion of the particles, there is continuous diffusion
of particles or molecules in and out of the tiny observed volume that results in the
fluctuations of fluorescent particles and hence variable fluorescence intensity [39].
In this technique, the sample is being focused on by laser and fluctuating fluores-
cence intensity is recorded using a photodiode which is then used to calculate the
time autocorrelation function. Further, the use of Stokes–Einstein relation gives the
hydrodynamic diameter of the particles. Hirschle et al. used Fluorescence Correla-
tion spectroscopy (FCS) to determine the hydrodynamic diameter of Zr-fum MOF
NP’s. The three samples of Zr-fum-MOFNP’s were labeled with dye Alex Flour 488
and examined with FCS (Fig. 31).

The autocorrelation function of Zr-fum MOF NP is shifted toward higher corre-
lation times with respect to the free dye that shows the slower diffusion and hence
larger hydrodynamic diameter of MOF NP’s as compared to free dye. Using the
Gaussian Distribution Model (GDM), the hydrodynamic diameter was calculated as
135 nm.

3.6 Dynamic Light Scattering

Dynamic light scattering (DLS) is another tool that is used to measure the hydrody-
namic diameter of particles like FCS. Here, the intensity fluctuations are measured,
which are caused by interference of laser light that is scattered by diffusing particles.
The fluctuations are observed due to the particles undergoing Brownian motion and
so there is constant change in the distance between the scattered particles with time.
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Fig. 32 DLS (blue) and zeta-potential (red) measurements of aMIL-101(Cr) and bMIL-100(Fe).
The figure is being reused under an open access Creative Common CC BY license [40]

It is then correlated to the diffusion coefficient of particles that gives the size of the
particle after plotting a second-order autocorrelation function.

Preiß et al. [40] studied the uptake and release of fluorescein into the pores of
MOF framework and carried out DLS studies on two representatives of MOF NP’s,
MIL-101 (Cr) andMIL-100 (Fe), and obtained data on their diffusive behaviors. The
data was being analyzed to calculate the hydrodynamic diameter of these two MOF
NP’s. Further, to study the pH dependency of effective particle size in a well-defined
system the DLS was performed with concurrent zeta potential experiments (Fig. 32).

The calculated size of MIL-100(Fe) and MIL-101 (Cr) to be about 200 nm and
50 nm respectively. It was also observed that the size of MIL-100 (Fe) varies with
the concentration of fluorescein that indicated another observation that NPs tend to
aggregate and depend on pH and about 50 nm for MIL-101(Cr). Thus, the finding
that particle size is pH-dependent was taken into consideration in their theoretical
model.

Hirschle et al. [14] calculated the hydrodynamic diameter of Zr-fum MOF NP’s
in water and ethanol (Fig. 33) and found it comparable to that obtained by FCS
measurements. The hydrodynamic diameter of Zr-fum NPs in water and ethanol was
calculated by DLS to be 42 nm and 130 nm respectively.
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Fig. 33 DLS correlation data (a) and size distribution (b) of Zr-fumMOFNPs in ethanol (red) and
water (black). Figure [14] is being reused under permission of a Creative Commons License

3.7 Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES)

This technique uses emission spectra to analyze the elemental composition of a
sample.

However, for solid MOF’s its use is restricted because it is necessary to ensure the
complete dissolution of a sample which is always not so easy even after treatingMOF
with nitric acid, sulphuric acid, or even hydrofluoric digestion. That’s why the other
technologies that analyze the elemental composition are widely used in comparison
to ICP-OES.

3.8 Photoluminescence Spectroscopy

Photoluminescence spectroscopy has found its wide applicability in the characteri-
zation of complex molecules in biochemistry as well as in characterizing optoelec-
tronic properties of semiconductors. The material absorbs radiation when excited by
a light from a xenon lamp and dissipates the excess of energy through the process,
called Photoluminescence. This gives the energy difference between the orbitals
(HOMO–LUMO gap in molecules) or bands (bandgap in semiconductors) [41].
Photoluminescence spectroscopy is an informative tool regarding defects present
in semiconductors. Sofi et al. [42] studied the photoluminescence response of two
heterostructures, HKUST-1 and Ag/Ag3PO4/HKUST-1 in order to photocatalytic
activity of the MOF’s. The PL spectra of HKUST-1 and Ag/Ag3PO4/HKUST-1 are
depicted in Fig. 34 that shows that the less intense band in the latter indicating
the decrease in the electron–hole recombination due to the significant separation of
charge carriers.
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Fig. 34 PL spectra of
(a) Pristine HKUST-1 and
(b) Ag/Ag3PO4/HKUST-1
catalyst. Reprinted with
permission [42] Copyright
(2020) Elsevier

3.9 Powder X-Ray Diffraction (PXRD)

The powder X-Ray Diffraction method is used in the study of NMOF to analyze
its crystallinity and structural parameters. PXRD aids in the determination of the
NMOF’s crystalline structure, the crystallinity percentage, and further identification
of lattice parameters, unit cell size, and crystallite size.

PXRD employs an incident X-ray beam that interacts with the powdered sample
to obtain a diffraction pattern. X-rays are produced in a cathode tube by heating
electrons, which are then accelerated toward the target (Cu is the most commonly
used targetmaterial) by applying a voltage. This results in the target being bombarded
with electrons and the production of X-Rays. These X-rays are collimated, passed
through a monochromator, and then directed toward the powdered sample. (Fig. 35)
[12].

If the specimen under observation is crystalline, sharp, well-defined, significant,
and narrow peaks are observed in the diffraction pattern. Amorphous compounds on
the other hand give noise signals and bumpy peaks. Upon identifying the peaks in
the diffraction pattern, the crystallite site is calculated using Scherrer’s equation.

Venna et al. used a Bruker D8-Discover diffractometer with Cu Kα radiation to
record PXRD patterns of ZIF-8 to observe its formation kinetics. The diffraction
pattern shows the gradual increase in crystallinity of the sample. The crystallinity
slowly increases in the initial stages and then shows a rapid increase after 30–40 min.
After 50 min, the crystallinity doesn’t increase and remains practically constant
(>90%). 100% crystallinity is reached after 24 h as shown in Fig. 36 (Venna, Jasinski,
and Carreon 2010).
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Fig. 35 Schematic diagram
of PXRD technique.
Reprinted with permission
[12] Copyright (2017)
Elsevier

Fig. 36 PXRD patterns of
formation of ZIF-8 as a
function of time. a 20 min; b
30 min; c 40 min; d 50 min;
e 1 h; f 12 h; g 24 h.
Reprinted with permission
from Venna et al. (2010).
Copyright (2010) Journal of
American Chemical Society

In addition to PXRD, various other techniques also employ X-Rays for the char-
acterization of NMOFs. X-Ray absorption fine structure (XAFS) is used for the
analysis of the number of atoms in a particular local environment and their type.
X-Ray absorption near-edge structure (XANES) provides data on the bond angles,
valence state, and energy bandwidth of the molecule [41].
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Abbreviations

AFM Atomic Force Microscopy
BE Back Scattered Electrons
C-AFM Contact mode
DLS Dynamic Light Scattering
EDS Energy Dispersive X-ray
EELS Electron Energy Loss Spectrometry
FCS Fluorescence Correlation Spectroscopy
FTIR Fourier Transform Infrared
FESEM Field Emission scanning Electron Microscopy
HRTEM High Resolution Transmission Electron Microscopy
IC-AFM Tapping/Intermittent Contact Mode
ICP-OES Inductively Coupled Plasma Optical Emission Spectroscopy
MOF Metal Organic Frameworks
NC-AFM Non-Contact Mode
NMOF Nanoscale Metal Organic Frameworks
NMR Nuclear Magnetic Resonance
NP Nanoparticles
PE Primary Electrons
PL Photoluminescence
PXRD Powder X-ray Diffraction
SAED Selected Area Electron Diffraction
SE Secondary Electrons
SEM Scanning Electron Microscopy
SPM Scanning Probe Microscopy
STM Scanning Tunneling Microscopy
SSNMR Solid State Nuclear Magnetic Resonance
TEM Transmission Electron Microscopy
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Abstract Metal–organic frameworks (MOFs) are a novel form of porous material
with a wide range of present and prospective applications in a variety of fields,
including catalysis, gas storage, ion exchange, sensing, molecular recognition, sepa-
ration, drug delivery, and so on. Different characterization techniques play a vital
role in the structural characterization to understand the interactions of MOFs with
other materials. The field emission scanning electronmicroscopywith energy disper-
siveX-rays (FESEM-EDX), Thermogravimetry analysis (TGA), Dynamic light scat-
tering (DLS), X-ray diffraction analysis (XRD), and Fourier transform infrared
spectroscopy (FTIR) characterization techniques are used to analyze the surface
morphology, thermal stability, particle size distribution, crystal structure and crys-
tallinity, and chemical composition, respectively, of the MOFs. This chapter gives
brief information about different characterization tools used to characterize different
MOFs.
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1 Introduction

Nanostructures have gotten a lot of press as a rapidly evolving class of materials
with a wide variety of applications. Various techniques have been used to determine
the crystallinity, crystal structure, size and shape, elemental composition, thermal
stability, surface area, and pore volume, and various other physical dynamics of
nanoparticles (NPs) [1]. In many cases, some physical parameters may be approx-
imated using more than one method. Some physical properties may be estimated
using more than one approach in many circumstances. The most critical factors,
size, and shape are examined first in the characterization of NPs. We may also assess
the surface chemistry and quantify the size distribution, surface area, degree of aggre-
gation, and particle charge [2]. The physicochemical properties of nanomaterials are
important to assess the quality control of manufacturing processes and the effect
of nanomaterials on the environment and human beings [3]. The summary of char-
acterization techniques that are used for nanoparticles characterizations is listed in
Table 1. Table 2 shows that parameters must be analyzed for nanoparticles and which
characterization technique is best for them.

Table 1 List of characterization techniques and their key findings

Technique Key findings

XRD Crystal structure, crystal grain structure, composition

FE-SEM Morphology, shape, size, the structure of NPs

EDX Elemental composition, dispersion of NPs within cell/support

TGA Thermal stability

DLS Particle size, detection of agglomeration

BET Surface area, pore volume

FTIR Ligand bindings, surface composition, functional groups

TEM NP size, structure, shape, growth kinetics, aggregation state

AFM 3D shape and size, lateral dimensions, dispersion of NPs in cell/support

UV–vis Size, concentration, and also hint on the shape of the particles

ICP-MS Elemental information, NP concentration, shape and size distribution
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Table 2 List of parameters
required to be analyzed and
the corresponding
characterization method

Parameter A suitable technique for
characterization

Size SEM, AFM, TEM, XRD,
DLS, UV–Vis

Shape TEM, HRTEM, AFM,

Elemental and chemical
composition

SEM–EDX, ICP-MS, XRD,
XPS, NMR

Crystal structure XRD, STEM, HRTEM

Size distribution DLS, DCS, ICP-MS

Ligand bindings, surface
composition

FTIR, NMR, XPS

Surface charge BET, NMR

Concentration ICP-MS, UV–Vis, DCS

3D visualization AFM, SEM, TEM

Dispersion and detection of
NPs

SEM, AFM, TEM, EBSD

2 Characterization Techniques

Various characterization techniques such as FTIR, FE-SEM, XRD, TGA, and DLS
characterization techniques are used to analyze the chemical composition, surface
morphology, crystal structure and crystallinity, thermal stability, and particle size
distribution of the MOFs, respectively.

2.1 FE-SEM and EDX

The SEM is an instrument that scans the specimen’s surface with a high-energy
electron beam. Traditional light microscopes bend light waves via a series of glass
lenses to magnify an image. On the other hand, the SEM magnifies images by using
electrons rather than lightwaves [4]. Basic components used in SEMare electron gun,
condenser lenses, electron column, anode, scanning coils, specimen holder, electron
detectors, and vacuum system. The schematic diagram of the SEM instrument is
shown in Fig. 1. Signals in the form of distinctive X-rays, secondary electrons (SE),
and backscattered electrons (BSE) are created when electrons contact the top surface
of a sample and interrelate with the atoms of the sample, including information about
the surface topography, composition, and so on. In its principal detection mode, the
SEM can create high-resolution pictures of a specimen, showing features as small
as 1–5 nm by SE imaging. Another most frequent imaging approach for SEM is
distinctive X-rays. Using an energy dispersive X-ray method (EDX), these distinct
X-rays are utilized to determine the sample’s elemental composition. BSE can also be
utilized to create an image of samples. In analytical SEM, BSE images and spectra
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Fig. 1 Schematic representation of SEM [4]

derived from distinctive X-rays are frequently utilized to determine the elemental
analysis of the material.

2.2 TGA

TGA measures the amount of weight loss and rate of change with temperature and
time in the gaseous atmosphere in the materials. Generally, TGA is used to determine
the composition of thematerial and its thermal stability at 1000 °C temperature.Using
TGA, one can know whether the material undergoes loss or gain of weight and is
due to decomposition, oxidation, or dehydration. In the analysis, with the help of
microbalance, the sample is placed in a platinum crucible. This whole system is kept
in a controlled temperature system like a small oven. In analysis, the temperature is
increased gradually with inert gas flow, and the weight loss versus temperature graph
is plotted. Figure 2 represents the schematic diagram of the TGA instrument.
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Fig. 2 Schematic diagram
of TGA [5]

TGA gives essential information on material selection, product prediction, and
improved quality for the product. It is generally used to measure the composition of
a multi-component system, estimated lifetime of the product, catalyst information
regarding moisture content, mass change during calcination/reaction condition envi-
ronment, and effect of reactive corrosive atmosphere on the material. TGA does not
give any information about which process is responsible for mass change.

2.3 XRD

XRD is a useful tool for identifying a material’s crystal structure. It can identify
crystalline materials with crystal domains larger than 3–5 nm. The X-ray tube,
goniometer, incident-beamoptics, receiving-slits, sampler, and detector are themajor
components of the XRD instrument. It is used to determine the bulk crystal structure
and phase identification. Figure 3 represents a schematic diagram of the XRD. The
specimens are examined in the diffractometer using a single wavelength X-ray beam.
Constantly changing the incidence angle of the X-ray beam captures a spectrum of
intensity vs diffraction angle between incident and diffraction beam. Bragg’s law,
which is given by Eq. 1, is the connection by which diffraction occurs [6].

nλ = 2d sin θ (1)

where d is the lattice spacing, θ is an angle between the wave vector of the incident
plane wave, ko, and the lattice planes, λ its wavelength, and n is an integer.
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Fig. 3 Schematic diagram of X-ray diffractometer. Adapted from https://pubs.usgs.gov/of/2001/
of01-041/htmldocs/xrpd.htm

2.4 DLS

DLS, also known as photon correlation spectroscopy (PCS), is an intra-operative,
well-known system for determining the size of particles in the range of submicron
and nanosize. Figure 4 represents a schematic diagram of DLS. Brownian motion
occurs when particles, emulsions, and molecules are suspended. The bombardment
of solvent molecules causes them to move, which they do because of their thermal
energy. Assume that a laser is used to light the particles or molecules. The smaller
particles are propelled further and move faster by the solvent molecules, the intensity
of the scattered light varies at a rate that is proportional to particle size. The Brownian
motion velocity and the particle size (radius rk) from these intensity fluctuations are
calculated using the Stokes–Einstein relationship [7].

rk = kT

6πηD
(2)

where k is the Boltzmann’s constant, η is the solvent viscosity, T is the temperature
in K, and D is the diffusion coefficient.

https://pubs.usgs.gov/of/2001/of01-041/htmldocs/xrpd.htm
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Fig. 4 Schematic diagram of DLS instrument [7]. Reproduced with permission from Elsevier Inc.

2.5 FTIR

The vibrational stretch frequency of metal–oxygen bonds is revealed by FTIR [8].
To create light across a wide range of infrared wavelengths, a continuous light source
is utilized. A half-silvered mirror splits the light from this continuous source into
two directions. Light is focused onto the material of interest in FTIR Spectroscopy,
and the intensity is measured using an infrared detector. The resultant graph shows
the Fourier transform of the intensity of light as a function of wavenumber when the
intensity of light is measured and plotted as a function of the location of themoveable
mirror. AMichelson Interferometer is utilized as a radiation source. Figure 5 depicts
the fundamental structure of the device. Thephenomenonof numerous internal reflec-
tions is utilized to increase the sensitivity of semiconductors. The edges of the sample
are polished with this procedure, and the light is delivered at an angle. A total of
30–50 bounces occur when the light bounces around and inside the sample. This
improves sensitivity by roughly a factor of 30–50, allowing researchers to detect the
absorption of molecules in less than one monolayer on a surface.
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Fig. 5 Schematic diagram of FTIR instrument. Adapted from https://lab-training.com/2014/09/sys
tem-features-ft-ir

3 Characterizations of Some Prepared MOFs

3.1 ZIF-8

The characterizations of the in-house prepared ZIF-8 NPs are carried out using
SEM, XRD, DLS, FTIR, and TGA (Figs. 6, 7 and 8). Figure 6a and b shows the

Fig. 6 SEM image of ZIF-8 particles, a 1 μm, and b 500 nm

https://lab-training.com/2014/09/system-features-ft-ir
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Fig. 7 a XRD spectra and b DLS curve of ZIF-8 particles

Fig. 8 a FTIR and b TGA analysis of ZIF-8 particles

surface morphology of the ZIF-8 NPs. Regular homogenous nano-sized and octahe-
dral crystalmorphology ofmost of ZIF-8NPs are observed in the SEM images [9]. 2θ
values of 7.38° (011), 10.42° (022), 12.76° (112), 14.74° (022), 18.08° (222), 22.16°
(114), 24.54° (233), 26.72° (134), 29.7° (004), 30.64° (334), and 31.54° (244) were
obtained using XRD for the ZIF-8 (Fig. 7a). These 2θ values validated the formation
of ZIF-8 NPs, as described by various researchers [10, 11]. The synthesized ZIF-8
NPs size falls in the range of 40–80 nm (Fig. 7b). Various researchers have reported
the same size for ZIF-8 particles [12]. Figure 8a shows the FTIR analysis of prepared
ZIF-8 NPs. Significant bands of 1595 (C=N stretching of Hmim), 1458 (entire ring
stretching ofHmim), 1421, 1307, 1145, 994 (in plane bending ofHmim), 752 and 592
(out of plane bending of Hmim), and 421 (Zn–N stretching) cm−1 were confirmed
for ZIF-8 NPs from the FTIR spectrum. The various group of researchers could
confirm these [13–15]. The weight loss percentage of ZIF-8 particles was obtained
by TGA in the range of RT to 800 °C with airflow (Fig. 8b). The 72% weight loss
of the ZIF-8 NPs is obtained from the evaporation of methanol, bounded moisture,
unreacted 2-Hmim, and organic linker molecules from the cavities and surfaces of
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the ZIF-8 particles. The final white solid residue was ZnO remain stable during the
heating at high temperatures [16, 17].

3.2 ZIF-67

The characterizations of the in-house prepared ZIF-8 NPs are carried out using SEM,
XRD, DLS, FTIR, and TGA (Figs. 9, 10 and 11). Figure 9a and b show the surface
morphology of the ZIF-67 NPs. Generally, the regular spherical crystal morphology
of most of ZIF-67 NPs is observed in the SEM images [18]. 2θ values of 7.40°
(011), 10.20° (002), 12.80° (112), 14.80° (022), 18.10° (222), 22.18° (114), 24.56°
(233), 25.68° (224), 26.72° (134), 29.70° (044), 30.62° (334), 31.52° (244), and
32.42° (235) were obtained using XRD for the ZIF-67 (Fig. 10a). These values
validated the formation of ZIF-67, as reported by various researchers [19–21]. The
synthesized ZIF-67 NPs size falls in the range of 40–100 nm (Fig. 10b). Various
researchers have reported the same size for ZIF-67 [20]. Figure 11a represents the
FTIR analysis of prepared ZIF-67 NPs. Significant bands of 3367 (NH- residual of

Fig. 9 SEM image of ZIF-67 particles, a 1 μm, and b 500 nm

Fig. 10 a XRD spectra and b DLS curve of ZIF-67 particles
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Fig. 11 a FTIR and b TGA analysis of ZIF-67 particles

Hmim), 2927 and 3133 (aliphatic and aromatic C-H stretching vibration of Hmim),
1584 (C = N stretching of Hmim), 1458 (entire ring stretching of Hmim), peaks
ranging from 600 to 1500 cm−1 (bending and stretching of the imidazole), and 425
(Co–N stretching) cm−1 were confirmed for ZIF-67 NPs from the FTIR spectrum.
These could be confirmed by the various group of researchers [20, 21]. The weight
loss percentage of ZIF-67 particles was obtained by TGA in the range of RT to 800 °C
with airflow (Fig. 11b). When the MOF precursor is heated after 385 °C, the ZIF-67
will disintegrate and carbonize.

3.3 CuBTC and GO@CuBTC

The characterizations such as SEM, XRD, DLS, FTIR, and TGA of the CuBTC
and GO@CuBTC nanoparticles are carried out by many researchers and shown in
Figs. 12, 13 and 14. SEM images of CuBTC and GO@CuBTC were displayed
in Fig. 12a and b. CuBTC has an octahedral structure with a smooth surface,
which is consistent with the literature [22–24]. In comparison to the clean CuBTC

Fig. 12 SEM image of a CuBTC and b GO@CuBTC [31]. Reproduced with permission from
Elsevier Inc.
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Fig. 13 XRD spectra of a CuBTC and b GO@CuBTC [31]. Reproduced with permission from
Elsevier Inc.

Fig. 14 aFTIRandbTGAanalysis ofCuBTCandGO@CuBTC[31].Reproducedwith permission
from Elsevier Inc.

crystal size, the composite CuBTC crystal size was reduced. 2θ values of 6.5°,
9.4°, 11.7°, and 13.8° were obtained using XRD for the CuBTC NPs. A similar
XRD pattern with lower intensities was observed for GO-coated CuBTC (Fig. 13a).
The characteristic peak of GO was observed at a 2θ value of 11.4° (Fig. 13b).
These values validated the formation of CuBTC and GO@CuBTC, as reported by
various researchers [25, 26]. Figure 14a shows the FTIR analysis of synthesized
CuBTC and GO@CuBTC nanoparticles. Significant bands of 3290 (O–H stretching
of carboxylic acid), 1646 and 1590 (asymmetric stretching of carboxylate), 1360 and
1445 (symmetric stretching of carboxylate), 1110 (C–O–Cu stretching of CuBTC),
and peaks at 760 and 730 cm−1 (Cu substitution in benzene group) were detected
for CuBTC and GO@CuBTC particles from the ATR-FTIR spectrum [27, 28].
Figure 14b shows the thermal stability of CuBTC andGO@CuBTCNPs in a nitrogen
atmosphere. A similar trend was observed for both nanoparticles. Here weight loss
was observed in three stages. In the first stage, bounded moisture was evaporated.
Hydrolyzed ethanol was separated from the BTC linker in the second stage. And at
last, considerable weight loss was due to the decomposition of linkers and transfor-
mation of CuBTC to Cu2O and CuO [29, 30]. The major weight loss for CuBTC and
GO@CuBTC was observed at 330 °C and 350 °C, respectively.
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4 Conclusions

Nanotechnology, as a well-known field, has a wide range of applications, including
the pharma sector, cosmetic industries, energy sector, petroleum industries, defense
and security, electronics sector, andmanymore. Nanotechnology involves the funda-
mentals of synthesis, large-scale production, andmodification of nanoparticles. Char-
acterization of nanoparticles is equally necessary to understand the properties and
their application. This chapter gives brief information about some major basic char-
acterization techniques such as FE-SEM, XRD, TGA, DLS, and FTIR. We have
discussed in detail the characterization of ZIF-8, ZIF-67, CuBTC, and GO@CuBTC
by using FE-SEM, XRD, TGA, DLS, and FTIR. Here we have discussed the size,
shape, crystal nature, present functional groups, and thermal stability of the different
MOFs. Nanotechnology has a massive prospective for future generations in various
fields of applications.
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Abstract In the past decade, scientists have struggled to look for potential catalysts
as the available ones were highly expensive with poor durability. Hence it is
desirable to develop durable catalysts with low cost and more abundantly available
resources. To this, Metal–Organic Frameworks (MOFs) stand out as a promising
platform. MOFs as an emerging class of stable hybrid materials with multimodal
structures, unique surface properties, high porosity, diverse composition, and
crystallinity have become potential candidates for reaction catalysis in industrial
applications. They are known to accelerate the reactions of high interest that even
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surpass the shortcomings associated with homogeneous catalysts. Compared with
homogeneous catalysts, MOF catalyst stands out in terms of recyclability and
reusability for multiple cycles.. In view of the essential need of structural and
chemical uniformity at the meso, nano, and atomic-scale level MOFs have attracted
attention as model catalysts or catalyst-supports for a wide array of chemical
transformations. The present chapter focuses on the limitations associated with
available catalysts, fundamental properties of MOF, their role as a robust host for
nanoparticles, reactions catalyzed, and application prospects. Besides, special
attention has been given to the reactions that are of high industrial interest
demonstrating the significant role of MOFs in lewis acid and heterogeneous
catalysis.

Keywords Reaction catalysis � MOFs � Porous material � Robust host material �
Surface properties

1 Introduction

Metal–Organic Frameworks (MOFs) are keenly structured with the coordination
bonds between inorganic metal nodes and organic ligands (Fig. 1). Pronounced by
high porosity, tunable functionality, and concentrated metal sites, they are con-
vincing enough to act as the adsorbent and catalytic materials for the generation to
come. Specifically, the existence of unsaturated metal centers and electron-deficient
groups make them competent of acting as Lewis acid sites, which has further made
MOFs highly potential candidates in catalysis applications [43].

These materials rely on Werner’s coordination chemistry, wherein metal ions (or
clusters) are coordinately connected by bridging ligands, to form infinite porous

Fig. 1 Basic structural unit of
MOF
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frameworks. Prior to the mid-1990s, researchers mainly focused on two types of
porous materials, either purely inorganic materials or carbon materials. MOF is an
unprecedented class of porous material that combines the feature of both two types.
Similar to zeolites, MOFs are generally prepared via hydrothermal or solvothermal
methods, which permits for steady nucleation of crystal seed from hot solutions.
However, MOFs use organic linkers to bridge metal clusters and form two or
three-dimensional lattices, which offers enhanced structural diversity than classical
porous materials. Zeolites have found broad application for catalysis in the
chemical industry owing to their uniform porosity, but the types of reactions are
limited to acid-catalyzed reactions [26].

With their outstanding, unique set of properties, MOFs form an intriguing class of
porous materials, distinguishing them from other materials such as mesoporous
silica, porous carbon, and microporous fully inorganic zeolites. Precisely tunable
pore size, high surface area which provides a more available surface for interaction
with guest species, chemical tailorability, and synthetic flexibility are some of the
noteworthy properties of MOFs that set them apart. Most importantly, the structure
and functionality of MOFs can be tuned during their synthesis, following the
isoreticular principle [61]. MOFs can be functionalized by the addition of substituent
functional groups on the backbone of the bridging ligands during synthesis.
However, this strategy is limited as many of the desired functionalities cannot
withstand the reaction conditions of MOF synthesis [4]. Additionally, even a small
change in the reaction parameters, chemical nature of the linker, sterics, electronic
configuration of the metal ion and the ligand, results in drastic changes in the MOF
thus formed and we may not get the target MOF [61]. To overcome these challenges
and limitations of pre-synthetic functionalization, an alternative strategy, known as
post-synthetic modification, can be employed. It is an approach that leads to diverse
functionalities without affecting the structural stability, porosity, and crystallinity of
the as-synthesized framework [4, 36]. Owing to their unique set of properties and
highly ordered crystalline structure, it is of paramount significance to mention that
the position, as well as the degree of functionalization of MOFs, are controllable.

In this chapter, we will present how imparting functionality can further accel-
erate the reaction and elaborate the array of reactions catalyzed by MOFs.
Furthermore, from the application perspective, we have highlighted their use as
lewis acid catalyst, wherein we cite examples from recent research works to illu-
minate the concept.

2 Potential of Metal–Organic Frameworks (MOFs) Over
Other Conventional Catalysts

MOFs are a new class of organic–inorganic hybrid crystalline porous materials
composed of metal ions/clusters as nodes and organic ligands as linkers, first
synthesized in 1999 [24]. These materials possess a number of significant
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advantages over conventional catalysts (e.g., zeolites, silicates, organometallic
complexes, transition metals, activated carbon, another homogeneous catalyst, etc.).
The fascinating characteristics of MOFs that make them ideal for their application
in various reactions are shown in Fig. 2.

This is worth noting that the presences of a large surface area and porous
structure functionalize the guest species to be introduced into the pores and permit
the substrates to approach the internal active sites. This facilitates mass transport
and enables the encapsulation of precursors at the atomic level into the pores of
MOFs to design functional materials with enhanced morphology [26].

The MOFs acts as active centers in catalysis that makes them capable of a range
of organic transformation that could not be successfully catalyzed by the traditional
catalyst. Besides other conventional catalysts, MOFs bridge the metal clusters with
the utilization of organic linkers and this provide a broad range of MOFs config-
urations including nanocubes, nanoframes, nanowires with a precise combination of
atomic metal ligands, it reflects the flexibility in the design and increases the
structural assortment of MOFs than traditional materials. Also, theoretical studies
indicate that thousands of MOFs are possible, to date more than 88,000 have been
reported and the possibility to create new structures is even greater [35].

The thermal and chemical stability of catalysts plays an essential role in catalysis.
Thermal stability is the ability ofMOF compounds to resist any change in their physical
structure and chemical properties upon heating to relatively high temperatures. In
particular, the key attributes for determining the thermal stability of MOFs are:

• the arrangement of functional units
• ligand/nodes stability
• a coordinated solvent molecule's presence.

Generally, MOFs can only be heated up to 150–300 °C but according to a study
by Ma et al. after interpenetration, MOFs are stable up to 400 °C maintaining their
framework integrity, and after double interpenetration Yb MOF show thermal
stability up to 500 °C with enhanced gas-adsorption feature [39]. In a recent study,
the most extensively analyzed MOFs in catalysis are MOF-74, ZIF-8, CPO-27,
UiO-66, CuBDC (HKUST-1), MIL-53, and MIL-101 which can withstand pro-
longed heating [56].

Versatile 
functionality  

Flexibility in 
design  

Tunable pores Thermal and
chemical 
stability

Fig. 2 The fascinating properties of MOFs
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The chemical stability of MOFs, refers to their ability to resist the consequences
of exposure to numerous chemicals in their environment, for example, moisture,
solvents, acids, bases, and binary compound solutions. Additionally, the chemical
stability of MOFs have been studied broadly in following three medium:

• Acidic medium
• Basic medium
• Hydrolytic medium.

The chemical stability of MOFs is significantly influenced by their intrinsic
structure, which includes metal ion charge density, ions/clusters connectivity,
basicity, and orientation, as well as hydrophobicity of ligand. Despite the fact that
many MOFs are susceptible to structural degradation even in the ambient atmo-
sphere due to the lability of coordination bonds between metal ions and ligands, in
recent years an increasing number of MOFs with excellent chemical stability have
been discovered by primarily using two methods. The first is to create stable
unknown MOFs by de novo synthesis, while the second is to increase the stability
of existing MOFs [15].

As a result, MOFs are ideal for their application in gas separation, chemical
sensing, and numbers of catalysis reactions. Thus, all these factors contribute to the
advancement in broader applications of MOFs over zeolites and other conventional
catalysts.

3 Fundamental Properties of MOFs Contributing
Towards Catalysis

Metal–Organic Frameworks (MOFs) are suitably heterogeneous catalysts that
belong to a class of porous crystalline materials featuring a series of unique
properties demonstrated in Fig. 3.

Currently, there are several types of catalytic processes which include bio-
catalysis, chemical catalysis, photocatalysis, electrocatalysis, and much more
heterogeneous catalysis, where it is generally observed that different structural
uniqueness of MOFs is beneficial for its utilization in these processes.

One of the most prominent characteristics of MOFs is their high porosity which
is the pore space at micro-and mesoscale in frameworks, even sufficiently large
pores allow access to harness the pore chemistry. In MOFs the pore spaces range
from a few Angstroms to tens of nanometers, also a variety of pore sizes can be
observed within the same material. MOFs can achieve size and shape selectivity
due to their adjustable and well-defined pores as the voids facilitate the mass
transfer from the exterior to the interior of materials which significantly also
increases the surface area [35].

Furukawa et al. synthesized four MOFs, named MOF-180, MOF-200,
MOF-205, MOF-210 respectively using Zn4O(CO2)6 units with one or two types of
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organic linkers. Their study highlighted the defining porosity property of MOFs,
which is an important considering factor in gas storage application as MOF-200
possess the lowest known crystal density (0.22 g/cm3) with 90% of the total volume
is empty and this makes them porous material [21]. Porosity information of various
MOFs is given in Table 1.

Metal–Organic Frameworks (MOFs) exhibits ultra-high surface area due to their
highly organized pore structure and these offer more space for molecular adsorption
as well as in chemical reactions. Also, various catalytic active sites/centers of MOFs
such as open metal sites, bifunctional acid–base sites, and introduction of multiple
pores inside the MOFs by post-synthetic modification (PSM), increases the surface
area which is conducive for the improved properties of materials [14]. According to
a study by Li and co-workers, Th-MOFs were prepared by is reticular synthesis
method without changing the comprehensive topology of MOFs. The synthesized
product Th-SINAP-13 exhibited the largest surface area of 3396.5 m2/g with a void
space of 74% among thorium materials [35].

The uniform and crystalline structure of MOFs makes the reactant accessible to
active sites via open channels, which increases the selectivity of the ligands and
modifies the components, this provides the possibility to synthesis a limitless
number of MOFs materials. As a result, fundamental materials can be tuned

High pore dimension of MOFs generated by the elongation of linkers in 
fixed topology facilitates the diffusion of reactants, catalysts and educts to 
and from the active sites. 

It offer MOFs to develop frameworks with ordered structures at meso- and 
macro- scale lengths for enhancing the catalytic activity and selectivity. 

Diverse composition enables precise tunning and their crystallinity 
determines all ideal textual parameters geometrically from the crystal 
structure for MOFs for their utilization as precursors to produce 
functionalized materials with unique morphologies.

It offers wide pore volume for interaction between the framework and the 
molecules for enhanced chemical catalysis.

Ultra-high 
surface area 

Versatile 
functionality  

High porosity 

Diverse 
composition 

and 
crystallinity 

Fig. 3 Unique properties of MOFs
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according to their specific application to provide unique structural features and
desired chemical compositions. They offer better opportunities to explore structure–
activity correlations and undergo computational investigations. Recently, the
multi-metal catalyst has been developed to provide a substantial degree of freedom
in composition design, further promoting the synergistic effect between components
to improve its chemical performance [42].

Versatile functionalities of MOFs include the following:

• Catalysis
• Gas and liquid adsorption
• Gas storage and treatment
• Conductivity
• Food
• Sensoring and detection
• Textile reform.

The term catalysis describes a process wherein the reaction rate and results are
altered by the presence of catalysts which usually don’t get consumed during the
reaction and are often removed after reaction to avoid the existence of impurity in
the end product. Whereas the process of adsorption refers to the binding of the
molecules on the surface, basically it is used to separate mixtures (liquid or gas) into
their constituent components. Also, MOFs improve the effectiveness of membranes
and filters by increasing the accessible surface area that binds molecules [35].

It is widely used in the storage of compressed gases, separation, removal of
impurities and odors. It also, open new horizons for addressing conductivity
challenges by developing electrodes and electrolyte composites. In the food
industry, MOFs can be utilized in a variety of applications such as quality assur-
ance, management of the shelf life, agrochemical distribution, etc. MOFs present
the possibility for sensing and detecting small molecules, medical diagnostics,

Table 1 Porosity information of several MOFs

MOF Linker Void
volume
(%)

References

MOF-200 4,4′,4″-(benzene-1,3,5 triyltribenzene-4,1-diyl)
Tribenzene

90 Furukawa
et al. [21]

MOF-205 2,6-napthalendicarboxylate and 4,4′,4″-
benzene-1,3,5 triyltribenzene

85 Furukawa
et al. [21]

MOF-210 Biphenyl-4,4′-dicarboxylate and 4,4′,4″
(benzene-1,3,5 triyl-tris ethylyne-2, 1-diyl)
tribenzoate

89 Furukawa
et al. [21]

UMCM-2 Thieno[3, 2-b]thiophene-5-dicarboxylate and
4,4′,4″-benzene-1,3,5 Triyltribenzene

83 Koh et al.
[33]

Cr-MIL-101 1,4-benzene dicarboxylate 83 Férey et al.
[18]
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explosives, etc. because of the presence of conciliated porous structure. The fabrics
reformed by MOFs decrease the odor and protect the wearer from hazardous
chemicals [35].

4 MOFs as Robust Host for Various Nanoparticles
in Heterogeneous Catalysis

The various unique properties possessed by MOFs as discussed earlier enable them
to show the potential in heterogeneous catalysis. However, in order to further
enhance their catalytic activity, MOFs can be made to undergo controlled inte-
gration with functional materials like metal nanoparticles (MNPs), polyoxometal-
lates (POMs), quantum dots (QDs), enzymes, etc. Metal Nanoparticles are rapidly
gaining researchers’ interest as one of the most promising guest species. Because of
the high surface energies of MNPs, they are thermodynamically unstable and tend
to aggregate during the catalytic reaction, which generally leads to loss of catalytic
activity [1, 63].

In this regard, the use of various surface capping agents has been recognized as a
solution but such kind of surface contamination has a negative impact on the
catalytic activity of MNPs. To this end, the immobilization of NPs inside porous
materials like zeolites, porous silica, has been demonstrated as an effective
approach. Amongst the porous materials, MOFs have been found to be the most
promising candidates, because of the various reasons which are reported below [1,
7, 63]:

• They possess unique properties like diverse chemical composition, ultra-high
surface area, and permanent porosity.

• They are versatile with tunable pore structures for meeting the desired
requirements of MNPs.

• They are highly adaptable to catalytic design.
• Aggregation and leaching issues are eventually minimized due to confinement

and electronic effects offered by MOFs.
• The inner pore surfaces of MOFs can be easily modified.

Broadly, there are three strategies for the preparation of MNP@MOF compos-
ites, as listed in Fig. 4 and discussed below in brief:

1. Ship-in-bottle method: In this approach, for the synthesis of MNPs, the pre-
formed MOF is placed into a metal precursor followed by further treatment in
order to reduce the metal precursor into its metallic state [24]. It includes pro-
cedures such as:

(i) Solution impregnation
(ii) Chemical vapor deposition
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(iii) Double solvent approach (DSA)
(iv) Thermal decomposition.

2. “Bottle around ship” method: In this approach, the preformed MNPs are
added during the synthesis of MOF. Due to this fact, better location and size
control of MNPs can be obtained, as compared to the ship-in-bottle process [24].
However, such procedures are not suitable for all types of MOFs, UiO-66 and
ZIF-8 have been mostly reported so far.

3. One-step synthesis: As the name suggests, this method involves one-step
procedure where both MNPs and MOF precursors are mixed together to form
the corresponding MNP@MOF composite.

Chen et al. developed an advanced Pd-MOF catalyst using a novel and efficient
strategy. They encapsulated palladium precursors within the pores of UiO-67 prior
to the MOF assembly [7]. This strategy allowed the Pd nanoparticles to evenly
distribute within the cavities of MOFs. Moreover, the obtained composite showed
significantly enhanced catalytic activity and stability compared to those prepared by
the traditional impregnation method.

The combination of MOFs and MNPs for enhanced catalytic activity has
attracted immense interest in recent years. This is because, in MNP@MOF com-
posites, the multiple advantages of both the components are integrated due to the
synergistic effect between MOFs and MNPs while the shortcomings of MNPs and
MOFs are mitigated [58, 63].

The combination of MOFs and MNPs for enhanced catalytic activity has
attracted immense interest in recent years. This is because, in MNP@MOF com-
posites, the multiple advantages of both the components are integrated due to the
synergistic effect between MOFs and MNPs while the shortcomings of MNPs and
MOFs are mitigated [58, 63].

PREPARATION 
OF MNP@MOF 
COMPOSITES

ship-in-
bottle 

method 

one-step 
synthesis 

bottle 
around 

ship 
method 

Fig. 4 Preparation of
MNP@MOF composites
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MOFs are one of the most excellent supports of noble metal NPs, especially for
the application in heterogeneous catalysis. It is worth noting that the catalytically
active metal ions are immobilized by the functional groups present on the organic
linkers of MOFs, therefore, there is no loss of expensive metals [38]. Zhang et al.,
for the first time, reported a versatile strategy for the incorporation of noble metal
NPs into MOFs containing carboxylic acid-based ligands. The resulting NP/MOF
composites showed excellent shape selectivity in various reactions like olefin
hydrogenation and aqueous reaction in the reduction of 4-nitrophenol. Also, it
exhibited a higher molecular diffusion rate in CO oxidation [67]. As discussed
earlier, MOFs consist of organic linkers and inorganic nodes. Due to the presence of
organic linkers, the interactions between metal NPs and the inorganic nodes are
weaker which results in unsatisfying catalytic activity. To overcome this issue,
Tsumori et al. developed a metal/quasi-MOF composite, Au/MIL-101(Cr), through
a controlled deligandation process in order to expose the inorganic Cr–O nodes to
the guest Au NPs. This composite showed significantly enhanced catalytic per-
formance in the low-temperature oxidation of CO [53].

Noble metal NPs have been extensively used in the field of heterogeneous
catalysis. However, the practical use of these precious metals is limited due to their
high costs and global reserve scarcities. Therefore, the development of non-noble
MNP@MOF composites is important which possess similar catalytic activity as
noble MNP@MOF composite [56]. To this, transition metals come up as a sus-
tainable alternative owing to their low cost and abundance. In a recent study, Habib
and co-workers have discussed the applications of non-noble MNP@MOF com-
posites in heterogeneous catalysis. These composites are found to be useful in CO
and CO2 conversion reactions [24].

The field of application of MOF-based composites in heterogeneous catalysis is
still in its developing stage. Some large-scale synthetic strategies need to be
developed in order to synthesis MNP@MOF composites at affordable costs for their
practical applications. It is expected that these composites will have a bright future
if persistent efforts are made towards such challenges [63].

5 Reactions Catalyzed by MOFs and Prospects
for Applications

In recent years, MOFs have gained tremendous attention as potential catalysts.
Catalysis is one of the most successful implementations of these materials. Earlier
studies were focused mainly on demonstrating the catalytic sites possessed by
MOFs which are required to catalyze a certain process. Now, with the advancement
in the research, the catalytic applications of MOFs range from conventional cat-
alytic implementations to photocatalysis, and electrocatalysis too [2]. Different
MOFs have been used to catalyze a wide variety of chemical transformations. Some
of the important reactions catalyzed by MOFs are discussed below.
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5.1 Polymerization Reactions

Catalysts enable the rapid, and efficient formation of desired polymers from the
corresponding monomers. Though various molecular catalysts have been found
effective for these reactions, their separation from the reaction products is quite
difficult. To overcome this issue, the use of heterogeneous catalysts has been
suggested. MOFs have attracted attention in this field owing to their fundamental
desirability of chemical and structural uniformity, high porosity, and well-defined
crystallography [23].

Polyalkenes are among the most ubiquitous polymers. They are used in elec-
tronic connections, building, and construction, toys, etc. Li and co-workers pre-
pared a new class of PCP catalysts for ethylene polymerization, using Zr4+ ions and
a tritopic phenoxy-imine linker. These PCP catalysts were found to exhibit mod-
erate to high activity. The study nicely demonstrated that a prospective catalyst can
be used as a building block for developing a porous network, which is functional
for ethylene polymerization [34].

Dienes also play an important part in everyday life, since they are widely utilized
in the automotive and roofing industries due to their resistance to ozone, ultraviolet
light, and heat. Russell et al. demonstrated that MOF compounds containing two
sets of different lanthanide elements (Nd3+, Tb3+/Eu3+) can be used for luminescent
polymer production. Neodymium was used because of its well-known catalytic
properties for dienes polymerization. With the aim to provide luminescent prop-
erties, a second transition element, terbium or europium, was added to the MOF
structure. Various MOFs satisfying the aforementioned criteria were prepared and
used for the catalysts for the polymerization of isoprene [49].

5.2 Oxidation Reactions

Recently, various research groups have attempted to use MOFs for oxidation
reactions. Torbina et al. investigated chromium-based MOFs, MIL-100, and
MIL-101, for the oxidation of propylene glycol, using tert-butyl hydroperoxide
(TBHP) as an oxidant. Hydroxyacetone was obtained as the main oxidation product
while acetaldehyde and acetic acid were the minor oxidation products. MIL-101
catalyst could preserve its structure during a minimum of three catalytic cycles.
Moreover, it could be recycled without much deterioration of activity and selec-
tivity [52].

Kholdeevaa et al. prepared Fe, and Cr containing MOFs, MOF-100, and
MOF-101, and compared their catalytic activities in allylic oxidation of alkenes with
molecular oxygen and oxidation of anthracene with tert-butyl hydroperoxide
(TBHP). In the oxidation of anthracene, 100% selectivity was observed for both
Cr-MOFs and Fe-MIL-101, with 92–100% anthracene conversion. In the case of
oxidation of alkenes, Cr-based MOFs gave unsaturated alcohols while Fe-containing
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MOFs produced unsaturated alcohols. The stability of MOFs was found to increase
in the following order: Fe-MIL-101 < Fe-MIL-100 < Cr-MIL-100, Cr-MIL-101
[32].

It is worth noting that the polyoxometallate (POM)-based MOFs are efficient
catalysts for the oxidation of various sulfides into sulfoxides, with high conversion
(90–100%) and selectivity (95–100%). Heterogeneous catalysts like PW-MOF are
more active catalysts as compared to H2O2, Also, these could be recovered easily
and reused five times, without much loss of catalytic activity [25].

5.3 Coupling and Cross-Coupling Reactions

Coupling reactions are widely opted by organic chemists for carrying out various
organic transformations and chemical synthesis. Nguyen and co-workers developed
a metal–organic framework Fe3O4(BPDC)3 and used it to catalyze the direct C–N
coupling of azoles with ethers by oxidative C–H activation, to produce azole
derivatives. In the study, it was demonstrated that the contribution of the leached
active iron species to the production of the preferred azole product was negligible.
The catalyst could be reused several times without a significant change in the
catalytic efficiency [41]. Some other MOFs which have been used to catalyze
coupling reactions are summarized in Table 2.

Cross-coupling reactions, which produce new carbon–carbon, and
carbon-heteroatom bonds, are performing well in the pharmaceutical industry.
Homogeneous catalysts are popular in this field because of their relative stability in
air and water. However, their industrial applications are limited because these are:

• prone to aggregation
• difficult to recycle.

Table 2 Various MOF catalysts used for coupling reactions

MOF catalyst used Coupling reaction References

Cu-BDC MOF Suzuki coupling Rostamnia et al.
[47]

UiO-68Se Aerobic cross-dehydrogenative coupling Zhang et al. [68]

Pd(II)-porphyrinic MOF Heck coupling Chen and Jiang [8]

Pd NPs supported on
UiO-66-NH2

Suzuki cross-coupling Kardanpour et al.
[31]

Pd@MIL-101 Biginelli and Hantzsch coupling Rostamnia and
Morsali [48]

NPC-Pd MOF Suzuki–Miyaura coupling Zhang et al. [66]

Transition metal-free
MOF

Oxidative coupling of amines Qiu et al. [44]

Cu(4-ba)2{(solvent)}n Chan–Lam coupling, Suzuki–Miyoura
coupling, Heck coupling

Wang et al. [55]

Cu2+-M′MOF ZJU-22 Cross-dehydrogenative coupling Yang et al. [64]
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MOFs have been gradually applied in such organic transformations, taking
advantage of being a heterogeneous catalytic material for easy catalyst recovery
[30]. Li et al. prepared a Pd(II)@UiO-67 composite, using a mixed ligand approach.
They used a direct incorporation strategy to immobilize the organic palladium
complex Pd (H2bpydc)Cl2 on a porous MOF, UiO-67. The obtained composite
showed high efficiency for the catalytic conversion of aryl chlorides. High yields
were obtained for the Heck and Suzuki–Miyaura coupling reactions of aryl chlo-
rides. Moreover, the catalytic efficiency of the catalyst remained almost unaffected
after at least five cycles [6].

5.4 CO2 Conversion Reactions

The rising quantity of CO2 in the atmosphere is mostly due to the combustion of
fossil fuels which leads to the emission of greenhouse gases and this is well known
to have a substantial influence on climate change causing global warming.
Consequently, the reduction of CO2 to commodity products is a recent critical study
in green chemistry. But, the conversion of CO2 into valuable chemicals is a major
challenge because of the thermodynamic stability of CO2. Considering the major
challenge in reduction due to the complexity of the multielectron step involved,
MOFs have attracted intense research interest as it could become a replacement for
currently used commercial techniques of CO2 sorption due to their selectivity,
structural features for efficient formation of desirable products [56].

MOFs offer multiple advantages such as active surface area, robust pore dis-
tribution, crystallinity, etc. These materials are considered to mitigate the harmful
impact of CO2 through fixation and conversion of CO2 using different chemical
reduction reaction approaches. Also, the careful selection of linkers as well as by
adjustment of pores shape/size and surface area considerably increases the
gas-adsorption efficiency [11].

Various catalytic processes such as photocatalytic or electrocatalytic reduction as
well as hydrogenation are used for the conversion of CO2 into value-added prod-
ucts. General products of catalytic conversion of CO2 are carbon monoxide (CO),
formic acid (HCOOH), methanol (CH3OH), ethanol (C2H5OH), methane (CH4),
and others. Therefore, CO2 reduction occurs through various processes and
reduction conditions to develop targeted products using appropriate MOFs [67].

Photoreduction

Interestingly, photocatalytic CO2 reduction is well known as artificial photosyn-
thesis which is used to convert CO2 to carbon-based fuels through the utilization of
solar energy. This is a straightforward and ecologically beneficial method of con-
verting solar energy into chemical energy. The aforementioned process was first
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discovered by Inoue et al. in 1979, combining a suspended semiconductor photo-
catalyst with Xe lamp irradiation [28].

It’s important to note that photocatalytic reduction of CO2 can not only reduce
the atmospheric CO2 concentration but also alleviate the energy constraints.
However, the traditional photocatalysts endure some inevitable defects as these
materials are inert in chemical reactivity and are difficult to recollect and recycle for
reuse. Hence MOFs are ideal for utilization in photoreduction reactions as they
inherit excellent adsorption capability toward CO2 transformation and unique
structural characteristics [10]. As MOFs are formed from metal or metal cluster
nodes linked to multi-dented organic components, the metal nodes can initiate
photocatalysis. Based on the studies of controlling the modifications on the metal
ions or organic linkers, it is easier to tune the light adsorption capacity of MOFs.

In this regard, for the very first time, Li et al. reported that a Ti-containing MOF
material (NH2-MIL-125(Ti)) was prepared on replacing the linker in MIL-125(Ti).
It was revealed that HCOO− was the only produced product under visible light
irradiation [19].

Electroreduction

The major by-product of fuel burning is CO2 which is a relatively low energy
molecule, so its reduction necessitates large reduction potentials. Electrocatalytic
CO2 reduction occurs in the cathode, which uses MOFs as an electrode, and
involves the absorption of CO2 on the cathode's surface, electron transfer from the
cathode to the absorbed CO2, and product desorption from the cathode's surface.
Simultaneously, the oxygen evolution process takes place in the anode compart-
ments, releasing H+ that migrates to the cathode to facilitate CO2 reduction. Copper
(Cu) materials are recommended for this process as they advance strong electro-
chemical activity towards multi-carbon products [37].

Han and co-workers reported the first paper on the reduction of CO2 electro-
chemically by utilizing MOFs as cathode and ionic liquid (ILs) as an electrolyte to
produce multielectron reduction products, i.e., methane. In another study by Wang
et al. zeolitic imidazolate framework (ZIF-8) nanomaterial was synthesized and
used as a framework for electrocatalytic CO2 reduction and yielded 65% CO [57].

It’s worth noting that in a comparative study by Yadav and co-workers, dif-
ferently shaped tin(Sn) catalysts were synthesized using the new solar
electro-deposition method. The selective formation of HCOOH with faradaic effi-
ciency of 94.5% at 1.6 V versus Ag/AgCl using the prepared Sn electrocatalyst
[60]. It is proposed that Sn-based catalysts are generally used in CO2 electrore-
duction to produce HCOOH is because of their intrinsic activity. To enhance this
activity, a strategy of node doping in MOFs for CO2 electroreduction was intro-
duced by Geng et al. Herein, an active tin (Sn) node was doped into zeolitic
imidazolate framework-8 (ZIF-8) using an ion-exchange method, resulting in the
highest faradaic efficiency of 74% with a current density of 27 mA cm−2 at −1.1 V
versus RHE for production of HCOOH [22].
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Hydrogenation

Hydrogenation is a reduction process in which molecular hydrogen is added to an
element, compound, or molecule, usually in the presence of a catalyst. The most
commonly used catalysts are metal nickel, platinum, and palladium [4]. Using a
renewable source of H2 to capture CO2 and convert it to methanol is a potential
technique to minimize net CO2 emissions while providing valuable fuels. In a study
by Ye et al. a catalyst consisting of microporous metal–organic framework
(UiO-67) further functionalized with catalytically active lewis pair, the functional
group was synthesized by density functional theory. This catalyst was capable of
producing methanol from CO2 and H2 [65].

6 Significance of MOFs as Lewis Acid Catalysts

As mentioned earlier in this chapter, MOFs are a class of hybrid crystalline
materials, where metal ions/clusters are erected as nodes and organic ligands as
linkers. Generally, these nodes are eliminated from crystal lattice by heating at
higher temperatures to form an’ Open metal site’ (OMS). This OMS mainly con-
stitutes transition metals that can serve as Lewis acid [27]. In the year 1994, for the
very first time, Fujita et al. reported a Cd-bipyridine MOF that acts as a lewis acid
catalyst [20]. Thereafter, researchers have widely studied various reactions where
MOFs act as lewis acid. Some of the examples of these reactions are condensation
reactions, cyanosilylation reactions, and Friedel–crafts reactions.

6.1 In Condensation Reactions

Dhakshinamoorthy et al. reported the Claisen–Schmidt Condensation catalyzed by
Metal–Organic Frameworks wherein in particular they take Metal–organic frame-
work [Fe(BTC) (BTC = 1,3,5-benzenetricarboxylic acid)] to prepare selectively
different chalcone derivatives bearing various functionalities [13].

In another similar report, N-Hydroxyphthalimide (NHPI) was assimilated on a
Fe III-based metal–organic framework [NHPI/Fe(BTC), BTC: 1,3,5-benzenetri-
carboxylate)]. This obtained structure is further utilized as a heterogeneous catalyst
for the aerobic oxidation of benzylamine and its derivatives to synthesize the
corresponding benzyl imines under typical conditions with molecular oxygen as the
only oxidant at 1008 °C. The catalytic activity of NHPI/Fe (BTC) compared with
other heterogeneous catalysts (supported gold nanoparticles) proves to be superior
in terms of percentage conversion and selectivity [12].

In a recent pH-sensitive study of different structural materials, 3D MOF mate-
rials stand out for aldol condensation reactions of various aromatic aldehydes with
acetone under heterogeneous conditions. pH-controlled synthesis of MOFs
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involving magnesium and pyrazole-3,5-dicarboxylic acid (H3L) was done, which
permits a progressive increase of dimensionality from zero-dimensional to
three-dimensional frameworks. The porous 3D compound has been found to
effectively catalyze aldol condensation reactions [50].

6.2 In Cyanosilylation Reaction

Cyanosilylation is a nucleophilic addition reaction in which nitrile and silyl groups
are added across double or triple bonds of carbonyl compounds to produce
cyanohydrins using Lewis acids as catalysts. It's noteworthy, during the reaction
procedure, the reagent trimethylsilylcyanide (TMSCN) is preferred because it is
easy to handle and poses low dissociation energy for Si@C bond. Also, it has
remarkable conversion efficiency without causing adverse effects [59].

• The mechanism of cyanosilylation reaction involves three steps

1. Aldehyde oxygen coordinates onto Lewis acid sites.
2. Nitrile groups attack carbonyl groups.
3. Silyl groups isomerize to form cyanohydrin.

The cyanosilylation reaction indicates certain important characteristics for effective
catalytic activity in MOFs. They are reported below:

• Pore size
• Active sites number
• Dimension of MOFs
• Size of particle
• Condition of solvent.

The large pore size of the MOF allows the easy accessibility of the substrates to the
exposed metal sites in the cages or channels, which is very important for the
reaction to proceed smoothly. In MIL-101(Cr), the presence of wider pores makes it
possible to perform product separation and incrementation relative to MIL-47,
MIL-53(Al), and UiO-66 [51].

The mass transfer capability and open metal sites play a prominent role in
cyanosilylation reaction. In a view to enhancing these properties, Hu et al. used the
strategy of mixed ligand to synthesize HP-CuBTC framework, developed by
integrating the BTC ligand with defective linkers. In comparison to pristine
Cu-BTC, the latter exhibits significantly improved lewis acid catalytic activity in
cyanosilylation reaction for the conversion of benzaldehyde to cyanohydrins [51].

Recently, for practical application of chiral MOFs as asymmetric cyanation
catalysts has been studied. To this, Zhu and co-workers reported VO-MOF complex
which demonstrated improved stereoselectivity and cyanation of aldehyde [69].

198 S. Kumar et al.



6.3 In Friedel–Crafts Reaction

The alkylation process has been widely employed by chemical and petrochemical
industries to produce different commodities and fine products. Conventionally, this
process was carried out with help of zeolites such as ZSM-5, Y-Zeolite at high
temperatures. But this high temperature usually deactivates the catalyst leading to
poor yields of product. To this instance, various MOFs such as MOF-5, IRMOF-3,
or MOF-69 °C were employed for tert-butylation of toluene and biphenylene at
170 °C. Cu-MOF-74 is also used to perform the alkylation of anisole at low
temperatures [45].

The catalytic behavior of Metal–Organic Frameworks of different structures (Fe
(BTC), MIL-100 (Fe), MIL-100(Cr), and Cu3(BTC)2) was investigated in annula-
tion reaction between 2-methyl-3- buten-2-ol and phenols differing in size (phenol,
2-naphthol). The highest conversions of phenols (45 and 75% after 1300 min of
TOS for phenol and 2-naphthol, respectively) and selectivity (45 and 65% at 16%
of phenol and 2-naphthol conversion, respectively) to target benzopyran were
achieved over MIL-100 (Fe) possessing intermediate Lewis acidity, perfect crys-
talline structure, and the highest SBET surface area [3]. Table 3 summarizes the
various MOF catalysts used for Friedel–crafts reactions.

Table 3 Various MOF catalysts used for Friedel–crafts reactions

S.
No.

Type of MOF
catalyst

Friedel–crafts reaction References

1 Cu-MOF
(MOF-891)

Synthesis of bis(indolyl)methanes Nguyen et al. [40]

2 HPW@Zr-BTC Acylation of anisole with benzoyl
chloride

Ullah et al. [54]

3 ZnMOF Alkylation of indoles with
nitroalkenes

Rao and Mandal [46]

4 Al-based MIL-53 Alkylation of benzene with ethanol Rahmani and
Rahmani [45]

5 MIL-53(Al) Acylation of indole with benzoyl
chloride

Yan et al. [62]

6 Cu-MOF-74 Acylation of anisole Calleja et al. [5]

7 Zr-MOF Benzoylation of arenes Doan et al. [16]

8 MIL-53(Al)
@SiO2@Fe3O4

Acylation of 2-methylindole with
benzoyl chloride

Jiang et al. [29]

9 Zn MOF Alkylation of toluene with benzyl
bromide

Farzaneh and
Mortazavi [17]

10 Sulfonated Zr-
MOF

Acylation of p-xylene with benzoyl
chloride

Chung et al. [9]

11 Cu4I4-MOF Alkylation of indoles with acetals Zhu et al. [70]
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7 Conclusion and Future Perspectives

Progressing interest and development in the domain of MOF studies is continued
which is justified enough by various applications of MOF material. With remark-
able porosity and distinguishable functional properties, they have been identified as
materials of high interest for the application of heterogeneous catalysis. Besides the
large array of successful applications, there are pertinent challenges that MOFs face
in their conventional aspects, and hence to further improving various strategies have
been suggested. Functionalization is commonly utilized for exploiting the catalytic
activity by many folds. In this chapter, we have thoroughly summarized various
reactions that are accelerated by the MOF units.

Besides the edge of heterogeneous catalysts, various large-scale industrial pro-
cesses still rely on homogeneous catalysis (e.g., Wacker oxidation, hydroformy-
lation, ethylene oligomerization), owing to the lack of compositional and electronic
control of heterogeneous catalysts. Collaborative efforts from industry experts and
researchers from different fields can help in overcoming the obstacles and ensure
advancement in the field of Metal–Organic Frameworks.

List of Abbreviations

MOF Metal-Organic Framework
HKUST Hong Kong University of Science and Technology
IRMOFs Isoreticular Metal-Organic Framework
BDC 1,4 Benzenedicarboxylic Acid
MIL Materials Institute Lavoisier
H4TPP 5,10,15,20-tetra (1H-pyrazol-4-yp porphyrin)
ZIF Zeolitic Imidazolate Framework
BTC 1,3,5benzenedicarboxylate
TCA Tricarboxy Triphenyl Amine
TBHP tert-butyl hydroperoxide
POM polyoxometallate
OMS Open metal site
NHPI N-Hydroxyphthalimide
TMSCN trimethylsilylcyanide
PCP Porous Coordination Polymers
CUS Coordination Unsaturated Sites
Bpy 4,4′-bipyridyl
PyC Pyrrole-2-carboxylate
Bpdc 4,4′-biphenyldicarboxylate
Bpydc 2,2′-bipyridine-5,5′-dicarboxylate
NPs Nanoparticles
MNPs Metal Nanoparticles
UiO Universitetet i Oslo (University of Oslo)
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CAL Coordinative Alignment
PCN Porous Coordination Network
PSM Postsynthetic Modifications

Important Links

1. https://www.google.com/amp/s/blog.novomof.com/blog/gasseparation-zeolites-
vs-mofs%3fhs_amp=true

2. https://www.nanowerk.com/mof-metal-organic-framework.php
3. https://novomof.com/metal-organic-frameworks/?hsCtaTracking=ec8597ef-

7650-4f00-9975-26a88ba24130%7C8d8099f6-9030-4abd-8c17-bc155c09fe0a
4. https://www.nature.com/articles/s42004-019-0184-6
5. https://www.sigmaaldrich.com/IN/en/applications/chemistry-and-synthesis/

synthetic-methods/photocatalysis
6. https://www.nanowerk.com/news2/green/newsid=55082.php
7. https://www.thoughtco.com/definition-of-hydrogenation-604530
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Abstract Alarming CO2 emission is a cause of global warming, and its capture is
nowadays a topical issue inmitigating global warming, sustainable development, and
environmental protection. Considerable work has been done on the manufacturing
of novel and promising adsorbents for CO2 capture. Microporous and nanoporous
adsorbents such as zeolites and metal–organic frameworks (MOFs) are reported in
the literature for capturing CO2. Very interestingly, MOFs usually offer exceptional
water stability, high surface area, thermal stability, porous nature, and ease of surface
modification.MOFs act as a potential candidate for storage, catalysis, separation, and
other widespread potential applications. MOFs offer high selectivity for CO2 capture
not only due to high surface area but also due to high heat of adsorption. However, the
number of MOFs developed to date is extremely high and acts as an ideal candidate
for high-performance CO2 capture. This chapter represents the summarized study of

A. Prakash · R. K. Sharma (B)
Department of Chemistry, University of Delhi, New Delhi, Delhi 110007, India
e-mail: sharmark@chemistry.du.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
S. Gulati (ed.), Metal-Organic Frameworks (MOFs) as Catalysts,
https://doi.org/10.1007/978-981-16-7959-9_8

207

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-7959-9_8&domain=pdf
mailto:sharmark@chemistry.du.ac.in
https://doi.org/10.1007/978-981-16-7959-9_8


208 A. Prakash and R. K. Sharma

MOFs for CO2 capture. Additionally, various strategies including functionalization
of MOFs, N-doping, and metal-doping inMOFs are discussed for enhancing capture
performance.

Keywords Metal–organic frameworks · CO2 capture · Adsorption · MOF
membranes · Photocatalytic reduction

1 Introduction

An increasing amount of greenhouse gas, i.e., carbon dioxide (CO2), primarily arises
from industries and the burning of fossil fuels including petroleum, coal, and natural
gas which affects the global climate system. Around 85% of the world’s energy
demand is fulfilled by fossil fuels and the burning of fossil fuels generates CO2

on large scale in the atmosphere. It is the worrisome issue, and one of the major
environmental concerns leads to extreme weather, ocean acidification, and species
extinction [107, 122]. The alarming increase in the concentration of CO2 in the
atmosphere causes global warming [30, 33, 56]. Basically, these greenhouse gases
are blaming for capturing the solar radiation in the atmosphere, and this process is
called the greenhouse effect which gives rise to global warming. However, rapid
increase in the population and rise in the number of industries are the main cause of
CO2 emission in the atmosphere.

Intergovernmental Panel on Climate Change (IPCC) predicted that by 2100, the
atmospheric CO2 concentration will reach up to 950 ppm (Climate Change 2007, no
date) [147]. As a result, the capture and fixation of CO2 is a pressing task and became
a necessity nowadays. For this, there is a need to pay immediate attention to develop
or fabricate some advanced material that can capture CO2 efficiently. In the past few
years, numerous efforts have beenmade for capturing and fixation of CO2 using ionic
liquids, porous materials including zeolites, organic polymers, and metal–organic
frameworks (MOFs) (Climate Change 2007, no date) [8, 30, 41, 54, 103].

The chemistry of MOFs plays a significant role in addressing environmental
concerns. MOFs are the porous and new class of crystalline materials fabricated
from the secondary building units (SBUs) and an organic linker [79]. The feature of
tuning the physical and chemical properties ofMOFsmakes them potential materials
for wide applications including heterogeneous catalysis, drug delivery, gas storage,
gas separation, and sensing [151]. Particularly, for CO2 capture and fixation, MOFs
have emerged as a potential candidate for adsorption and catalysis and offers unique
features like:

1. Chemical tunability and structural designability allow the MOFs to capture.
2. MOFs can form hybrid structures with other materials and can act as templates

to show exceptional chemical and physical properties.
3. MOFs have enough strengths for catalysis having combinatorial features of

heterogeneous and homogeneous catalysts including stability, reusability, high
catalytic separation, and facile separation.
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Fig. 1 Characteristics of functionalized MOFs for CO2 capture

4. The tailored and well-defined structure of MOFs enabled a great understanding
of property and structural relationships in MOF-based catalysts.

5. By understanding the chemistry of MOFs, one can modulate the MOF structure
to achieve desired properties required for the desired application.

6. The high surface area and ultrahigh porosity of MOFs make them hold huge
quantities of gases for an extendable period of time in a confined space.

These are some unique features of MOFs that make them a suitable candidate for
CO2 capture and fixation as shown in Fig. 1 [30].

The utilization of MOFs in capturing and fixation of carbon dioxide has gone
through three different stages. The first stage focused on the tuning of selectivity of
MOFs and CO2 adsorption capacity. In order to enhance the interactions between
MOFs and CO2, various strategies were developed and reported in the literature
[68, 74, 139, 142]. The second stage is more focused on the production and use
of MOFs-based material for the fixation of CO2 into organic products. Specifically,
CO2 cycloaddition with epoxides has become one of the trendings and well-explored
MOF-catalyzed CO2 conversion reactions [46, 77]. It is important to note that many
MOFs have limited reactive sites. MOFs composites produced from a combination
of MOF with other materials having high stabilities and multiple active sites are
considered as potential materials for CO2 capture and fixation [39, 60, 136]. The
most recent and third stage is focused on exploring and expanding the MOF-based
materials involved in CO2 transformation reactions in addition to optimization of its
catalytic performance. Owing to their unique functionalities, MOF-based materials
can serve as a potential catalyst for CO2 conversion reactions, particularly electro-
catalytic and photocatalytic CO2 reduction [39, 82, 125, 126, 131, 132, 137]. With
all these aspects and stages in mind, more advancement can be done in the near
future in the optimization of the synergistic effect of CO2 adsorption and conversion
in MOF-based materials.

This chapter basically summarizes the MOFs and MOF-based materials for effi-
cient capture of CO2 and its fixation to mitigate environmental concerns. MOF-
based catalysis including heterogeneous conversion of CO2 into organic products,
photocatalytic and electrocatalytic reduction, and hydrogenation is well-discussed.
An overview of strategies of CO2 capture with special emphasis on the interac-
tion between CO2 and MOFs is described. Additionally, the future perspectives and
existing challenges in the field of CO2 capture and fixation are highlighted.
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2 Metal–Organic Frameworks (MOFs) for Capturing CO2

Owing to the chemical tunability, high porosity, and high surface area, MOFs have
been intensively used as potential material for CO2 adsorption, capture, and fixation
applications [32, 70]. Various MOFs are studied for CO2 capture and fixation appli-
cations. Li et al. [68] described that three main factors are solely responsible for the
selective adsorption inMOFs includes size/shape exclusion, adsorbate-MOFs surface
interactions, and simultaneous corporation of both factors [68]. For example, based
on the molecular sieving effect, many MOFs are utilized for selective adsorption of
different gases [31, 81, 97]. The kinetic diameter of various gases is summarized in
Table 1. The kinetic diameter of gas is defined as the parameter applicable to atoms
and molecules of gas which tells the probability of collision of gas molecules with
other molecules. Only the gas molecules having suitable pore kinetic diameters can
go through the pores of the MOFs.

However, the framework’s interaction with CO2 molecules plays a crucial role in
CO2 adsorption and capture applications. Upon increasing the strength of interac-
tion between framework and CO2 molecules, especially at low pressure, the MOFs
CO2 uptake capacity increases. One can increase the strength of this interaction
by tailoring the physicochemical properties of the framework. The physicochem-
ical properties of the framework can be tuned based on its synthesis and design or
by post-synthetic modifications. Recently, post-synthetic modifications have been
considered as the method with a high degree of precision and extensively applied for
achieving the desired modifications. Our goal is to design the framework in such a
way that it can show a high affinity for CO2 molecules.

Amongporousmaterials,MOFshave surpassed the conventional/traditionalmate-
rials like zeolites, hybrid ultra-porous materials, and ionic liquids. MOFs excelled in
the storage and capturing of methane and carbon dioxide, uptake of hydrogen upon
physisorption [58, 99, 129]. Table 2 shows MOFs strength and working capacity
among other materials used for adsorption of different gases. It has been shown that
MOFs have high working capacity among other materials.

Wang et al. [127] reported that the pre-combustion CO2 capture approach can
be considered best among other approaches for gasification plants, whereas post-
combustion CO2 capture is well-suited for retrofitting power plants. Additionally,
oxy-fuel combustion is frequently recommended for newly-built power plants [127].

Table 1 Kinetic diameters of
different gases [110]

Gas molecule Kinetic diameter (in Å)

Hydrogen 2.89

Oxygen 3.46

Methane 3.8

Carbon dioxide 3.3

Nitrogen 3.64

Water vapor 2.65
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Table 2 Strengths and weaknesses of MOFs among other materials [89]

Ionic liquids Amine grafted
MOFs

Ultra-porous
materials
(Hums)

Zeolites Amine
grafted
inorganics

MOFs

Kinetics F M F M M M

Material
Cost

L H L L M M/H

Process
Cost

M M L L M M

Selectivity H H VH L H L

Stability H M M H H L

Recycling
cost

M/H M L H M H

Working
capacity

L M M M M H

F—fast; H—high; VH—very high; M—medium; L—low

Zou and Zhu [152] showed that ideal MOFs have unique features including func-
tion control, pore size, polar functional groups, open metal sites, and grafting of
alkylamines onto the framework. Owing to these unique functionalities, MOFs are
ideal potential materials with the high capturing ability of carbon dioxide gas due
to the high uptake and adsorption of CO2 molecules over other gases like nitrogen
and methane [152]. Kang et al. [57] mentioned that the most demanding and chal-
lenging process is the gas separation process for industries. In the field of gas separa-
tion, MOFs showed outstanding performance and capabilities [57]. In another study,
Millward et al. [88] showed that a gas cylinder containing MOF-177 (Zn4O(BTB)2;
BTB= 4,4′,4′′-benzene-1,3,5-triyl-tribenzoate) has more CO2 capturing and storage
ability (about nine times) when compared with the same gas cylinder without MOF
[88]. Table 3 summarizes the descriptionofMOFs andMOFs-basedmaterials utilized
for capturing CO2 gas.

From Table 3, we observed that upon increment in temperature, there is a decre-
ment in CO2 adsorption capacity. Chen et al. [22] stated that the temperature and
saturated adsorption capacity relationship can be best explained by the exponential
function. As temperature increases, the adsorption capacity decreases [21]. In short,
the adsorption temperature must be low in order to achieve high adsorption capacity.

Different ways for capturing CO2 using frameworks to mitigate CO2 from the
atmosphere include oxy-fuel combustion, pre-combustion, and post-combustion
capture. Methods for capturing CO2 (listed in Fig. 2) can be selected on the basis of
its merits, demerits, and feed input requirements like concentration of CO2, partial
pressure in the flue gas, and temperature.
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Table 3 Summary of MOFs and MOF-based materials for CO2 capture [33]

MOFs CO2 uptake
(g−1)

Temperature (°C) Pressure References

1D-MOF 4.0 mmol 78 1 bar Bataille et al. [7]

ZIF-20 70 mL 0 760 torr Hayashi et al.
[45]

MIL-53 M = Al, Cr 10 mmol 30.85 30 bar Sandrine [106]

PCN-5 210 mg 78.15 760 torr Shengqian [80]

Mg-MOF-74 8.0 mmol 23 1 bar Caskey et al. [18]

2D-MOF 2.9 mmol 0 1 bar Yan [135]

Ni3(BTC)2 3.0 mmol 40 1 bar Wade and Dincă
[121]

core–shell MOF 41 mmol 0 1 bar Li et al. [69]

PCN-124 9.1 mmol 0 1 bar Park et al. [95]

Zn doped Ni-ZIF-8 4.3 mmol 0 1 bar Yu and Balbuena
[140]

Zn(II)-based MOFs 9.2 mmol 25 1 bar Masoomi et al.
[86]

MOF with PEI 4.2 mmol 78 0.15 bar Lin et al. [72]

[Ni(bpe)2 (N(CN)2)]
(N(CN)2)

35 mL 78.15 1p/p Maji et al. [83]

HCM-Cu3(BTC)2–3 2.8 mmol 25 1 bar Qian et al. [100]

MOF-5/graphite oxide 1.1 mmol 25 4 bar Zhao et al. [148]

Cu(bdc) (4,40-bpy)0.5 70 mL 24.85 0.1–0.2 MPa Kitaura et al. [61]

MIL-53 with BNHx 4.5 mmol 0 0.1 bar Bataille et al. [7]

UMCM-1-NH2-MA 19.8 mmol 25 18 bar Xiang et al. [130]

2.1 Oxy-Fuel Combustion-Based CO2 Capture

The supreme and one of the prominent technologies for capturing CO2 is oxy-fuel
combustion which involves the combustion of fuel with pure O2 rather than air. The
temperature can be controlled by diluting the oxygen instead of diluting the nitrogen
of the flue gas. For capturing the CO2 from the coal-fired power plant, the main
focus is on the production of flue gas consisting of a high amount of CO2 and water
vapor. After that, CO2 can be separated from the produced flue gas by the process of
low-temperature desulfurization and by dehydration processes [17, 111].

The oxy-fuel combustion processmainly comprised of threemajor sections which
are as follows and also shown in Fig. 3:

1. The first section involves the production of oxygen, i.e., air separation unit
(ASU).

2. The second section involves the fuel combustion and production of heat.
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Fig. 2 Different ways of CO2 capture and reduction

Fig. 3 Schematic view of the sections involved in oxy-fuel combustion process for carbon capture
and storage system

3. The third section is mainly focused on cleaning flue gas known as flue gas
processing, and CO2 is purified for capturing and storage. The CO2 purification
unit is named as CO2 processing unit (CPU).

Hu et al. [53] reported that among several adsorbents including zeolites, MOFs,
and activated carbon, MOFs are the potential materials for direct CO2 capture and
storage from the air. All these adsorbents are applied to pre-combustion, oxy-fuel
combustion, post-combustion, and CO2 capture processes. Except for MOFs, other
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adsorbents such as zeolites, activated carbon showedweak interactions with CO2 and
hence are the materials of lower interest for CO2 capture [53]. The structure of the
framework canbemodified so that it can interactwithCO2 molecules strongly and can
be used in capturing CO2 directly from the air. A group of researchers65 mentioned
that the oxy-fuel combustion process is advantageous over others as this process
involves the flue gas consisting entirely of CO2. So, capturing CO2 in this process is
an easy task. This capturing process is extensively used in power plants because of its
ease of separation [112]. However, this process is not fully adopted by power plants as
mentioned by laboratory and theoretical studies. There is a need to understand some
design parameterswhich play a crucial role in the oxy-fuel combustion process. Thus,
MOFs have high selectivity for CO2 rather than H2 and N2. So, MOFs in the oxy-fuel
combustion process are only confined to carbon-capturing instead of nitrogen and
hydrogen [42].

2.2 CO2 Capture from the Air and Natural Gas

Humans are mainly responsible for increasing the concentration of CO2 in the air
due to respiration and the burning of fossil fuels. Increasing concentration of CO2

in the air leads to deep unresponsiveness, pathological state of inactivity, sleepiness,
and headaches. Gradually, CO2 build-up in sealed space including submarines and
spacecraft may create a negative impact on the occupants [65]. The high concentra-
tion of CO2 can be captured easily but to capture CO2 present in low concentration
is still challenging. To capture low concentration, there is a requirement to design a
material that shows high affinity and strong interactions with CO2 molecules without
energy input. Recently, a group of researchers [27] mentioned that NbOFFIVE-1-Ni
[NiNbOF5(pyrazine)2·2H2O] can capture CO2 molecules with low energy input. The
presence of square channels and polar pore walls are the unique functionalities in
thisMOF, for capturing CO2 at low levels. This material is having strong interactions
with CO2 molecules due to the presence of polar pores and perfect sites. NbOFFIVE-
1-Ni consists of 2D Ni(II) pyrazine layers intercalated with (NbOF5)2−anions.
NbOFFIVE-1-Ni has the capacity to adsorb 8.2 wt% CO2with 1% CO2in a dry
nitrogen atmosphere. Upon changing the medium of study, i.e., under 75% relative
humidity, the CO2 adsorption capacity of the material decreased to 5.6 wt% [11].
This material shows outstanding performance among other MOFs in addition to
the low energy input required for its regeneration. With these perspectives in mind,
we can also design new MOFs with higher CO2 uptake capacity than the already
existing MOFs. The higher CO2 uptake capacity can also be achieved by modifying
the MOFs by introducing some polar groups on their surface so that they can show
strong binding with the CO2 molecules present in the air.

Carbon dioxide needs to be separated from methane because, in the humid envi-
ronment, CO2 is corrosive in nature and results in lowering energy efficiency [19,
38]. CO2 and CH4 have different (more or less) kinetic pore diameters (from Table
1). So, by taking this advantage, one can separate the CO2 from CH4 by adjusting
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the pore size of the material [134]. Additionally, the material should be selective in
nature so that it can show more selectivity toward CO2 instead of CH4. For example,

UTSA-49 (Zn(mtz)2 where mtz is 5-methyl-1H-tetrazolate) contains the tetrazo-
late framework and shows selectivity of 33.7 for CO2 in an equimolar mixture of
CO2 and CH4 at 298K [134]. Themain reasons for showing higher selectivity toward
CO2 instead of CH4 are-

(1) Small pore openings which can capture only CO2 molecules and
(2) Presence of uncoordinated heteroaromatic nitrogen atoms.

Based on these reasons, many MOFs including polymorphic MOFs
[Cu(quinoline-5-carboxylate)2], mixed-metal ZIFs, etc. are proved to be more selec-
tive and efficacious toward CO2 capture. ZIFs can capture CO2 selectively from
a ternary mixture of gases including CH4, CO2, and H2O. In ternary mixture, the
concentration of CO2 is low, i.e., 1.6 wt%, and interestingly, the humid environment
had not shown any negative effect on CO2 capture [91]. Also, in another example, the
presence of a humid atmosphere had not affected the performance of polymorphic
MOFs. It is mentioned that polymorphic MOFs, composed of copper ions, showed
size-selective CO2 adsorption. This material showed pore size tuning capabilities for
efficient capture of CO2 over CH4 even in a humid environment for low concentra-
tion CO2 [23]. Much more research is focused nowadays on constructing modified
materials having more unsaturated uncoordinated sites for enhancing the selectivity
of CO2 over CH4.

Over the past decades, the humid environment is known to have an adverse effect
on the selectivity of MOFs. But now the issue has been addressed with time. Another
main challenging task is the removal of natural gas impurities like H2S. To date,
only limited research is focused on the stability of MOFs in the presence of H2S [9,
43, 44, 119]. But this challenge needs to be addressed and explored well before the
implementation of MOFs for capturing CO2 from the air and natural gas.

2.3 CO2 Separation by MOF-Based Membranes

In contrast to pressure and temperature-based adsorption, membrane-based tech-
nology for the gas separation process is of high importance and of particular interest
because of low infrastructure costs, easymodeof operation, and lowenergy consump-
tion [143]. Few years ago, only polymers were used because of their low production
cost, ease of processability, and mechanical flexibility [101]. But, the demerits of
using polymeric membrane are their limited chemical and thermal stabilities, and
short lifetime [104]. Additionally, plasticization of polymers was observed when
these membranes were subjected to CO2 separation under natural or flue gas condi-
tions [63, 102]. MOFs are viable and promising materials and have been extensively
used in gas separation technologies because of their stability, and they have the
capability to overcome the drawbacks of polymeric membranes [120]. Therefore,
MOFs-based membranes are trending nowadays for gas separation and research is
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focused mainly on increasing the adsorption and selectivity of CO2. MOFs-based
membranes can be categorized into two types, i.e., pure-MOF-based membranes and
mixed-MOF-based membranes.

Pure-MOF-Based Membrane

MOFs are promising candidates for membrane-based gas separation technologies.
MOFs are advantageous for gas separation technologies because of their structural
features and using different synthetic strategies, one can fabricate the continuous
membrane in a well-oriented manner which shows beneficial properties for the sepa-
ration process. They usually take the advantage of their small pore aperture feature
and have high CO2 affinity. The first MOF-based membrane that consists of MOF-
5 was fabricated in 2005 and proved best for its use in gas separation processes
[49, 73]. In another study, ZIF-8 [Zn(2-mIm)2]-based membrane was produced on
alumina substrate and showed high CO2 permeance in CO2/CH4 mixture rather
than CO2 single-component permeation [76]. ZIF-69 (Zn(cbIm)(nIm) where nIm
is 2-nitroimidazolate)-based membrane showed high selectivity and permeation of
CO2 in equimolar binary mixture of gases, i.e., CO2/CH4 and CO2/N2 compared to
single gas component system. In 2012, bio-MOF-1 [Zn8(ad)4(BPDC)6O·2Me2NH2]-
based continuousmembranewas produced on porous stainless-steel substrate [3, 13].
This MOF-based membrane showed the highest CO2 permeance and selectivity in
CO2/CH4 gas mixture. With this MOF-based membrane in mind, another bio-MOF-
13 [Co2(ad)2(butyrate)2] membrane was designed to have small pore apertures, high
CO2 uptake capacity, and high surface area [133]. In short, research is more focused
on MOF-based membrane for targeting the CO2 separation from a mixture of gases.

Mixed-MOF-Based Membrane

Considerable success has been achieved with the pure MOF-based membrane
including high selectivity of CO2 in themixture of gases. But, according to the indus-
trial standards, satisfactory achievements have not been achieved that is combining
high selectivity andhighpermeability ofCO2 in amixture of gases. Thegasmolecules
can easily pass through the membranes because of pinholes and cracks which create
defects in the membrane. Additionally, grain boundary defects are also responsible
for creating the defects in the pure MOF-based membrane. However, the cracks
in the membrane can be filled by incorporating MOF nanoparticles within a pure
MOF-based membrane. The resultant mixed-MOF-based membrane has better gas
separation properties and mechanical stability than the pure ones. In 2004, the
first mixed-MOF (Cu BPDC-TED/PAET where TED is triethylenediamine, PAET
= poly(3-acetoxyethylthiophene))-based membrane was produced and subject to
single gas permeation measurements [138]. The membrane consists of Mg-MOF-74
and polyimide that showed enhancement in CO2 removal efficiency [6]. In another
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example, ZIF-90/6FDA-DAM (6FDA-DAM-2,2-bis(3,4-carboxyphenyl) hexafluo-
ropropane dianhydride-diaminomesitylene)-based membrane was produced, and
binary gas permeation studies were performed at 2 bar, 298 K, and 1:1 CO2/CH4. It
also showed exceptional selectivity of CO2 and enhanced CO2 permeability [115].
Additionally, to meet industrial demands, the gas separation performance of mixed-
MOF-based membranes could be further improved by various efforts including post-
modifications, tailoring the morphology, and selecting proper MOF fillers and its
perfect loading on the membrane to fill the cracks [2, 144, 149].

2.4 Pre-combustion CO2 Capture

As its name suggests, this technology refers to the capture of carbon from biomass,
coal gasification, and natural gas, before completion of the combustion process [55,
78, 150]. Although the separation of individual gas such as CO2 and H2 from the
binary mixture can be attained by several efforts, pre-combustion CO2 capture tech-
nology is more advantageous than others because of low energy requirements and
lower cost. It is mentioned that MOFs are potential candidates than other porous
materials including zeolites for pre-combustion CO2 capture benefited from a porous
and flexible structure, enhancing CO2 uptake even at moderately high pressures
[145]. MOFs are promising adsorbents when added to pre-combustion CO2 capture,
showed high CO2 uptake which reduces the concentration of CO2 in the atmosphere
and can be of particular interest for industries. According to in-silico discovery,
top MOFs with outstanding performance were chosen and produced. These MOFs
were then activated and showed high CO2 working capacity and CO2/H2 selec-
tivity [26]. In another example, the authors synthesized ultra-microporous Ni-(4-
pyridylcarboxylate) MOFwith high working capacity (3.95 mmol/g), and selectivity
and utilized it for pre-combustion CO2 capture. In this work, MOFs showed almost
double CO2 self-diffusion property than zeolites [90].

In anotherwork, the authors reported that pre-combustionCO2 combustion is low-
cost technology. The turbine used in this study presented has high thermal efficiency
compared to the latest technology (Gough et al., no date). MOFs are widely explored
for CO2 capture and conversion applications. However, many factors are responsible
mainly for capturing and conversion applications. Efforts can bemade to enhance the
interactions between MOFs and CO2 molecules. In this way, the adsorption capacity
and selectivity of CO2 gas molecules can be tuned greatly [30]. Now, many MOFs
are present which shows strong interactions and can capture CO2 for CO2 separation.
For example, Ni-4PyC MOF can act as an ideal and potential candidate and shows
pre-combustion CO2 capture at 35 bar pressure with a negligible amount of adsorbed
hydrogen [30]. A different study reported that Mg2 (dobdc) and Cu-BTTri have high
concentrations of metal sites showed higher efficacy of pre-combustion CO2 capture
when compared with the traditional adsorbents [48]. Asgari et al. [4] mentioned
that activated carbons and zeolites have not shown considerable improvements in
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the separation of CO2 from a mixture of gases because of the restrictions or limited
tunability in pore size, shape, and surface functionalities [33].

MOFs showed overwhelming CO2 capture and adsorption capability in the pre-
combustion capture process. For example,NU-11 showed the highest CO2 adsorption
with the uptake of 856 cm3/g of NU-11 at 30 bar and 25 °C. Long et al. proved
that MOF-based membranes (either mixed-MOF-based or pure-MOF-based) have
an outstanding capacity for pre-combustion CO2 capture. The driving force for this
high performance is pre-combustion gas mixture pressure, which can separate CO2

and H2 [33, 112]. However, MOFs owing to their high surface area, open metal sites,
structural flexibility, and tunability can show enhancement in binding efficacy of
CO2 with MOFs with the strong interactions.

2.5 Post-combustion CO2 Capture

The post-combustion CO2 capture technology is an expensive technology used in the
CO2 capture field and is subjected to various conditions, including solvents, sorbents,
and membranes [33]. Certain limitations and demerits of this technology regulate its
usage [14, 34, 118]. In this process, carbon capture, i.e., CO2 separation from flue
gas, takes place after combustion [14]. Here, pre-treatment of flue gas is required in
order to remove all impurities and corrosive substances. The temperature of flue gas
obtained after combustion is very high and in the range of 120–180 °C. So, before
pre-treatment, there is a necessity for an energy-intensive cooling system. Also, the
volume of flue gas obtained is very high, and partial pressure of CO2 is low, and
hence, large size apparatus is required. This additional requirement further increases
the cost of this technology. Fossil fuels combustion leads to the 60% (approx.) CO2

emission worldwide. Post-combustion CO2 plays a crucial role in capturing CO2

from the flue gas obtained from coal-fired power plants [52]. For example, a study
reported that flue gas obtained after combustion consists of 15% CO2, 75% N2,
moisture, and impurities at 1 bar and 30 °C. To capture and separate this 15% CO2

from flue gas, and economic post-combustion CO2 strategy is of utmost importance
which can capture CO2 with low cost and with no effect of moisture [37, 52].

Researchers112 designed three different MOFs, i.e., ZIF-8, HKUST-I, and MIL-
53(Al), andmodified themwith wet impregnation of tetraethylenepentamine (TEPA)
molecules. These MOFs were subjected to CO2 capture under the post-combustion
process. It was found that amino-grafted ZIF-8 showed higher adsorption and CO2

uptake capacity (104 mg CO2/gads) under post-combustion conditions even in the
presence of moisture. This enhancement is due to the combination of physical
and chemical adsorptions in contrast to TEPA-grafted microporous materials. This
improvement is achieved because of the presence of amino groups which interact
strongly with CO2 molecules [84]. Pai et al. [94] demonstrated several diamine-
fabricatedMOFs and utilized them for post-combustion carbon capture from emitted
flue gas. TheseMOFs showed S-shaped isotherm upon adsorption of CO2 molecules.
Mmen-M2 (dobpdc) (M2 = Mg2, Mn2) MOFs were modified by the researchers to
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reduce parasitic energy and to enhance productivity. Note that S-shape CO2 isotherm
and low N2 affinity are solely responsible for lower energy dissipation [94].

MOFs are classified as emergent solid adsorbents for capturingCO2 molecules and
can show higher uptake and more selectivity of CO2 over N2 gas. It is mentioned that
MOFs are suitable material for remarkable adsorption of CO2 for post-combustion
CO2 capture. For applying MOFs for post-combustion CO2 capture from flue gas,
many efforts need to be done. Researchers reported that selectivity of CO2 over N2

also limits their performance for CO2 capture [47, 105]. Singh et al.116 reported
three different water-stable microporous MOFs, two covalent organic frameworks
(COFs), and single-wall carbon nanotubes for post-combustion CO2 capture under
flue gas conditions [87]. It is found that ZIF-8 out of several other MOFs and other
solid adsorbents showed better efficiency for post-combustion CO2 capture and the
order of these is as follows

ZIF − 8 > COF − 108 > UiO − 66 > COF − 300 > InOF − 1 > SWCNT

Jiang et al.117 characterized and utilized lithium cation-exchanged MOFs (Li+-
MOF) for post-combustion CO2 capture theoretically. Molecular simulations have
been applied to investigate the CO2/N2and CO2/H2 separation from the binary gas
mixture. Density functional theory (DFT) studies have been applied for the opti-
mization of atomic charges of cations and their locations within the framework.
Compared with non-ionic and nanoporous solid adsorbents including MOFs, the
selectivity of Li+-MOF is higher, i.e., 550 for CO2/H2 binary mixture and 60 for
CO2/N2 gas mixture. It is found that the charge and location of cation within the
framework had a great impact on the selectivity of CO2 over N2 and H2. By modu-
lating the charges of the frameworks, the order of selectivity decreased. Additionally,
the hydration of this MOF affects its adsorption properties. Hydration of this MOF
resulted in lower adsorption capacity because of a decrement in free volume [5].
Photoresponsive frameworks are also studied nowadays for post-combustion CO2

capture. Mg-IRMOF-74-III, a photoresponsive MOF, consists of azopyridine units
and is utilized for CO2 capture application. Simulations showed that the trans-to-cis
isomerization feature of photoresponsive MOFs affects the CO2 uptake to a great
extent [96]. These results are the outcomes of computational studies because before
starting any actual and new experimental work, it is better to take a blueprint of any
new material through computational studies. However, research is more focused on
the MOFs with fine-tunable structures, distinct functionalities, which show excep-
tional properties and can open up windows for the investigation of high-performance
materials and frameworks for post-combustion CO2 capture application [124]. It is
reported that post-combustion CO2 capture technology is the most commonly used
technology among others for power generation [33]. This technology captures 90%
CO2 from flue gas and is of low cost. Interestingly, a new class of MOFs is designed
which shows no adsorption of N2 gas. In this work, MIL-101 was modified by deco-
rating the framework with alkylamine molecules which binds to the unsaturated Cr
(III) centers and is used for post-combustion CO2 capture. This modified Cr-based
MIL-101 showedhigherCO2 adsorption andno adsorption forN2 gas. This is because
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of strong interactions between the amine groups present in the framework and CO2

molecules [51]. In another example, diethylenetriamine modified MIL-101 showed
high CO2/N2 selectivity, exceptional stability, mild regeneration energy, and extraor-
dinary CO2 adsorption capacity, makes it a promising material for post-combustion
CO2 capture. This material can benefit industries where a higher amount of CO2 is
generated.

2.6 Photocatalytic Conversion of CO2

The photocatalytic conversion of CO2 consists of multielectron steps, generates
methanol, formaldehyde, methane, carbon monoxide, higher-order hydrocarbons,
and formic acid. However, due to the formation of mentioned products, it is very
difficult to control the selectivity of CO2 in this process. Additionally, hydrogen
production or evolution along with CO2 reduction and low solubility of CO2 in the
aqueous phase is still a challenging task. So, to eliminate and address these issues
and for better understanding and elucidation of the mechanism of this process, the
design of suitable material that can address these issues is of utmost importance.

Photoreduction of CO2 to CO was investigated with modified UiO-67 (Zr6O4

(OH)4(BPYDC)) by substituting the BPDC linker with BPYDC (2,2’-bipyridine-
5,5’-dicarboxylate) (4.2 wt%) which consists of Re(CO)3Cl unit (acts as a catalyst)
conjugated to N-atoms [123]. This photoresponsive MOF has the CO2/H2 selec-
tivity of factor 10 and reduced the carbon dioxide to carbon monoxide in 6 h with
a turnover number of 5. This study was done in the presence of ultraviolet light but
others can think of extending this study in visible light. Although with 13% Re-
based catalyst loading on UiO-67, the framework showed good results, and activity
got enhanced seven times by decoration of Re-based MOF on silver nanocubes [25].
This enhancement of the activity of photoactive MOF is due to the surface plas-
mons. In a similar way, other Ti, Fe, Cd, Gd, Y, Al-based photoactive MOFs are
studied with some additional photoactive metal sites. (106–113) UiO-66 and UiO-
67 are zirconium-based MOFs utilized for the reduction of CO2 to formate. UiO-67
MOF modified with Ru- and Mn-based photosensitizer showed a similar turnover
number as that of Re-based catalyst loaded UiO-67MOF. But this Ru- andMn-based
photosensitizer modified UiO-67 was less selective for reduction of CO2 to HCOO−
[35]. The turnover number of the material can be reduced upon CO2 dilution with
Ar. It was observed that along with a decrement in turnover number, selectivity can
rise drastically. Hence, these types of materials are promising materials for high
selectivity of CO2 from binary or ternary mixture of gases. For extending the appli-
cation of these photoactive MOFs to the visible region, linkers present in UiO-66
and UiO-67 MOFs were substituted with amino groups bonded to the phenyl ring
of the linker. This MOF acts as a template for catalytically active metal and metal
oxide clusters [114]. The performance of these MOFs can be enhanced by the post-
synthetic introduction of titanium and the replacement of Zr along with amino group
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incorporation [66, 113]. The post-synthetic exchange of Zr by Ti helps in the modu-
lation of band structure, and it can be a promising material for CO2 reduction to
formatephotoactively.NNU-28 [Zr6O4(OH)4(L)6 where L = 4,4’-(anthracene-9,10-
diylbis(ethyne-2,1-diyl))dibenzoate] is the most active Zr-based MOF reported for
photoreduction of CO2 to formate without any additional photosensitizer [20]. This
MOF works in the visible region with a turnover number of 18 in 10 h. The enhance-
ment in reduction property is due to the combined effects of catalytic sites of linker
and cluster which together are responsible for the production of the photoactive
framework.

Apart from the formation of formate, which is the product formed by photore-
duction of CO2, other products can also be obtained including methane, methanol,
formaldehyde, and hydrogen. It is reported that Al-basedMOF consists of porphyrin
ring which was utilized for the photoreduction of CO2 tomethanol instead of formate
[75]. Here, the porphyrin ring contains the catalytic active sites for the photoreduc-
tion process. The complete reduction of CO2 to methane can be achieved by using
MOF composite with metal nanoparticles. For example, the complete reduction of
CO2 to methane photocatalytically was achieved by Ti-based MIL-125-NH2 MOF
decorated with gold nanoparticles [59]. On the other hand, core–shell MOFs can also
play important role in achieving the complete reduction of CO2. It was observed that
by coating the HKUST-1 MOF with the TiO2 nanoparticles, activity was enhanced.
Here HKUST-1 acts as core and TiO2 as a shell. This material composite shows high
selectivity for CO2 because of HKUST-1, and decreased the formation of hydrogen
resulted from charge separation between MOF and nanoparticles. The studies with
this core–shell material were performed in the gas phase rather than the aqueous
phase by taking the high CO2 uptake feature of MOF into consideration [67].

In conclusion, from a future point of view, MOFs show potential for photocatal-
ysis as observed from different studies. Various strategies can be implemented to
improve the photoreduction efficiency of MOFs. This includes the composite of
MOFs with nanoparticles, modification of linkers, and forming core–shell MOFs. It
is observed that the incorporation of photosensitizer along with co-catalyst has the
highest photoreduction capability in terms of turnover number. Core–shellMOFs can
also be the material of interest for photoreduction due to unique physicochemical
properties arising from core and shell material.

2.7 Electrochemical and Electrocatalytic Conversion of CO2

For mitigation of greenhouse gas generated from fossil fuel burning, the effective
clean and remarkable approach is an electrochemical and electrocatalytic conversion
of CO2 into value-added substances and hydrocarbons. This process is based on half-
reactions which involve 2–14 electron exchange phenomenon. The challenging task
in this process is high overpotential which leads to the production of CO2 radical,
having a high energy barrier [64]. The material should be designed in such a way it
should be acid and water stable and can be operated at low overpotential to enhance
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the selectivity and limit the production of hydrogen. Cu(II) rubeanate frameworkwas
thefirstMOFutilized forCO2 reduction electrocatalytically having unsaturatedmetal
active sites [128]. In this study, CO2 was reduced to formic acid with a high turnover
number compared to Cu electrode. Cu (II) sites present in the MOF showed weak
adsorption when compared with metallic copper attributed to the high selectivity of
CO2. Apart from high selectivity, a massive amount of hydrogen is generated as a
side product with 30% faradaic efficiency. Here, faradaic efficiency is defined as the
efficiency of transferring the electrons in the system to facilitate the electrochemical
reaction. HKUST-1 is also utilized for electrocatalytic reduction of CO2 to oxalic
acid with 90% selectivity in DMF solvent instead of an aqueous medium [108].
Here, the faradaic efficiency was 51% which is low and Cu(II) is reduced to Cu(I)
and electron transfer takes place from framework to bonded CO2.

In another study, cobalt–porphyrin complex is conjugated with one-dimensional
aluminum oxide rods to form Al2(OH)2TCPP-Co. This structure proves the merits
of combining both homogeneous and heterogeneous catalysis, and finally, thin films
of this MOF were produced which allows the transportation of both charge and mass
transport. This transportation can be controlled by tuning the thickness of MOF film
[62]. The benefit of using the thin film for electrocatalytic reduction of CO2 is that
the CO2 molecules remain in contact with the electrode during the process and due
to which the performance increases. It was observed that CO2 reduces selectively
to CO in 7 h with 76% faradaic efficiency and turnover number of 1400 in aqueous
media. During the reduction process, the Co(II) present in cobalt–porphyrin complex
was reduced to Co(I). Further, the strategy of producing the thin film was extended,
and thin films of MOF-525 (Zr6O4(OH)4(TCPP-Fe)3) were prepared. This Zr-based
MOFfilm reducedCO2 toCO inDMFsolvent in 4 hwith a turnover number of 272. In
addition to CO, hydrogen was also evolved in 1:1 ratio with CO [50]. Upon addition
of weak Bronsted acid-like 2,2,2-trifluoroethanol, increase in current densities along
with the increase in the turnover number of 1520 due to the presence of Fe(0) active
center within the framework during the process.

3 Factors Affecting the Efficiency of MOFs for CO2
Capture

Although MOFs are a promising material for CO2 capture, reduction, and fixa-
tion, their working capacity can be enhanced by doing some modifications to the
frameworks. This includes the introduction of some heteroatoms, introducing the
hydrophobicity to the framework, incorporation of some coordinatively unsaturated
metal active sites, and the presence of some additional functional groups which are
part of secondary building units and are listed in Fig. 4. In this way, one can enhance
the efficiency ofMOFs for capturingCO2 tomitigate the environmental issues caused
by CO2.
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Fig. 4 Factors affecting the efficiency of MOFs for CO2 capture

3.1 Heteroatoms

The type of organic halide which has been utilized and combined with Lewis acid
shows a huge effect on the performance of the catalytic process upon cycloaddition
of CO2 to epoxides [98, 116, 117]. The activity of the catalyst and its selectivity
is dependent on the type of halide acting as a nucleophile and cation present in
the organic halide salt [98]. The organic halide is different for every catalyst. MIL-
100(Cr) is one of the most favorable candidates combined with anion and cation
to establish high catalytic activity. The two classes of organic halides which can
be combined with Lewis acid complexes are tetrabutylammonium halides (Bu4NX)
(halides = Cl, Br, I) and bis(triphenylphosphine)iminium halides (PPNX) (halides
= Cl, Br, I). The best activity was shown by halides is in the order Br > I > Cl.
Bromide shows higher nucleophilicity as well as better leaving capacity in compar-
ison with chloride [98]. The nucleophilic character eases the epoxide ring-opening
followed by the ring closure to form cyclic carbonate with good leaving ability.
PPNX shows better activity than Bu4NX due to weak interactions present between
PPN+ and the halide ion. The charge is delocalized over cation and halide which
enhances the attack of halide ion on epoxide ring and initiates the reaction [28].
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Chlorides possess poor leaving capacity and hence lead to expansion rather than
ring closure. Here, complete selectivity was observed toward styrene carbonate.
Bromine shows the best activity,therefore, we further explored other two organic
bromides, i.e., tetraalkylammonium bromides (Et4NBr) and ionic liquid 1-ethyl-3-
methylimidazolium bromide (EMIMBr). In the absence of MOF, Et4N+ and Me4N+

show strong interactions with bromine as compared to PPN+ and Bu4N+ suggests
the poor activity of halide. While different action was noticed in the presence of
MOF, the MOF shows a crucial role by increasing carbonate yield and the effect was
more applicable to EMIMBr, Et4NBr, and Me4NBr in comparison with Bu4NBr and
PPNBr. This may be because the PPNBr and Bu4NBr do not have the access to go
into the pores of MOF (MIL-100(Cr)). Hence, the CO2-epoxide coupling reaction is
presumed to occur at the surface and at the pore mouth of MOF when PPNX or
Bu4NX are used as nucleophile sources. Another reaction was reported where ZIF-8
is utilized for the transesterification of oil [24]. In this case, Me4NBr, Et4NBr, and
EMIMBr can enter into the pores of MOF, and hence, reaction is assumed to occur
at both external and internal surfaces. In consequence, EMIMBr is small enough to
enter into the pores ofMOF and hence shows the best activity out of the other halides
used. The catalyst system ofMOF (MIL-100(Cr)) with EMIMBr gave a yield of 94%
of styrene carbonate with enhanced selectivity at mild temperature.

3.2 Hydrophobicity

The selectivity and uptake ofCO2 can be enhanced by introducing polar groupswhich
can show strong binding affinity with CO2 molecules. Additionally, hydrophobicity
is also responsible for enhancing the CO2 capture process by the removal of water
molecules from the pores. For example, studies reported that the zeolitic imidazolate
frameworks (ZIFs) class, i.e., ZIF-300, ZIF-301, ZIF-302, are hydrophobic in nature
and can work equally for CO2 capture in dry as well as in the presence of moisture
(80%). The additional benefit of using hydrophobic ZIFs is their recyclability even
after consecutive trials without altering their performance. Other than ZIFs, for intro-
ducing hydrophobicity in the MOFs, post-synthetic strategy can be of great interest.
In one study, it is reported that MOF-5 (zinc-based MOF) was post-modified with
polynapthylene. Polynapthylene can be conjugated with MOF-5 by using monomer
1,2-diethynylbenzene which can be loaded into the pores of the framework. After
that, Bergman cyclization and radical polymerization happened to get polyethylene
after heating. This modified framework showed almost double CO2 uptake capacity
and enhanced the selectivity of CO2/N2 by 25 times. In the presence of moisture,
this framework showed more than 90% CO2 uptake capacity [29, 146]. Particularly,
the frameworks that primarily depend on only hydrophobicity for CO2 capture selec-
tively experienced a lack of strong binding sites for CO2 and showed poor uptake
over water as compared with the frameworks having other structural functionalities.
From the practical point of view, combining the hydrophobicity with other struc-
tural functionalities within one framework can be of great use in comparison with
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only using the hydrophobic framework for CO2 capture. However, one can design
the promising framework by introducing hydrophobicity in addition to heteroatoms,
polar functional groups, that can work efficiently for CO2 selective uptake.

3.3 The Presence of Unsaturated Metal Sites

MIL-100(Cr) acts as a favorable catalyst for the cycloaddition ofCO2 to styrene oxide
[12]. MIL-100 can also be prepared using other metals which shows good Lewis
acidity. Therefore, to compare the activities, two other MIL-100(M) frameworks
were fabricated, i.e., MIL-100(Fe) and MIL-100(V) having surface areas 2230 and
2133 m2g−1, respectively. Taking Bu4NBr and Bu4NI as the nucleophilic source, the
activity was best shown in the order MIL-100(Cr) > MIL-100(V) > MIL-100(Fe)
with the best carbonate yield based on their Lewis acid strength. This trend can
be related to the CO2 adsorption capacity of these materials. Carbon dioxide is a
linear polar molecule and has partial positive and negative charges on carbon and
oxygen atoms, respectively. CO2 interacts with Lewis bases and can also adsorb on
Lewis acid sites, provided by the metal present in MOF. MIL-100(Cr) showed more
CO2 adsorption ability as compared to MIL-100(V) [16]. The results showed that
Bu4NBr gives the best carbonate yield with MIL-100(Cr), while Bu4NI showed the
best performance with MIL-100(V) and MIL-100(Fe). The trend or order can be
inverted for other catalytic systems and is dependent upon the halide anion which
maintains the balance with its nucleophilicity, its coordination tendency to the metal
center, and also its leaving ability during cyclic carbonate formation [98].

3.4 Interactions with Functional Groups of SBUs

Apart from the charge on unsaturated metal sites, non-metallic functionalities of
secondary building blocks are also responsible for making interactions with CO2

gas. It is reported that MOFs, for example, SIFSIX-1-Cu and SIFSIX-2-Cu-I,
showed CO2 adsorption efficiency of 19.1 and 19.2 wt%, respectively, at ambient
pressure and temperature. These MOFs do not contain unsaturated metal sites.
But irrespective of metal sites, these MOFs showed high CO2 uptake because
of functional groups of secondary building units [15, 92]. It was observed that
monodentate hydroxide units are also advantageous for strong adsorption of CO2

even in humid conditions and act as capping ligands [71]. Particularly, MAF-
X27ox [Co(II)Co(III)(OH)Cl2(bbta], MAF-X27 [Co(II)2Cl2(bbta)], MAF-X25ox
[Mn(II)Mn(III)(OH)Cl2(bbta)], and MAF-X25 (Mn(II)2Cl2(bbta) where bbta is
1H,5H-benzo(1,2-d:4,5-d’)bistriazolate) contains monodentate hydroxide moieties,
due to which there is enhancement in 50% CO2 uptake compared to parent MOF.
MAF-X27ox showed equal CO2 uptake capacity in both dry and humid conditions.
Additionally, it exhibited selective and strong bonding with CO2 molecules [71].
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Additional andmore efforts are required to investigate the recyclability ofMOFswith
SBU-based units so that they can fulfill the long-term CO2 capturing requirements.

4 Regeneration of MOFs

The CO2 adsorption and capture technologies require a suitable material that can
capture CO2 efficiently. The key parameter for selecting the adsorbent for CO2

capture is the ease of regeneration of the adsorbent. Regeneration of MOFs is one
of the predominant characteristics when we apply MOFs for CO2 adsorption. It
is recommended that after multiple CO2 adsorptions and desorption, there should
not be any change in uptake capacity, structure, and properties of the MOFs [85].
Based on physicochemical and structural properties and by varying the tempera-
ture and pressure, the adsorption and desorption cycles can be performed. Recently,
the adsorption regeneration technologies have more focused on vacuum oscillatory
absorption (VSA), pressure oscillatory absorption (PSA), and temperature oscillatory
absorption (TSA) processes [93, 141].

In VSA and PSA, adsorption of CO occurred at a particular pressure and reduces
the given pressure. In VSA, CO is adsorbed at ambient pressure, and in PSA, it is
adsorbed at increased pressure (pressure range of 8–28 bar). Keeping this view in
mind, we can say that PSA is better for the separation of CO in the pre-combustion
capture process and VSA is for post-combustion capture process. MOFs like MOF-
177,Mg-MOF-74, CuBTTri, Co(BDP) (BDP= 1.4 benzene dipyrazole) and BeBTB
[Be12(OH)12 (BTB)4] were used for PSA process for separating CO2 and H2 compo-
nents up to the pressure of 40 bar [48]. Mg-MOF-74 and CuBTTri showed an excel-
lent working capacity of carbon capture as compared to activated carbon and zeolites.
These MOFs contain unsaturated metal sites which strongly interact with the CO2

molecules. With MIL-53 (Al) MOF, 93% of methane was recovered with a flow rate
of 13% CO2 and 87% CH4 with a purity of 99.4% and desorption pressure of 0.1 bar
at 303 k [36, 109]. Another technique used for the regeneration of MOF is TSA.
In this technique, the adsorbent is heated to detach/remove the adsorbed molecules
[10, 85].

5 Summary

The potential ofMOFs for adsorption, CO2 capture, membrane separation, photocat-
alytic conversion, and electrocatalytic reduction of CO2 to various other substances
including formate, methanol, methane is well-discussed in this chapter (given in
Table 4).

Owing to porous nature, tunable structure, high surface area, ease of function-
alization, MOFs are the materials of particular interest for the scientific commu-
nity. Due to large surface area, porosity, and ordered structure, MOFs are promising
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Table 4 Summary of achievements by MOFs in the carbon capture system

Process of capture and
reduction of CO2

Accomplishment using MOFs Future perspectives and
challenges

MOFs membrane for
separation

• Both pure and mixed MOF
membranes are permselective
(an important membrane
property to evaluate the quality
of membrane separation) than
polymeric membranes

• Better gas separation properties

• Improvement in processability
and permeability

• Restrict defects in the
membrane

Post-combustion capture
RE

• High uptake capability and
selectivity of CO2 over N2

• Equal performance in the
presence and absence of
moisture

• Tunability in structure to
enhance the capture of CO2

• New MOFs with high capacity
and high selectivity in humid
conditions

• Reduction in cost

Photocatalytic reduction • Optimization of band gaps by
modifying the framework

• Highly selective for HCOO−
and CO

• Enhancement in catalytic
active sites

• Reduction of CO2 to
hydrocarbons

• Higher performance

Electrocatalytic
reduction

• Low over potential with a high
Turnover number

• Higher mass and charge
transport

• Reduction of CO2 to
hydrocarbons

• Proper understanding of
electrocatalytic mechanisms

• Extension to MOFs other than
porphyrin containing MOFs

Regeneration of MOFs • Low processability cost
compared to conventional
materials

• Recovery achieved with proof
of concepts

• Exploration of more MOFs for
the regeneration process

• Retainment in working
capacity after regeneration

catalysts or adsorbents for CO2 adsorption and are in massive demand for sepa-
ration, capture, and reduction processes. The three basic technologies for capturing
CO2 includingoxy-fuel-based combustion, pre-combustion, andpost-combustion are
briefly explained. Out of these three techniques, Post-combustion for CO2 capture is
the most extensively used and adopted technique in industries and the carbon capture
sector. Although some points need to be addressed and keep in mind before imple-
mentation of MOFs for post-combustion carbon capture technology, these include
low cost, thermal stability, selectivity, permeability, uptake capacity, regeneration,
and reusability of MOFs after multiple operations.

For bulk processes, scalability of the process should be considered and the avail-
ability of raw materials required for the synthesis of MOFs should be checked. The
thermal and chemical stabilities of MOFs are a very important parameter for their
usage in capturing and fixation of CO2. The thermal stability of MOFs will enable



228 A. Prakash and R. K. Sharma

its use under high temperature and pressure conditions. If MOF is not thermally
stable, then one cannot subject it to capture CO2 at high temperature and pressure
conditions. But the research is rolling on improving the properties of MOFs, and in
that way, it will be the material of the future for capturing, separating, adsorption,
and reducing CO2. In membrane fabrication technology, the MOFs fill the cracks
that arise due to the defects. Otherwise, gas molecules can easily pass through the
cracks present in them.Another factor that we should think of is to generate economic
MOFs for filling these cracks. Various factors to enhance the CO2 uptake capacity
including the incorporation of heteroatoms, unsaturated metal sites, hydrophobicity
is well-described briefly in this chapter. The MOFs can work equally to capture CO2

even in the presence and absence of humid conditions. In conclusion, MOFs broaden
up the scope, and by introducing the functionalities which can strengthen the binding
of CO2 with MOFs, it will benefit the scientific community and helps in mitigation
of the adverse and toxic effects created by CO2.

Abbreviations

MOFs Metal–organic frameworks
IPCC Intergovernmental Panel on Climate Change
ppm Part per million
SBUs Secondary building units
Å Angstrom
ASU Air separation unit
CPU CO2 processing unit
ZIF Zeolitic imidazolate framework
TED Triethylenediamine
PAET Poly(3-acetoxyethylthiophene
FDA-DAM Hexafluoropropane dianhydride-diaminomesitylene
TEPA Tetraethylenepentamine
COF Covalent organic frameworks
MIL Matériaux de l′Institut Lavoisier
CO2 Carbon dioxide
N2 Nitrogen
CH4 Methane
H2 Hydrogen
CO Carbon monoxide
CH3OH Methanol
HCOOH Formic acid
C2H4 Ethylene
HCHO Formaldehyde
HCOO− Formate
VSA Vacuum oscillatory absorption
PSA Pressure oscillatory absorption
TSA Temperature oscillatory absorption
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Abstract Over the years, the production of carbon dioxide (CO2) has been on the
rise owing to industrialization, and globalization. The presence of excess CO2 in the
atmosphere has been causing a lot of problems lately; the major one being global
warming due to its severe impact on the ozone layer. In the last few decades, the
main problem bogging scientists and environmentalists is how to capture and store
excessive CO2 and stop it from entering the carbon cycle. Further, since CO2 is
made of essential elements like carbon and oxygen, it would be highly economical
and environment-friendly, if somehow this could be converted to some other form
that could be used as a fuel. The tricky part is to capture CO2 gas and for that,
various methods have been employed, adsorption being quite efficient and inex-
pensive among them. There are many adsorbents in use for capturing CO2, but
metal–organic frameworks (MOFs) have piqued the interest of scientists owing to
their valuable properties like high surface area, resilience to water and chemicals,
economic viability, and environment-friendliness. MOFs have also been used as a
catalyst to reduce CO2 into other energy-rich compounds. To understand the mech-
anism of action of MOF for CO2 adsorption, molecular modeling and simulation
techniques have been in use. One major advantage of MOFs is that it has organic
ligands connecting metal ions, wherein functionalities of the organic groups can be
changed to increase its catalytic and adsorption power. Such a feature of changing
metal ions and organic functionalities to develop better MOFs can easily be studied
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by using computational methods along with experiments. This chapter addresses
various computational techniques used to study MOFs which could not only capture
CO2 but reduce them to form valuable energy-rich substances.

Keywords MOF · CO2 capture · CO2 fixation · DFT · Dispersion · Machine
learning

1 Introduction

With each passing day, the human race is increasing in huge numbers. This puts
pressure on already depleting natural resources. To overcome this huge gap between
demand and supply, mankind has been working tremendously toward the advance-
ment of technology. Such a growing population with ever-increasing energy demand
along with the use of advanced technology has impacted our environment in a huge
way. One such menacing problem is the release of greenhouse gases like carbon
dioxide into the environment. These greenhouse gases have resulted in dramatic
shifts in climate leading to global warming, a major environmental problem faced
by humans today.

The main reason behind the focus on CO2 is that it remains in the atmosphere for
quite long periods of time, thereby causing serious damage to the environment and
global warming [6]. With the increasing use of fossil fuels, even though a major shift
has come to use other renewable sources of energy, the CO2 levels in the atmosphere
are at an all-time high of approximately 414 ppm (parts per million) as was recorded
in August 2020 [34]. This has also led to abnormally warm temperatures around
the world [123]. One major evidence of the damaging effect of high CO2 levels in
the atmosphere is the increase in the water level of the ocean which has led to a
loss of shoreline and coastal lands [34, 72]. Such a dramatic change in climate and
environment poses a great threat to the existence of life on earth and hence, demands
quick and effective measures to curtail the increasing levels of CO2.

Now, there are mainly three measures that can be taken up to solve the CO2

menace. The first measure is the alteration of human and industrial activities so as
to reduce the CO2 emission in the atmosphere. This involves less dependence and
usage of CO2 producing fossil fuels and more use of sustainable and clean renewable
resources for energy production. It also involves improving fuel efficiency and the use
of recycled products. But this option is far from being feasible as complete reliance
on alternate sources and methods is not possible because of huge energy demand
and also because the use of renewable sources for energy production and alternate
methods are way more costly than the simple use of fossil fuels. The second measure
to contain CO2 levels is the CO2 capture and storage (CCS) or CO2 sequestration
method. This involves the capturing of CO2 as soon as it is released in the atmosphere,
then safely transporting the compressed CO2 and finally storing them for future uses
[41]. The main issue with this method is again the huge cost involved. This method
would sustain if somehow the transportation and storage cost is reduced and chances
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of leakage of CO2 and accidents during transportation and storage are reduced [75].
The last method is the complete depletion of CO2 by converting it into some useful
products [123].

Over the years, researchers have been constantly working on finding suitable
methods and materials for CO2 capture, separation, storage, and conversion. The
next important task for researchers is to find a suitable porous material that could be
used as an adsorbent for CO2. The best adsorbent would be the one that is specific to
the desired target molecule. The choice of adsorbent also depends on the nature of the
adsorbent like its size, porous nature, structure, adsorption process, and compatibility
of the adsorbent with the adsorbate. Since CO2 has a high quadrupole moment, the
adsorbent chosen must have high electric field gradients [37].

Out of many useful materials, metal–organic frameworks (MOFs) have emerged
as a new and effective class of solid porous material, which could be used for the
capture, separation, and conversion of CO2. This application of MOFs could be
attributed to many factors like their diverse structures, ease of preparation, highly
porous nature, flexible, and adjustable size, metals, organic linkers, which work in
favor of MOFs and gives them an advantage over other porous materials [122]. But
again, cost remains one of the big factors in designing and devising any material
to control the CO2 problem. Since the development of any method and/or material
requires a lot of effort in terms of manpower as well as money, cost-cutting in this
regard is also of paramount importance. So, scientists over a period of time have
made a swift shift toward the use of computers, software, and modeling techniques
so as to reduce the cost (to some extent) involved in research purposes. Although
money is a huge factor for inventing new materials and then making use of them for
CO2 capture and conversion to some extent, money could be saved while researching
for newmaterials. With this aim in mind, this chapter exhaustively focuses on the use
of various theoretical, computational, and simulation methods in use for designing
new MOF materials for capturing and converting CO2.

2 Metal–Organic Frameworks

MOFs were developed in the 1990s, by Omar Yaghi, who is touted as a forefa-
ther of MOF development [26]. MOFs have received a great deal of consideration
from scientists due to their properties like huge surface area, stability, porosity, and
diverse functionalities [119].Moreover, large databases ofMOFs are available which
were created theoretically using advanced computational techniques and tools. Such
hypothetical MOFs can be manufactured experimentally [98].

MOFs are multi-dimensional and porous nanomaterials. They constitute metal
ions coordinated to organic molecules called linkers (Fig. 1). The metal ion and the
organic moiety used determines not only the shape and structure but also application
of MOF. Nearly all metal ions can be used to prepare MOFs. Some of the commonly
used organic linkers are carboxylates and azoles moiety. Major research has been
going on for A-MOF-74 (A = Mg and Ni), MOF-5 (e.g., Zn4O tetrahedra linked
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Fig. 1 Metal–organic framework (MOF)

by 1,4-benzenedicarboxylate (BDC) molecules), and X-BTT (X = Ca, Fe, Mn, Cu,
Co, and BTT = 1,2,5-benzenetristetrazolate) families. The A-MOF-74 has 54 atoms
in its primitive unit cell and contains carboxyl and hydroxyl groups. The MOF-5 is
cubic and has 424 and 106 atoms in its primitive unit cell. The application ofMOF as
an adsorbent for CO2 depends upon the type of metal ion present, the organic group
present, and the separation of organic groups from each other [13].

Computational studies have been quite useful in understanding the importance and
interactions of metal ions with organic linkers and how changing or modifying either
of these would impact the properties and hence, the functionality of the resulting
MOF. The first ever theoretical study on MOF was done in 2006. The properties of
MOF-5 were analyzed, and it was proposed that the energy levels are majorly deter-
mined by the organic linkers and themetal–oxygenmoietywhich includesZn4Oclus-
ters, structurally similar but electronically different from zinc oxide cubic cell [17].
This was later confirmed experimentally [35] as well. This prompted researchers to
combine theoretical and experimental studies to understand the electronic and struc-
tural properties of MOFs. Another such study involving combined experimental and
theoretical techniques involves Zr-BDC MOF (UiO-66) [102] and its isoreticular
parent MOF, UiO-67 [14]. The theoretical studies confirmed the experimental find-
ings that the coordination number of Zr atoms (Zr6O4(OH)4) is modified along with
complete phase transformation of UiO-66 from its hydroxylated to dehydroxylated
form. One more example which confirms the importance of theoretical investigation
is an analysis of bipyrazole-based (BPZ) MOFs like M-BPZ MOF having different
divalent metal metals (M = Ni, Cu, Zn) [3, 8] and Ni3(BTP)2 (BTP = benzen-
etripyrazolate) [90]. The structure and different forms (having different porosity)
of MIL-53(Al) (MIL = Matérial Institut Lavoisier) were explained using ab initio
calculations. This particular MOF has two temperature-driven stable forms: the one
having narrow pores is stable at low temperature and the other having large pores
is stable at high temperature. The stability of both forms at different temperatures
was explained on the basis of dispersion and entropic factors. The low-temperature
structure is stable due to dispersion interactions between phenyl rings and the high-
temperature structure is stable owing to entropy which also leads to an increase in
the size of pores [70, 104].
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A vast variety of MOFs with diverse structures and properties are available. The
leading properties ofMOFs are their strong and flexible 3D structure (leading to their
high surface area) and porosity. Also, they are capable of maintaining their structural
integritywhile removingwater or solventmolecules leading to the generation of pores
(open metal or unsaturated spots are created), which can be used for adsorption. The
flexibility of MOF is in terms of using different metal ions, functional groups of
the organic linkers, and their pore size, making them useful in diverse fields like
catalysis, as sensors, for gas storage, etc. [33].

The MOFs can be rigid as well as flexible. The rigid MOFs have strong and
permanent pores while the structure of flexible ones can be easily changed [54]. For
CO2 adsorption, mainly rigid MOFs are in use, but flexible ones are also gaining
importance owing to their extraordinary properties [37].

3 Theoretical Studies on the Capture of CO2 by MOFs

CO2 capture has over time, emerged as an alternative method to control the CO2

concentration in the atmosphere. CO2 can be captured and put to good use like in the
food industry as dry ice or to prepare carbonated drinks by converting it into some
useful carbon-containing products and also to provide artificial CO2 atmosphere for
efficient growth of plants. CO2 can be captured directly from the atmosphere or from
some CO2 sources like fuel gas, natural gas, etc., but retrieving CO2 from the former
is quite tricky [142].

Using computational simulation techniques like density functional theory (DFT),
periodic density functional theory (PDFT), molecular dynamics (MD) simulation,
and grand canonicalMonte Carlo (GCMC) simulation, the separation and adsorption
ofCO2 can be studied efficiently againstMOF. Theoretical calculations can alsowork
with hypothetical MOFs, which could tell us which types of modifications are better
suited to prepare a selective and efficient adsorbent for CO2.

DFT study could explain the interaction of CO2 with [Zn2(OX)(ATZ)2].H2O0.5

(OX = oxalate, HATZ = 3-amino-1,2,4-triazole) [101]. According to X-ray crys-
tallographic studies performed, there are two different sites for CO2 adsorption and
according to DFT calculations, the binding energies of both sites are approximately
the same (39.6 and 38.1 kJ mol−1). In the first adsorption site, the carbon atom of
CO2 interacts with the oxalate group, and oxygen atoms of CO2 forms hydrogen
bonds with the –NH2 group. For the second adsorption site, the interactions were
found between the oxygen atom of CO2 and carbon atom of oxalate and nitrogen
atom of –NH2 group. Another such interaction between CO2 and MOF involves
[Cu(TZC)(DPP)0.5]n.1.5H2O, (PCN (porous coordination network)—200, TZC =
tetrazole-5-carboxylate, DPP = 1,3-di(4-pyridyl) propane) [115], wherein GCMC
and DFT calculations revealed the presence of one CO2 molecule in each of the
cavity, and they show multiple interactions with MOF [142].

Another study that again emphasizes the importance of nitrogen-containing
groups in MOF involves [Cu3L2(H2O)5].xGuest (NJU-Bai3: Nanjing University Bai
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group), withmultidentate ligand, 5-(4-carboxy-benzoylamino)-isophthalic acid [25],
having an amide group. Owing to the presence of amide groups, the surface area of
MOF rises to 2690 m2 g−1 which increases its selectivity and activity for CO2. Two
MOFs having acylamide-functionalized linkers, [Cu3(BTB6−]n (BTB= 1, 3, 5—Tris
(4-carboxyphenyl)benzene) and [Cu3(TATB6−)]n (TATB= 4,4′,4′′-s-Triazine-2,4,6-
triyl-tribenzoic acid), exhibited greater CO2 capture capacity amounting to 157%
[140]. This has been further confirmed by GCMC simulation and first-principles
calculations [122]. Adenine can also be used as functionality to prepare an effective
MOF for capturing CO2. The key advantage of adenine is that it is a rigid molecule
with different nitrogen sites and all the atoms of adenine are in one plane, promoting
inter-ligand interactions. Computational studies have also reiterated the importance
of the presence of adenine in MOF [37].

DFT studies revealed the interaction of CO2 (Lewis acid) with –NH2 group
(lewis base) of [Zn2(NH2-BDC)2(dpNDI)]n (NH2-BDC = 2-aminoterephthalic
acid, dpNDI = N,N′-di(4-pyridyl)-1,4,5,8-naphthalenediimide) [93], amide group
of {[Zn4(BDC)4(BPDA)4]0.5DMF.3H2O}n (BPDA = N,N′-bis(4-pyridinyl)-1,4-
benzenedicarboxamide) [48], polar imide group of {[Zn2(BDC)2(bpNDI)]. 4DMF}n
[92] to be the prime reason for stronger interactions of CO2 with nitrogen-
containing MOFs. GCMC simulation also proposed similar interactions between
oxalamide groups containing MOFs like, [Cu2(H2O)2L]0.4H2O.2DMA (H4L =
oxalylbis(azanediyl)diisophthalic acid; DMA = N,N-di-methylacetamide) (NOTT-
125) and CO2, mainly emphasizing dipole–quadrupole interactions and hydrogen
bonding between the N atom of amide and the O atoms of CO2 [5]. DFT calculations
on Mg-BTT with tetrazole linker showed strong electrostatic interactions (owing to
larger negative partial charges on tetrazole) and Van der Waals interaction between
MOF and CO2 [80]. Molecular simulations and experimental studies on threeMOFs,
NTU-111, NTU-112, and NTU-113 formed by integrating Cu(II) ions with nitrogen-
rich tetra-carboxylate ligands, [57], showed Cu(II) and nitrogen atoms to be the sites
of adsorption for CO2 [7]. A modified MIL like NH2-MIL-101 based on Cr(III)
and 2-aminobenzene-1,4-dicarboxylate linker, offers more binding sites if further
modification with tetraethylenepentamine (TEPA) is done using the wet impreg-
nation method. MD simulations showed that the incorporation of TEPA in MOF
increased its CO2 adsorption capacity because of the presence of abundant amine
groups [43]. N,N′-dimethylethylenediamine-functionalized MOF having DOPDC
group (DOPDC = 4,4′-dioxidobiphenyl-3,3′-dicarboxylate) [69] for CO2 capture
was studied using spectroscopic, diffraction, and computational techniques. CO2

can insert itself between metal (M = Mg, Mn, Fe, etc.) and amine (bonded together)
leading to the conversion of the amine group into ammonium carbamate [53]. Van
der Waals interaction between organic ligands of MOF and CO2 has also been
found to positively impact the selectivity and activity for CO2 capture. For example,
silver-triazolate MOFs, {Ag3[Ag5(μ-3,5-tBu2tz)6](BF4)2}n, and {Ag3[Ag5(μ-3,5-
Ph2tz)6](NO3)2}n have been prepared and studied experimentally and theoretically.
DFT studies showed the Van der Waals interactions between CO2 and the aromatic
and aliphatic hydrocarbons are the major reason for its activity [126].
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Apart from nitrogen-containing functional groups, other functional groups have
been used to prepareMOF forCO2 capture. A sulfone-functionalizedMOF, analog of
DUT-5, was prepared, namely [Al(OH)(SBPDC)] (H2SBPDC = 2,2′-sulfone-4,4′-
biphenyldicarboxylate) [86]. The resulting MOF was studied experimentally (gas
sorption method) and theoretically (using the DFT method) and showed enhanced
CO2 capture behavior because of the presence of the sulfone group [46]. Another
functional group, integration of which in MOF enhances its applicability for CO2

uptake is carboxylate. Strong electrostatic interactions and Van der Waals interac-
tions are responsible for robust interaction of CO2 with HKUST-1 (having Cu(II)
ions and BTC organo-ligand, BTC = 1,3,5-benzenetricarboxylate) and MIL-101
(Cr(III)-terephthalic acid), shown using GCMC simulation and experimental results
[99]. A 3D, porous MOF, {[Co2(TZPA)(OH)(H2O)2].DMF}n, where TZPA = 5-(4-
(tetrazol-5-yl)phenyl)isophthalate, was built. This MOF has OH groups, O atoms
of the carboxylate group, and Co(II) metal sites, due to which it is able to interact
with CO2 much more than CH4 and CO owing to its large quadrupole moment and
polarizability, proved by GCMC simulations [46, 106]. GCMC simulations showed
that UiO-66(Zr)-(COOH)2 is quite effective for CO2 capture from a mixture of gases
like CH4 and N2 [7, 116]. Few other MOFs suitable to separate CO2 from other
gases include UiO-67, Zr-BTDC (BTDC = 2,2′-bithiophene-5,5′-dicarboxylate),
Zr-BFDC (BFDC = 2,2′-bifuran-5,5′-dicarboxylate). They have the same Zr6(μ3-
O)4(μ3-OH)4 core. GCMC simulations showed that Zr-BFDC adsorb maximum
CO2 at low pressures and Zr-BTDC take maximum CO2 at high pressures [42].
Due to the strong interactions between the carbonyl and sulfone groups in BUT-
10 ([Zr6O4(OH)4(FDCA)6]; FDCA = 9-fluorenone-2,7-dicarboxylate) and BUT-
11 ([Zr6O4(OH)4(DTDAO)6)]; DTDAO= dibenzo[b,d]thiophene-3,7-dicarboxylate
5,5-dioxide), their CO2 uptake capacity is enhanced from their parent MOF (UiO-
67), revealed by GCMC simulation [79, 105]. Apart from metal ions, MOFs with
different functional groups can be prepared and used for CO2 capture. One such
study was done by Luo and co-workers, wherein MOFs were prepared, by using
Zn(II) ion, carboxamide, and carboxylate ligands [66]. Different functional groups,
namely, amino, hydroxyl, nitro, and carboxyl groups were integrated. Again, MOFs
with amide and acylamide groups were found to have the best affinity for CO2,
according to DFT studies [37]. One more study involving different metal ions was
done for M/DOBDC (DOBDC = 2,5-dioxido-1,4-benzenedicarboxylate) series of
MOFs (M= Ca and first transition metal elements), MOF-74 [78]. DFT calculations
showed the highest binding energy for Ti- andV-/DOBDCMOFs against CO2, owing
to their strong electric fields and also effective overlapping of their empty d-orbitals
with CO2 lone-pair orbitals [7].

Although carboxylate is important functionality to modify MOF for CO2 capture,
it is quite unstable in water [56]. This problem could be solved if MOF is
integrated with azolyl group along with the carboxyl group. The presence of
azolyl group, because of strong M–N bonds, leads to stability of the resulting
MOF, not only in water but also in various organic solvents and in acidic as
well basic pH conditions. A polar MOF ([Mn2(HCBPTZ)2(Cl)(H2O)]Cl.DMF.0.5
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CH3CN) having specific and strong interaction with CO2 consists of pyrazinyl tria-
zolyl carboxyl ligand, H2CBPTZ (3-(4-carboxylbenzene)-5-(2-pyrazinyl)-1H-1,2,4-
triazole) and Mn(II) ions. The adsorption studies and GCMC simulations revealed
strong interaction of CO2 with MOF, and it was found that CO2 interacts with
MOF through uncoordinated N atoms, Cl− ions, and aryl ring [107]. A stable kag-
MOF ([Zn(HCN4)2.(H2O)2/9]0.1.4H2O) has been prepared using Zn(II) ions and
tetrazole-5-carboxylate organic framework. In this MOF, Zn(II) has an octahedral
structure, coordinated to six nitrogen atoms of tetrazole ligands. GCMC simulations
showed that CO2 interacts with the hydrogen atoms attached to carbon and nitrogen
atoms of the tetrazole group [46, 71]. A rigid carboxylate containing MOF like
PCN-26 (Cu4(H2O)4(TDM).xS, where S = non-coordinated solvent molecules and
TDM= tetrakis[(3,5-dicarboxyphenyl)oxamethyl]methane have also shown (exper-
imental and theoretical studies) to exhibit enhanced affinity for CO2 than other
gases like N2 and CH4. It contains octahedral and cuboctahedral cages [37, 143].
Functionalization of MIL-53 (Al) MOF was done with polar groups like hydroxyl,
amino, and carboxyl, and DFT and GCMC simulations were performed. The elec-
trostatic interactions and hydrogen bonding interactions were attributed to be the
main reason for the interaction of CO2 with such polar functional groups [7, 100]. A
Cu-based MOF, FJI-H14 having 2,5-di(1H-1,2,4-triazol-1-yl)terephthalate (BTTA)
[62] demonstrated open Cu(II) sites and oxygen atoms of carboxyl groups as prob-
able binding sites for CO2, according to GCMC simulation studies. The said MOF is
water and pH-resistant because of abundant free nitrogen atoms [53]. Another set of
water-resistant carboxylate-based mixed ligand MOF is Zn(BDC-X)-(DABCO)0.5
series (DABCO = 1,4-diazabicyclo[2.2.2]octane) manufactured by Jasuja’s group
using ligands having a polar group like fluorine and nonpolar group like methyl
[44]. The molecular simulation was performed which showed improved stability
due to the presence of tetramethyl group. Another water-stable MOF was prepared
from Cu(II) ions and phosphonate monoesters (1,3,5-tri(4-phosphonato)benzene-
tris(monoethylester)) [36]. The experimental and computational results showed its
improved stability against water and also its improved activity against CO2 owing to
the presence of the ester group [37].

One more interesting approach is to integrate multiple functional groups in a
single MOF. A large number of computationally generated multivariate metal–
organic frameworks (MTV-MOFs) having multiple linkers and functional groups
were screened computationally for their selectivity and activity for CO2 capture
using GCMC simulations [58]. The GCMC simulation demonstrated enhanced
CO2 capture ability of MOFs having multiple functional groups and small pores
compared to the single functional group and large pores in MOF. The type of func-
tional groups, number of functional groups, and pore size play a significant role
in determining its activity for CO2 uptake. In another combined experimental and
computational study [63] of zirconium-based MIL-140 frameworks, revealed the
importance of pore size. It was found that smaller pores and nitrogen-containing
functional groups would enhance the overlap between the adsorbent and adsorbate
and hence, better CO2 uptake capacity [46]. A similar study was done on zirconium-
based MOFs. Three different topologies (csq, ftw, and scu) were used, which were
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further functionalized by three functional groups, –F, –NH2, and –OCH3. GCMC
simulations revealed that ftw-MOFs exhibited the strongest affinity toward CO2. –
NH2 functionalized MOFs in csq and scu again reiterated the importance of pore
size [60]. MOFs having carboxyl and amino groups, {[Cd(NH2-BDC)(BPHZ)0.5]
DMF.H2O}n (NH2-BDC = 2-aminobenzenedicarboxylic acid, BPHZ = 1,2-bis(4-
[pirydyl-methylene)hydrazine) were prepared. One isomer of this MOF has a rigid
framework and the other one has a flexible framework. DFT calculations showed
interactions between –NH2 and aromatic ring of the ligand with CO2 [7, 38].

Usually, one CO2 molecule binds with one metal ion, but there have been
studies conducted wherein it was revealed that CO2 can bind more than one
metal ion of MOF, like in the case of [Cu2(NDPA)] (PCN-88; NDPA = 5,5′-
(naphthalene-2,7-diyl)diisophthalate) [55], as shown by DFT studies. Another
such example involves [Cu2(μ-OH)2(BDIM)]0.5.4H2O (MAF-35; H2BDIM = 1,5-
dihydrobenzo[1,2-d:4,5-d′]diimidazole) [141]. It has Cu2(μ-OH)2(BDIM)4 clusters
exposing both sides of square-planar coordinated Cu(II) ions for CO2. Again, GCMC
simulation showed that each copper ion can bind two CO2 molecules, and even
two adjacent Cu(II) ions, can bind one CO2 molecule [142]. A unique MOF-74
isomer, UTSA-74, [Zn2(DOBDC)(H2O)]0.0.5H2O [67] has one Zn(II) ion tetrahe-
drally coordinated and another one, octahedrally coordinated. X-ray crystal structure
and molecular modeling studies showed that each Zn-site binds one CO2 molecule,
forming a bridge between two Zn-sites [64].

The determination of which metal ions and which functional groups need to be
integrated into MOF to improve its adsorption behavior toward CO2 using exper-
iments is a very costly affair. A computational technique called high-throughput
computational screening comes to the rescue for this. Large-scale screening of a
huge number of MOFs can be done so as to ascertain the factors absolutely neces-
sary for selectivity and activity against CO2 and then new MOFs could be proposed
without doing any experimental work. Along these lines, a computational screening
of around 41,825MOFswas done [83, 84]. Eight bestMOFs consisting ofMg-MOF-
74, Ni-MOF-74, Co-MOF-74, Zn-MOF-74, Al-MIL-53, Cr-MIL-53, UiO-66, and
UiO-67, for CO2 capture were determined and then modified using amine functional
groups, –NH2, –NHCH2CH2NH2, –NHCOH, and –NHCOCH3. Out of 48 function-
alized MOFs for Al-MIL-53, Cr-MIL-53, UiO-66, and UiO-67, the best performing
MOF for CO2 capture was (NHCOH)n-Al-MIL-53. For the rest of the MOFs, 80
functionalized forms were made using the same amine functional groups, and the
best amine functional group was found to be NHCH2CH2NH2. Then, parallel experi-
ments were conducted to verify the computational results [83]. Another similar study
involves more than 1,30,000 hypothetical MOFs [113], wherein a strong correlation
between structural properties like pore size, surface area, and chemical properties
of MOFs was found. In another screening study using GCMC simulation, 4764
computation-ready, experimental MOFs (CoRE-MOFs), wherein the importance of
lanthanide ions in MOF for CO2 capture came forward rather than usual alkali and
alkaline earth metal ions [84]. Computational screening using MC and MD simula-
tion along with machine learning (ML) yields good results in selecting the best MOF
for CO2 from a large dataset [21]. A total of 6,013 CoRE-MOFs were analyzed to
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find the correlation between adsorption and diffusion selectivity for CO2 and the
MOF descriptors at very low CO2 concentrations. Random forest was found to be
the best ML algorithm which showed that the major factor for capturing CO2 at
a low concentration of air is diffusion [21]. Several other studies using different
descriptors and different machine learning algorithms were done [11, 16, 31]. In
machine learning, the first step is to analyze the structural diversity among MOFs
selected. Then, geometric properties like pore size, shape, surface area, volume, etc.,
of different MOFs have to be analyzed using various descriptors, which affect the
adsorption behavior of MOFs. ML methods can be used to design new and better
MOFs, but the results of ML depend on the experimental conditions of MOFs prepa-
ration as well as the function and diversity of MOFs used. One such study was done
byBurns and co-workers wherein they usedmolecular simulation, processmodeling,
and ML to evaluate more than 1,600 MOFs for CO2 [12]. The use of ML not only
speeds up the process but also increases efficiency [85]. One interesting study was
done by [30] using 1,37,953 hypothetical MOFs. A universal ML algorithm was
proposed based on basic chemical properties like the type of atoms (determined
using Python software) rather than building blocks. By doing so, the number of
MOFs required to perform such screening was reduced as building blocks could
be infinite but atom types are finite and accuracy is also increased [124]. Artificial
neural networks (ANNs) (a machine learning method) along with multi-objective
genetic algorithm method for optimization can be used to study MOF properties
for adsorption. One such study includes UiO-66, Zr-MOF. The numerical data were
used to evaluate the heat of adsorption of gases like CO2 and CH4 using the Dubinin
Astakhov model for –NO2 and –NH2 functionalized MOFs [135]. Computational
and experimental screening of hypothetical and real ethylenediamine-functionalized
CPO-27-Mg (Mg-DOBDC), was done for their CO2 capture property [10, 46]. High-
throughput GCMC screening of approximately 3000 existing MOFs, taken from the
CoRE MOF 2014-DDEC database, was carried out to study their capturing power
for CO2, even in the presence of water. Various filters and selection criteria like pore
size, adsorption activity, adsorption sites, their distribution, and surface area were
considered. Thirteen promising MOF structures, especially those containing Zn(II)
ions and nitrogen atoms in ligandwith small channels, were revealed by the screening
for their selectivity for CO2, even in the presence of other gases. The best MOF came
out to be MnH6C12(NO2)2 [88].

Equilibrium molecular dynamics (EMD) simulations were performed to study
the interaction of CO2 with MOF-5 (C6.40H3.20O3.47Zn1.07). Charge–charge inter-
actions between CO2 and MOF revealed selective and strong adsorption of CO2

[94]. DFT method was used to study CO2 adsorption on CPO-27-M (M = Mg,
Mn, Fe, etc.) [133]. Geometry optimizations of the MOFs and CO2-adsorbed MOFs
were done using generalized gradient approximation (GGA) exchange–correlation
functional of the DFT method. Single-point energy calculations at the MP2 level
were done to calculate the binding energies, which were further corrected using
a quantum mechanics/molecular mechanics (QM/MM) approach. In QM/MM, the
QM energies were calculated using the MP2-level calculations and the MM energies
using Dreiding force field or Universal force field (UFF) [133]. ab initio calculations
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were performed for the adsorption of CO2 in CPO-27-Mg [15]. A Buckingham-type
potential (the Carra–Konowalow potential) was used to calibrate a Morse–Morse–
spline–Van der Waals (MMSV) interaction potential and then the optimization of
the MMSV potential was done using some known ab initio data obtained using
a double-hybrid density functional with empirical dispersion correction, B2PLYP-
D2 with multi-objective genetic algorithm. This optimized force field was used to
perform GCMC simulations, and the results matched with the experimental ones
[18]. Hartree–Fock (HF) method with 6-31G* basis set and Gibbs Ensemble Monte
Carlo (GMC) and the MD simulations were performed to study the adsorption of
CO2 on MIL-127(Fe). This MOF consists of Fe(III) and carboxylate ligands. It was
found that apart from metal ions, adsorption sites were found at the center of MOF,
and adsorption capacity is high at low concentrations of CO2 and it decreases at
high concentrations of CO2 because of an increase in CO2–CO2 repulsions [82].
A novel MOF with heterofullerene (C48B12) as a linker (with and without lithium
doping) was investigated for its adsorption properties using DFT and GCMC simu-
lations. Li-modified MOF was found to have good selectivity for CO2. Few more
examples of fullerene-based MOF include C60-impregnated derivatives of MOF-
177, MOF-180, and MOF-200. GCMC simulations showed that such C60 modi-
fied MOFs exhibit better CO2 separation and capture tendency [120, 121]. Another
combined GCMC simulation and DFT study on adsorption characteristics of CO2 on
[Zn(BDC)(DPDS)]n (BDC = benzenedicarboxylate (anionic linker), DPDS = 4,4′-
dipyridyldisulfide (neutral linker)) was carried out and showed excellent results in
correspondence with experimental results. Simulation studies revealed that themajor
adsorption site for CO2 comprises two DPDS ligands [65]. A combined GCMC
simulation and DFT screening method involving charges obtained from ChelpG
method and charge equilibration method has been proved to be an effective tech-
nique for studying MOF for their CO2 adsorption properties [114]. A GCMC simu-
lation and DFT study using unrestricted B3LYP functional and ChelpG method
include the study of catenated and non-catenated isoreticular metal–organic frame-
works (IRMOFs), consisting of organic dicarboxylate linkers. The catenated forms
demonstrated better CO2 adsorption power [128].

A unique phenomenon of co-adsorption of SO2 andCO2 was found inNi/DOBDC
(CPO-27 orMOF-74). Themolecular simulations (DFT andGCMC) found that from
a gas mixture of CO2, N2, and SO2 at standard temperature and pressure (STP), CO2

capture by MOF increases from 0.76 to 1.04 mmol g−1 with an increase in SO2

concentration to 4% but decreases on further increase in the concentration of SO2

up to 10%, attributed to strong SO2–CO2 interactions [23]. Zeolitic imidazolate
frameworks (ZIFs) are nanomaterials with properties of both MOF (having metal
ions and imidazolate linkers) and zeolites (cage-like structure) integrated together
[51]. Although ZIFs havemore affinity for SO2, in some of ZIFs like ZIF-68, ZIF-69,
ZIF-10, and ZIF-71, GCMC simulations revealed interactions between CO2 and SO2

and hence, does not majorly impact their interaction with CO2 [24]. Another research
group studied the CO2 capture ability of –NH2, –OH, and –Br functionalized UiO-66
in the presence of other gases like H2O, SO2, and NO2 using molecular simulations
[9]. Again, a major impact on CO2 uptake was found due to H2O and SO2 but in the
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case of UiO-66-Br, CO2 uptake was optimum because of hydrophobic interactions
and also because water interacts with SO2 rather than MOF [9]. Mg-MOF-74 was
found to be a better adsorbent for CO2 from a mixture of gases having CH4, N2,
H2, revealed from Configurational-Bias Monte Carlo (CBMC) and MD simulations
[47]. GCMC simulations on IRMOF series were performed to gauge the effect of
porosity and interpenetration on CO2 capture [40]. It contains Zn4O metal clusters
interconnected via organic linkers like naphthalene in IRMOF-8 and biphenyl in
IRMOF-9. At low pressures, the long-interpenetrated linkers result in more CO2

uptake [7].
As CO2 interaction with different MOFs involves a complex interplay of elec-

trostatic, orbital overlap, and dispersion interactions, involving empty d-orbitals of
metal ions ofMOF and lone pairs of CO2, theoretical studies must include dispersion
effects in order to understand long-range CO2–MOF interactions. For example, in
a Ca(II) ion-containing MOF–CO2 system, dispersion interactions were evaluated
by representing binding energy as a function of the cut-off distance [81]. Different
groups have performed complex computational calculations [81, 87] using disper-
sion corrected DFT functionals like Van der Waals density functionals [vdW-X (X
= DF, DF2], and the results obtained have a good correlation with experiments. A
hybrid MP2:B3LYP-D functional used for Mg-, Zn-, and Ni-DOBDC (CPO-27 CO2

adsorption systems gave results at par with vdW-X, again with results matching that
of experiments [103]. In MP2:B3LYP-D hybrid, MP2 calculations are done on the
adsorption site (a clustermodel) and long-range dispersion corrections are added later
using B3LYP-D. The use of only B3LYP-D functional did not yield good results [13].
Another such combined experimental and ab initio study (using B3LYP-D*) amino-
functionalized UiO-66 having ligands, BDC, and 2-amino-1,4-benzenedicarboxylic
acid (ABDC) [29]. With the advancement of computational infrastructure and super-
computers, efficiently parallelized codes like CRYSTAL [28], theoretical calcula-
tions on MOFs as large as MIL-100 (M) having 2788 atoms in the unit cell [20] are
possible. DFT-D study of MIL-100(M), where M(III) = Al, Sc, Cr, Fe, predicted the
maximum activity of Cr(III) containingMOF for CO2 exhibiting the shortest M-CO2

distance, which could be attributed to its electrostatic potential and partially occupied
d-orbitals of Cr(III). It was a complex study as there are 136 possible sites for CO2

adsorption. There was a slight deviation between experimental and theoretical results
ofMIL-100(Cr) because the real structure is defective with uneven distribution of the
adsorption sites [20]. Another dual B3LYP-D3 level DFT and experimental study of
CO2 adsorption capacity of the M(Me2BPZ) (M = Co, Zn and H2Me2BPZ = 3,3′-
dimethyl-1H,1′H-4,4′-bipyrazole) MOFs and its non-methylated M(BPZ) parents
were also done. The adsorption energies of methylated families were found to be
more than their non-methylated counterparts as supported by theoretical calculations
[70, 73]. A set of six different MOFs, with varying pore geometry, organic linking
groups, and metals, Zn2(BDC)2(DABCO), ZIF-69, Zn2(DHBDC) (DHBDC = 2,5-
dihydroxybenzenedicarboxylate),MOF-177, Cu3(BTC)2, andCu2(BPTC) (BPTC=
3,3′,5,5′-biphenyltetracarboxylate) were studied using GCMC simulations and DFT
method (using PBE functional) was used to calculate charges. Dispersion energies
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of CO2–MOFs were calculated and it was observed that at low pressures, the CO2–
MOF interaction is strong and at high pressures, CO2–CO2 repulsions are predom-
inant [112]. M-MOF-74 with different metal ions like Mg, Ti, V, Cr, etc. [49] were
prepared and investigated for their interaction with components of flue gas. Since
d-orbitals are involved, dispersion interactions are included in DFT calculations by
using a non-local Van der Waals density functional, vdW-DF2. According to DFT
calculations, the highest binding energy for CO2 was found to be for Cu-MOF-74
[37].

4 Theoretical Studies on Fixation of CO2 by MOFs

CO2 is a very stable molecule as it consists of two strong C=O bonds. Therefore,
its reduction is a complex multi-step process that requires either an electrocatalyst
or a photocatalyst. The final product of CO2 reduction varies from compounds like
methanol (CH3OH), carbonmonoxide (CO), formic acid (HCOOH) to hydrocarbons
like methane (CH4), ethylene (C2H4), etc. [98] and chemicals like carbonates [2],
carbamates [97] as well as hydrocarbon fuel [137] (Fig. 2) [117].

Cyclic carbonates (CCs) are stable, non-toxic, and highly efficient solvents and
extractants. They are also used as precursors for themanufacturing of other important
chemicals like polycarbonates [32]. CO2 can be artificially fixed as CCs by inserting
it in epoxides (Fig. 3). This conversion is very beneficial as it is 100% economical
[19, 74].

Out of various catalysts for the artificial fixation of CO2, MOFs have emerged
as very efficient ones. DMA-MF {[(CH3)2NH2][M(COOH)3] (DMA = dimethy-
lamine)} is one suchMOF,wherein,metal ionswere varied asMn,Co,Ni, andZn.Out
of these, DMA-MnF exhibited maximum catalytic ability. NH3-TPD (temperature-
programmed desorption) profile was used to propose the mechanism of action of
DMA-MF. CO2 is activated by DMA, which acts as a Lewis base. The epoxide
first binds metal ions (Lewis acid). The oxygen atom of the activated CO2 then
attacks the β-carbon of the activated epoxide resulting in the formation of an inter-
mediate which further gives cyclic carbonate product. DFT calculations using the
M06 method were done using Los Alamos effective core potential (LANL2DZ)/6–
31 G(d, p) basis set to confirm the mechanism [117]. Wu et al. [118] further inves-
tigated Mn-based MOFs for CO2 coupling with epoxides using DFT studies. The
MOFs studiedwere, [(CH3NH3][Mn(COOH)3], [(CH3CH2NH3][Mn(COOH)3], and
[C3H5N2][Mn(COOH)3]. polycarbonates The MOF having C3H5N2 group was
found to exhibit maximum catalytic activity [118].

AnotherMOF studied forCO2 fixationwith epoxides involvesMIL-101(Cr)/tetra-
butylammonium bromide (TBAB). A DFT study was carried out to study the mech-
anism of the catalytic activity of MOF. CO2 fixation was studied using MIL-101,
TBAB, and MIL-101(Cr)/(TBAB) as catalysts, and a non-catalyzed CO2 fixation
was also analyzed for comparison. The activation barrier of the rate-determining step
involving the addition ofCO2 to epoxide (propylene oxide)was found to be lowest for
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Fig. 2 Various chemicals that can be obtained by reduction or fixation of CO2

Fig. 3 Insertion of CO2 in an epoxide molecule

MIL-101/TBAB(18.11kcalmol−1) followedbyTBAB-catalyzed (26.86 kcalmol−1)
reaction and MIL-101-catalyzed (46.89 kcal mol−1) reaction. The non-catalyzed
reaction was found to have a very high activation barrier of 57.67 kcal mol−1 [42].
Another TBAB co-catalyzed conversion of CO2 to cyclic carbonates (propylene
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carbonate) involves the use of Zn(II) ion-containing MOFs. Such a MOF is called
1-Zn and contains dimeric paddlewheel (Zn2(CO2)4) and tetrameric (Zn4(O)(CO2)6)
units [144]. This MOF could be further processed to introduce Cu(II) and Co(II) ions
to the dimeric paddlewheel group using the ion-exchange method. The catalytic effi-
ciency was found to be maximum for 1-Zn, followed by Co(II) and Cu(II) containing
MOF. To explain this order, molecular dynamics simulations were performed. The
calculations showed that the higher activity of 1-Zn is due to the lowest energy gap
between the highest occupied molecular orbital (HOMO) of epoxide attached to the
metal site (propylene oxide) and the lowest unoccupied molecular orbital (LUMO)
of CO2. Also, the binding energy of CO2 tometal ions was calculated and found to be
maximum for 1-Zn [144]. Sulfonate-based MOF, like TMOF-1 has also been shown
to catalyze the conversion of CO2 to cyclic carbonate via addition to epoxide. TMOF-
1 has sulfonate, 4,4′-bipyridine (BPY) ligand, and Cu(II) ions. TMOF-1 exhibited a
surface area of 256± 5 m2 g−1 and CO2 uptake of 32.4 cm3 g−1 at STP. It was found
to perform better than its corresponding carboxylate-based MOF. Greater efficiency
of sulphonate-based MOF over carboxylate-based MOF was further proved using
DFT calculations [61, 136]. Amino group functionalized MOFs were prepared and
were shown to exhibit better catalytic activity than the one without amino group
for cycloaddition of CO2 to epoxide using experimental and DFT studies (DFT-D2
method) [50]. MIL-68(In)-NH2 and MIL-68(In) were prepared. MIL-68(In)-NH2

was found to have a 1-D rod-shaped structure having hexagonal large and triangular
tight channels resulting in a chain structure bridged by hydroxyl groups [76]. ML
technique was used to study MOFs so as to understand the factors responsible for
their efficiency to act as a catalyst for fixing carbon dioxide into cyclic carbonate.
1311 hypothetical MOFs were created from the experimental results available in the
literature. Six best metal ions and four best ligands were revealed and combined to
give 24 hypothetical MOFs having CO2 fixation ability [59].

CO2 can be transformed to CO using MOF-derived catalysts. One such catalyst
is the (ZIF)-derived carbons obtained from the carbonization of MOF. One such
study, using ZIF as catalyst was done, wherein four Co/Zn-ZIF-derived nanocarbons
were prepared, containing N-doped carbons with Co-N2, Co-N3, Co-N4, and Co-
NPs (nanoparticles) active sites [108]. The ZIF having Co-N2 was found to have the
maximum catalytic activity. DFT calculations were used to calculate free energy for
CO2 to CO conversion using all four ZIFs. The endothermic free energy value of
adsorption of CO2 on ZIF was found to be the least for Co-N2 [108]. Another MOF-
derived catalyst for the same CO2 conversion is the one containing nickel, prepared
by MOF carbonization. DFT calculations were done to study the catalytic activity of
two suchMOFs, one is manufactured byNi2+ and 2-aminoterephthalic acid in carbon
black (contains nickel nanoparticles as active sites) [45] and another MOF has single
nickel atoms as active sites [134]. CO2 reduction to CO can be realized by poly-
oxometalate (POM)-metalloporphyrin organic frameworks (M-PMOF) [111]. Both
POM and Co-porphyrin play a crucial role in CO2 reduction. According to DFT
calculations, Co-PMOF shows relatively lower values of adsorption free energies for
the intermediates like COOH and CO. It was proposed that Co-porphyrin provides a
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favorable active site and POM acts as an electron-rich site [111]. Single-atom cata-
lysts involving Co and Fe integrated on ZIF-8 have also been explored as catalysts
for CO2 fixation [132]. Experimental and theoretical calculations demonstrated that
M–N–C active sites on the surface of ZIF are more exposed and available than those
embedded in the ZIF. It was also proposed that the metal centers with dangling bonds
adjacent to N are the actual active sites that adsorb the intermediates like CO and OH
[77]. To enhance the activity and stability of molecular catalysts like ReL(CO)3Cl (L
= 2,2-bipyridine-5,5′-dicarboxylic acid) [131], it can be incorporated with a MOF.
The resulting Re-MOF-based electrocatalyst displayed superior catalytic activity
for the conversion of CO2 to CO. The mechanism was proposed to involve the
reduction of Re+ to Re0. DFT studies, using Grimme’s D3 dispersion (PBE-D3)
and the TZP Basis Set, revealed that the orientation of the resulting MOFs favors
charge transfer between the electrode and the catalyst [89, 131]. A series of isostruc-
tural honeycomb-like MOFs ([Co2(μ-Cl)2(BBTA)] (H2BBTA = 1H,5H-benzo(1,2-
d:4,5-d′)bistriazole), [Co2(μ-OH)2(BBTA)] and [Co2(DOBDC)] were prepared for
photocatalytic conversion of CO2 to CO. PDFT calculations revealed strong CO2

binding power of μ-OH− ligands (being a good hydrogen bond donor) present near
cobalt center in MAF-X27-OH, stabilizing the Co–CO2 adduct, which promotes the
reduction process [110]. Such strong CO2 binding power was also seen in Ni-MOF
monolayers leading to highly selective photoreduction of CO2 to CO [39, 52].

CO produced by CO2 can be further reduced to prepare valuable compounds
like methanol. For this, through-hole carbon nanofibers having copper single atoms
were used, prepared from polyacrylonitrile (PAN) fibers-integrated Cu/ZIF-8 NPs
containing Cu–N4 moieties as active sites. DFTmethod was used to reveal the mech-
anism of action. The free energy value of the desorption reaction of CO from the
catalyst was found to be very low (endergonic) and hence, increases its probability to
be further converted to methanol [1, 127]. An oxide-derived Cu/carbon (OD Cu/C)
catalyst was prepared by carbonization of Cu-basedMOF (HKUST-1). The resulting
catalyst effectively reduced CO2 to methanol and ethanol owing to the synergistic
effect of copper oxides/copper and porous carbon. The infrared (IR) spectroscopy and
DFT studies showed that the CO molecule adsorbs on OD Cu/C catalyst, and then
carbon (having synergistic interaction with Cu) promotes C–C coupling resulting
in the formation of C2 product [89, 138]. Another set of DFT simulations were
performed on Lewis pair (LP) functionalized MOF (UiO-67) which could reduce
CO2 to methanol [22, 130].

CO2 can be converted to other useful products like HCOO by hydrogenation.
DFT calculations were performed using M06-L functional to study the mechanism
of catalytic conversion of CO2 to HCOOH by Cu-alkoxide-functionalized MOF-
5 (Cu-MOF-5). Out of the two probable mechanisms, concerted and stepwise, the
stepwise mechanism was found to be more energetically favorable having lower
activation barriers of 24.2 and 18.3 kcal mol−1, respectively, for two steps than the
concerted mechanism (activation barrier of 67.2 kcal mol−1) [68]. Frustrated Lewis
pairs functionalized MOFs (UiO-66-P-BF2) have also been used for the reduction
of CO2 to HCOOH. DFT calculations using CP2K code with Grimme’s D3 disper-
sion corrections were done which showed the stability of such unique MOFs before



Theoretical Study on Catalytic Capture and Fixation of Carbon … 253

and after catalyzing CO2. DFT studies proposed that both H2 and CO2 have to be
chemisorbed on theMOF catalyst for efficient interaction between the two [19, 129].

CO2 can be catalytically hydrogenated to form CH4 called CO2 methanation or
the Sabatier reaction. Thermodynamically, CO2 methanation is favorable but has
kinetic limitations as it is an eight-electron reduction process. Again, MOFs and
modified MOFs have emerged as useful catalysts for the Sabatier reaction [95]. One
such MOF reported in the literature is Ni NPs-encapsulated MIL-101. DFT studies
showed that CO2 is first chemisorbed on the modified MOF catalyst to form CO.
Then, adsorbed CO species are converted to CHO and then CH4, which is released
from the catalyst [19, 139].

A cobalt-containing ZIF9 was prepared and integrated on the surface of Co3O4

nanowires for photoelectrochemical CO2 fixation. DFT studies using Tao-Perdew-
Staroverov-Scuseria (TPSS) functional, with LanL2DZ basis set for Co atom and
all-electron 6–31G (d, p) basis set for rest of the atoms, showed that CO2 is adsorbed
on the Co sites of ZIF9 and CO2 is reduced to formate [91]. CO2 can be converted to
formate by photocatalytic reduction, thereby using solar energy. One such catalyst is
Ti-doped NH2-Uio-66(Zr) MOF [96]. DFT studies were performed to decipher the
impact of Ti on its activity. The density of states and their band structure revealed that
pure NH2-Uio-66(Zr) has a valence band comprising of lone pairs of nitrogen atoms
and the conduction band is due to the π* states of the ligand, 2-aminoterephthalic
acid (ATA). The Ti introduces new energy bands in the conduction band of Ti-doped
MOF. This leads to a favorable electron transfer from the excited ligand to the Ti
leading to the formation of the excited state, (Ti3+/Zr4+)6O4(OH)4. Ti3+ in the excited
moiety acts as an electron donor to Zr4+ forming Zr3+ which leads to enhancement
of its catalytic power [4, 96].

DFT studies were done on Ru-based metal ligand as a photosensitizer for MOFs
used for CO2 reduction. Three metal-based (Ni, Co, and Cu) MOFs have been
prepared [109]. Out of these, Ni–based MOF exhibited maximum activity for the
photoreduction of CO2 to CO owing to its strong CO2 binding, the low free energy
value of CO reduction. They used Ru-based metalloligand, [Ru(BPY)3]Cl2.6H2O,
as a photosensitizer, which transfers an electron to MOF because of their matching
LUMOs [109]. Another study involving Ru(PHEN)3-derived tricarboxylate acid
metalloligand (PHEN = 1,10 phenanthroline) as a photosensitizer for MOF having
dinuclear Eu(III)2 clusters. The resulting MOF could reduce CO2 to HCOOH
with high selectivity. An efficient electron transfer occurs from Ru metalloligands
to Eu(III)2 initiating the photoreduction reaction [125]. A photoactive Zr-MOF
with [Ru(CPTPY)2] complex (CPTPY = bis(4′-(4-carboxyphenyl)-terpyridine))
was prepared to exhibit high CO2 to HCOOH photoreduction owing to efficient
charge transfer from Ru-based photosensitizer to MOF showed by DFT studies
using B3LYP/6-311G(d,p) exchange–correlation functional with LanL2DZ basis set
[27, 52].
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5 Conclusion

The mounting levels of CO2 in the atmosphere because of urbanization and indus-
trialization have been a source of worry for people all over the world. The capturing
of CO2 or its conversion to some useful carbon-containing compounds is the only
viable option available to deal with this problem. MOFs have emerged as a great
adsorbent for CO2 whether one talks about its capture or fixation. This is probably
because of the highly porous nature and highly efficient binding sites of MOF (metal
ions and organic linkers) and the fact that MOFs can be fine-tuned by changing
metal ions and organic and inorganic groups and also by integrating them with other
nanomaterials. But to manufacture and study different MOFs for their adsorption
properties is a costly affair. In this chapter, we have highlighted the importance of
integration of computational techniques like DFT, ab initio, and simulations with
experimental methods to effectively and completely study MOFs–CO2 interaction
including the mechanism of action of MOF. Computational techniques like high-
throughput screening and ML also help in screening huge datasets of real as well as
hypothetical MOFs with the help of which we can factor out the best MOFs and also
the properties responsible for best adsorption behavior against CO2 under different
environmental conditions. This could help in zeroing on a few MOFs which could
be further synthesized and used for CO2 adsorption which reduces the cost effec-
tively. But the use of computational methods does not rule out the importance of
experiments, which are absolutely necessary for giving concrete results.

For CO2 adsorption, there are multiple binding sites on MOFs like metal ions and
atoms of organic groups. Usually,MOFs are effective for CO2 at low pressures (lower
CO2 concentration) as at high pressures, adsorbate–adsorbate mutual repulsions are
predominant. Also, the effective interaction of CO2 with MOFs is due to hydrogen
bonding, Van der Waals interaction, electrostatic interactions, and dispersion inter-
actions between them. Dispersion effects can be readily studied using dispersion
corrected functionals of DFT like B3LYP-D, vdW-X, etc., and electrostatic inter-
actions are studied by calculating charges from DFT calculations. The charge is
something that cannot be evaluated using an experimental technique.

Abbreviations

MOFs Metal–Organic Frameworks
Ppm Parts per million
CCS CO2 Capture and Storage
BDC 1,4-Benzenedicarboxylate
BTT 1,2,5-Benzenetristetrazolate
BPZ Bipyrazole
BTP Benzenetripyrazolate
MIL Matérial Institut Lavoisier
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DFT Density Functional Theory
PDFT Periodic Density Functional Theory
MD Molecular Dynamics
GCMC Grand Canonical Monte Carlo
OX Oxalate
HATZ 3-Amino-1,2,4- triazole
PCN Porous Coordination Network
TZC Tetrazole-5-carboxylate
DPP 1,3-Di(4-pyridyl) propane
NJU-Bai3 Nanjing University Bai group
BTB 1, 3, 5—Tris (4-carboxyphenyl)benzene
TATB 4,4′,4′′-S-Triazine-2,4,6-triyl-tribenzoic acid
NH2-BDC 2-Aminoterephthalic acid
dpNDI N,N′-di(4-pyridyl)-1,4,5,8-naphthalenediimide
BPDA N,N′-bis(4-pyridinyl)-1,4-benzenedicarboxamide
DMA N,N-di-methylacetamide
TEPA Tetraethylenepentamine
DOPDC 4,4′-Dioxidobiphenyl-3,3′-dicarboxylate
H2SBPDC 2,2′-Sulfone-4,4′-biphenyldicarboxylate
BTC 1,3,5-Benzenetricarboxylate
TZPA 5-(4-(Tetrazol-5-yl)phenyl)isophthalate
BTDC 2,2′-Bithiophene-5,5′-dicarboxylate)
BFDC 2,2′-Bifuran-5,5′-dicarboxylate
FDCA 9-Fluorenone-2,7-dicarboxylate
DTDAO Dibenzo[b,d]thiophene-3,7-dicarboxylate 5,5-dioxide
DOBDC 2,5-Dioxido-1,4-benzenedicarboxylate
H2CBPTZ 3-(4-Carboxylbenzene)-5-(2-pyrazinyl)-1H-1,2,4-triazole
TDM Tetrakis[(3,5-dicarboxyphenyl)oxamethyl]methane
BTTA 2,5-Di(1H-1,2,4-triazol-1-yl)terephthalate
DABCO 1,4-Diazabicyclo[2.2.2]octane
MTV-MOFs Multivariate metal–organic frameworks
NH2-BDC 2-Aminobenzenedicarboxylic acid
BPHZ 1,2-Bis(4-[pirydyl-methylene)hydrazine
NDPA 5,5′-(Naphthalene-2,7-diyl)diisophthalate
H2BDIM 1,5-Dihydrobenzo[1,2-d:4,5-d′]diimidazole
CoRE-MOFs Computation-ready, Experimental MOFs
ML Machine Learning
ANNs Artificial neural networks
EMD Equilibrium molecular dynamics
GGA Generalized Gradient Approximation
QM/MM Quantum Mechanics/Molecular Mechanics
UFF Universal Force Field
MMSV Morse–Morse–spline–van der Waals
HF Hartree-Fock
GMC Gibbs Ensemble Monte Carlo
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DPDS 4,4′-Dipyridyldisulfide
IRMOFs Isoreticular metal–organic frameworks
STP Standard Temperature And Pressure
ZIFs Zeolitic Imidazolate Frameworks
CBMC Configurational-Bias Monte Carlo
ABDC 2-Amino-1,4-benzenedicarboxylic acid
H2Me2BPZ 3,3′-Dimethyl-1H,1′H-4,4′-bipyrazole
DHBDC 2,5-Dihydroxybenzenedicarboxylate
BPTC 3,3′,5,5′-Biphenyltetracarboxylate
CCs Cyclic carbonates
DMA Dimethylamine
NH3-TPD Temperature-programmed Desorption
TBAB Tetra-butylammonium bromide
HOMO Highest Occupied Molecular Orbital
LUMO Lowest Unoccupied Molecular Orbital
BPY 4,4′-Bipyridine
NPs Nanoparticles
POM Polyoxometalate
M-PMOF Polyoxometalate-Metalloporphyrin Organic Frameworks
H2BBTA 1H,5H-benzo(1,2-d:4,5-d′)bistriazole
PAN Polyacrylonitrile
OD Cu/C Oxide-derived Cu/carbon
TPSS Tao-Perdew-Staroverov-Scuseria
ATA 2-Aminoterephthalic acid
PHEN 1,10 Phenanthroline
CPTPY Bis(4′-(4-carboxyphenyl)-terpyridine
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Abstract Covalent organic frameworks (COFs) are currently evolving as a novel
family of materials categorized as electively designed and tailored crystalline porous
polymers. Both its structure and composition are fabricated along with their tunable
functionality and porosity giving rise to a new class of efficient and promising
catalysts. Potential insights into COFs skeleton and their availability for effortless
bonding with metals and various functional groups endow them with multifold effi-
cacious characteristics. Over the recent past, the substantial focus has been laid on the
design, synthesis, and exploration of applications of COFs in diverse fields. Owing to
their vast surface areas, ease of surfacemodifications, and structural adaptability, they
serve as extraordinary platforms for various catalytic processes. COFs are excellent
mimics of nature’s porous materials whose applications have always been intriguing
the scientific community and has inspired their focus towards exploring their catalytic
efficacy in wide areas ranging from organic synthesis, redox reactions, coupling
reactions to enzyme supports, polymer supports, and templates for the formation
of various metal composites. The current chapter is aimed at evaluating the signifi-
cance and dynamics of COFs as they are proving their enormous versatility in a wide
range of catalytic applications, gas storage and separation, chemical sensing, proton
conductivity, optoelectronics,medicinal chemistry, and chromatographic techniques.
Graphical Abstract

Keywords Covalent organic framework · Catalyst · Redox · Coupling · Enzyme ·
Polymer
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1 Introduction

For a decade, chemists have been fascinated by the reticular chemistry of building
blocks and connecting molecules through covalent bonds. Featuring among one
of the potential organic crystalline porous materials, they demonstrate extraordi-
nary behavior owing to the presence of covalently bonded carbon atoms along with
elements such as N, O, B, and H. Extending both over two-dimensional and three-
dimensional frameworks, they exhibit highly adaptable porosity and remarkable
thermal stability making them widely significant within long-range ordered crys-
tallinematerials.Yaghi et al. first synthesized them in 2005 as novel crystalline porous
organic polymers using building blocks of lighter elements that are bonded through
strong covalent bonds formed by condensation reactions that were reversible [1]. In
contrast to MOFs where metals are bonded through coordinate bonds [2–4], COFs
have exceptional chemical stability which can be seen in their high-grade integrity
in organic solvents and strong basic and acidic conditions. This escalated order of
stability proves the mighty presence of purely covalent bonds along with hydrogen
bonds andπ− stacking interactionswhich renders strength to the porous skeleton and
resistance towards hydrolysis and disintegration in other solvents. Catalytic perfor-
mance generally gets enhanced with larger pore sizes of the catalyst as the diffusion
of the reactants and desorption of the products both get facilitated which further
justifies their remarkable role as a significant catalyst with high order selectivity
[5, 6].

Covalent organic frameworks (COFs) are also well known for providing catalytic
efficiency and durability to nanomaterials and other well-known surface-activemate-
rials. Their specialty arises from their lightweight porosity suitable for gas storage
applications, semiconducting and photoconductive characteristics along catalytic
support. Although the earlier known porousmaterials, viz. zeolites, dendrimers, char-
coal, polymers, and mesoporous silica, etc., have been used in the past for catalyzing
many chemical reactions their low order stability hampered their reusability and
efficacy. On the contrary, we’ll order crystallinity and porosity of COF and COF
docked nanoparticles proved a better versatility. Several nanoparticles@COFs has
been employed as a catalyst for C–H activation, Suzuki coupling, Knoevenagel
condensation, nitro reduction, glycerol oxidation, etc. [7–17].

2 Chemistry and Design of COFs

COFs have emerged as robust new catalytic materials which can be easily tailored for
suitable purposes because a flexible range of tunable functionality can be provided
along with pliable pore sizes. The crystalline nature of the pores along with their
nano size and their block-by-block building from organic polymer further adorns
them with highly precise and efficient heterogeneous catalysts. Depending on their
dimensions and nature of building blocks, the construction of COFs can lead to
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a b

c d

Fig. 10.1 Scheming COFs for application as heterogeneous catalysis on the basis of a skeleton
and sidewall, b pore surface engineering, c pore confinement, and d organized systems

either two- (2D) or three-dimensional (3D) porous networks. In the 2D category,
the covalently bound framework makes a two-dimensional sheet-like surface having
repeated linear columns. It involves stacking of 2D polymer networks resulting in
layered skeletons having the one-dimensional open channel in which every layer is
separated by 3–5 Å and their separation is supported by π–π interactions. Such an
arrangement allows easy transport of electrons, excitons, and electronic holes and
provides an excellent arrangement for promoting photocatalysis and electrocatalysis.
(Fig. 10.1) Although a few catalytic sites get hidden due to stacking nevertheless,
2D COFs offer plenty of catalytic centers at the skeletons where pores are developed
by π columns.

On the other hand, the stacking assemblywould give coverage to the catalytic sites
and leaves only those on the surface layers reachable to reactions; this replicates that
2D COFs is not appropriate to rightly fit in the catalytic sites to the π columns,
particularly reconnoitering the focal point of the π backbones as catalytic centers
There are also examples where monomers are employed to construct 2D COFs, and
then fix the catalytic sites by joining pores thereby providing a technology of surface
pores for heterogeneous catalysis. Similarly, the design of 3D COFs also prevents
the direct involvement of the skeleton for catalytic intervention which is further
hampered by small pore size and also restricts the merging of pores for creating
catalytic platforms [18, 19]. The ordered imine-based 2D COF were prepared by
Smith et al. and have reportedly given way to many porphyrin-containing 2D COFs
with special properties due to the hydroxy groups. Their performance apart from
catalysis is also well established in optoelectronics.
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The porosity of covalent organic frameworks provide exceptional catalytic sites
due to facile mass transit and tunable catalytic centers offering heterogeneous
catalysis through the following different ways:

(i) Metal Nanoparticles or clusters can be conveniently supported on the porous
frameworks through coordination which gives extra stability to the resulting
MOFs.

(ii) Due to the induction of heteroatoms at the organic sites and simultaneous
Immobilization of metal coordinated within the molecule, the benefit of a
typical heterogeneous catalytic platform is created.

(iii) Another way by which suitable solid catalysts are provided is by those
possessing intrinsic catalytic properties in the absence of metals and pure
organic frameworks to suffice for heterogenous catalysis either due to
the presence of heteroatoms or common functional groups contributing to
organocatalysis.

3 Catalytic Applications of COFs

Inspired by the inorganic zeolites-driven catalytic reactions, the high order crys-
tallinity and porosity of COFs were also explored by various scientists in plentiful
industrial and photochemical events. Chemical reactions highly depend on heteroge-
neous catalysis andwhether exclusiveCOFs skeletons or theirmetal pendant couples,
all of their analogs provide devoted sites for numerous applications. Heterogeneous
catalysts have large benefits as they suffice for reusablematerial and are used to design
cyclable surfacesmultidimensional applications. Such a platform can be explored for
tailoring suitable and effective transformations leading to hybrid systems which can
offer wide applications and ensure a promising future for covalent organic frame-
works (COFs). Their crystalline nature and porosity can be combined with organic
networks which can eventually integrate organic units into defined and ordered
skeletons resulting in an insoluble and robustly stable platform for employing them
successfully into various heterogeneous catalytic events. The uniqueness of COFs
andCOF-supported entities can bewitnessed in a huge range of strategically designed
platforms based on four different types of pathways where COFs are employed as
walls, skeletons, pores, and ordered systems boosting stability, reusability, and effi-
ciency to the catalytic performances. Therefore, designer approaches are developed
to provide immense benefits to the catalytic features of COFs through interactions of
electrons, holes, andmolecular interfaces all reinforcing their heterogeneous catalytic
efficacy.

Some of such breakthrough applications and COF-based activities have been
reported in the recent past and have been reviewed in the following text.
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4 Engaging COF for Catalytic Splitting of Water Molecules
Irradiated by Visible Light

COF s catalytic endowments have proved their versatility in many areas which also
include their prominent role in being able to drive both the two half-reactions of water
splitting under visible light irradiation. This is attributed to the high crystallinity
of COFs and their definite structures which support photocatalytic mechanism-
based interventions. Semiconducting organicmolecules which supportπ-conjugated
graphene-like systems were designed which led to the formation of a family of COF
and offered a successful solution to the catalytic splitting of water molecules. A 2
D pyridinylic COF has reportedly enabled the splitting of water under visible light
[20, 21].

5 COF Catalyzed Suzuki Coupling Reaction [22, 23]

Spherical shaped covalent organic frameworks (COFs) consisting of 2,4,6-
trihydroxybenzene-1,3,5-tricarbaldehyde (Tp) and p-phenylenediamine (Pa) encap-
sulating palladium (Pd) nanoparticles generated a yolk-shell structure of
(Pd/C)@TpPa COFs (Fig. 10.2). The unique composites (Pd/C)@TpPa COFs
possess remarkable catalytic efficacy reportedly exhibited in catalyzing the Suzuki
reaction. The catalytic performance observed a high conversion and repeated
recovery of the catalyst up to five consecutive cycles with simultaneous retention
of the original activity.

6 Degradation of 4-Nitrophenol by the Ultra-Stable
Covalent Organic Framework–Au Nanoparticles System
[24]

When COF-supported Gold [Au(0)] nanoparticles were synthesized via infiltra-
tion method [25], it not only immobilized the nanoparticles it also gave rise to a
stable Au(0)@TpPa-1 catalyst showing high efficiency (Fig. 10.3). They proved to
possess high order recyclability and superior reactivity for reduction of nitrophenol
as compared to HAuCl4,3H2O. It has been reported that Au(0)@TpPa-1 demon-
strates a good amount of stability in aqueous and common organic solvents owing
to its ordered crystalline architecture with the significant association of oxygen and
nitrogen atoms in the framework contributing immensely to its high catalytic effi-
cacy and optimal stability of nanoparticles in acidic, alkaline and aqueous media.
Their recyclability is also commendable as the catalytic efficacy for the reduction of
nitrophenol lasts for six cycles proving the immense stability and catalytic efficacy
of Au(0)@TpPa-1.
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Fig. 10.2 Diagrammatic representation showing the synthesis of Pd/C)@TpPa COFs and their
catalytic application

Fig. 10.3 Scheme showing
reduction of nitrophenol

7 Covalent Organic Frameworks Based on Azine
as Metal-Free Photocatalysts for CO2 Reduction
with H2O [26]

Covalent organic frameworks (COFs), as they exhibit an outstanding thermal and
chemical stability due to their covalent bonds, also lead to an interesting new class of
materials in the form of azine-based COFs. Azine-based COFs feature among such
photoactive materials which have added benefits of capturing CO2 while promoting
heterogeneous photocatalysis so that CO2 is easily converted to various products like



274 A. Jain and P. Malhotra

Fig. 10.4 Synthesis of Cu-COF

methanol under the irradiation of visible light. It was observed that these azine-based
COFs showed higher activity than g-C3N4 (graphitic carbon nitride) in the photo-
catalytic reduction of CO2 with H2O as compared to other reported photocatalytic
reactions. It has been established that azine-based COFs are ideal for photocatalytic
reduction of CO2 as they are highly flexible and can be tuned constitutionally and
structurally for better efficiency. Their metal-free composition is an added advantage
that allows more options for linking with organic molecules thereby producing a new
class of energy transducers via photocatalysis of CO2 reduction.

8 Imine-Based Covalent Organic Frameworks for Selective
Olefin Oxidation [27]

Imine-linked COFs which are two dimensional and are bonded to hydroxyl groups
showed high thermal stability, porosity. They displayed optimum crystal structure to
anchor copper acetate which could readily coordinate with imine and the hydroxyl
end of COF. This type of arrangement where copper supported COF provides larger
surface area and greater pore size along with imine linkage which escalated catalytic
efficacy proving to be excellent catalyst converting styrene to benzaldehyde. Cu-
COFHX demonstrated outstanding catalytic performance with a high grade of recy-
clability and reusability for a selective reaction involving the oxidation of styrene to
benzaldehyde.

Herein, 2-D COFs comprising hydroxyl and imine units (TAPT-DHTA-
COF) were synthesized by the use of 2,5-dihydroxyl-terephthalaldehyde (DHTA)
present at the vertices and 1,3,5-tris-(4-aminophenyl) triazine (TAPT,) at edges.
(Fig. 10.4) Under reflux and solvothermal situations, 2-D imine-linked COFs, TAPT-
DHTA-COFHX, and TAPT-DHTA-COFDMF were accomplished respectively and
employed as the platform for docking copper acetate. Next, copper-containing COFs
represented as Cu-COFDMF and Cu-COFHX were arranged and verified in the
selective oxidation of styrene to benzaldehyde.

9 A Novel Hybrid COF for Photocatalytic Removal
of Organic Dye and Cr(VI) from Wastewater [28]

A novel BiOBr/TzDa covalent organic framework (COF) composite was designed as
a 2D/2D Z-scheme heterostructure photocatalyst and was explored for reduction of
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Cr (VI) and organic dye Rhodamine B (RhB). It turned out to be the most significant
researchwhere solar energywas trapped for the degradation of water contaminants to
purify the wastewater. The photocatalytic activity of BiOBr/TzDa COF was highly
important as it was able to completely reduce Cr (Vl) at pH 2.1 with a 90 min
irradiation and prove to be challenging for purifying wastewater with solar energy.
Alongside a novel 2D/2D Z-scheme heterocatalyst of BiOBr/TzDa covalent organic
framework (COF) (BTDC)was tailored and its photocatalytic behaviorwas observed
under the influence of visible light for the degradation of Rhodamine ( B) and Cr (Vl)
both first individually and then in a combined mixture. It was observed that better
performance was exhibited in the case of the mixture than individually because of
the synergistic effect resulting in 97% removal at 2.1 pH and within a span of 20–
40 min. The enhanced efficacy of BTDC could have been possible due to the raised
transportation of charges, wide separation between the charges, and large surface
area which has an increased impact. Various studies have indicated a photocatalytic
mechanism for the efficient role of BTDC in removing the pollutants such as heavy
metals and organic contaminants from water.

10 A Covalent Organic Framework–Cadmium Sulfide
System for Visible Light-Initiated Hydrogen Gas
Production [29]

As compared to the solo CdS nanoparticles when the hybrid model in which CDS
was embedded in COF matrix was studied, it proved multifold high efficacy in the
photocatalytic production of hydrogen. For a varied content of COF, investigations
revealed that even with 1% (by wt) inclusion of COF deposited on a highly stable,
two-dimensional (2D) covalent organic framework (COF) matrix a ten times hiked
photocatalytic efficacy was witnessed. Such a steep rise was attributed to the COF
providing a supportive backbone through a p- conjugation and a two-dimensional
hetero-interface including the extraordinarily high surface area.

11 Electrocatalytic Reduction of Carbon Dioxide on Active
Sites of COF [30]

The reticular structure of COF possessing an active surface of porphyrin was found
to be responsible for electrocatalytic initiation of the reduction process of CO2 to
form CO (Fig. 10.5). The electronic character of porphyrin active sites for electrocat-
alytic reduction of CO2 to CO. The reduction of CO2 to CO was enabled by charge
transfer between the functional groups and the backbone of COF which consists of
the porphyrin ring acting as the site for the reduction and the reduction could be
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Fig. 10.5 Schematic representation reduction of carbon dioxide

carried out at very low potential (~550 mV). Furthermore, a high level of efficiency
and selectivity was generated due to the COF matrix.

12 Ultra-Stable Covalent Organic Frameworks
with Benzoxazole for Photocatalysis [31]

The significance of COF could be further emphasized when their metal-free series of
super stable benzoxazole-linkedCOFswere used for photocatalytic applications. The
π-conjugated system of benzoxazole molecule on COF was highly stable and had
improved ability for the absorption of visible light. The organocatalyst had a unique
potential of recyclability during photocatalysis as the catalyst could be reused many
times.

13 COF Efficiency in the Production of Solar Fuel
from CO2 [32]

COF based on triazine also designated as covalent triazine framework (CTF) were
successfully employed as efficient photoactive materials for generating solar fuels
trapping CO2 and visible light (Fig. 10.6). It is a high environment-friendly pathway
as it reduces carbon footprints simultaneously opening new avenues for solar devices
thereby conserving energy. Perylene based on triazine containingCOF led to artificial
photosynthesis and provided an extraordinary scaffold for an efficient photocatalyst
engaged in harvesting light energy to produce solar fuels from CO2.

14 Covalent Organic Frameworks for Serotonin Detection
Using Luminol Chemiluminescence [33]

The chemiluminescence (CL) of the luminol system in the covalent organic frame-
works (COFs) is used to determine the serotonin concentration in such a way that as
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Fig. 10.6 Schematic diagram of CTF film photocatalyst-enzyme coupled system involved in exclu-
sive production of formic acid fromCO2. Rhox = [Cp * Rh(bipy)H2O]2+, Rhred1 =Cp *Rh(bipy),
Rhred2 = [Cp * Rh(bipy)H] +; Cp* = pentamethylcyclopentadienyl, bpy = 2,2′-bipyridine

the serotonin concentration increases the CL of the luminol-COF system decreases.
Coupling it with flow injection techniques the sensing of serotonin was observed
by CL measurement of a highly sensitive COF-based luminol system. Such a CL
sensing technique using COF-based materials gave excellent results and further
emphasized the role of metal-free efficient photocatalytic systems. Serotonin (5-
hydroxy-tryptamine, 5-HT) has a significant presence in the human body which also
includes the central nervous system and its optimum content is a marker for well
being of many body parts and physiological systems.

15 Degradation of Organic Pollutants by Covalent Organic
Framework-Silver Nanoparticles@Sand Hybrid [34]

Nanoparticles of noble metals like silver anchored on the sand and supported by a
covalent organic framework have exhibited high-grade reduction efficacy towards the
reduction of organic contaminants. Methylene blue, Congo red, and 4-nitrophenol
are some of the pollutants which have reportedly been degraded and reduced through
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heterogenous catalysis offered by Ag Nps@sand-COF and have also shown excep-
tional reusable characteristics as they can be recovered and reused for many subse-
quent runs without any alterations in their performance. Following both the static
technique and the flow injected technique the catalysts proved their versatility with
more than 90% efficacy which was accounted for by not only the Ag-COF hybrid but
also the contribution of sand due to its high hydrophilicity and resistance to leaching
during treatment as they have a larger size. Therefore sand supported nanocomposites
provided added benefits by being cost-effective, enabling the fast flow of the contam-
inated solution for the continuous removal and degradation of organic pollutants by
COFs-Ag NPs@Sand) system.

Another report has disclosed that Fe3O4@COF-Au systems which were prepared
via immobilizing Au Nps in the matrix of COF-supported magnetic Fe3O4 also
exhibited excellent catalytic efficacy for a high-grade reduction of 4-Nitrophenol
and methylene blue. The catalyst was found to be highly stable, reusable, and easily
separable as it demonstrated the fine surface of Au Nps combined with magnetic
properties of Fe3O4 and crystalline porosity of COF thus representing an extraor-
dinary potential of synergic benefits. The strategy of integrated materials having
nanostructured surfaces and variable functionality could be proven successful for
many other remedial applications [35].

16 CdS/COF Heterostructure for Enhanced Photocatalytic
Decomposition of Bisphenol-A [36]

Nanocomposites of the type where CdS loaded on the surface of COF forming a
heterogeneous structure CDS/COF were tested for the photocatalytic degradation
of Bisphenol-A (BPA) and a successful removal rate of 85.68% was observed as
compared to 40.61% of the rate observed in case of isolated CdS. This enhanced
rate is complemented by reduced irradiation time and the overall performance of the
photochemical degradation is due to augmented by the addition of surface properties
and benefits of COF. The coupling of CDS with COF facilitates the degradation of
one of the most toxic pollutants BPA ( 0.3 g) at ph = 7 and 0.5%wt of the catalyst.

17 MnO2-loaded Ultrathin COF Nanosheets as Cathode
Catalysts for Li-CO2 Batteries [37]

With the advent of rechargeable Li-CO2 batteries, a novel green strategy has evolved
for not only solving energy problems but has also found its green solution by fixing
the atmospheric CO2 into useful energy and thereby reducing carbon footprints.
The strategy involves exfoliation of COF-supported quinone into super-thin MnO2/
2,6-diaminoanthraquinone-2,4,6-triformylphloroglucinol (DQTP)- COF-nanosheet



Covalent Organic Frameworks (COFs) as Catalysts: An Overview 279

(NS) type conjugated materials which serve as a potential catalyst at the cathode
of Li-CO2 batteries. It emphasizes the significant role of porous and crystalline
substances for catalyzing the fixation of CO2 and providing extraordinary electrode
materials for a powerful green strategy and environment-friendly technique ensuring
the sustainability of the environment.

18 Magnetic COFs for Efficient Fenton-Like Degradation
of Pharmaceutical Waste Sulfamethazine [38]

Pharmaceutical wastes in today’s times are overwhelming the water bodies and are
hugely contaminating them. Sulfamethazine is one of such commonly found phar-
maceutical waste which was observed to be degraded by magnetic covalent organic
framework (COFs) (Fe2O3@COFs) nanocomposite. These composites were able to
play the role of Fenton-like catalysts (in H2O2 medium) employed in the catalytic
degradation of an aqueous solution of sulphamethazine and was attributed to the
restriction of the agglomeration and growth of Fe3O4 Nps while embedded in the
COF channels and exposing the crystallinity and porosity of COFs for exceptional
results. 100% removal of sulphamethazine was witnessed as the magnetic nature of
Fe2O3 based COFs facilitated complete adsorption of the toxic organic contaminant
from aqueous solution at acidic pH and the reusability of the catalyst was shown in
subsequent five runs of the degradation reaction.

19 Triazine Functionalized Porous Covalent Organic
Framework for Photo-Organocatalytic E−Z
Isomerization of Olefins [39]

Many synthetic drugs and polymers have alkenes or olefins as their major constituent
and they make essential building blocks for numerous significant polymers. Stereo
regular olefins have wider prospects as they are significant anti-cancer agents incor-
porated into many anti-cancer drugs, industrial dyes, and many chromatic materials
including lasers. As the synthesis of Z form (cis) is always tedious a convenient
pathway will be to synthesize the less stable E for ( trans) first and then convert
E to Z using isomerization reaction via photocatalytic initiation. Such an efficient
photocatalyst was developed using COF-supported catalyst in which all the bene-
fits derived from their porosity, crystallinity, ultra stability and reusability could be
harnessed successfully. The photoactive nature of triazine and β-ketoenamine were
useful as building units for such a covalent organic frameworkwhich could be utilized
for catalyzing E to Z transformation reaction of the olefins upon light irradiation.

Other applications of COF and its hybrid molecules are humongous and include
solid–solid reaction synthesis of the covalent organic framework as a stable and
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highly active photocatalyst for degradation of sulfathiazole in industrial wastewater
[40]. It has also been reported that metal nanoparticles when dispersed in COF
containing in thioether are capable of many impressive catalytic applications. [41]
Pyrazine-supported COF has exhibited Lewis acid behavior in their catalytic events
[42], and Thiazolo[5,4-d] thiazole-linked Covalent Organic Framework is capable
of Sustained Solar H2 Evolution from water [43].

20 Conclusion

Thus COF and COF-supported hybrid systems have been under researchers’ sharp
eye in the current scenario and have gained immense attention from scientists. Cova-
lent organic frameworks provide a molecular template where the organic molecules
integrate with other components and simultaneously create ordered and well-
organized 2 to 3-dimensional lattices possessing pores of varied sizes. This unique
structure facilitates the tailoring and designing of various polymeric COF compos-
ites suitable for high-grade catalytic activity. The synergic effect in hybrid COFs
further enhances their capabilities and opens a new field for exploring a huge range
of combinations for humongous applications. There have been numerous explo-
rations of catalytic activities of COF and COF-based diverse composites exposing a
large number of active sites and functionality for multiple heterogeneous catalysis
and other benefits. The above insight can provide a novel perspective to scientists
working on heterogeneous catalysis and open new avenues for future research on
crystalline porous materials and their advantages.

Abbreviations

COFs Covalent organic frameworks
Tp 2,4,6-Trihydroxybenzene-1,3,5-tricarbaldehyde
Pa p-phenylenediamine
g-C3N4 Graphitic carbon nitride
DHTA 2,5-Dihydroxyl-terephthalaldehyde
TAPT 1,3,5-Tris-(4-aminophenyl) triazine
Tz 4,4′,4′′-(1,3,5-Triazine-2,4,6-triyl)trianiline
Da 2,5-Dihydroxyterephthalaldehyde
BTDC BiOBr/TzDa COF
CTF Covalent triazine framework
Rhox [Cp * Rh(bipy)H2O]2+
Rhred1 Cp * Rh(bipy)
Rhred2 [Cp * Rh(bipy)H] +
Cp* Pentamethylcyclopentadienyl
bpy 2,2′-Bipyridine
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CL Chemiluminescence
5-HT 5-Hydroxy-tryptamine
BPA Bisphenol-A
DQTP 2,6-Diaminoanthraquinone-2,4,6-triformylphloroglucinol
NS Nanosheet
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Abstract Covalent organic frameworks (COFs) are periodically well-organized
polymeric skeletons of organic monomer units connected through strong covalent
linkages to form stable crystalline materials. The specific bonding among the organic
monomer unit constructs a regular and porous skeleton, and therefore, theseCOFs are
considered as highly ordered and uniformmaterials. COFs have recently appeared as
heterogeneous catalysts for various organic transformations and photocatalytic reac-
tions. These properties are arisen due to the reticular designof thesematerials, and this
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reticular design comes from the diversity of organic building blocks, stable geometry,
and reversibility of dynamic covalent reactions. These materials are usually formed
by organic building blocks consisting of heteroatoms and obtained in situ during the
synthesis of 2/3D-ordered porous materials. The COFs are acclaimed as functional
materials due to their crystallinity, porous nature, both chemical and thermal stability,
low skeleton density, high surface area, diverse and easy synthetic methodologies,
flexibility, insolubility, cheaper substrates, and highly simplified for functional modi-
fications. Additionally, COFs can be used as appropriate carriers to lock metal ions
or by using their functional in-built sites as a catalyst. This chapter summarizes the
noteworthy progress in the synthesis of COFs material and their potential catalytic
applicationswith an emphasis on their property as supportmaterial for heterogeneous
catalysis.

Keywords Covalent organic framework · Catalysis · Nanoparticles ·
Photocatalysis · Triazine

1 Introduction

There the design and synthesis of porous covalent organic frameworks (COFs)
have resulted in vital advancements in the field of porous materials. COFs are a
type of porous material that, unlike supramolecular and coordination polymers,
is made up of covalent bonds between organic precursors. These are categorized
as a class of highly cross-linked materials having an amorphous to crystalline
nature, substantially formed by strong covalent linkage [1]. These materials are
usually formed by organic building blocks consisting of heteroatoms and obtained
in situ during the synthesis of 2/3D-ordered porous materials (Fig. 11.1a) [2]. In
the recent research, COFs have been widely employed and categorized as covalent
triazine framework (CTF) [3], covalent organic frameworks (COF) [4], polymers of
intrinsic microporosity (PIMs) [5], covalent organic polymers (COPs), Schiff’s base
networks, porous aromatic framework, porous polymer framework, pyrene-derived
benzimidazole-based polymer, and conjugated micro/mesoporous polymers (CMPs)
[6].

The idea of synthetic coordination polymers was first introduced and discovered
in 1920 byHermanStaudinger, who proposed that themolecularweightmeasured for
natural rubber was higher which could be the result of many small organic molecules
that were covalently linked together. Later, this work led him to the 1953 Nobel Prize
[7]. Recently, chemists around the globe have recognized the paramount signifi-
cance of these functional organic frameworks. As per synthetic perspective, there
are various synthetic methods such as Friedel–Crafts arylation, Cross-coupling reac-
tion, electrophilic substitution reaction, nucleophilic substitution reaction, oxida-
tive coupling, Schiff’s base reaction, ionothermal trimerization, cyclotrimerization,
microwave-assisted synthesis, phenazine ring fusion reaction, etc. The irreversible
nature of these useful organic reactions results in chemically stable polymers, in
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Boron linked COF

Triazine-based
COFs

Imine-linked
COFs

Fig. 11.1 Types of some usual COFs and their various potential applications

most cases, lacks orientation and crystallinity. The low crystallinity characteristic
of these polymers drives initiation by chemists to explore the design of polymeric
systems with controllable pore sizes or shapes. Later, this challenge was handled by
Prof. Omar Yaghi and co-workers, who accomplished the investigation of crystalline
polymers with defined porous properties. This new class of material was termed as
covalent organic frameworks (COF) [8]. In the last decade, a huge number of research
reports for covalent organic frameworks suggested that significant efforts had been
made in this new area of porous materials.

The COFs are acclaimed as functional materials due to their crystallinity, porous
nature, both chemical and thermal stability, low skeleton density, high surface area,
diverse and easy syntheticmethodologies, flexibility, insolubility, cheaper substrates,
and highly simplified for functional modifications. Relative to other materials, COFs
appear to offer outstanding utility in a variety of applications, including sensing
[10], catalysis [11], drug delivery [12], gas storage and separation [9], electrocatal-
ysis [13], organic pollutants control, luminescence, and photocatalysis (Fig. 11.1)
[14]. COFs structures can be two dimensional or three dimensional depending upon
the interactions between the covalent bond formation and non-covalent interactions
which ultimately control the structure, morphology, and other properties. Conclu-
sively, research around COFs and their materials has made impressive growth in the
last decade.

Herein, we present comprehension of the primary ideologies and principles for
the strategy, synthesis, utilization of COFs as catalysts, and some of the challenging
issues in the context of chemistry and materials.
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2 Design of Building Blocks for the Synthesis of COFs

There are various methods to construct covalent organic frameworks by incorpo-
rating organic precursors into the main chain. In this context, the experience gained
by material chemists in MOFs can be applied to conceive the synthesis of COFs.
However, the assembled architecture of buildingmolecular units of crystallineMOFs
is much easier than configuring crystalline COFs via dynamic covalent chemistry.
Additionally, the direction toward the design of inorganic materials such as zeolites
significantly contributes critical insights into the architectural synthesis of COFs. The
design and synthesis of a task-specific COF primarily start with the rationale choice
of building blocks and set the desired synthesis conditions accordingly (Fig. 11.2).
Because structural features and chemical reactivity are significantly dependent upon
the nature and the side reactions of the monomers. There are at least two reac-
tive functional groups such as haloarenes, boronic acids, nitriles, aromatic alde-
hydes, ethynyl-substituted arenes, and substituted anilines/amines that should be
there on the building block either similar or dissimilar to construct the COF archi-
tecture. Two different types of monomeric units or building blocks couple with each
other to create the polymeric structure while self-condensation of a single type of
monomer has also been reported. The monomeric units may consist of arenes, fused
rings, phenyl ethylene, and hetero/macrocyclic units. Subsequently, a wide range of
buildingblockswith diverse functional groups bequeathsCOFswith distinctive struc-
ture and functionality. By varying the building block, the porosity, specific surface
area, morphology, and functionality can be easily modified.

Fig. 11.2 Some of the most widely used building blocks for the synthesis of COFs
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3 COF as a Support Material for Catalysis

What is support material and why dowe need support material for catalysis? Inmate-
rial chemistry, catalytic support can be described as a material with some primary
features like high surface area, optimal binding sites, both thermal and chemical
stability, and adequate morphology to which a catalyst or nanoparticles are affixed
with fine dispersion [15]. The most important types of heterogeneous catalysts are
supported catalysts where catalysis occurs at surface atoms [16]. Nano-catalysts’
remarkable progress in diverse chemical transformations has got a lot of attention.
Because of their selectivity and efficacy, immobilized catalysts are of critical rele-
vance for catalytic methods. However, there are some downsides related to unsup-
ported nanocatalysis including the agglomeration of particles or active sites, incon-
sistency in catalytic activity, and their recovery and reusability [17]. The problem
of agglomeration of nanoparticles can be avoided by the immobilization of MNPs
on a suitable support material due to their synergistic effect [18]. The catalyst’s
selectivity and performance are influenced by several functionalities on the support
material, which can be inert or active in the catalytic process. Therefore, the motive
goes around the dispersion of appropriate support material to enhance the stability
of the catalytic nanoparticles and to achieve the finest catalytic efficiency, which
consequently decreases the expense of costly metal and eventually making it an
economical process at the industry level.

Among various support materials reported for heterogeneous catalytic process,
covalent organic frameworks, a member of the highly crystalline material family
is known as a substantial support material due to its outstanding surface charac-
teristics such as crystalline architect, porous nature, significant surface area, non-
toxicity, and chemical as well as thermal stability which increase the loading of
active catalytic sites [19]. COF as a support material has shown high chemical
stability in various organic and aqueous solvents. Support materials such as COF
and its modified variants are well known, and several reports are already available in
literature where COF has been utilized as an extensive support material for various
catalytically active species [20]. Presence of several heteroatoms such as N, O, S,
B helps in the immobilization of nanoparticles, and it might function as a more
selective supporting material, bridging the electron transfer. As a result of the immo-
bilization of NPs over COFs, they become more proficient and recoverable [21].
Furthermore, these NPs can aggregate to produce bigger size particles and snag the
catalysis process, and this can be avoided by immobilization of NPs over the surface
of COFs to improve the stability of the catalyst. Using COF as support has its own
advantages such as cheaper, availability, amphiphilic nature, and high dispersibility
in aqueous or organic solvents. Owing to their outstanding synergistic activity, COFs
are reorganized utilizing nanoparticles settled over their exterior to use as heteroge-
neous catalysts for many industrial catalytic applications. Thus, COF are best-suited
heterogeneous supports catalysts in numerous catalytic organic transformations.
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4 Methods of Synthesis

Various methods are reported to synthesize covalent organic frameworks, including
the ionothermal cyclotrimerization, condensations of different aldehyde, amino
groups, boronic acids, alcohols, and other functional groups, cross-coupling reac-
tions, nucleophilic substitutions, ring fusion reactions, etc. There are also solvent-free
techniques that have been described. A brief description has been given below for
various methods of synthesis.

4.1 Ionothermal Trimerization

Very first in 2008, Thomas et al. stated ionothermal trimerization to prepare very
stable triazine-based frameworks by heating a combination of ZnCl2 and nitrile
monomer in quartz ampules, under the reaction conditions of very high temperature
around 400–600 °C, where molten ZnCl2 acted as a solvent and catalyst as well
(Scheme 11.1a) [3a].

Molten ZnCl2 under a high-temperature environment satisfies all the conditions
to construct a porous polytriazine network. Primarily, nitriles have shown remark-
able solubility inmoltenZnCl2 owing to strongLewis’s acid–base interactions among
them; secondly ZnCl2 acts as an effectively good catalyst formost of the aromatic and
heterocyclic nitriles. FT-IR spectroscopy and 13C and 15 N solid-state CP-MASNMR
spectroscopy were used to determine the structure and synthetic development of the
polymeric networks. The elemental presence and their chemical bonding correlation
were well confirmed using XPS analysis. By the vigilant variety of monomeric units
or building blocks, the porosity, specific surface area, structure, morphology, and
functionality are easily alterable. There are various symmetrical and unsymmetrical
building blocks counting aromatic and other heterocyclic molecules. Furthermore,
the porosity of the resulting polymer is determined by altering reaction parameters
such as reaction temperature, solvent, the quantity of ZnCl2, and reaction time. After-
ward, in 2012, Cooper et al.modified this method using CF3SO3H in place of ZnCl2,
which offers very mild reaction conditions of the microwave or room temperature
(Scheme 11.1b) [22]. Additionally, this method was reported advantageous in terms
of preventing the use of ZnCl2, which contaminates the final product, breakdown
of nitriles, and C-H bonds. Though, even this method is associated with its own
limitations of CF3SO3H is an expensive, corrosive, and eye irritating chemical, low
reaction temperature is required for reaction handling, and ice-cold brine solution is
necessary for neutralization of acidic medium due to CF3SO3H.
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Scheme 11.1 a Schematics of preparation of triazine-based precursor and then further polymer-
ization to form triazine-based framework (CTF-1) [3a] and b preparation of CTFs using different
nitrile precursors [22]

4.2 Microwave-Assisted (MW) Synthesis

The alternative source of energy in place of traditional energy sources is highly
recommended in recent times. A typical thermal reaction can be simplified by using
microwave radiations, which enables the handling to ease. Cooper et al. published the
first synthesis technique for 2/3D COF in 2009, utilizing benzene-1,4-diboronic acid
(BDBA) and hydroxy analog (HHTP) after 20min ofmicrowave irradiation at 100 °C
(Fig. 11.3a) [23]. The reaction was reported as 200 times faster than conventional
methods, besides this method also results in enhancement of the surface area of COF.
Recently, Wenhua et al. reported microwave-assisted preparation of a dioxin-linked
TH-COF via nucleophilic substitution (Fig. 11.3b) [24]. The microwave-assisted
TH-COF exhibits better stability, higher surface area, and crystallinity and is thus
utilized as covering for SPME fiber for detection of traces of PFASs in the water
sample. The TH-COF-SPME fiber via UPLC-MS/MS method exhibits low LODs
and good reusability.
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Fig. 11.3 a Digital images of microwave-assisted synthesis of COF-5 and its purification: (i)
initially formed gray–purple COF-5 containing impurities, (ii) removal of impurities byMWextrac-
tion method, and (iii) final pure extracted gray COF-5 [23] and b schematic representation of the
preparation of TH-COF-SPME fiber and its application [24]

4.3 Sonochemical Synthesis

Likewise, sonochemical synthetic approaches are even of great importance as these
methods are comparatively quicker and cost effective. Therefore, in 2012 Ahn et al.
described the preparation of two COF materials named COF-1 and COF-5 using
benzene-1,4-diboronic acid as a basic unit (Fig. 11.4) [25]. Both the COFs were
reported as powder as well as in film form with almost the same surface area, while,
as far as their physicochemical properties are concerned, somewhat superior char-
acteristics are shown as compared to traditional methods. The sonication aids in the
solubility of reactants in reactionmedium or solvent, and therefore, COF-1wasmuch
smaller (~400 times smaller) than that of the conventional process of preparation.
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Fig. 11.4 a Sonochemical preparation of COF-1 and COF-5. Digital images of preparation of
COF-1 showing b setup, c during sonication, and d after completion of the reaction [25]

4.4 Mechanochemical Synthesis

The simplest synthetic route for any chemical transformation is considered as
mechanochemical synthesis for simple, faster, economic, greener in terms of solvent-
free and lower-temperaturemethodology just obtained as a result ofmanual grinding.
In 2013, Bishnu et al. reported three imine-linked COF materials TpPa-1, TpPa-2,
and TpBD [26]. The naked eye’s significant color change confirmed the comple-
tion of the reaction. Unlike solvothermal methods, these COF exhibited sheet-like
layered morphology which may be ascribed to the depilation of COF layers in the
mechanochemical process (Fig. 11.5).

4.5 Schiff’s Base Reaction

The most commonly employed synthetic methodology for COFs is Schiff’s base
condensation reaction. In general, by taking melamine as an amine precursor, this
synthetic method has reported numerous COFs using different aldehyde substrates.
The biggest advantage of these methods comes from their non-catalytic processing,
and the reaction needs moderate reaction conditions with cost-effective precur-
sors. Numerous melamine-based COFs were synthesized using inexpensive precur-
sors, and high nitrogen content (>40 wt.%) was reported, as well as high stability
and insoluble in aqueous and organic solvents. In 2017, Manman et al. synthe-
sized two polymeric frameworks containing –OH groups, TAPT-DHTA-COFHX, and
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Fig. 11.5 Digital images of mechanochemical preparation of TpPa-1, TpPa-2, and TpBD [26]

TAPT-DHTA-COFDMF (Scheme 11.2a) [27]. The condensation reaction takes place
between a triazine precursor 1,3,5-tris-(4-aminophenyl)triazine and 2,5-dihydroxyl-
terephthalaldehyde in different solvents. The PXRD data confirm the eclipsed
stacking of layers in the framework besides TAPT-DHTA-COFHX possesses an
exceptionally high surface area of 2238 m2g−1. Numerous imine-linked COFs have
come into notice, which was prepared using triazine-containing amine precursors
other than melamine and amines [28]. In 2017, Mohammad et al. demonstrated
the preparation of a N-rich COF material via Schiff’s base condensation reaction
between two triazine-containing building blocks which were designed to make the
architect N-rich (Scheme 11.2b) [29]. Under the solvothermal reaction conditions,
the synthesis was performed which gives N-rich COF with high surface area and
good crystallinity.
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Scheme 11.2 a Schematics for preparation of TAPT-DHTA-COF [27] and b N-rich COF [29]

4.6 Synthesis of COFs via One-Pot Multi-component
Reactions (MCRs)

Commonly, COFs are synthesized by the co-condensation between a linker and a
knot, which can be termed as traditional [1 + 1] 2 component reactions. Undeni-
ably, two component synthetic methods have their own pros; however, the three-
component synthetic methods are highly recommended if a multifunctional COF
material is required. Therefore, a multi-component reaction was used to prepare
structurally diverse COF with exceptional properties. Besides, those chemical link-
ages which cannot be made through conventional synthetic methods are constructed
using the robust method of MCR.

In 2019, Peng et. al. demonstrated the synthesis of ultra-stable imidazole-linked
COFs. A very famous multi-component reaction named the Debus–Radziszewski
reaction was employed for construction (Fig. 11.6i) [30]. The reaction took place
in one pot through a greater degree of intricacy and accuracy in covalent architec-
ture. The study claims an interesting cultured reversible/irreversiblemulti-component
reaction for the creation of porous crystalline frameworks.

Amitava et al. presented a combined cyclotrimerization and aldol condensation
process in a pot to make vinylene-bridged COF in 2020 [31]. The complete process
was simplified in this study by mixing two or more successive reactions in a pot.
In this report, the synthesis was initiated by cyclotrimerization of acetonitrile and
subsequently followed by the aldol condensation with BPDA aldehyde (Fig. 11.6ii).
Further, the applicabilitywas extended for additionalmulti-topic aryl-aldehyde units,
resulting in the formation of some new frameworks.

In 2020 only, Keiwei et al. reported a robust technique to synthesize highly stable
covalent organic frameworks (COFs) through a robust three-component reaction
between aldehydes, amines, and elemental sulfur (S8) (Scheme 11.3) [32]. Under
metal-free catalytic conditions, the reaction was started by C-H activation of alde-
hyde followed by oxidative annulation. Effectively, five COFs (thiazole linked) were
synthesized which exhibited outstanding physicochemical stability, highly crys-
talline, and porous nature. Owning these excellent properties, these COFs were
employed as photocatalysts in sacrificial hydrogen evolution reactions.
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Fig. 11.6 (i) (a) Preparation of 2-methylimidazole via Debus − Radziszewski MCR reaction, (b)
one-pot synthesis of imidazole-linked COFs [30], and (ii) schematics for preparation of V-COF-1
[31]

4.7 Synthesis of Magnetic COFs

Magnetism introduces the most interesting feature of a catalyst which is almost
100% recovery from the reaction medium which ultimately makes the catalyst cost
effective and less polluting. Thus, catalysts with magnetic properties can be cast into
a variety of chemical transformations including industrial applications. Owing to
this fact, introducing the magnetic character to COF can bring a lot more fascinating
materials of chemical use. In order to introduce the magnetic character to the COF
backbone, it has to be attached to themagnetic nanoparticles; a fact introduces the idea
of synthesis of magnetic COFs. In the early research, in 2017, Guo et al. published
a magnetic COF material utilizing Fe3O4 as the magnetic core shell (Fig. 11.7a)
[33]. Initially, the Fe3O4 nanoparticles were stabilized by citrate ligands using the
solvothermal method. Consequently, the carboxylate-rich surface of modified Fe3O4

nanoparticles enables the coverage of COFs network through template-controlled
TAPB and TPA precipitation polymerization over the exterior of the Fe3O4 core
shell.

Similarly, in 2017, Sijing et al. published a straightforward technique for making
a bouquet-shaped magnetic nanocomposite of a COF-TpPa-1 and surface improved
Fe3O4 nanoparticles [34]. The synthetic procedure starts from the synthesis of amino-
functionalized surface-modified Fe3O4 nanoparticles which were then reacted with
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Scheme 11.3 Schematics for a probable mechanism for synthesis of thiazole containing precursor
and b preparation of thiazole-linked COFs (TZ-COFs) via MCR [32]

1,3,5-triformylphloroglucinol (Tp) (Fig. 11.8a); lastly, these imine-linked nanopar-
ticles were then reacted with the mixture of Tp and p-phenylenediamine (Pa-1) to
formulate “TpPa-1” a hybrid magnetic nanocomposite. TpPa-1 reportedly possesses
high surface area and porosity with super magnetism.

Similarly, in the same year, Rong et. al reported a magnetic adsorbent-based cova-
lent organic framework LZU1 [35]. The polymeric framework LZU1 was immobi-
lized upon the exterior of polyethyleneimine functionalized Fe3O4 nanoparticles
(magnetic core shell) and termed as COF-LZU1@PEI@Fe3O4 (Fig. 11.8b).

4.8 Friedel–Crafts Reaction

Chang et al. prepared new triazine-based COPs in 2012 via Friedel–Crafts reac-
tion of cyanuric chloride with benzene, biphenyl, and terphenyl in DCM using
AlCl3 as a catalyst (Scheme 11.4a) [36]. The electron deficiency of carbon centers
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Fig. 11.7 a Preparation of magnetic Fe3O4@COFs and b their application in peptide separation
process is depicted schematically [33]

Fig. 11.8 a Preparation of magnetic COF-TpPa-1 and its use in the extraction of organic targets
are depicted schematically [34] and b synthesis of magnetic COF-LZU1@PEI@Fe3O4 [35]
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Scheme 11.4 Schematic representation of the preparation of triazine-based COFs via Friedel–
Crafts reactions a microporous polymers [36] and b NOP networks [37]

of triazine ring facilitates the electrophilic substitution by an aromatic compound.
A vital synthetic challenge is an easy and straight protocol to synthesize triazine-
based COP under mild reaction conditions such as adequate range of temperature,
cheaper starting materials, and catalyst. So, in this regard, Pan et al. prepared new
nanoporous frameworks in 2014 using a simple approach of modified Friedel–Crafts
reaction between 2,4,6-trichloro1,3,5-triazine and substituted aromatic substrates
(Scheme 11.4b) [37]. The reaction was formed using CH3SO3H as a catalyst and
anhydrous toluene as solvent at 140 °C for 24 h. All the polymeric materials synthe-
sizedwere found inhighyields,without utilizing anymetal catalyst.While comparing
with AlCl3 catalyzed Friedel–Crafts method, it was noted that the precursors were
highly miscible into the liquid catalyst (methanesulfonic acid), which subsequently
increased the reaction efficiency [38]. Besides, methanesulfonic acid has low toxicity
and corrosivity, good thermal steadiness, no harmful volatiles and decomposes into
sulfate, carbon dioxide, water, and biomass in an environmentally benign manner;
therefore, methanesulfonic acid has been proposed as an excellent catalyst for the
Friedel–Crafts method.

4.9 Coupling Reactions

After the coupling reactions were discovered, techniques for forming the C–C bond
have become exceedingly simple and advantageous. These transitionmetal-catalyzed
chemical transformations enhanced the exponential growth of pharmaceuticals and
industrial chemicals. In this context, in 2012 Cooper et al. developed a method
of synthesis of triazine-based COFs using Sonogashira–Hagihara cross-coupling
[39]. The reaction was performed via 2,4,6- tris(4-bromophenyl)-1,3,5-triazine with
various di- and tri-acetylenes, in the presence of (PPh3)4, CuI, Et3N, and anhydrous
DMF as solvent (Scheme 11.5). These newly synthesized materials possess remark-
ably high porosity and are found advantageous in terms of stability. These polymeric
networks were found structurally similar to benzene-linked CMPs, besides optical
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Scheme 11.5 Preparation of triazine-based conjugated microporous polymers via Sonogashira–
Hagihara cross-coupling is depicted schematically [39]

band gap of these materials was altered using an appropriate selection of monomeric
units. Remarkably, they synthesized a polymer termed TNCMP-2 that contains both
an electron donor (triphenylamine) and an electron acceptor (1,3,5-triazine) part and
consequently results in fascinating optoelectronic behavior. COFs with the specified
sort of building block might be beneficial in photovoltaics or photocatalysis.

5 Application of Covalent Organic Frameworks
in Heterogeneous Catalysis

In the field of catalysis and synthetic transformations, heterogeneous catalysis has
simplified the process as one of the green, sustainable, and efficient gateway [40].
Covalent organic framework and its hybrid composites are well-known heteroge-
neous catalysts. Multifunctional COFs possess high potentials as efficient robust
catalysts in various types of organic transformations. As a heterogeneous catalyst,
these COFs can be used as an appropriate carrier to lock metal ions or by using
their functional in-built sites as a catalyst. Large surface area, high porosity, and
N-rich sites provide multifunctional heterocatalytic media for catalysis. The core
backbone of COFs is made up of entirely organic molecules that are held together
through covalent bonding which consequently deliver high stability. Advancements
and quick expansion of synthetic methods have ensued into the synthesis of an array
of COF-supported metal oxide composites with variable morphologies, chemical,
and physical properties. Here, we summarize the representative catalytic application
of COF materials.



Recent Advances in the Synthesis of Covalent Organic Frameworks … 301

Fig. 11.9 a Synthetic procedure of Pd immobilized imine β-ketoenamine-linked COF and its use
in coupling reactions [41] and b schematic representation of the synthesis of Cu@HATN-CTF and
its catalytic application [42]

5.1 C–C Coupling Reactions

Cross-coupling reactions catalyzed by transition metals have long been regarded as
critical for the production of C–C bonds in industrial and medicinal applications.
Sonogashira, Heck, and Suzuki–Miyaura C– coupling reactions are well known
for their potential uses. Metal immobilized COF catalysts are well known for C–C
coupling reactions. Numerous reports have been published demonstrating sustain-
able catalytic systems for the same in terms of recyclability, better heterogeneity,
reaction time, solvent, and temperature. In 2017, Dhananjayan et al. reported two
imines and β-ketoenamine-linked COFs named TAT-DHBD and TAT-TFP [41]. The
high nitrogen content enabled the excellent affinity for Pd NPs; subsequently, the
newly synthesized catalyst was utilized for Suzuki–Miyaura cross-coupling between
aromatic boronic acid and bromoarenes in DMF as solvent at 100 °C in 24 h with
recyclability up to five cycles (Fig. 11.9a).

Recently, in 2019,Norini et al. reported a functionalized porous organic polymeric
framework HATN-CTF showing high surface area, consequently subject to metala-
tion using Cu(OAc)2 to synthesize an effective heterogeneous catalyst Cu@HATN-
CTF for Henry reaction of aromatic aldehydes and nitromethane in EtOH as solvent
at 70 °C in 12 h (Fig. 11.9b) [42]. An excellent catalytic activity and higher TON
were reported which may attribute to the electronic configuration effect.

5.2 Nitrophenol Reduction

The day-by-day progressive industrialization has been directed toward the highly
polluted aquatic environment over the last few decades leading to tremendous pollu-
tion in the aquatic environment. Unprocessed industrial wastewater contaminates
water sources resulting in impacts on marine animals and human health [43]. Among
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Fig. 11.10 a Preparation of COF-Ph and COF-BPh is shown diagrammatically and [46] b graph-
ical illustration of solvent-free preparation of COP Pd@CCTP and its catalytic application in the
hydrogenation of nitroaromatics [47]

them, nitroaromatics predominantly exist, which are very toxic, stable, and non-
biodegradable [44], while their respective amino substituents are valuable in phar-
maceuticals [45]. To simplify nitroaromatic reduction, various metal-based hetero-
geneous catalysts have been designed, among themmetal immobilized triazine COFs
are our prime focus.

In 2019, Mengying et al. synthesized a triazine-based polymeric material using
cyanuric chloride with p-phenylenediamine/4,4′- diamino diphenyl, through nucle-
ophilic substitution method and after the Pd immobilization, and the newly synthe-
sizedPd@COF-Ph/ Pd@COF-BPhwere utilized into hydrogenation ofp-nitrophenol
(Fig. 11.10a) [46]. More accurately, Pd@COF-BPh exhibited better catalytic effi-
ciency due to larger pores. This catalytic investigation displayed high catalytic
recyclability up to ten cycles for both catalysts. Similarly, in 2020, Yadav et al.
presented their extended study on the Pd metal immobilized triazine-based COP
(Fig. 11.10b). A new sustainable method was designed and practiced for the prepa-
ration of a polymer CCTP using thiourea and cyanuric chloride under solvent and
additive-free sustainable reaction conditions [47]. After the Pdmetal immobilization,
the Pd@CCTP was utilized in catalytic reduction of nitroaromatics for experimental
and bulk scale reactions. Additionally, thermodynamic and kinetic parameters for
the hydrogenation of p-nitrophenol were also computed, indicating that the process
is non-spontaneous and endothermic. Surfactants such NH4OH, FA, and N2 were
also tested for their influence on response performance.

5.3 Asymmetric Catalysis

Asymmetric organocatalysis is a predominantly useful tool for organic chemists;
however, being expensive and highly polluting and homogenous in nature are some
major downsides associatedwith it.Asymmetric organocatalystswith recyclingprop-
erties and effective cost can serve the best for this purpose. Therefore, designing
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of highly effective heterogeneous asymmetric organocatalyst was highly desirable
to overcome the aforementioned drawbacks. There are chiefly two approaches for
design and construction; the first one includes the integration or incorporation of
chiral auxiliaries upon heterogenous support, while the second one includes direct
synthesis of heterogenous asymmetric organocatalysts using functional organic
building blocks. The first one has a limitation of uneven and insufficient loading
of chiral auxiliaries; while for the second one, it is very difficult to construct
directly a chiral heterogeneous network. But, upon literature survey, it was found that
chiral heterogeneous organocatalysts possess high stability, porosity, and crystalline
properties.

In this context, Zhang et al. explored the multivariate strategy for the synthesis
of COFs containing chiral pyrrolidine and imidazolidine catalysts for heterogeneous
asymmetric organic transformations (Scheme 11.6) [48]. A series of highly stable
and crystalline porous 2D CCOFs was synthesized using a dialdehyde (DMTA)
and a mixture of triamine with and without chiral organocatalysts. The system-
atic arrangement of chiral organocatalysts to the channel walls of porous skeleton
acts as a three-component condensation system and served as a highly efficient

Scheme 11.6 Graphical illustration of the preparation of seven chiral covalent organic frameworks
(CCOFs) [48]
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hetero-organocatalyst for asymmetric aldol, Diels–Alder, and aminoxylation reac-
tions even under harsh conditions. These metal-free CCOFs catalysts show high
stereoselectivity and diastereoselectivity over their organocatalytic building blocks.

In 2017, Hui et al. published the preparation of a homochiral triazine-based COF
via S-(+)-2-methylpiperazine and cyanuric chloride through nucleophilic substitu-
tion reaction [49]. This chiral framework (CCOF)was immobilized with Pd nanopar-
ticles (NPs) and termed as Pd@CCOF-MPC (Fig. 11.11a). This newly synthe-

Fig. 11.11 a Schematics for the formation of CCOF and Pd@CCOF; asymmetric Henry reactions
of different aldehydes with nitromethane [49] and b schematic illustration of chiral DHIP and
pyrrolidine-based TPB2-COF and Tfp2-COF; their catalytic applications [50]
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sized Pd@CCOF-MPC was utilized as an asymmetric heterogeneous catalyst for
Henry reaction and reductive Heck reaction. The nitrogen-rich skeleton of CCOF
substantiates the loading and stability of Pd NPs such transformations.

Recently in 2019, Jie. et al. utilized chiral organocatalysts as precursors to prepare
two chiral COFs named TPB2-COF and Tfp2-COF as shown in Fig. 11.11b [50].
The systematic arrangement of chiral catalytic sites to the porous skeleton served
as a highly efficient hetero-organocatalyst for asymmetric Steglich rearrangement
and Michael addition reaction. The metal-free chiral catalysts were found highly
efficient for both the reactions in terms of activity, enantioselectivity, diastereoselec-
tivity, and reusability. This is the first report demonstrating the asymmetric Steglich
rearrangement with a solid heterogeneous catalyst with conversion around 85% and
enantiomeric excess (ee) around 80%. The asymmetric Michael addition took place
with high stereoselectivity and diastereoselectivity.

5.4 Cycloaddition of CO2 to Epoxides

The risingCO2 releases from various sources triggering toward environmental illness
so better technical assistance is much needed effective utilization of pollutants [51].
The direct utilization of CO2 gas for the beneficial chemical synthesis of epoxides
has drawn substantial attention in terms of atom economical synthesis and abun-
dant source of CO2.[52] The cycloaddition of CO2 to epoxides results in industri-
ally significant cyclic carbonate products having tremendous applications in various
fields [53]. The high activation energy barrier associated with CO2 activation needs
a suitable catalyst, so a simple and heterogenous catalyst with appropriate func-
tional moieties is extremely worthy to be explored [54]. In 2017, Yongfeng et al.
designed two metal-free covalent organic frameworks using triazine-based precur-
sors and 2,5-dihydroxyterephthalaldehyde as the connector and named them COF-
JLU6 and COF-JLU7 (Fig. 11.12a) [55]. The in-built catalytic sites due to N, O-rich
character and abundant H-bonding provided very high catalytic efficiency with a
broad substrate scope under mild reaction conditions. The recyclability examination
confirmed the high recyclability of the newly synthesized catalyst up to seven runs
with retention of its catalytic performance under the optimized reaction conditions.
Besides, in 2018 only, Tao-Tao et al. reported a variety of cationic CTFs synthesized
by ionothermal method from 1,3- Bis(4-cyanophenyl)imidazolium chloride (BCI-
Cl) (Fig. 11.12b) [56]. Due to this exclusive ionic character, they exhibited enhanced
CO2 uptake capacity and effective catalysis in the cycloaddition of epoxides and CO2

without the need for any additive.
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Fig. 11.12 a Synthetic procedure of COF-JLU6 and COF-JLU7 and b synthesis of the
imidazolium-based CTFs and their application in CO2 fixation [56]

5.5 Condensation and Multi-Component Reactions

MCRs (one-potmulti-component reactions) are an emergent class of reactions having
numerous applications in the pharmaceuticals, medical, and chemical industries [57].
The very simplistic one-pot process converts two or more starting materials into the
product in such away that themajority of atoms are found in the final product without
isolating the intermediate. Recently in 2020, Zare et al. fabricated a triazine-based
COF with magnetic properties by covering it over Fe3O4 nanoparticles coated with
chitosan (Fig. 11.13) [58]. The magnetically modified COF was finally embedded
withCu2+ to synthesizeFe3O4/CS/COF/Cunanocompositewithmagnetic properties.
The material was utilized as an excellent heterogeneous catalyst in the unsymmetric
Hantzsch process to produce polyhydroquinoline derivatives. High product yield,
selectivity, recoverability, and reusability are some advantages of this modified COF.

Recently, Yao et al. reported a quinoline-linked COF via Povarov reaction of
2,5-dimethoxy terephthalaldehyde (DMTPA), 1-vinylimidazole (VIM), and 1,3,5-
tri(4-aminophenyl)-benzene (TAPB) [59]. The COF-IM was further reacted with
1,3-propanesultone to obtain ionic liquid functionalities (Fig. 11.14). COF-IM-SO3H
serves as an efficient heterogeneous catalyst for multi-component Biginelli reactions
because of these sulfonic acid catalytic sites. A broad range of products was synthe-
sized by varying aromatic aldehydes under solvent-free reaction conditions with high
efficiency (Fig. 11.14).
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Fig. 11.13 Preparation of Fe3O4/CS/COF/Cu and its utilization in Hantzsch reaction [58]

Fig. 11.14 Graphical illustration of the preparation of COF-IM and COF-IM-SO3H and its
application in Biginelli reaction [59]

Using a tetrahedral alkyl amine and two triangular precursors, triformylphloroglu-
cinol (TFP) and 1,3,5-triformylbenzene, Fang et al. synthesized two bases func-
tionalized three-dimensional (3D) COFs in 2014 (Fig. 11.15a) [60]. With 96% and
98% conversion, the 3D BF-COF-1 and BF-COF-2 are used as highly effective
size-selective organocatalysts for metal-free the Knoevenagel condensation process.

Likewise, Sun et al. demonstrated the catalytic potential of a bifunctional COF in
aerobic oxidation–Knoevenagel condensation reactions [61]. A pyridine containing
COF has been synthesized using 2,5-diaminopyridine and triformylphloroglucinol,
and the resultant COF-TpPa-Py was partially immobilized with Pd species over pyri-
dine units (Fig. 11.15b). The resultant porous and chemically stable catalyst having
the advantageofPdmetal andbasic pyridine functionalities exhibits superior catalytic



308 Subodh and D. T. Masram

Fig. 11.15 aGraphical illustration of preparation of 3D COFs: (i) 3D tetrahedral analog of 1,3,5,7-
tetraaminoadamantane, (ii) 3D triangular analog 1,3,5-triformylbenzene, (iii) 3D representation of
BF-COF-1 or BF-COF-2, and (iv) their utilization in Knoevenagel condensation reaction and [60]
b schematic representation of preparation of Pd/COF-TpPa-Py and its application [61]

Fig. 11.16 Graphical representation of the preparation of TTO-COF and its application in
photocatalytic C-H activation [68]
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Scheme 11.7 a Synthetic procedure of TPOP-2 [62] and b synthetic procedure of N-rich polymer
[63]

activity using Pd for conversion of alcohols to aldehyde, followed by Knoevenagel
condensation with the remaining pyridine units.

In 2015, Bhaumik et al. synthesized a new triazine polymer (TPOP-2) using
cyanuric chloride and tris(2-aminoethyl)amine,with highN-content due to amine and
triazine functionalities (Scheme 11.7a) [62]. The surface basicity, insoluble nature,
and high thermal stability provided excellent catalytic activity as an organocatalyst
for the condensation reaction of an aromatic aldehydewith phenols andmalononitrile
to produce 2-amino-chromenes.

Likewise, in 2018, Yuanzheng et al. used 2,4,6-tris(4-aminophenyl)-s-triazine
to prepare a porous N-rich polymer (Scheme 11.7b). With high reusability and
recyclability, the polymer was used in the Knoevenagel condensation process of
benzaldehyde to benzylidene malononitrile [63].

5.6 Dye Degradation

The developing textile and other industries including paper and leather have also
increased the usage of synthetic dyes. Dyes are causing serious environmental threats
due to their poor biodegradation. Therefore, the systematic removal of these harmful
dyes is of utmost priority. Dyes after mixing into water sources obstruct the photo-
synthesis process of marine animals. Toward this end, various methods have been
proposed such as sedimentation, biodegradation, advanced oxidation, carbon adsorp-
tion, and activated sludge, but these were reported with their low efficiency and high
cost [64].

In 2018, Ning et al. synthesized a triazine-linked covalent organic polymer (COP-
NT) using triazine substrate and naphthalene imide derivative through Schiff’s
condensationmethod (Scheme11.8) [65]. This newly synthesized polymericmaterial
exhibited well visible light absorption and semiconductor properties. The COP-NT
was used to efficiently photocatalyze the degradation of methyl orange, rhodamine
B, and methylene blue with their respective Ea values 9.40 kJmol−1, 30.94 kJ−1 mol,
or 17.54 kJmol−1. Similarly, in 2020, Chen et al. used Knoevenagel condensation to
prepare a vinylene-linked covalent triazine polymer (sp2c-CTP-4) (Scheme 11.8b)
[66]. The as-prepared sp2c-CTP-4 exhibited considerable high semiconducting prop-
erties. Because of these characteristics, sp2c-CTP-4 was revealed to be an efficient
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Scheme 11.8 a Preparation of COP-NT [65] and b schematic representation of the synthesis of
sp2c-CTP-4 [66]

photocatalyst for methylene blue degradation. Furthermore, sp2c-CTP-4’s greater
chemical stability led to its high recyclability and photocatalytic retention up to five
cycles.

5.7 Photocatalytic Applications

Owning to various key features of COFs, viz. everlasting porosity, highly crystalline
nature, high thermal and chemical stability, periodic channels for charge conduction,
and columnar p-arrays, COFs have been revealed to be an excellent material for
various photocatalytic applications.

Using Schiff’s base condensation process with a triazine precursor and 2,5-
dimethoxyterephthaldehyde, Yongfeng et al. synthesized a 2D-COF in 2017
(Scheme 11.9) [67]. The high π-electron density, periodic nanochannels, and persis-

Scheme 11.9 Synthesis route for COF-JLU5 and its catalytic application [67]
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tent porosity provided COF-JLU5 excellent photocatalytic activity for visible light-
mediated oxidative C–H bond functionalization. Themethodology was found advan-
tageous in terms of photocatalytic sustainability, highly efficientmetal-free approach,
a broad scope of substrates, and recyclability.

In 2020, Yongliang et al. utilize an aldol condensation reaction to synthesize
an olefin-linked triazine functionalized COF material using triazine building blocks
(Fig. 11.16) [68]. The synthesis was accelerated by trifluoroacetic acid (TFA); there-
after, a completely sp2 carbon-containing TTO-COF was obtained which was then
found as a highly photosensitive semiconductor having anoptical bandgapof 2.46 eV.
As a result, photocatalytic C–H bond functionalization of different arenes, as well
as photodegradation of organic dyes, were carried out. The proficiency was reported
in terms of higher efficiency and reusability in both applications.

5.8 Electrocatalysis

The increasing demand for energy from conventional energy sources has come up
with hazardous environmental challenges. Therefore, a promising alternative to these
challenges is electrochemical/photoelectrochemical reactions. In this regard, COFs
are again extremely capable materials possessing the integrative effect of crystalline
nature, high surface area, and unique porous skeleton.

Wenjie et al. demonstrated a cobalt–porphyrin-based COF synthesized under
solvothermal conditions via Schiff’s base condensation reaction subsequently
followed by pyrolysis in N2 atmosphere at 900 °C [69]. This newly synthesized
material Co-COF-900 was then utilized for oxygen reduction reaction (ORR) in
basic conditions (Scheme 11.10a). This catalyst was advantageous in terms of its
comparatively better performance with commercial Pt/C and deprived of methanol
crossover effect. Co-COF-900 verifies itself as an industry viable electrocatalyst by
eliminating the use of precious noble metal Pt with high efficiency.

In 2018, Cang et al. prepared a new series of three cobalt immobilized COFmate-
rials using cobalt–phthalocyanine and boronic acid linker as basic building blocks
(Scheme 11.10b) [70]. Among these three, the Co-Pc-PBBAwas used for large-scale
CO2 utilization through an integrated effect of gas storage and catalytic reduction.
The porous architect of Co-Pc-PBBA is highly competitive in CO2 storage; therefore,
the high concentration of CO2 around the catalytic sites enhances the mass transport
of CO2 and delivers high efficacy in the reduction reaction. The comparative analysis
reveals that Co-Pc-PBBA displays an over potential of 0.27 V and remarkably high
productivity rate approximately increased by 97.7 times compared with aqueous CO
making rate 97.7 times advanced than in aqueous medium.

In 2020, Royuela et. al. synthesized a new naphthalene-based diimide-linked
covalent organic framework NDI-COF (Scheme 11.10c) [71]. The newly synthe-
sized NDI-COF was efficaciously exfoliated into COF nanosheets architect (CONs)
and utilized for oxygen reduction reaction (ORR) in basic conditions. The major
highlights were reported as metal and pyrolysis-free ORR process, and this report
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Scheme 11.10 a Schematic illustration of Co-COF [69], b synthesis of Co immobilized COFs and
different boronic acid linkers as basic building blocks, and [70] c synthesis of NDI-COF [71]

demonstrates that an electroactive part of the COF material is solely accountable for
its electrocatalytic ORR activity.

5.9 Other Catalytic Applications

In 2019, Vardhan et al. illustrate the synthesis of two vanadium decorated covalent
organic frameworks by attaching VO to their hydroxyl functionalities [72]. Both the
hybrid COFs were explored for their catalytic potential in Mannich-type reactions,
Prins reaction, and oxidation of sulfides. The results for catalytic transformations
substantiate their significance as highly efficient heterogeneous catalysts. The robust
crystalline skeleton, stability, and reusability of these hybrid COFs assure their place
in the industrial world (Fig. 11.17).
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Fig. 11.17 Schematic illustration of the synthesis of VO docked COFs TAPT-2,3-DHTA and VO-
TAPT − 2,3-DHTA and their application in various organic transformations [72]

6 Conclusion

A substantial advancement has been seen in the design and preparation of cova-
lent organic frameworks and their applications. The literature survey of these
hybridmaterials has substantiated their significance in various applications. Catalytic
organic transformation is one of the highly vibrant fields in the chemical industry,
and new hybrid catalysts are continuously mounting to accomplish this demand
through heterogeneous catalysis. Covalent organic frameworks and their function-
alized derivatives are acclaimed support materials, and several reports are already
available in literature where COFs have been utilized as extensive support materials
for various metal/metal oxides. In trend, a diverse range of covalent organic frame-
works has already been reported for heterogeneous catalysis applications. A broad
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scope of various organic transformations has been successfully implemented. In
addition, many of COFs were used as support materials, showing significant advan-
tages over traditional methods. This chapter has the primary objective to highlight
the synthesis of new hybrid COF materials and their application in catalysis.

Abbreviations

COF Covalent organic framework
CTF Covalent triazine framework
MOF Metal–organic framework
MNPs Metal nanoparticles
CP-MAS Cross-polarization magic angle spinning
NMR Nuclear magnetic resonance
BDBA Benzene-1,4-diboronic acid
PXRD Powder X-ray diffraction
MCR Multi-component reactions
DCM Dichloromethane
DMF Dimethylformamide
ORR Oxygen reduction reaction
eV Electronvolt
TFA Trifluoroacetic acid
2D/3D Two dimensional/three dimensional
TON Turn over number
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Abstract Covalent Organic Frameworks (COFs), a new emerging class of crys-
talline porous materials fabricated by connecting the organic building blocks with
strong covalent bonds to form extended structures. COFs are amongst the few
synthetic superstructures which have a highly crystalline nature thus leading to
ordered and well-arranged pores which are easy to characterize through common
analytical techniques like Brunauer–Emmett–Teller (BET) and Powder X-Ray
Diffraction (PXRD). COFs have emerged as an important and fascinating research
topic in the last one and a half decades owing to their lower density, large surface
area, versatile and robust nature due to strong and intact covalent linking, and easy-
to-tune pore size. Thus, crystalline porous structures, with long-range orderliness
and larger surface area, have made these functional-tailored materials attractive to
the present researchers for the development of promising catalytic materials. COFs
can act as nanoreactors which reduce the activation energies of the reactants by
bringing them closer and providing the proper environment to react. Being light and
insoluble in many solvents, they form an ideal contestant for heterogeneous catal-
ysis. COFs are an excellent host to the metal NPs with minimum aggregation for
effective cooperative catalytic activity. In the present chapter the basic concepts used
in designing, the recent advancements in the field of synthesis, and the properties
shown by these structures are discussed in detail. Furthermore, the applications of
these highly porous catalysts in diverse organic transformations are described.
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1 Introduction

Covalent Organic Frameworks (COFs), the latest and emerging class of microp-
orous materials, are built by integrating organic building blocks via strong covalent
bonding to form extended 2D and 3D superstructures [23, 39, 54]. COFs are light
materials composed of atoms like C, B, O, N and Si and show unique and unprece-
dented properties like robust chemical bonding, structural regularity, easy and tunable
functionalization, high thermal stability, well-defined pores, larger surface areas,
and many more. The specific conformations and morphologies produce a confined
molecular space that can accommodate a variety of reactive species like photons,
electrons, holes, ions, excitons, spins, and small molecules. This specificity provides
novel macromolecular platforms for structural designs and functional development
[39, 47]. These microporous materials have positional control over their molecular
organic building blocks, which ascertain the synthesis of molecules with high speci-
ficity and regularity. Besides synthesizing the channels and micro spaces, COFs are
explored extensively for wide applications in fields of catalysis, gas storage, adsorp-
tionofmetal ions, sensors, drugdelivery, optoelectronics, etc. Therefore, these unique
properties have made COFs very popular not only among material scientists but also
among specialized chemists and physicists. Apart from the application part, the latest
research also focuses on unraveling new methods of tailoring novel COF systems
and understanding the mechanism of arrangement and action [47, 52].

Creating precise and ordered multidimensional superstructures has been a chal-
lenge to science as rightly quoted by the Noble Laureate Prof. R. sn “In two or
three dimensions, it’s a synthetic wasteland” [44]. Such covalently linked multidi-
mensional and precise superstructures are quite evident. Biopolymers like nucleic
acids and proteins are formed as a result of covalent and non-covalent interactions
to form controlled superstructures in which the covalent bonds define the primary
structure and the non-covalent interactions precisely shape up the higher-ordered
secondary structures [17, 38, 48, 60]. To date, the synthesis of molecules up to five
monomers has been successfully achieved, but it still looks impossible to mimic
the higher-ordered arrangements of biological superstructures through non-covalent
interactions. Even polymerization has been of little help for creating such ordered
and crystalline materials as the conventional techniques of organic polymeriza-
tion lead to amorphous materials. Such tailor-made synthetic materials had always
been a great challenge to the scientists [36, 95, 111]. Moreover, extended cova-
lent networks are found throughout nature like diamonds but none was synthetically
prepared until the phenomenal work from the group of Prof. Yaghi published in 2005
who synthesized a COF using light atoms like B, O, N. These COFs have emerged as
a ground-breaking invention in the past 15 years which enforced this goal by incor-
porating covalent and non-covalent interactions in the polymerization systems [16].
COFs are the first kind of highly crystalline porous materials made up entirely of
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covalent bonds where the multidentate organic blocks are aligned in well-ordered
sites with high precision, thus showing long-range ordered crystallinity. The crys-
tallinity of COFs is well documented with experimental evidence mainly through
PXRD data unlike other porous organic polymers (POPs) which are found to be
amorphous. In 2018, the first structure of crystalline COF was also reported using
single-crystal X-ray diffraction. The findings revealed the high-ordered crystalline
arrangement in COFs which make them fascinating for the exploration of unique
applications [82]. Since most of the COFs are insoluble in solvents, therefore, a
salient feature of COF catalysts is easy separation using simple physical techniques
like filtration and centrifugation followed by reactivation [24]. In the past one and
a half-decade, this field has expanded a lot to the novel synthetic methods, genera-
tion and tuning of skeletal pores, and prospective applications including gas storage,
catalysis, semi-conduction, sensing, etc. [37, 72, 73, 87, 129, 135]. This chapter
provides a concise overview of the building blocks utilized and various applications,
particularly in catalysis, of crystalline COFs to date. The pores and pore walls of
these tailor-made COF skeletons are useful to act as domains for designing reaction-
specific catalytic sites. These porous crystalline frameworks also offer a suitable
platform for designing heterogeneous catalysis where the open nanopores provide a
specific and confined space that has the potential to act as nanoreactors. As a result of
the broad structural diversity and robust bonding, COFs allow the amalgamation of
a wide range of tolerant catalytic sites. Asymmetric catalysis, photocatalysis, elec-
trocatalysis, metal-based catalysis, and other types of catalysis have been developed
and have shown the great potential of COF as the porous platform for exploring
catalytic systems [14, 129, 130].

2 Diverse Strategies of Synthesis of COFs Using Alternate
Energy Sources

There are several strategies to synthesize COFs using Alternate energy sources
(Fig. 12.1).

The conventional methods to synthesize COFswere solvothermal where extended
reaction time and high energies were required to push the reaction towards thermody-
namically stable crystalline materials. Presently, with technical advancements, these
reactions can be carried out with alternate sources of energy viz. microwave, ultra-
sound, mechanical agitation, photochemical conditions, and electron beam irradia-
tion methods. These techniques not only enhance the overall kinetics of the reaction
but also help in getting better yields [6, 36, 74, 107, 124].

1. Microwave (MW)-Assisted Solvothermal Synthesis: COF synthesis through
Microwaves has attracted the attention of researchers as a cleaner alternate
that provides better yields, demands lower energy, and lesser time. There-
fore, a wide array of these crystalline materials can be synthesized more effi-
ciently as compared to the conventional solvothermal processes [99, 100].
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Fig. 12.1 Energy efficient
alternate strategy to
synthesize COFs

In 2009, the MW-assisted synthesis of boronated ester-linked COFs, COF-5,
and COF-102, was reported by using microwave irradiations. As compared to
the COFs synthesized by the conventional solvothermal process, the products
formed by the MW process took about 200 times less time and had better
surface area also allowing the trapped impurities to be removed with ease
using a potent microwave extraction process [10]. Wei et al. first synthesized
a β-ketoenamine linked COF (TpPa-COF-MW) using the Schiff base reaction
between 1,3,5-triformylphloroglucinol (TPG) and p- phenylenediamine (Pa)
under the microwave irradiation [120]. The reaction time reported for comple-
tion was 1 h. This method resulted in exceptionally high yields, better crys-
tallinity, and higher surface area of thematerialwhichwas also observed through
the Brunauer–Emmett–Teller (BET) analysis. This β-ketoenamine linked COF
showed higher adsorption of CO2 as compared to its solvothermal counterpart.

2. Sonochemical Synthesis: Synthesis using ultrasounds accelerates crystalliza-
tion due to the acoustic cavitation which creates a high temperature and high-
pressure condition in solutions [3, 43]. This alternate source of energy also
features low energy requirements, faster reaction rates, and the overall low
cost of the reaction. In 2012, the first ultrasonic process of COF synthesis of
boron-based COFs (COF-1 and COF-5) was reported. The reaction reported
was completed only in one hour. The resultant crystalline polymer exhibited a
better BET area and 100 folds decrease in crystal size when compared with the
COF obtained by sonothermal process [56].

3. Mechanochemical Synthesis: Mechanochemical synthesis involves manual
grinding in solvent-free conditions [63]. That is the reason why this method
is considered an eco-friendly and cost-effective alternative to conventional
methodologies like solvothermal process [113, 118, 131]. In 2013, the first
solventlessCOFs,TpPa-1, andTpPa-2,were synthesizedby themanual grinding
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method. Using this method, the reaction got completed in less than an hour
and the products showed exceptional stability in acidic, alkaline, and boiling
water conditions [6]. Later, by using the Liquid Assisted Grinding approach
various COFs having linkages like β-ketoenamine, hydrazine, and imine were
also synthesized and reported [4, 93, 128]. These fabricated COFs exhibited
outstanding water adsorption property which was even better than commercial
zeolites.

4. Photochemical Synthesis: In the last decade, the synthesis of organic mate-
rial using high-energy photons has been studied extensively. The reaction rates
observed in these processes were superfast and the energy requirements of
the reactions were exceptionally low [107]. The first photochemical synthesis
of COF-5, a sea urchin-shaped COF, was reported using UV irradiation in
2017. The reported reaction was performed at room temperature with a 48-
fold increase in the kinetics [59]. Later, the sunlight-stimulated synthesis of
pyrazine-fused COF (hcc-COF), electron beam irradiation-based synthesis of
imine-linked EB-COF-1, and 2DCOFswere also reported. It has been proposed
and reported in the literature that the irradiation by electron beam probably
“froze” the EB-COF-1 in its most stable conformation and thus led to enhanced
crystallinity in the COF as compared to the one synthesized by the solvothermal
process [58, 134].

3 Reticular Chemistry: Next Step in Chemistry

The word ‘Reticulate’ simply means something arranged like a net and ‘Reticular
Chemistry’ or ‘Reticular Synthesis’ is primarily concernedwith the controlled forma-
tion as well as cleavage of bonds in the molecules. As defined by Prof. Yaghi, ‘Retic-
ular Chemistry’ can be described as the chemistry of joiningmodular building blocks
and chemical linkers with strong bonds, like covalent linkages, to make extended
crystalline structures [23]. In Reticular Chemistry, the groups are bonded together
to form supermolecules in the form of extended networks or nets just like how
graphite forms 2D layers and diamond contains tetrahedral units extended in 3D
[127]. The developments in the area of building complex structures began with
Gilbert Lewis’ millennial paper “The Atom and the Molecules” which introduced
the concept of covalent bonds [16, 23, 31, 64]. Since then, chemists have been
exploiting the concepts to design molecules in zero-dimension with varying struc-
tures and complexities with incredible precision using retrosynthetic analysis. One
milestone in chemistry was achieved when 1D polymers were synthesized. These
polymers opened up the area of performance polymers. But these amorphous poly-
mers could not provide extension into 2D and 3D because of lack of long-range
order. One solution came out as supramolecular chemistry, where the idea of non-
covalent interactions like hydrogen bonds, halogen bonds, van der Waal interactions
was utilized as a guiding tool to form self-assembled superstructures [16, 21, 29,
79, 126]. However, they were found to suffer from the serious drawback of high
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sensitivity and lack of structural integrity. This posed a serious hurdle for their appli-
cation in materials. However, nature also uses such a self-organization strategy to
construct complex molecular architectures like proteins and nucleic acids. However,
nature doesn’t rely solely on weak non-covalent interactions, rather such complex
architectures are built upon strong covalently bonded 1D-chain which is respon-
sible to maintain the structural integrity on which the molecular building blocks
like amino acids and saccharides are decorated. This inspired chemists to better
look for a strategy that assembles the molecular building blocks in geometrically
ordered arrangement and then links them by strong covalent bonds. Once done, then
it becomes feasible to introduce various functionalities and complexities [34, 52, 84,
124, 126, 127] (Huang et al. 2016b). The work in the area of Reticular Chemistry
started by connecting themetal ions to the charged organic linkers, e.g., carboxylates,
which led to the development of metal organic frameworks where various building
blocks were linked together in precise geometrical and spatial arrangements [25,
101]. Another development in the area was linking the organic building blocks to
form extended 2D and 3D COFs (Fig. 12.2) [41, 79, 83]. This kind of chemistry is
a remarkable feat in developing the discipline and moving closer to mimic nature to
control the order and synthesis of extended crystalline organic supermolecules like
diamond and graphite. In a broader sense, reticular chemistry is the next step forward
in developing our understanding to synthesize materials in the form of frameworks.
The developments in reticular chemistry, mainly in the past 15 years, have brought
the synthesis of 2D and 3D extended frameworks to a logical approach for engi-
neering materials using predesigned building blocks and linkers [126]. Owing to the
relevance in academia and potential for applications, this field though new has seen
tremendous growth in the last 15 years with more than a thousand publications that

Fig. 12.2 Timeline: From the lewis structures to covalent organic framework
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appeared in the last year respectively with the exploitation of COFs in a variety of
applications and creative ways to make more and more complex structures.

3.1 Types of Linkages in the Coupling Reactions
for Synthesizing COFs

The remarkable crystallinity in COFs is ensured by carrying out the synthesis via
coupling of organic building blocks and organic linkers with strong but slightly
reversible covalent bonding. The covalent bonds being strong keep the modular
chemical blocks and linkers intact, thus providing robustness to the whole extended
framework [34, 126, 127]. On the other end, the slight reversibility allows the possi-
bility for checking errors and then rearranging the extended networks by cleaving and
reforming the covalent bonds. This ensures the proper stacking of building blocks
in an ordered fashion thus stabilizing the long-range ordered crystalline structure.
A balance between thermodynamics and kinetics plays a crucial role in imparting
crystallinity to the molecular framework [23, 52, 54]. Such ordered assembly led
researchers to explore the reversible coupling reactions for synthesizing COFs with
desired properties.

In the quest to design new COFs with desired properties, various monomers have
been investigated which can be strategized to impart different types of chemical
linkages in the framework and thus give variation in structures, pore size, and func-
tionality. Amongst the wide range of COFs, those bearing boroxines and boronic
ester, hydrazone, azine, imine, and β-ketoenamine are of particular interest. In the
first COF, the reversibility of the five-membered cyclic boronic ester linkages and
six-membered boroxines were reported (Fig. 12.3). Since then, various reactions
have been used in the successful synthesis of novel COFs [39, 74]. As boroxines
and boronic esters were found to be sensitive for hydrolysis, other strategies were
explored like a cocondensation of primary aldehydes and amines to form Schiff
bases which were more resistant to hydrolysis. Another scheme that was reported to
enhance the stability towards hydrolysis included the formation of β-ketoenamine
[55]. β-ketoenamine can be obtained by cocondensing primary amines with 1,3,5-
triformylphloroglucinol (TPG) which subsequently undergoes enol-keto tautomer-
ization which is an irreversible step. This yields a highly stable network that is resis-
tant to acid/base hydrolysis. In recent years, scientists have explored various schemes
to build COFs from organic building blocks and linkages as discussed below:

1. Boroxines and Boronic ester linkages: The very first COFs were synthesized
by (i) cocondensing boronic acids with functionalized catechol to yield five-
membered boronic ester rings and (ii) boronic esters undergo self-condensation
to form a six-membered analogy of cyclohexane boroxine. These reactions
provided the required reversibility hence ensuring the thermodynamic control
over the kinetic in the coupling reaction. Following the strategy for the formation
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Fig. 12.3 Common coupling reactions for the synthesis of COFs

of the boronic acid linkages, Tilford et al. synthesized COF-18A by cocon-
densing triboronic acid (TBA) and 1,2,4,5-tetrahydroxybenzene (Fig. 12.4)
[114]. 1,4-benzenediboronic acid (BDBA) condensed to form boroxine linkage
via thermally assisted dehydration yielding COF-1 (Fig. 12.5) [20]. Though the
eclipsed AA stacking was the most common one observed in the 2D materials,
COF-1 formed a staggered AB packing in presence of solvents and transformed
into eclipsed AA when solvent molecules were removed [16].

Further, a 3D-COF network was synthesized by coupling the tetrahe-
dral boronic acid tetra (4-dihydroxyborylphenyl) silane (TBPS) via self-
condensation as well as by condensing with HHTP, and these COFs were
found to have larger surface areas [29]. Later, other researchers synthesized
and reported a large number of boronic ester-linked COFs containing various
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Fig. 12.4 Synthesis of COF-18A, a boroxine linked 2D-COF. Reproduced with permission from
[114]. Copyright American Chemical Society 2006

Fig. 12.5 Synthesis of COF-1 by the polymerization of diboronic acid BDBA to form boroxine
linkages. Reproduced with permission from [20]. Copyright American Chemical Society 2011
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heteroatoms like N, S, Se, etc. in the boronic acid backbone. These COFs were
found to have improved properties and wider application potential [68]. For
example, incorporating thiadiazole units in the diboronic acid linker yielded a
framework with an electron donor (thiadiazole) and electron acceptor (HHTP)
sites [33].

2. Imine linkages: These are formed by cocondensing an amine and a primary
aldehyde. The introduction of imine linkage has been themost common strategy
in the synthesis of COFs. These offer much better resistance to hydrolysis
without compromising the crystallinity of the material. The first example of
the synthesis of such COF was reported by Uribe-Romo et al., i.e., COF-300,
which was made by cocondensing tetra-(4-anilyl) methane and tetraphthalde-
hyde (TA). The COF was crystallized in tetrahedral units to give a 3D COF
[115]. Later, extended aldehydes like (3,3’-bipyridine)-6,6’-dicarbaldehyde
were utilized as linkers to form 3D frameworks with flexible pores featuring
the size-tuning capabilities upon the adsorption and removal of gas [68]. Liu
et al. reported a simple room-temperature solution-phase method for fabri-
cating mesoporous TPB-DMTP-COF by Schiff base chemistry of 1,3,5-tri-(4-
aminophenyl)benzene (TAPB)with 2,5-dimethoxyterephthalaldehyde (DMTA)
(Fig. 12.6) [71].

Just like boronic ester COFs, various electron acceptor and donor groups like
phthalocyanine, thiophene, and pyrene were incorporated by linear linkages to
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Fig. 12.6 Structure of mesoporous TPB-DMTP-COF depicting imine Linkages. Reproduced with
permission from [71] Copyright Elsevier 2019
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realize various applications related to charging carriers and optical properties
[39, 74].

3. Hydrazones and Azines: Hydrazones, azines, and imines are similar linkages
that are collectively referred to as Schiff bases [104]. These are reversible under
milder acidic conditions and are formed as a result of condensation between
aldehydes and the respective primary amines, e.g., COF-42 [55]. Hydrazones
are obtainedwhen hydrazides reversibly cocondensewith aldehydes (Fig. 12.2).

The first hydrazone COF was synthesized using 2,5-
diethoxyterephthalohydrazide and TFB (COF-42) and TFPB (COF-43) [116].
These COFs have been extensively studied for a wide range of applications specific
to sensing and catalysis [12, 107, 119, 129]. When hydrazine is used as a linker to
join two building blocks, a functionality called azine is established. This was first
published by Dalapati et al. for the synthesis of rhombic py-azine (Figure 12.7) COF
from hydrazine and 1,3,5,8-tetrakis(4-formylphenyl) pyrene. Azine linkage holds
the advantage of providing a variety of pore geometries [19]. It can lead to the most
common hexagonal type and may also result in the formation of heterogeneous dual
pore structures. The combination of hexaphenylbenzene aldehyde with hydrazine
yielded COF with triangular pores of only 1 nm [1]. A variety of such other knots
were also reported, which included substituted benzene, triphenyl benzene, triphenyl
triazine, and pyrene monomers. These monomers led to the synthesis of COFs with
different morphologies [110].

4. β-Ketoenamines: Enhancing the stability of COFs is an important task and
one of the strategies developed takes the advantage of the reversibility of imines
which are synthesized by the cocondensation between aldehydes and 2o-amines

Fig. 12.7 Py-azine COF Synthesized from TFPPy and hydrazine. Reproduced with permission
from [19]. Copyright American Chemical Society 2013
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to connect organic linkers and the modular organic blocks in well-ordered
assemblies. For example, in COF synthesis using TPG as an aldehyde linker
where a hydroxyl group is present adjacent to the formyl groups, an imine is
obtained. This imine tautomerizes irreversibly via enol-keto method to form
an irreversible β-ketoenamine (Fig. 12.8). Though, lesser crystalline behavior
was observed which was probably because of the irreversible step introduced

Fig. 12.8 Steps of formation of COFwith β-ketoamine linkage. Reproduced with Permission from
[55]. Copyright American Chemical Society 2012
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Fig. 12.9 Synthesis of a COF 3PD by forming the β-ketoamine linkage through a one-step michael
addition–elimination reaction between amine and β-Ketone. Reproducedwith permission from [98].
Copyright American Chemical Society 2017

in the COF formation which would have obstructed the error corrections in the
COF lattice [55]. In literature, a structural series is reported with various amines
forming β-ketoenamine. Another approach towards the synthesis of these COFs
included mechanical synthesized by a simple mortar grinding which results in
the formation of nanosheets that are just a few layers thick [6, 11, 56].

Another formation of β-ketoenamine linkage motif utilized a direct one-step
formation through the pathway of Michael’s addition-elimination reaction by where
amines are condensed with β-ketoenols to yield β-ketoenamines (Fig. 12.9) [98].
These β-ketoenamines have added advantage of extra stabilization which arises from
intramolecular hydrogen bonding. These β-ketoenamine COFs have found numerous
applications in reversible redox processes in acidic electrolytes to energy storage, as
proton conducting electrolytes, in reduction of NO2 to NH2, etc.

5. Other linkages: Besides the mainly used linkages, researchers have devel-
oped several other bonding strategies. In 2008, Hunt et al. reported the 3D
COF having borosilicate linkages formed by the condensation between boronic
acid, tetra (4-dihydroxyboryl-phenyl) methane, and tert-butyl silanetriol which
resulted in the formation of borosilicate bonds [50]. In another report, nitrile
trimerization reactions were used in the synthesis of crystalline triazine frame-
work (CTF-1) using 1,4-dicyanobenzene, 2,6-naphthalenedicarbonitrile, [1,1′-
biphenyl]-4,4′-dicarbonitrile, and 5′-(4-cyanophenyl)-[1,1′:3′,1′′-terphenyl]-
4,4′′-dicarbonitrile [61]. Though most of the triazine polymers were amorphous
these were found to be highly stable and useful in various applications like catal-
ysis, polysulfide sorption in Li–S batteries, and these also function asmembrane
materials in the separation of gases [4, 9, 99]. Exploring further possibilities, the
making of COFs with inorganic linkages, Jackson et al. reported the synthesis
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of a COF where the borazine linkages were formed by the polymerization
between melamine and cyanuric chloride and later by the decomposition of
1,3,5-(p-aminophenyl) benzene- borane under thermal conditions [51]. Another
important linkage was formed as a result of squaraine-linked COF in a reaction
between squaraic acid and aromatic amines [89, 125]. In further investigation,
Pyles et al. introduced a novel strategy to form COF by benzobisoxazole link-
ages formed by catalytic condensation between 2,5-diamino-1,4-benzenediol
and trigonal aldehydes [97], and Nandi et al. utilized benzimidazole linkage in
the synthesis of COF [91]. Spiro borate-linkedCOFswere obtained frommacro-
cycles which were diol functionalized and were reacted with trimethyl-borate to
yield the sp3 hybridized COF with spiroborate linkage. These frameworks were
found to have a large surface area and high H2 absorption potential. In addition,
this spiroborate COF showed Li+ transportation capacity which suggested them
as the potential candidate for energy storage applications [28].

Benzoylation, a common lab reaction for amide preparation was also utilized
to assemble and thus effectively reticulate building blocks and linkers. Li et al.
synthesized two 2D-crystalline COFs 1,2,3-trimesoyl chloridewith p-phenyldiamine
(Fig. 12.10) and ethylene diamine. These COFsmade by amide linkages were further
studied for heavy metal recovery [69]. Therefore, various groups of researchers

Fig. 12.10 Synthesis of an amide linked COF, COF-TP by benzoylation. Reproduced with
permission from [69]. Copyright Elsevier 2019
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have used different building blocks to synthesize a wide range of crystalline and
amorphous COFs to design the framework with desired properties [13, 39, 129,
130].

4 Post-Synthetic Modification

The COF properties and applications are based on their interaction of the internal
surface with the external compounds. This is further dependent on the structure,
chemical environment, and the size of the voids or the pores [112]. The respective
COF properties can be modulated by reinforcing the pore size and environment.
There are three primary approaches adopted to carry out such modifications in COFs
viz. pre-synthesis, post-synthesis, or in situ [105]. The possibility of Post-Synthetic
Modifications in COFs makes them unique in the category of crystalline polymeric
compounds. The extended porous networks and high surface area of COFs allow
easy post-synthetic functional group modifications by employing simple synthetic
methodologies. As the size of the pore, structure, and chemical environment can
be easily modified this further proves the versatility of COFs in a wide range of
applications [11, 15]. The general approaches employed to post-modify COFs are:

(i) Incorporation of an external molecule
(ii) Use of metal atom or ion as intercalators or complexing agents
(iii) Formation of new covalent bonds between the ordered COF network.

Some examples of both types of post-synthetic modification in COF are discussed
below:

1. Incorporation of External molecule: Thermal instability and easy hydrolysis
are themajor drawbacks of COFs having borate ester linkage. TheseCOFswhen
post-modified by incorporating the pyridine units, showed enhanced thermal
stability and higher resistance for hydrolysis. Through the experimental and
computational studies, the authors evidenced the preferential coordination to
the defect sites. This strategy greatly enhanced the utility of COFs for gas
absorption and storage purposes [27]. People have also tried to incorporate
metals as well as various compounds to modify COFs after the polymerization
[25, 76, 101, 139]. In this direction,Kalidindi et al. investigated the incorporation
of organometallics into the COFs. Ferrocene was found to form ferrocene-COF
intercalation compounds where the cyclopentadienyl units of ferrocene were
found to interact with cyclopentadienyl units via. π–π interactions [53].

2. Use of metal atoms or ions as intercalators or complexing agents: The
COFs containing imine linkages can coordinate with specific metals and can
act as ligands for metal complexes. This complexation fixes the metal centers at
specific positions of the porous scaffold which leads to the defined and separate
reaction centers. These complexes,wheremetal acts as a complexing agent, have
been found quite favorable for catalytic applications. It was first exemplified by
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Ding et al., who synthesized the first 2D-material COF LZU-1 (using TFB and
PDA) and later modified it by incorporating with Pd (OAc)2 (Fig. 12.11) [24].

There are examples in the literature where specific metals are used to bind
adjacent 2D layers of COFs and form an interlayer bridge. For example, molyb-
denum is incorporated post synthetically in a COF having hydrazone linkages,
where TPG was used as an aldehyde linker, by employing MoO2(acac)2. The
COF showed remarkable catalytic activity towards oxidation reactions and was
utilized for the selective epoxidation of alkenes [132]. In another report, Xiong
et al. used the vicinal hydroxyl groups in 2,3-dihyroxylterephthaldehyde to
dock the immobilized vanadium as V=O using VO(acac)2 [122]. Co(OAc)2 was
also used to incorporate Co(II) ions in the bipyridyl units of the β-ketoenamine
linkage COF-TpBpy (made from TPG and 5,5′-diamino- 2,2′-bipyridine). Also,
the sameCOFwas furthermodified post synthetically by usingCu(OAc)2 which
embedded the Co(II) ions in it [5]. To mimic the natural heme complexes, Seo

Fig. 12.11 Synthesis ofCOF-LZU1Followedby its Post-Functionalization to Incorporate PdMetal
thus Forming Pd/COF-LZU1. Reproduced with Permission from [24]. Copyright from American
Chemical Society 2011
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et al. reportedDha-Tph-COFmade from2,3-dihydroxy-1,4-dicarbaldehyde and
5,10,15,20-tetrakis(4-aminophenyl)porphyrin. It was modified by immersing
the COF in FeCl2·4H2O solution which immobilized the Fe species in it [106].
Similarly, chloro(1,5-cyclooctadiene)nickel(II), Ni(COD)2 was used to link Ni
ions to the dehydrobenzoannulene units of a 3D boronic ester COF with a
nominal loss in the porosity [2]. The examples discussed so far involved the
incorporation of a single metal ion in the framework. Leng et al. investigated
the possibility to achieve a coordination of two differentmetals incorporated in a
COF. For this purpose, they synthesized Schiff base COFs using 2,2′-bipyridyl-
5,5′-dialdehyde and 4,4’-biphenyldicarboxaldehyde as the aldehyde source and
4,4′,4′′,4′′′-(pyrene-1,3,6,8-tetrayl)tetraaniline as an amine having the pyrene
core. Two nitrogen sites: the bipyridine and the imine act as coordination-
docking sites. Two metal complexes, using Rh and Pd, of different sizes
were then used to achieve the complexation of both the metals. The moiety
Rh(COD)Cl was found only on the outer surface as it was too large to occupy
the interlayer positions between the imines. In the subsequent step, these imine
positions were packed by using Pd(OAc)2, yielding a bimetallic Pd and Rh
functionalized COF [62].

3. Formation of new covalent bonds between the ordered COF network

(i) The first covalent PSM was first shown by Nagai and co-workers who
synthesized an azide appended BDBA, a boronic ester COF. This azide
appended COF, N3-COF-5 reacted with functionalized alkynes using Cu
catalyzed click reaction. This approach also led to the development of
strategies to append various groups to the COFs (even fullerenes!). In the
reversed click version, the reaction first the COF is synthesized with an
alkyne-functionalized linker and then it is later reactedwith an azide [90].
This click reaction is used to tune the storage capacity of COFs towards
CO2 by introducing functional groups like -COOH, -COOMe, -OH, and
–NH2 by post-synthetic modifications, where 50% NH2 displayed the
highest capacity [46]. In another example, the pyrrolidine azidegroupwas
incorporated post synthetically to generate a catalytic center in the frame-
work [123, 124]. COFswhich can be used for the storage of electrochem-
ical energy can be made by modifying the COF with Ni-porphyrin units
yielding TEMPO–NiP-COF where TEMPO-COF was made from 1,3,5-
tris(4-aminophenyl) benzene and 2,5-bis(2-propynyloxy) terephthalalde-
hyde and covalent PSM by employing 4-azido-2,2,6,6-tetramethyl- 1-
piperidinyloxy, an azide or an organic radical [49]. The same radical was
introduced by using a different strategy (truncation approach) to create
covalent docking sites in a COF by Bunck and Dichtel. They mixed a
truncated boronic acid node having an allyl group with the tetragonal
linker, tetra(4-dihydroxyborylphenyl) methane, which was later reacted
with propanethiol in a thiol-ene reaction [8].
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(ii) In 2016, a two-step post-synthetic modification was reported where a
ketoenamine COF TpBD(NO2)2 was synthesized from TPG and 3,3′-
dinitrobenzidine. The nitro group present in the COF was first reduced to
primary amines. As amine functionality is present in the building block
of the COF also, thus only post-synthetic modification could lead to the
amino-pore-wall functionalization in the COF [75]. In the next step, these
amino groups can be further modified with some specific reagents like
acetyl chloride.

(iii) The Hydroxyl groups represent another class of functions that can be
used to carry out post-synthetic modifications. The hydroxyl groups are
modified easily because of their high reactivity towards various functional
groups [45]. For example, a hydroxyl group-containing COF (made from
5,10,15,20-tetrakis(p-tetraphenyl amino) porphyrin and amixture of 2,5-
dihydroxyterephthalaldehyde and 1,4-phthalaldehyde) easily reacts with
succinic anhydride which undergoes a ring-opening reaction to yield
a carboxylic acid group. The formation of carboxylic acid significantly
improved the CO2 storage capacity of the COF under study. Several other
groups have suggested modification in the COF with hydroxyl group
through reaction with linkers molecules. Another OH-functionalized
COF was synthesized by condensing 1,3,5-tris(4-formylphenyl)benzene
with 2,5-diamino-1,4-dihydroxybenzenedihydrochloride. In the next
step, these -OH groups present in the framework were oxidized with
O2 and Et3N, to yield the quinone form, and thus a COF was obtained
which was otherwise could not be synthesized via direct condensation of
the diaminoquinone with the aldehyde linker [122, 136].

In another PSM, the layers of the 2D network were converted into the 3D structure
via topochemical [4 + 4] cycloaddition reaction. In this reaction, the anthracene
moieties of the adjacent 2D layers get dimerizedwhich resulted in the formation of the
3D network [45]. This PSM strategy involving cycloaddition is further exemplified
by a β-ketoenamine COF (using TPG and 2,6-diaminoanthracene) undergoing a [4
+ 2] cycloaddition with N-hexylmaleimide. In this case, the cycloaddition being
reversible provided a further correction to form a crystalline 3D-COF [57].

5 Application of COFs in Catalysis

Various building blocks and post-synthetic modifications have enriched COFs with
the possibility to have diversified catalytic action. To explore the catalytic poten-
tial of these COFs, several researchers have linked numerous substituents to these
crystalline frameworks which have resulted in expedient catalysts. In the following
section, we have discussed the organocatalytic (e.g., coupling reactions, redox reac-
tions, condensation reactions, addition reactions, and isomerization reactions), elec-
trocatalytic and photocatalytic properties of these porous [101] supermolecules. In
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Fig. 12.12 Suzuki–Miyaura coupling catalyzed by Pd/COF-LZU1. Reproduced with Permission
from [24]. Copyright American Chemical Society 2011

these applications, the COF surfaces are either directly used, or have been utilized
or modified to be employed as coordination locations for various metal species.

1. COFs as Organocatalysts:

(i) Coupling Reactions: The first example of COF-mediated Suzuki-
Miyaura coupling reaction was reported by Ding et al. in the year 2011.
The reported imine-linked COF was designed, synthesized, and was
modified post synthetically for the desired catalytic activity. The imine-
based COFwas synthesized by using Schiff base reaction between 1,3,5-
triformylbenzene and 1,4-diaminobenzene and the resultant 2D layered
sheets had close nitrogen atoms in eclipsed form (at a distance of∼3.7Å),
which offered easy incorporation of Pd ions using Pd(OAc)2. Further-
more, the presence of regular channels facilitated the efficient access of
reactants to the active sites and speedy diffusion of the products. This
imine-linked COF material exhibited excellent catalytic activity in the
Suzuki–Miyaura coupling with a long catalytic life, i.e., it can be used for
multiple cycles.COFderivatives have been reported to function as hetero-
geneous catalysts for a variety of coupling reactions [24]. Gonҫalves
et al. synthesized COF-300 utilizing tetrakis-(4-aminobenzyl)methane
(TAM) with terephthalaldehyde (TA) followed by post-synthetic treat-
ment with Pd(OAc)2. This catalyst revealed 100% selectivity in the
Suzuki- Miyaura coupling (Fig. 12.12), and later provided an alterna-
tive for various cross-coupling reactions including Heck, Sonogashira,
and Heck-Matsuda [40]. Typically, some heterogeneous COFs have also
been developed to build the carbon–nitrogen bonding in Chan–Evans-
Lam coupling reactions [108]. More recently, a polyimide-supported Cu
catalyst Cu@PI-COF has been developed by Lu et al. which exhibited
a notable catalytic activity toward the Chan–Lam coupling reaction of
phenyl and aryl boronic acids with aniline and other amines [42].

Owing to the large surface area and sue generis characteristics, metal
nanoparticles have grabbed the attention of researchers as potential candi-
dates for catalytic applications. However, these nanoparticles often tend
to aggregate on support surfaces. In this regard, Lu et al. synthesized a
β-ketoamine COF fabricated with thioether linkages. These thioethers
anchored the metal nanoparticles via the interactions between metal
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and sulfur. The PdNPs@COF and PtNPs@COF have also shown supe-
rior catalytic activity for the Suzuki-Miyaura coupling along with easy
reusability [77].

(ii) Redox Reactions: Pachfule et al. first attempted to accommodate the
Au nanoparticles into a porous matrix of TpPa-1 COF. The Au modified
heterogeneous catalyst Au(0)@TpPa-1 exhibited a remarkable catalytic
activity. For example- Reduction of 4-nitrophenol to 4- aminophenol
could be completedwithin 13min. This could be because theAunanopar-
ticles (about 5± 3 nm) were finely distributed at the surface of the COFs
[94]. COF complexes have been widely studied for selective oxidation
reactions also. For instance, in 2015, Mu et al. reported the synthesis
of copper-docked novel 2D TAPT-DHTA-COF using 2, 5-dihydroxyl-
terephthalaldehyde (DHTA) and 1, 3, 5- tris-(4-aminophenyl) triazine
(TAPT) [88]. The 2D COFs catalyst provided a wonderful catalytic
activity for the oxidation of styrene to benzaldehyde. Not only for the
simple oxidation reactions, but the COFs are also the rightful candidates
for some advanced oxidations, such as oxidation of organic contam-
inants, Fenton reaction, etc. [78, 102, 103] (Liu et al. 2020c). Preet
et al. have reported the novel sulfur-doped ordered mesoporous carbons
(S-OMCs) catalyst which could activate persulfate for the degrada-
tion of p-nitrophenol (PNP) to smaller organic molecules where the
observed removal rate of PNP was up to 82% [96]. Li et al. used a
two-step controlled calcination method to prepare the heterogeneous,
magnetic porous Fenton-like catalyst, Fe3O4/carbon. It was reported that
in contrast to the singular Fe3O4 nanoparticles from precipitation, the
porous Fe3O4/carbon showed enhanced catalytic performance towards
the oxidation of organic pollutants. The activity of the framework was
analyzed by the oxidation of toxic organic dyes likemethylene bluewhich
were oxidized to small molecules [67].

(iii) Condensation Reactions: It should be addressed that these emerging
classes of porous materials validated a preferable catalytic activity over
other conventional methods and procedures of catalysis in the reactions
like Knoevenagel, Aldol, and Mannich condensation. In this regard,
two novel 3D functionalized imine-based COFs have been synthesized
by Fang et al., BF-COF-1, and BF-COF-2, by condensing 1,3,5,7-
tetraaminoadamantane (TAA), a tetrahedral alkyl amine, and 1, 3, 5-
triformylbenzene (TFB) or tri-formylphloroglucinol (TFP), planar trian-
gular building blocks. In BET, the surface areas of the BF-COFs, when
evaluated using nitrogen sorption isotherm were calculated to be 730
m2 g−1 and 680 m2 g−1 for BF-COF-1 and BF-COF-2 respectively.
Both heterogeneous catalysts exhibited remarkable conversion (96%
for BF-COF-1 and 98% for BF-COF-2), high sensitivity and selec-
tivity to size and more importantly, good catalytic life span was docu-
mented [30]. Similarly, Wang et al. also reported two imine-based
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COFs, named LZU-72 and LZU-76, synthesized through a condensa-
tion reaction, and further their catalytic potential in the asymmetric
aldol reaction was investigated. Both this crystalline COFs presented
chiral functional sites, hence the selectivity towards the reactants was
observed and the transport of products was also facilitated. Accord-
ingly, when these heterogeneous frameworks were compared with the
conventional asymmetric catalysts like (S)-4- 7-diphenyl-2-(pyrrolidin-
2-yl)-1H-benzo[d]imidazole (DPBIP), the LZU-76 displayed equiva-
lent enantioselectivity. The vanadium-docked COFs (VO-TAPT-2, 3-
DHTA and VO-PyTTA-2, 3-DHTA) are used in the Mannich reactions
between β-naphthol and 4-methylmorpholine N-oxide (NMO) using
CH2Cl2 as the solvent. These highly stable and crystalline COFs exhib-
ited remarkable catalytic efficacy and were utilized for a wide range
of substrates, including both electron-donating as well as electron-
withdrawing substituents [117]. Furthermore, these stable heterogeneous
catalysts were found to be easily recyclable and could be employed
multiple times without any loss of structural integrity and activity.
Besides, these COFs have shown tremendous achievement in many other
reactions such as the Henry reaction. Ma et al. had designed and synthe-
sized a sophisticated homochiralCOFbyusingS-(+)-2-methylpiperazine
and cyanuric chloride. The resultant framework was post-modified by
using palladium nanoparticles within the porous COF skeleton. This
modification efficiently immobilized the metal sites in the void of the
COF which is used to catalyze Henry’s reaction of nitromethane with
different aromatic aldehydes. The reaction produced high yields (80 −
99%)with an excellent enantiomeric excess (R-configuration, 79− 97%)
[81].

(iv) Addition Reactions: Just like other organic transformations, COFs have
been advertised as ideal solid organocatalysts to carry out addition reac-
tions as well such as Michael addition and cycloaddition. These are
considered ideal because of the presence of unique channel structure,
porosity, multifunctionality, and recyclability [130] (Liu et al. 2020b;
Cheng and Wang 2021b). Xu et al. incorporated both chirality (through
chiral centers) and organocatalytic species in the COF skeletons to
develop a class of novel chiralCOFs, namely [(S)-Py]-TPB-DMTP-COF,
as a candidate catalyst for Michael addition reaction between cyclohex-
anone and β-nitrostyrene [124]. The reaction proceeded effortlessly and
exhibited excellent catalytic activity with 100% conversion and 92%
enantioselectivity in 12 h of reaction time. In addition, Lyu et al. synthe-
sized the olefin-linked COFBF3 ⊂ COF-701 by immobilizing strong
Lewis acid BF3·OEt2 in the pores of the matrix. The framework showed
remarkable stability and crystallinity under both strongly acidic aswell as
alkaline conditions. Apart from those mentioned above, very interesting
results of the catalyst were reported in the Diels − Alder cycloaddi-
tion reactions [80]. In another case, Dou et al. reported a simple hyper
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crosslinkingmethod to fabricate a series of Fe(III) porphyrin-based poly-
mers, terming FePp-H-HCP, FePp-Br-HCP, FePp-OMe- HCP, and FePo-
OMe-HCP. In the cyclo-addition of benzaldehydewith 2,3-dimethyl-1,3-
butadiene, excellent catalytic performances with good yields of 87–97%
for all these specially designed COFs were reported. All these catalysts
were found to be recyclable and had applicability in the Friedel–Crafts
alkylation reaction also [26].

2. Photocatalysts: Researchers have incorporated various other components in
the COFs which successively led to modifications and introduction of extraor-
dinary properties such as large surface areas, long-range orderliness, tunable
bandgaps, and excellent absorbance of visible light. Due to these properties,
these hybrid composites have received special attention from various research
groups for exploring their photocatalytic applications [25, 66, 76, 101]. Certain
promising heterogeneous photoactive 2D frameworks have now been developed
to be used in visible-light-driven organic transformations. The observed photo-
catalytic activity of COFs is because of (i) the special structural design which
features excellent visible-light absorption, and fast separation and transfer of
electron–hole; (ii) their large crystalline and porous surface area which accel-
erates the charge transport to the surface (iii) incorporation of photoactive units
during synthesis or post-synthesis which prolongs the lifespan of the excited
states; and (iv) presence of extended π-conjugation in the structural frame-
work which also adds up to charge carrier mobility [7, 18, 92, 107, 138].
Stegbauer et al. were the first to report the visible-light-driven hydrogen gener-
ation through a COF in the presence of Pt as a proton reduction catalyst. The
hydrazine-based COF could be synthesized by condensation of 1,3,5-tris-(4-
formyl-phenyl)triazine (TFPT) and 2,5-diethoxy-terephthalohydrazide (DETH)
building blocks under solvothermal reaction conditions. The COF formed had
a layered structure with a honeycomb type lattice framework which featured
mesopores of 3.8 nm in diameter [109]. When sodium ascorbate was employed
as the sacrificial electron donor, the TFPT–COF/Pt photocatalytic system could
produce hydrogen continuously from water without being degraded. A wide
range of COFs with a potential application as photosensitizers and photocata-
lysts have been designed and developed by various groups of researchers. In this
respect, Wei et al. also constructed a series of highly stable imine-based COFs
(LZU- 190, LZU-191, and LZU-192) which had been used for the visible-
light-driven oxidative hydroxylation of aryl boronic acids to the corresponding
phenols [121]. Moreover, some of the crystalline COFs have been tailored with
an optimum bandgap which is used for the photocatalytic oxidation of the C-H
bond. In this context, Zhi et al. reported a solvothermal synthesis of a 2D-
COF, COF-JLU5, by condensation of 1,3,5-tris-(4-aminophenyl) triazine and
2,5-dimethoxyterephthaldehyde. The COF was used to catalyze the aerobic
cross dehydrogenative coupling of phenyl tetrahydroisoquinolines with various
nucleophiles [138]. Zhang et al. have reported a modification in the 2D COF by
covalently attachingNH2-UiO-66 onto the surface of TpPa-1-COF. This tailored
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material exhibited high porosity, crystallinity, and large surface area and was
used for the visible-light-driven photocatalytic evolution of H2. Because of
the well-matched band gaps and effective separation of charges between NH2-
UiO-66 and TpPa-1-COF, the molecular hybrid presented high H2 evolution
rates [133]. Because COFs have an organic moiety with high covalent interac-
tions, these exhibit various advantages over MOF [65, 133, 140]. Fu et al. had
designed chemically and thermally stable metal-free azine-based COFs which
demonstrated high photocatalytic potential and electronic performance [35].
Two ‘Green’ photocatalytic systems were developed employing azine-linked
2D COFs, ACOF-1, and N3-COF, for the reduction of CO2 into CH3OH using
water as the reductant [35]. More recently, Bhadra et al. have also synthesized
a heterogeneous COF with triazine and keto linkages using melamine/1,3,5-
triazine-2,4, 6-triamine (Tt) and 2, 4, 6- triformylphloroglucinol (TPG) alde-
hyde. The designed COF was employed for the facile isomerization reaction of
trans (E) to cis (Z) stilbene with about 90% yield at an exposure time of 18 h
[4].

3. Electrocatalysts: It is a catalytic process that involves the direct transfer of elec-
trons to carry out oxidation and reduction reactions. An efficient electrocatalyst
was synthesized from cobalt-porphyrin-based COF (Co-COF) by Ma and co-
workers in 2015. These were synthesized by cocondensation of terephthalalde-
hyde (TA) and cobalt (II) 5,10,15,20-tetrakis(ρ-tetraphenyl amino) porphyrin
(Co-TAPP), followed by post-pyrolysis at 900 °C in N2 atmosphere. The COFs
possessed a 2D graphite-like layered structure with a uniform distribution
of cobalt nanoparticles throughout the framework. Excellent electrocatalytic
performance was observed towards redox reactions in the alkaline media [86].
Diercks et al. also reported a successful synthesis of a series of electrocatalysts
2D-COFs COF-366-Co, COF-366-(OMe)2-Co, COF-366-F-Co, and COF-366-
(F)4-Co used in the reduction of CO2. These metal impregnated catalysts exhib-
ited better performance even as compared to the mono-dispersed Au nanoparti-
cles, which were reported to have the highest current density [22]. Lin et al. have
identified crystal-field stabilization energy (CFSE) as an important tool as an
activity descriptor for predicting oxygen reduction reaction/ oxygen evolution
reaction (ORR/OER) activities of the transition metal (e.g., Sc, Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, and Zn) and alkaline earth metals (AM = Be, Mg, Ca, Sr, Ba)
incorporated COFs with porphyrin units. The energy barrier to be overcome
(the overpotential) in ORR/OER is usually taken as the measure of catalytic
activity. A framework with lower overpotential would exhibit better catalytic
performance. Among the series of all transition metals, the Fe-porphyrin-COF
presents the lowest overpotential. One of the proposed potential applications
of the Fe-porphyrin-COF was in the production of H2O2, the ‘green oxidizer’
which is currently synthesized using a high-energy anthraquinone process at the
industrial level [70].

4. Other catalytic applications: Apart from the above-discussed catalytic appli-
cation, COFs have also been used for other catalytic applications, like shape-
selective catalysis [30, 32]. Shape selectivity could be achieved by modifying
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the building blocks which are responsible for their well-defined conformation
and morphology giving rise to specific pore sizes and cavities. This is also
responsible for thermal and hydrothermal stability and the possibility of incor-
poration of a wide range of active sites in the walls of the framework. Recently,
Ma et al. have synthesized structural isomorphs featuring highly ordered amide
groups in the channelswhich could assign size, regio, and stereoselectivity to the
organic transformation. Various aromatic aldehydes were included for testing
the catalytic activity of the framework in the Knoevenagel condensation reac-
tion. 4-phenylbenzaldehyde beingmore linear (0.43× 1.042 nm2), yielded 90%
of the product as compared to 70% yield 1-naphthaldehyde (0.68 × 0.62 nm2)
and zero condensation with tert-butyl cyanoacetate (0.58 × 1.03 nm2) [85].
These owing to highly ordered pore size the framework exhibited the shape
selectivity towards the incorporation of guest molecules [137].

6 Conclusion and Future Perspectives

CovalentOrganicFrameworks havebrought a lot of excitement amongst the fraternity
of researchers and havemotivated them to explore the promising catalytic potential of
these supermolecules. Since the ground-breaking report of COFs fromYaghi and co-
workers in 2005, thesemolecules came into the limelight because of their exceptional
properties such as large surface area, tunable porosity, low density, high stability, and
easily modifiable functionality. All these properties have evidenced their probable
potential in a wide range of applications. In the current chapter, we have covered
a comprehensive review of the various energy efficient methods of preparation of
these ‘designer catalysts’ with a special emphasis on its catalytic potential including
photocatalytic reactions, electrocatalytic reactions, and organic reactions developed
in recent years.

As shown by various groups of researchers, these crystalline porous frameworks
have demonstrated their effectiveness in a wide range of reactants and have produced
excellent yields in most of the catalytic processes. But these developments are still
in their early stages and these potential COFs are expected to illustrate extraordinary
performance in catalysis and other areas in the near future. Nevertheless, before the
industrial applications of these materials can be achieved there are many challenges
that need to be addressed, as summarised below:

• In catalysis, there are many more factors that affect the catalytic potential like
structural defects, morphology, and dimensions, etc. In fact, very little research
has been reported so far about these aspects. Thus, there is a lot of potential in the
rational designing and investigation which leads to diversified COF structures.

• To catalyze the chemical reactions with special requirements, a wide range of
active components have been introduced like chiral groups, metals at various
sites (via metal nanoparticles/metallic oxide), and even ionic liquid co-catalyst.
TheseCOFsbesides having catalytic active sites for catalyzing chemical reactions,
also express ample electronic, photochemical, and redox properties. Hence there
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is a lot of scopes to exploit these crystalline porous frameworks based on the
functional groups attached and active sites present in a catalytic system.

• Most of the COFs present to date are synthesized in organic solvents. There is a
great opportunity in the field of greener designing in synthesis by making use of
‘Green Solvents’ and Solventless approaches.

• There is an urgent need to develop new syntheticmethodologies employingmilder
reaction conditions along with the economic considerations for the industrial
production of these COF networks.

• Also, when these frameworks are used in the diversified catalytic reaction,
achieving an efficient catalyst with excellent stability which could provide good
yields of the desired product is an ever-lasting objective.

• While predesigning the functionalities to be incorporated into COFs, the mecha-
nism of the reactions to be carried out plays a major role. This can be achieved by
making use of computational modeling of COFmaterials which would provide an
insight into the theoretical information regarding the characterization and poten-
tial application of COF under study. In summary, within the past two decades
of development, COFs have grown enormously. Their wide range of applica-
tions has lengthened well beyond the boundaries of the conventional catalytic
reaction of chemical manufacturing. We are certain that the research will not
be limited to what all has been reported so far, but there is a great scope in the
development of novel COFs with other exciting performances by exploring the
inventory of syntheticmaterials. Thus,more active and selective COFs based cata-
lysts will be designed and their intriguing and sparkling performances in another
catalysis would be pursued. Thus, we strongly believe that these COFs materials
with diverse functionalities have a bright future toward industrial and commercial
applications.

Abbreviations

BDBA 1,4-Benzenediboronic acid
BET Brunauer–Emmett–Teller isotherm
CFSE Crystal-field stabilization energy
COF Covalent Organic Framework
Co-TAPP Cobalt(II) 5,10,15,20-tetrakis(ρ-tetraphenyl amino) porphyrin
CTF Covalent Triazine Framework
DETH 2,5-Diethoxy-terephthalohydrazide
DHTA 2, 5-Dihydroxyl- terephthalaldehyde
DMTA 2,5-Dimethoxyterephthalaldehyde
DPBIB (S)-4- 7-diphenyl-2-(pyrrolidin-2-yl)-1H-benzo[d]imidazole
HHTP Hexahydroxytriphenylene
MOF Metal Organic Framework
MW Microwave
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NMO 4-Methylmorpholine-N-oxide
NP Nano particles
OER Oxygen Evolution Reaction
ORR Oxygen Reduction Reaction
Pa p-phenylenediamine
PDA Palladium diacetate
PI Polyimide
PNP p-nitrophenol
POP Porous Organic Polymer
PSM Post-synthetic Modification
PXRD Powder X-Ray Diffraction
S-OMC Sulfur doped organic mesoporous carbon
TA Terephthalaldehyde
TAA 1,3,5,7-Tetraaminoadamantane
TAM Tetrakis-(4-aminobenzyl)methane
TAPB 1,3,5-Tri(4-aminophenyl)benzene
TAPT 1, 3, 5- Tris-(4-aminophenyl)triazine
TBA Triboronic acid
TBPS Tetra(4-dihydroxyborylphenyl)silane
TEMPO 2,2,6,6-Tetramethylpiperidinyloxy
TFB 1,3,5-Triformylbenzene
TFPB 1,3,5-Tris(4-formylphenyl)benzene
TFPT 1,3,5-Tris-(4-formyl-phenyl)triazine
TPA 1,3,5-Triformylphloroglucinol
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Abstract Researchers experience great thrills when they can design their catalysts
to synthesize their target materials and such opportunities are possible by metal–
organic frameworks (MOFs). These are hybrid materials demolishing the demarca-
tion between organic and inorganic molecules. The inherent problems encountered
with homogeneous catalysts have been effortlessly overcome using heterogeneous
catalysts in the form of MOFs. Their intrinsic thermocatalytic features and ability
to act as perfect hosts for metal nanoparticles (NPs) and as templates for designing
new nanocatalysts are their assets that can be explored for various heterogeneous
catalytic processes. The engineered MOFs possess programmable catalytic profiles
which can be exploited for a wide range of reactions. The underlying chapter crit-
ically reviews the heterogeneous catalytic performances of MOFs in view of their
dynamic bonds between the metal centers and organic molecules which offer them
as highly localized and effective sites for suitable catalysis.
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1 Introduction

Metal–organic frameworks (MOFs) have gained enormous significance in material
sciences because of their extraordinary properties such as large surface area, high
porosity, and modifiable pore volumes [1]. All of which enable the MOFs to possess
enhanced absorption capability of the matrices in the UV–Visible range thereby
meeting the requirements of a broad range of applications. Research areas in the past
decade have largely been built around MOFs and scientists have been able to trap
its ubiquitous advantages for their fruitful utilization into several fields. The most
premier research in the area was done by Robson and co-workers [1–4] which was
later continued by Kitagawa et al. [5–7] Yaghi and co-workers [8, 9], and Ferry et al.
[10]. Since the crystallineMOFs are derived fromboth organic and inorganic building
units forming clusters of metal ions coordinated to rigid and stable organic molecules
leading to two- or three-dimensional pores in the resulting structures. They possess
a higher grade of porosity as compared to inorganic zeolites and exhibit exceptional
flexibility. Both their thermal stability and chemical stabilities surpass the individual
stability of the host or the guest molecules.
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From the past 15 years, MOFs have emerged to be recognized as a rising genera-
tion of catalysts especially significant as heterogeneous catalysts. They are acknowl-
edged as superior catalysts as compared to zeolites because of their extraordinarily
fascinating properties namely abundance of catalytic surface and a greater number
of catalytic sites, tuneable assembly, and adjustable pore volume. Scientists have
contributed their great efforts and have succeeded in converting organic compounds
and various gasmolecules such as CO2 into high value-added chemicals linking them
with MOFs and also nanoscaled MOFs.

The explosion in theMOF centered research is due to their extensive catalytic effi-
ciency mainly heterogeneous catalysis. Their versatility is accountable by not only
their hybrid nature utilizing the synergism of the characteristics of the mixed compo-
nents but also the stability and rigidity imparted by their interactions. A manifold of
interest is aroused among engineers and scientists of material sciences pertinent to
theMOF systems and as the diversity in their combination of constituents is growing
their utilization advantages are opening further novel research gates. For example,
as a useful consequence of their permanent porosity and functionality, MOFs based
on carboxylates and imidazolates were exploited for not only catalytic applications
[11, 12] but also for drug delivery [2, 3], carbon-sequestering [11, 13] hydrogen gas
storage [14] and separation of impurities [11, 15, 16].

2 Synthesis of Metal–Organic Frameworks

Synthesis of metal–organic frameworks follows varied methods ranging from
conventional solvothermal synthesis, dry-gel conversion, microwave-assisted
synthesis, electrochemical, sonochemical,mechanochemical,microfluidic synthesis,
ionothermal conversion methods. [17]. These methods are prevalent for commonly
used metals such as Cu2+, Zn2+, Fe3+, Al3+, Cr3+, and Zr4+ especially with commonly
employed organic ligand namely 1,3,5-benzenetricarboxylic acid and functionalized
1,4-benzenedicarboxylic acid [18].

3 Conventional Solvothermal Synthesis of MOF

Conventional electrical heating is commonly employed forMOFs synthesis at small-
scale solvothermally (Fig. 1). One of the widely employed techniques in microwave
synthesis using the hydrothermal Fig. 1 [19]. It bears the advantage of phase selec-
tivity and tuneable size and morphology control [20–22]. The microfluidic method
of synthesizing MOF is commercially viable as it is a rapid and continuous process
and suitable for industrial needs [23].

The electrochemical synthesis methodology of MOFs involves the anodic
discharge of metal ions into the solution continuously and its interaction with the
organic molecule in the solution leading to the formation of electrochemically driven
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Fig. 1 Conventional solvothermal synthesis of MOF

MOF which is also a continuous process [24]. Another method of synthesis of MOF
is the mechanochemical synthesis scheme where bonds are broken mechanically,
followed by chemical transformations [24, 25].

The distinguishing characteristics of MOFs which are currently being explored
by scientists for various applications include:

1. High-adsorption capacity
2. High-grade porosity
3. High crystallinity
4. High-thermal stability and (>400 °C) and chemical stability
5. Magnetic properties induced by metal and metal oxide components
6. Semiconducting nature
7. Tuneable compatibility with both organic and inorganic materials
8. Possibility of synthesizing biocompatible frameworks
9. Exceptional response to external stimuli including UV–Visible light.

4 Catalysis by MOF

MOFs and their derivatives from the past two decades have been attracting loads of
attention toward their catalytic behaviour as their role in several organic reactions
is well recognized. Attributed to their active functionality linked to both metallic
and organic centers, their versatility as heterogeneous catalysts is quite fascinating
[26–28]. However, as compared to conventional pristine MOFs and their derived
molecules, their nanoscaled counterparts or their nanocomposites seem to be supe-
rior and show greater benefits in catalytic performances. The reason being that
conventional MOFs have a longer path for diffusion and so the mass transfer and
exposure to active sites get limited. The nano-supported MOFs reap the benefits of
nanoscaled materials and the stability of organic framework both and lead to greater
efficiency of these nanocatalysts showing integrated advantages. Their facile work-
ability, enhanced stability, and reusability endow them with exceptional qualities as
heterogeneous catalysts, a few of which are cited as follows:
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1. Zeolitic imidazolate frameworks (ZIFs) are commonly used and consist of
imidazolate linked to metal ions in a bivalent state and its tetrahedral struc-
ture mimics the aluminosilicate zeolite and so they demonstrate the struc-
tural and chemical advantages of both MOFs and zeolites leading to enhanced
surface properties, modifiable porosity, variable functionality, and high-grade
stability both thermal and chemical [29]. Nanoscaled MOFs such as ZIF and
bimetallic CoZn-ZIF supported on MgAl–LDH (layered double hydroxide)
were employed as a versatile heterogeneous catalyst for the Knoevenagel
condensation reaction and reduction of 4-nitrophenol to 4-aminophenol. These
MOF nanocomposites can be used both as catalysts and as catalyst precursors
because of the dispersing and directing potential of LDH.

2. Synergistic photocatalytic application of MOF and its derivatives: Photocatal-
ysis is a significant category of catalyst among heterogeneous catalysts and is
recognized as themost importantmethodology for sustainable activity. Utilizing
solar energy for cleaning the environment has multifold advantages that can
fruitfully be harvested for sustainability. For example, photocatalytic reduc-
tion of organic contaminants of wastewater which includes all organic dyes
and pharmaceutical wastes, CO2 reduction for the production of fuels, fixa-
tion of CO2 for energy storage as in lithium batteries and H2 production, etc.
The environmentally benign nature of such activities, cost-effectiveness, long-
term stability, and high efficiency are their major highlights and puts them into
the brightest spotlight for environmentalists and material scientists. In recent
research, photocatalytic efficacy of MOFs has been widely explored [30, 31].
After irradiation of light, MOFs undergo recombination of electron holes at
their active sites whose efficacy gets augmented at the heterojunction of the
nanocomposites [32]. Several studies on the heterogeneous catalytic applica-
tions have been conducted so far such as numerousMOFswhich includeMOF-5
[33] and MOF-253-Pt [34]. Other similar molecules are UiO-66, NTU-9, UiO-
67, MIL-53. Similar to many other photocatalysts, the great advantage of MOF
lies in its tuneable nature for light adsorption apart from tuneable pore size and
escalated surface area.

3. Catalytic performance of ultra-fine CrPd NPs anchored on a MIL-101-NH2

system: Gao et al. [35] designed through a chemically wet approach and created
CrPd NPs@ MIL-101-NH2 which showed excellent catalytic behaviour for
generating hydrogen from formic acid in an aqueous medium. The CrPd NPs
were effectively dispersed on MOFs and their catalytic efficiency paved way
for innovations on many metallic combinations which could be functionalized
and supported MOFs for various other catalytic events in an aqueous medium
[35].

4. Azolium based MOFs with metal complexes as catalysts: Wu et al. proposed
that few of the ruthenium complexes such as RuCl3, [RuCp*Cl2]2 (Cp* 1/4
pentamethylcyclopentadienyl) and [Ru(C6Me6)Cl2]2 (C6Me6 1/4 hexamethyl-
benzene) could be effectively immobilized getting supported on an azolium
based MOF and the resulting heterogeneous ruthenium-based catalyst was
designated as Rux-NHC-MOF (x1/4 1, 2, 3; NHC 1/4N-heterocyclic carbine).
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This heterogeneous catalyst after getting retrieved had enhanced the electron-
donating capacity of the ligand C6Me6 thereby showing high catalytic ability
toward hydrogenation of CO2 to give rise to formic acid [36]. The catalyst
recovery was also high for subsequent usage.

5. Iron carbonyl-based MOF as a recyclable heterogeneous catalyst VNU-21
(Fe3(BTC)(EDB)2 12.27 H2O) were engaged for catalyzing the preparation
of quinazolinones in a dual step method in the presence of oxygen. Employing
VNU-21 the decarboxylation process of phenylacetic acid was carried out in
the initial step which was later followed by the oxidative type of cyclization
scheme using 2- amino benzamides leading to the formation of quinazolinones
by the metal-free initiation process in the final step. VNU-21 showed excellent
heterogeneous catalytic efficiency for quinazolinones synthesis and have proved
to be beneficially for industries and material scientist [37].

6. MOF supported catalyst for Frischer Tropsch reaction: Sun et al. observed that
their novel MOF-supported MIL-53(Al) (Al (OH)- [O2C-C6H4-CO2]) were
highly stable thermally and provided extraordinary porosity in its cobalt-based
matrix for catalyzing Fischer Tropsch reaction which was enabled by the MOF-
based immobilization of Co NPs. The Co/MIL-53(Al) hybrids were able to
catalyze the reaction such that the maximum yield of diesel and gasoline is
obtained [38].

7. The catalytic activity of the Bronsted-Lewis acidic
[(CH2COOH)2IM]HSO4@H-UiO-66: Ye et al. attempted the combination of
[(CH2COOH)2IM]HSO4, Zr ions, and H-UiO-66. To give rise to the catalyst
[(CH2COOH)2IM]HSO4@H-UiO-66 which was used for the esterification
reaction of oleic acid and methanol with more than 90% yield of biodiesel and
high-grade reusability [39].

8. Shape selective catalyst MIL-101-NH2 for effective catalysis. Novel shape-
selective catalysts were developed by Chong et al. anchoring on MIL-101-NH2

nanocavities bridging through acylamino groups to create IL (OAc-)-MIL-
101-NH2 which solved the purpose of immobilizing the ionic liquid into the
MOF. The catalyst gave outstanding outcomes for the formation of 3-aryl-
2-oxazolidinones as their shape-selective nature is enabled by MOF confine-
ment along with the mixing diverse characteristics of its components. Thus,
an efficient heterogeneous catalyst evolved for facile synthesis of 3-aryl-2-
oxazolidinones by encompassing ILs as the organic catalytic molecule into
MOF [40].

5 Photocatalytic Role of MOF-Based Heterogeneous
Catalyst

MOFs are the recently recognized photocatalysts in the promising field of photo-
catalysis in order to harness solar energy and convert it to chemical energy. Photo-
catalysis by MOFs is attributed to their inherent structural features providing large
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surface area, organized porosity, and majorly their via modulation of metal clus-
ters interwoven with organic molecules which facilitates multiple activities such as
charge separation, activation of reactants through adsorption, and highly significant
light adsorption. Collectively, it leads to the emergence of high-grade photocata-
lysts addressing many solutions and applications of the current era giving rise to a
promising new technology [41].

To highlight the photocatalytic versatility of MOFs (Fig. 2), few examples are
cited in the following content:

1. Photocatalytic production of a hydrogen-A new class of 2D- 2D hybrid interface
was structured by Cao et al. for the quantum production of hydrogen photo-
catalytically. UNiMOF/g-C3N4 (UNG) was designed which was found to be
suitable for the production of hydrogen following the self-assembly pathway
electrostatically [42]. In another scientific report, Bibi et al. have proposed the
design of NH2-MIL-125/TiO2/CdS which bore MOF in H-TiO2/CdS cavities
and the resulting heterojunctions were capable of generating the highest amount
of hydrogen in just one hour exposure to visible light [43].

Fig. 2 Photocatalytic versatility of MOFs
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2. Zn, Au, Pd and Pt-based MOF nano shuttles for photocatalytic conversion of
CO2: Han et al. have structured metal NPs and mixed metal NPs in the MOF-
74 matrix such as Pt/MOF-74, Au@Pd@MOF-74, and Pt/ Au@Pd@MOF-
74 for catalytic conversion of CO2 in reverse water-gas shift reaction among
which Au@Pd@MOF-74 show 100% selectivity for CO. Another catalyst
Pt/Au@Pd@MOF-74 initiates the conversion of CO2 to CH4 at a bareminimum
concentration of catalyst in addition to the 99.6% selectivity of CO during the
change of CO2 to CO [44].

3. Photo-induced oxidation of water employing Ti-MOF @ Fe2O3 nanorods: Li
et al. managed to enhance the photochemical performance of Fe2O3 nanorods
multifold by linking it with Ti-MOF as an even and stable TixFe1−xOy shell
were formed on Fe2O3 nanorods which enabled higher photon density, wider
charge separation between the electrodes when used photo electrochemically
and also facilitating the transfer of charges between the porous holes and the
electrolytes thereby promoting the oxidation of water molecule [45].

5.1 Electrocatalysis by MOF-Based Molecules

Research in electrocatalysts has pinned all hopes on creating inexpensive, facile,
effective, and low-emission catalytic products. Their overall goal is to innovate such
effective catalysts which are stable, cost-effective, and are able to release oxygen
through oxygen release reactions meant for metal-air batteries and catalytic splitting
of water [46, 47].

In fuel cells, the reaction for electrochemical reduction of oxygen takes place at the
cathode and is a highly significant reaction as it governs the efficacy of the fuel cell.
The electrochemical reduction of oxygen (ORR) at the cathode performs according
to the hybrid nature of MOF depending upon the metal–ligand combination. It has
been reported that catalyst comprising of Co-imidazole-basedMOF (ZIF-67) (Fig. 3)
is able to exhibit the highest ORR performance in alkaline as well as acidic nature of
electrolytes. The catalyst owes its versatility to the coordination of aromatic ligand
which containsN and is linked to theCo3+ ion alongwith ZIF-67 thereby generating a
highly active site for its electrocatalytic role. The highest performance of the catalyst
is achieved when optimization of the pyrolysis temperature and the pathway of acid
leaching is done such that the catalyst efficacy turns out to be comparable to that of
Pt/C in acid and alkaline environment both [48].

Metal NPs and mixed metal NPs encapsulated in MOF nanosheets are highly
effective electrochemical catalysts that demonstrate bifunctionality and are employed
for energy generation. It is important to further enhance their activity, durability, and
stability so that oxygen evolution reaction and oxygen reduction reaction can both be
easily carried out electrochemically. For example, PtNPs@MOFsdemonstrating low
over potential gaps (665 mV Egap) were employed in Zn-air batteries for potential
results in the evolution of oxygen [49]. It was also observed that apart from low
over potential gaps, high faradaic efficiency up to 99.5% for electrostatic oxygen
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Fig. 3 Scheme for preparing and optimizing Co @ZIF-67

generation was attained in which there was also a substantial contribution of the
locally centered crystallinity and disorder of long-range in the various bimetallic
MOFs as mentioned by Li et al. [50].

Another electrochemical catalyst MoS2/Co-MOF nanocomposite has been
reported by Zhu et al. which provides high efficiency in catalyzing hydrogen evolu-
tion reaction (HER). Its major advantage is that it is environmentally friendly and
highlights clean energy production. The nano hetero junction endorses synergism of
Co-MOF along with MoS2 not only enhancing the surface area but also the redox
potential of the electrochemical catalytic activity [51].

6 Conclusion and Perspective

Out of the various strategies for nanoscaled catalysis, the MOF-based nanocompos-
ites were one of the most successful strategies to enhance their catalytic performance
as they could be fabricated according to the desired behaviour. The improvements
can be manipulated by modifying the electronic state through the metals incorpo-
rated, the pore volume and its environment, the organic linkage, and post-fabrication
modifications on the active sites of the skeleton. The overall benefits of MOF-based
structures arising from the inherently outstanding organic units and diverse topolog-
ical features have paved theway formanynewly fabricatedMOFs and their successful
applications in numerous catalytic performances. MOFs are a fast-emerging class
of compounds to govern the world of heterogeneous catalysis and truly the next
generation of heterogeneous catalysis enabling large-scale synthetic processes for
the production of value-added compounds giving enormous boost to both the scien-
tific world and industrial growth. They are surely the future substitute for homoge-
neous catalysis as their heterogeneous catalytic events are slated for major advan-
tages and benefits creating a world of merger organic and inorganic systems. The
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industry banking on fine chemicals can see a bright future of MOF-based catalytic
synthesis of various chemicals to generate scaled-up and escalated yield of products
thriving on the heterogeneous catalytic performance ofMOFs, MOF-based NPs, and
MOF nanocomposites. MOFs facilitate the implementation of green chemistry not
only due to catalytic versatility but also due to its widespread photochemical and
electrochemical marvels stamping a great future for them.

However, there are a few practical challenges being faced by the methodologies
used during fabrication and application events ofMOFswhich arousemore interest of
the scientist to explore novel techniques in this field and expand the research prospects
of MOFs. As opportunities and challenges exist together even for heterogeneous
catalysts byMOFs andMOF-based hybrids, they are arousingmore focus of scientific
research as their capabilities entice many interests and arduous work are expected in
near future in this area.

Additionally, nanoscale MOFs-based heterogeneous catalysts have generated
special enthusiasm of researchers and a keen interest to explore novel methodologies,
discoveries, and phenomena.

Abbreviations

MOF Metal organic framework
ZIFs Zeolitic imidazolate frameworks
LDH Layered double hydroxides
ORR Reduction of oxygen
NPs Nanoparticles
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Abstract In the current scenario, various catalytic processes are used for manu-
facturing majority of chemical products. An efficient catalytic material is a very
dynamic research field and is in great demand for the development of society. In the
past decade, huge number of publications appeared on the designs of new catalytic
solids such as MOFs have significantly increased. These materials have potential
application in multidisciplinary fields. The advantage of heterogeneous catalysis
based on MOFs includes easy product separation, recyclability, and stability. In this
chapter, we have summarized the current heterogeneous aspects ofMOFs in catalysis
having intrinsic catalytic activity, metal nanoparticles, and precursors.

1 Introduction

Today,metal–organic frameworks (MOFs) represent a novel class of polymericmate-
rials in material chemistry [1–3]. All over the world about 10,000 products is synthe-
sized by the use of catalysts globally which accounts for about 15% of total world
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GDP. The market value for industrial catalyst used in various catalytic processes
is found to be around $16 billion [4]. MOF materials are promising heterogeneous
catalytic systems due to their unique features: (i) diverse structures, (ii) hybrid chem-
ical nature, (iii) presence of easily accessible vacant sites, (iv) tailorability, and lastly
(v) an organized porosity. In fact, being these characteristics attracted lots of world
researchers to work on catalysis engineering and their application in catalysis. The
important structural characteristics of MOFs from catalytic aspects are shown in
Fig. 1: (1) by the use of metal nodes with empty coordination sites; (2)using linker
containing organocatalytic center; (3) photocatalytic activation; (4) as a catalytic
template and their ability to encapsulate additional catalytic sites; (5) modifications
of the MOF materials at the nanolevel; (6) as precursors that can be decomposed in
a controlled way to yield nanoparticles; and (7) by the combination of the method
mentioned above. During the past decade, we have witnessed that a huge amount of
literatures on MOF catalysis have been published [5−12]. Therefore, we focused on
the current trends of MOF catalysis with highlighting the energy and environmental
applications.

The chapter consists of three sections that can be discussed along (i) Designing
variousMOF having intrinsic catalytic activity, (ii) MOFs containing metal nanopar-
ticles, (iii) heterogeneous catalysis based onMOFmaterials. Overall, we believe that
this chapter would be very helpful for beginner as well as experienced researchers
in thrilling MOF catalysis research area.

2 Designing MOFs with Intrinsic Catalytic Activity

Since their revelation,MOFs have been considered as the best alternative of homoge-
neous catalysts for the catalysis community. Incontrovertibly, MOFs are represented
as molecules arranged in a crystalline lattice that leads to solid material having
intrinsic catalytic activity. In this regard, different MOFs have been synthesized
which acted as single-site catalysts [13–16]. Currently, three methods are used to get
materials having intrinsic catalytic activity as shown in Fig. 2: (i) by generating open
metal sites, (ii) by defects in structure, and (iii) using different linkers. Following
the same order, we have discussed the recent reports on this field. Earlier, the MOF
industry has vigorously fixated on the utilization of MOFs robust predicated on
metals with valency of 3 or 4, along with elongating the boundaries MOFs catalyzed
reactions.
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Fig. 1 Schematic representation for functionalization of various MOF materials
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Fig. 2 Different methods
were used to create catalytic
active MOFs with intrinsic
catalytic activity
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2.1 MOFs Containing Open Metal Sites and Non-Decorated
Structures

Tu et al. explored the one-pot approach to synthesize copper-based metalloligands
and secondary structures based on Zinc in 2017 [17]. Properties of MOFs can be
tuned by incorporating different inorganic building blocks into a single framework.
The resultingMOFs (FDM-3-7)were tested as catalysts for different application such
as CO oxidation and H2O2 decomposition [17]. Nikseresht et al. [18] have synthe-
sized analogues of tacrine in the presence of Cu-BTCwhich was used to catalyze the
Friedländer reaction. Dhakshinamoorthy et al. [19, 20] found that Cu-BTC was effi-
cient in catalyzing the synthesis of borasiloxanes. Nagarjun and Dhakshinamoorthy
[21] found that the FeBTC is efficient in catalyzing the aerobic oxidation of cyclooc-
tane. Han et al. [22] synthesized iron analogue of MIL-100 that exhibited good
catalytic performance in the acetalization of benzaldehyde with methanol and recy-
cled its catalytic activity upto five runs. Sun et al. reported the green synthesis of
MIL-100(Cr) under HF- and solvent-free conditions [9] Wang et al. [23] described
the application of iron analogue of MIL-100 for ozone removal which exhibits a
long-lasting ozone conversion efficiency of 100% for over 100 h under the condi-
tions of a relative humidity of 45% and space velocity of 1.9 × 105 h−1 at room
temperature. Iron analogue of MIL-100 was used for the first time in the catalytic
transformation of hexose sugars into lactic acid (LA) as reported by Huang et al.
[24] with 32% yield as compared to other catalysts like Cu-BTC and MIL-100(Cr).
Rostamnia and Alamgholiloo [25] synthesized IronMOF and used for Michael reac-
tion. Han et al. successfully evacuated iron analogue of MIL-100 under various
temperatures which utilized as catalysts for selective ethylene tetramerization in the
presence of co-initiators [26].MIL-100(Fe) has been subjected to evacuate at 250 °C.
The resulting MOF contained high concentration of Fe2+ sites as well as porosity
with the maximum catalytic activity. Oligomerization performance was affected by
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the cocatalysts via scavenging and the presence of additional open sites. Liu et al.
utilized the same concept to synthesize the chromium analogue of MIL-100 [27]
with moderate catalytic activities and high selectivities. Rivera-Torrente et al. [28]
used a similar catalytic system in the presence of different cocatalyst. Comparative
catalytic activities of MIL-100 and MIL-101 were examined. It was found that MIL-
101 showed better catalytic activity compared to MIL-100. Santiago-Portillo et al.
[29] synthesized 6 isostructural MIL-101-X materials by the postsynthetic treatment
and used for the epoxide ring-opening, acetalization, and Prinscoupling. Yu et al.
[30] synthesized some Fe-MOFs and used them in ozonation reaction. Among all
Fe-MOFs, MIL-53 showed the catalytic performances owing to the presence of large
Lewis acid sites and porosity [30]. Islamoglu et al. [31] synthesized a framework of
Ce-BDCwhich proved to be effective in nerve agent simulant and soman hydrolysis.
This showed faster hydrolysis as compared to UiO-66 [32]. The same group was
extending their work by the use NU-901 as a catalyst and found that it also showed
faster DMNP hydrolysis [33]. Shaabani et al. [34] synthesized heterocycle scaffolds
by utilizing UiO-66 as a Lewis acid solid. As compared to other catalysts, this cata-
lyst showed higher activity because of large number of vacant sites. UiO-66 was
also used as catalyst in oxidative desulfurization by Zhang et al. [35] and it showed
100% conversion ofODS into dibenzothiophene. Dalapti et al. [36] synthesized a Ce-
mixed valence-based MOF which helped in oxidizing the chromogenic peroxidase.
Rojasec-Buzo et al. reported that Hf-based MOFs that exhibit high catalytic activity
[37]. It was found that Hf-based MOFs showed a higher efficiency than Zr-based
MOFs. For example, the Knoevenagel condensation reaction (Scheme 1).

Mistry et al. [38] synthesized twoMOFs consisting ofCd-sulfoisophthalate layers.
These layers had bipyridyl linkers forming three-dimensional structures. It also
showed good catalytic activities for Knoevenagel condensation. Zhang et al. [39]
used nanosheets of very thin Ni-MOF as a heterogeneous catalysis in a condensa-
tion reaction. Abdollahi and Morsali [40] synthesized a Zn MOF (TMU-41) which
utilized in condensation reaction.

2.2 Catalysis Based on MOF Defects

Multiple deformation in MOFs has been produced by the displacement reaction by
a number of different groups [41]. Molecular simulations provide a valuable infor-
mation in understanding the structure and catalytic property of the MOF [14, 42].
Elemental and thermogravimetric analyses were used to quantified the defects [43].
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Scheme 2 [3 + 3] cycloaddition reaction

The demolition of the UiO-66 occurred in two steps, dihydroxylation of the frame-
work and weight loss at around 400 °C that results in the formation of UiO. The tech-
niques such as TGA, PXRD, UV-vis, NMR, and high-resolution TEM are used to get
further information regarding defects [44, 45]. These defects significantly improve
the activity of UiO-66 [46]. The properties of UiO-66 can be easily tuned by applying
postsynthetic treatments [47, 48]. This concept has largely been utilized and reported
[49–51]. Comparative study ofUiO-66 and amino-functionalized-UiO-66 toward the
Fischer esterification have been examined by Caratelli et al. [52] Hajek et al. [53]
used defective UiO-66 to study the Oppenauer oxidation of primary alcohols. The
hydrated material was found to be more active compared to dehydrated material for
the conversion of prenol with furfural. Cai and Jiang synthesized hierarchical pore
(HP)MOFs [54]. TheseMOFs have been used in cycloaddition reactions (Scheme 2).
HP-UiO-66 showed better activity than the conventional UiO-66. Dissegna et al. [55]
used the water adsorption measurements as a key parameter to determine the defects
in acetic acid and trifluoroacetic acid-modulated UiO-66 MOFs.

Ye et al. [56] reported the mechano-synthesis of UiO-66 with larger defects and
found that the number of missing linkers per Zr6O4(OH)4(BDC)6 reached around
2.16. As a result, increased defects in UiO-66 exhibited higher catalytic activities
in various oxidation reactions. Kuwahara et al. [57] explored the use of sulfonic-
acid-functionalized UiO-66 for the hydrogenation between levulinic acid and its
esters to produce γ -valerolactone. The high yield of γ -valerolactone was obtained.
It did not show any loss on prolonged use and was reusable for about four cycles.
Yang and co-workers [58] investigated the chemical behavior of Zr-nodes in UiO-66
and UiO-67 MOF through IR and NMR spectroscopy. They demonstrated the role
of nodes in catalysis for ethanol dehydration leading to diethyl ether selectively at
473–523 K. Zwoliński and Chmielewski [59] isolated a series of TEMPO-appended
UiO-66 andUiO-67 using amethod developed byKatz et al. [60] and used for aerobic
oxidation of alcohols. Zhuang et al. [61] fabricated UiO-68-TEMPO with the use of
H2tpdc-TEMPO ligand with varied missing linker defects.

The researchers concluded that the synergistic effect between them was respon-
sible for high catalytic activity of UiO-68-TEMPO [61]. Benzoic acid was used to
tune the vacant linker defects inUiO-68-TEMPO.The defectivemicrocrystal showed
high catalytic activity as compared to the single-crystalline UiO-68-TEMPO. Zhao
et al. [62] isolated MIL-101(Cr) hydrothermally with the use of phenylphosphonic
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acid. The role of phenylphosphonic acid was produced defects in structure and larger
porosity in MIL-101(Cr). The three Zr-based MOFs, namely MOF-525, PCN-222,
and PCN-224, have been synthesized by Epp et al. [63]. They were used in the
synthesis of propylene carbonate. Mousavi et al. [64] studied MOF catalysts for
CO2 cycloaddition reaction. Four different MOFs based on DABCO (M=Zn, Co,
Ni, Cu) were synthesized solvothermally. Zn-DABCO showed excellent activity
and 100% selectivity. The synthesis of Ce-MOF (BIT-58) was reported by Chen
et al. [65] which has suitable size for the catalytic conversion of benzaldehyde to
2-benzylidenemalononitrile [65]. The catalytic application of ZIF-8 MOF toward
ring-opening polymerization was explored by Luo et al. in the absence of solvents or
cocatalysts [66]. Two different synthetic strategies such as the solvothermal approach
and the spray drying process were used for synthesizing ZIF-8. Chaemchuen et al.
[67] explored the quantitative determination of defects in threeMOFs. The structural
defects increased the activity of MOFs in various reactions.

2.3 Catalysis Based on Decorated MOFs

Lots of significant attention have been paid toward tuning of MOFs at the postsyn-
thetic level for various catalytic applications [68, 69]. Cao et al. [70] have explored
themultivariate functionalities of aMOF as shown in Fig. 3. Normally, a multivariate
MOF has been prepared by mixed linker single-step synthesis or by modification at
postsynthetic level. Latter one is usually used for MOFs containing two or more

Fig. 3 Schematic
representation of different
methods used for the
formation of
nanoparticle-MOF
composites
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different functionalities. Zhou et al. [71] described an isoreticular family of cata-
lysts based on the multicomponent metal-organic frameworkMUF-77 that exhibited
several unique features such as simultaneous enhancements in reactivity and stere-
ochemical selectivity for aldol reactions, the ability to catalyze Henry reactions that
cannot be accomplished by homogeneous analogues, and discrimination between
different reaction pathways (Henry vs aldol) that compete for a common substrate.

2.4 CO2 Activation

The synthesis of cyclic carbonates is widely studied in MOF catalysis (Scheme 3).
Cyclic carbonate is the most stable thermal product of this reaction along with a

by-product like polycarbonates. The reaction is facilitated in the presence of a cocat-
alyst such as tetraalkylammonium halide. The vital role of cocatalyst is believed to
generate an alkoxide intermediate through nucleophilic attack which further under-
goes addition with carbon dioxide and forming the cyclic carbonate and regenerates
the cocatalyst. Various groups have worked on improving the CO2 sorption capacity
ofMOF to achieve the high activity. Imidazoles and/or ionic liquids have proved to be
providing alternate solutions in keeping the view inmind for their high carbon dioxide
capture and solubility [72]. Bhin et al. [73] synthesized the chloro-functionalized
ZIF-95 MOF which showed efficient storage and coupling CO2. Although this reac-
tion occurs at elevated temperatures, cocatalyst allows the reaction to occur at lower
temperatures for higher conversions. Demir et al. [74] have been successfully synthe-
sized Zr-MOFs and applied on the same reaction. Authors have synthesized MOF-
53(VCl3) and MOF-53(VCl4) from Zr-based MOF. The yield of cyclic carbonates
was 79.6% in case ofMOF-53. Liang et al. reported a bifunctional imidazolium func-
tionalized MOF. He used the isoreticular synthesis and postsynthetic modifications
[75]. The same group also synthesized chromium-based MOF (FJI-C10) containing
Cr3+ and free halogen ions [76].Ding et al. [77] tuned theUiO-67 solvothermallywith
imidazolium decorated biphenyl and ZrIV ions which exhibited adsorption of carbon
dioxide and highly selective for methane and nitrogen. Kurisingal et al. [78] synthe-
sized U6N@ILA and U6N@ILB by the modification of the UiO-66-amino with
methylimidazole and methylbenzimidazole through a condensation reaction. Ding
and Jiang [79] synthesized the incorporation of imidazole-based poly(ionic liquid)s

Scheme 3 Cyclic carbonate
from coupling of CO2 with
epoxide

O

R

+ CO2
OO

R

O
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into a MIL-101. Aguila et al. [80] synthesized MIL-101(Cr)-IP, which was used in
the fixation of carbon dioxide into epoxides at 50 °C. The increased catalytic activity
was due to the interaction between halide ions and the CrIII Lewis acid sites. Gao et al.
[81] developed Zr-phosphonate framework that shows dual catalytic behavior. Tang
et al. [82] synthesized Au/Zn MOF. Synergic effect of the two metallic components
and hollow structures led to high catalytic activity [82]. Lately, numerousMOF-based
systems have been devised focusing on CO2 cycloaddition such as zinc-based ZIF-23
[83], NH2-MIL-101(Al) [84], Zr-based Cu-VPI-100 and Ni-VPI-100 [85], and Zn
MOFs [86], as well as CuII MOF [87] and CdII MOF [88]. Xiong et al. [89] reported
two Gd and Cu cluster-based MOFs. The resulting MOFs were used to catalyze
CO2 carboxylation at room pressure and 80–100 °C. A porous silver polymer used
for a similar reaction was investigated by Zhou et al. [90]. It gave 92% yields. Ji
et al. [91] encapsulated single and triatomic Ru atoms clusters on ZIF-8 and found
to be very effective catalyst for the semihydrogenation of alkynes. Absolute regios-
electivity of terminal alkynes was obtained using the ZIF-8 shell. Carboxylation of
propargylic alcohol was investigated by Hou et al. [92] The authors synthesized
cluster-based heterometallic MOFs [(NH2C2H6)0.75[Cu4I4·(L)3·(In)0.75]·DMF·H2O]
and isolate more than 90% yields of product. The other method for utilization of
CO2 focused on its fixation as reported by Padmanaban et al. [93] Kang et al. [94]
synthesized three 3-D MOFs based on Co, Mn, Ni. All compounds showed efficient
catalysis for the cycloaddition reaction with CO2 under mild conditions. Zhang et al.
[95] explored the successful use of UiO-68 for CO2 hydrosilylation reaction. Very
fewworks till date have been reported on single-site-MOF for carbon dioxide conver-
sion. An et al. [96] successfully isolated the immobilization of iridium complexes
into a UiO-type MOF. Li et al. [97] successfully performed the encapsulation of the
ruthenium complex in UiO-66. The resulting material [Ru]@UiO-66 was used for
the hydrogenation of CO2 to formate in DMF/DBU mixtures.

2.5 Carbon-Hydrogen Bond Functionalization

Carbon-hydrogen bond activation is an important popular reaction between
MOF investigators. [98] Wang et al. [99] synthesized a Mn-based MOF which was
used as a catalyst for the direct amination of C–H bonds. Hoang et al. [100] reported
the heterogeneous catalyst Cu-CPO-27 for C–H amination in 89% yields. Copper-
based MOF (VNU-18) was used as an efficient catalyst for the direct coupling of
carbonyls and N–H amines as explored by Tran et al. [101]. A iron-based MOF
(VNU-20) was synthesized solvothermally by Pham et al. [102] which showed an
efficient catalyst for the functionalization of coumarins with N,N-dimethylanilines.
An iron MOF (VNU-21) was reported by To et al. [103] which was used for single-
step synthesis of quinazolinones. Xu et al. [104] reported the use of Cu-TPPB MOF
in the C–H activation of amidines. The advantage of this system was that it occurred
in air atmosphere and utilized over a broad substrate range. Amidines without ortho
substituents which were derived from aryl nitriles formed products in greater yields
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[104]. Ikuno et al. [105] were the first to generate Cu-MOF (Cu-NU-1000) whichwas
used for the formation of CH3OH selectively. Incoporation of Cu sites on MOF use
for the conversion of CH4 to CH3OH was also explored by Baek et al. [106] Osad-
chii et al. [107] synthesized a high-spin Fe MOF by electrocatalytic or hydrothermal
method which was used for C–H bond functionalization of CH4.

2.6 Other Reactions Catalyzed by MOFs

Two postsynthetic strategies were utilized for attachment of oxovanadium salt to
UiO-66-NH2 by Pourkhosravani et al. [108] Firstly the free NH2 groups of UiO-66-
NH2 were directly reacted with salicylaldehyde, followed by reaction with oxovana-
dium salt to form UiO-66-SI/VO(acac). In other method, UiO-66-NH2 was reacted
with oxovanadium salt to form UiO-66-NH2/VO(acac)2. Both catalysts explored the
epoxidation of geraniol with complete conversion with complete selectivity. Zhang
et al. [109] described a method for the metalation of a UiO-67 with an iridium(III)
compound which was used as a methane borylation catalyst. The UiO-66-supported
nickel catalysts were synthesized by Li et al. [110] by atomic layer deposition (ALD)
which was used in ethylene hydrogenation. Zhang et al. [111] have synthesized
zirconium-based MOFs that showed oxidation of cyclohexene. Zhang et al. [112]
synthesized a NH2CONH2-UiO-68 which was very effective for C–C bond forma-
tion. This MOF exhibited excellent catalytic activity compared to others analogue
urea derivatives. An immobilized azide-functionalized UiO-66 MOF was synthe-
sized by Elumalai et al. [113] which was used for C–C coupling reaction under mild
conditions. It was used over a wide range and gave yields up to 93%. Oozeerally et al.
[114] synthesized UiO-66-MSBDC that can be used as a heterogeneous catalyst for
fructose and HMF from glucose. A phosphate-modified NU-1000 was also used as
a catalyst for the conversion of glucose into fructose and 5-hydroxymethylfurfural
(HMF) as discussed by Yabushita et al. [115]. The same group utilized NU-1000
as a promising material for further catalyst development [116]. NU-1000 consists a
trihexagonal tiling using eight connected Zr6(μ3-O)4(μ3-OH)4(H2O)4(OH)4 nodes
at each vertex and 1,3,6,8-(p-benzoate)pyrene linkers positioned at each edge [117].
This contained Zr6 nodes as Lewis site and channels that can facilitate activity which
was the attractive for the design of catalyst [118]. Kim and coworkers [119] reported
the incorporation of single atoms and clusters of platinum on the NU-1000 which
exhibited greater activity for hydrogenation of ethylene.

3 MOFs Containing Metal Nanoparticles

Currently, much attention has been paid toward metal nanoparticles (MNPs) as
supporters that act as important catalytic sites. Metal-supported nanoparticles have
been widely employed in various industrial processes. However, with supported
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catalysts, structure sensitivity has most often related to the performance of catal-
ysis. The overall goal of the catalyst engineer is to design a catalyst with maxi-
mize productivity and selectivity. MOFs have been widely used as support for metal
nanoparticles since the early days ofMOF catalysis [120−123] but currently, various
MOF-based materials have been developed rely on catalysis. All centers can be
refined to improve metal-support interactions [124−126] and their use as supports
for nanoparticles. Numerous excellent reviews related to synergistic effect between
MOFs and MNPs exist but this phenomenon is still unexplored. However, without
doubt, this phenomenon has played an important role in catalytic processes. These
resulting materials show a better performance in catalysis than do MNPs immobi-
lized on conventional materials. Typically, such porous and crystalline composites
showed high dispersion of nanoparticles within the pores and easy way of active
site for substrates made them efficient materials in catalyzing various reactions. The
different roles of MOFs in these composites are: they (i) To provide uniform distri-
bution and stability of MNPs within pores and (ii) selectivity of the reaction (iii)
the synergistic interactions between MOF and an MNP to modify the electronic
properties of MNPs (iv) catalyze one-pot tandem reactions. ICP, IR, and UV-vis
spectroscopy and NMR are common techniques to characterize the MNPs within
MOF structures. Powder XRD technique is used to determine the particle’s size.
XPS technique is used to determine the oxidation state of the metal. TEM and SEM
are powerful techniques to determine the morphology of NPs’ and their dispersion
in lattice. Finally, nitrogen physisorption gave information about porosity prior to
and after nanoparticle deposition. Herein, we discussed the different methods used
for the synthesis of MNP@MOF and MOF@MNP composite materials as shown in
Fig. 3 and their recent development in heterogeneous catalysis.

3.1 MOFs Synthesis

The composite material plays a pivotal role in catalytic performance as
most of the metal nanoparticles catalyzed reactions are structure sensitive.
Ning et al. [127] used different methods such as impregnation-reduction-
H2, impregnation-reduction-NaBH4, deposition–precipitation-carbonization, depo-
sition–precipitation-H2, and colloid-immobilization to synthesize a series of MOF
supported Au nanoparticles(Au@UiO-66-X) (Au@UiO-66, Au@UiO-66-NH2,
Au@UiO-66-NO2, Au@UiO-66-COOH, and Au@UiO-66-NH3Cl). Out of these,
it is found that the impregnation-reduction-H2 method is the best where a 100%
selectivity of methyl-2-furoate with a complete conversion was obtained using
Au@UiO-66 as catalyst. TEM images of theAu@UiO- 66 displayed a large size (10–
25 nm) and irregular dispersion as synthesize by impregnation-reduction-NaBH4,
deposition–precipitation-carbonization, and deposition–precipitation-H2 methods.
However, methods such as colloid-immobilization and impregnation-reduction-H2

yielded Au nanoparticles having a size of 2–3 nm and uniform distribution. Authors
have found that the crystal structure ofUiO-66 remained stable during synthesiswhile
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using the colloid-immobilization and impregnation-reduction-H2 methods, whereas
the other methods led to disintegrate of the framework.

Catalytic activities of Au@UiO-66 synthesized by colloid-immobilization and
impregnation-reduction-H2 methodswere confirmedby small size of theAunanopar-
ticles and the well-preserved pore structure of UiO-66. TEM and XRD study of
Au@UiO-66 catalyst revealed that no agglomeration ofAuparticle could be observed
and UiO-66 retained its crystalline structure even after five catalytic cycles prepared
by impregnation-reduction-H2 method. Butson et al. discussed the importance of the
various synthetic methods [128] and inferred that MOFs having the pore breathing
effect could responsible for a preferential phase behavior for nanoparticles isolated
by different reduction methods. MIL-53 has known for its breathing phenomenon.

Synthetic Strategy for MNP@MOF Composite

It was also known as “ship in bottle.” It was prepared by the assembly of the active
species within the pores of a MOF support. The advantage of this method is to
prevent MNPs from aggregation. However, this method is more challenging because
of various factors such as the wettability of the MOF’s surface, interactions and pore
environment, thermal, chemical, andmechanical stabilities of the framework affected
their synthesis. The common techniques used for the deposition of metal precursors
into MOFs are chemical vapor deposition, solution impregnation, double-solvent
impregnation, and one-pot synthesis.

CVD

In this method, activated MOF is reacted to a volatile metal precursor in vacuum.
During the evacuation, the metal precursor diffused into MOF channels. The
precursor turned into nanoparticles after the reduction or thermal treatment. There
is large fluctuation of particle size distribution while using this method. The
volatile complexes [(ï5-C5H5)Pd(ï3-C3H5)], [(ï5-C5H5)Cu(PMe3)], and [(CH3)Au-
(PMe3)] compounds were introduced on MOF-5 as reported by Hermes et al. [129]
The Pd/Au/Cu@MOF was isolated by the reduction. The size of Au particles was in
a range from 5 to 20 nm, whereas the average size range was 1 to 2 nm in the case
of palladium and copper. This method has been hardly ever using for the preparation
of MNP@MOF composite materials for catalysis because of very expensive method
[130]. The advantage of this method is to allow the synthesis of very small particles
within MOFs.
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Solid Grinding

It involves the mixing of MOF powder with a volatile metal precursor. The volatile
metal precursor entered into MOF channels and subsequently undergoes the reduc-
tion which gave the composite material. Ishida et al. [131] introduced the first
deposition of a metal precursor on an MOF by this method.

Solution Impregnation

This method involved mixing a presynthesized MOF powder with dissolved metal
precursors. The metal precursor solution entered in MOF pores because of the capil-
lary effect. Here the precursor’s undergoes reduction to form metal nanoparticles.
The disadvantage of this method is the poor particle distribution on both the interior
and exterior surfaces of MOFs. Sabo et al. [132] employed firstly this method to
form metal nanoparticles within MOFs. MOF-5 was stirred with a Pd(acac)2 solu-
tion followed by the slow evaporation in inert atmosphere. The resulting product
was reduced under H2 atmosphere and heated to 200 °C for 1 h. Finally, the Pd2+

was reduced into Pd. The isolated catalyst was not stable in air at room temperature
because of lower hydrothermal stability ofMOF-5 support. This problemcan be over-
come by the use of –NH2 or-bpy moieties which facilitate the metal precursor tend to
prefer coordination to these groups, thus allowing for greater location control. Hwang
et al. [133] used this method first time for the synthesis of MIL-101 which is known
for easy generation of coordinatively unsaturated metal sites by the replacement
of terminal water molecules. Goswami et al. [134] reported the channel-templated
growth of AuNPs within a stable zirconium-based metal–organic framework, NU-
1000, via channel-anchored monometallic precursors which were used as efficient
catalyst for condensed-phase hydrogenation of 4-nitrophenol to 4-aminophenol.
Rivera-Torrente et al. [135] compared MIL-100(Fe) and disordered Basolite® F300
with identical iron 1,3,5-benzenetricarboxylate composition exhibit very divergent
propertieswhenused as a support for Pd nanoparticle deposition.MIL-100(Fe) shows
a regular MTN-zeotype crystal structure with two types of cages, whereas Basolite®
F300 lacks long-range order beyond 8 Å and has a single-pore system. The medium-
range configurational linker-node disorder in Basolite® F300 results in a reduced
number of Lewis acid sites, yielding more hydrophobic surface properties compared
to hydrophilic MIL-100(Fe). The hydrophilic/hydrophobic nature of MIL-100(Fe)
and Basolite® F300 impacts the amount of Pd and particle size distribution of Pd
nanoparticles deposited during colloidal synthesis and dry impregnation methods,
respectively. Authors suggested that polar (apolar) solvents/precursors attractively
interact with hydrophilic (hydrophobic) MOF surfaces, allowing tools at hand to
increase the level of control over, for example, the nanoparticle size distribution.
Yang et al. [136] synthesized trimetallic NiFePd nanoparticles anchored on MIL-
101(Cr) via a simple impregnation method which was highly active catalyst for the
complete dehydrogenation ofN2H4BH3 and decomposition ofN2H4·H2Owith 100%
hydrogen selectivity even after five recycles [136].
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Double Solvent Approach

This is a commonmethod for the synthesis ofMNP@MOF composites which allows
the uniform distribution of NPs on the internal surface of the pores. The capillary
effect was the main driving force for this method.MOF is dispersed in a hydrophobic
solvent such as hexane then added a small amount of the aqueous solution of the
metal precursor and allow for stirred dispersion. Small metal clusters were encapsu-
lated within the MOF matrix after the reduction. Aijaz et al. [137] used this method
for the synthesis of well-dispersed and size-controlled metal nanoparticles inside
the pores of a MOF. Sun et al. [138] used this method for the synthesis of a non-
noble trimetallic system (Cu@Co@Ni). This system showed efficient activity for the
tandem hydrogenation of nitroarenes by the hydrogen from ammonia borane dehy-
drogenation and CO oxidation. Recently, some literatures related to this method for
the preparation of MNP@MOF composite materials were published [139–141].

Colloidal Deposition

This method is excellent technique for deposition of particles on the exterior surface
of a MOF. MOF and metal nanoparticles were mixed and stirred in a solvent. If the
size of NPs’ allowed for its penetration into a MOF, the particles are distributed on
both surfaces. If not then the NPs are attached on the external surface due to physical
adsorption and/or electrostatic interactions.

Templated Synthesis

This method allowed the introduction of presynthesized MNPs into the MOF
precursor solution. Surfactants such as PVP, cetyltrimethylammonium bromide
(CTAB), and others are used to prevent MNPs from agglomeration. The disadvan-
tage of this method is that binders are difficult to wash away from the framework
completely, and these binders limit the access to MNPs so the catalytic performance
decreases. However, this method allows for MNP@MOF growth with controlled NP
size and shape [142]. A sacrificial template synthesis is used to avoid this problem.

Thermal Decomposition

This method involved the partial thermal decomposition of MOFs which allows for
uniform distribution of metal oxide particles inside hierarchical pores.
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Spray Drying

This method was also used for the modification of MOFs [143, 144]. This method
involved the agglomeration of MOF nanocrystals to form spherical particles by fast
evaporation of a solvent from the sprayed droplet. The MOF particles are converted
into spherical beads (average size= 3.4± 1.8 μm) by maintaining the initial size of
nanoparticles.

3.2 Catalysis

MNP@MOF composites have been known as excellent catalytic material over
wide range of organic transformation reactions. MIL, UiO, and ZIF families are
widely used as MOF supports. Here we described the application of MNP@MOF in
heterogeneous catalysis.

Co-related Chemistry

Catalytic CO oxidation to CO2 has been chosen as a model reaction [145]. Tsumori
et al. [145] synthesized a “Quasi-MOF” inwhichMIL-101 has an interaction between
the node and the Au nanoparticles that result in boosting the catalytic activity. A
solution impregnation technique was used for the inclusion of Au nanoparticles
(3 nm) over MOF. The partial framework decomposition of Cr-MIL-101 occurs at
573 K that releases CO2 and form Cr–O sites that are necessary condition for the
adsorption and activation of O2 species in the CO oxidation reaction. Au@Cr-MIL-
101 was used in CO oxidation in the range of temperature from 193 to 52 K. The
catalyst showed 100%CO conversion at temperatures from 193 to 298 K but showed
several lifetimes up to 6500 min.

CO2 Utilization

This is a powerful method for the valorization of carbon dioxide because the
main product CO can be further converted into valuable chemicals and fuels.
Han et al. [146] reported various composite materials based on MOF-74(Zn) such
as Au@Pd@MOF-74, Pt@MOF-74, and Pt/Au@Pd@MOF-74. The best catalytic
performance was shown by Pt@MOF-74 in 1:1 ratio of H2/CO2 at 400 °C and 2MPa
of CO2. Encapsulation of Pt/Au nanoparticles in UiO-66 [147] and [Co2(oba)4(3-
BPDH)2]·4H2O2 [148] were explored under the same reaction conditions. Both the
MOF showed decomposition of the framework at such a temperature which was the
main issue for their application as supports in high-temperature catalysis. Themetha-
nation of CO2 occurred at lower temperature by using Ni catalysts. Zhao et al. [149]
synthesized a Ni@UiO-66 catalyst which was used for the reduction of CO2 to CH4
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under 1 MPa of H2/CO2 at a temperature from 200 to 340 °C. This catalyst showed
a superior performance as compared to conventional systems such as Ni/ZrO2 and
Ni/SiO2. Another potential application of CO2 is the carboxylation reaction. Dutta
et al. [150] synthesized a newMOFwhich was used for the carboxylation of terminal
alkynes under mild conditions of 1 atm and 60 °C, and the reaction catalyst could be
recovered and used again with an average 10% loss in yield for every further catalytic
run.

Dehydrogenation

Hydrogen-rich compounds are the good source of hydrogen production and hydrogen
storage. This approach has been utilized by many research groups because of its
solid nature, stability, safer use at room temperature and high hydrogen content.
MOF-supported nanoparticles were proved as perspective catalysts for on-demand
hydrogen generation from these compounds [151, 152]. Li et al. [153] synthesized
the immobilization of Ni0.5Fe0.5–CeOx particles on MIL-101 which exhibited 100%
conversion and 100% H2 with a TOF of 351.3 h−1 and better catalyst as compared
to Ni0.5Fe0.5MIL-101. The catalyst was stable throughout five cycles. Furthermore,
Ni0.5Fe0.5–CeOx/ZIF-67, ZIF-8, andUiO-66were also used as a catalyst for the same
reaction which showed complete decomposition with TOF values of 361.5, 192.3,
and 300 h−1, respectively.

Hydrogenation Reactions

Redfern et al. [154] reported the selective acetylene semihydrogenation catalyzed
by Cu nanoparticles supported inside a Zr-based NU-1000 MOF. The size of copper
NPs was of <1. The Cu@NU-1000 showed a TOF of 100 ± 20 h−1 as compared to
Cu/ZrO2 with a 1:1 H2/C2H2 ratio with ethane, 1-butene, and 1,3-butadiene as by-
products. The high acetylene conversion was achieved leading to the increase in the
amount of C4 up to 15 mol % with <2% of ethane present in the mixture. Whereas,
through Cu@NU-1000 catalyst, the full utilization of acetylene was achieved with
99.5% selectivity toward ethylene and less than 0.5mol% of ethane, and C4 products
with the industrially used mixture of 97% ethylene and 3% acetylene. The reduction
of olefins has been studied over different MNP/MOF composite materials [155].
Meng et al. [156] used impregnation method to synthesize a Pt@UIO-66-NH2 cata-
lyst followed by annealing to fabricate a mesoporous MOF (Pt@UiO-66-NH2-2 h).
The TOF was found to 30 times more for the mesoporous solid which is due to the
increased diffusion rate of the reagents. Chen et al. [157] used the solution impreg-
nation method to synthesize MOF140-AA by the use of Ni2+ as a metal source
and squaric acid which catalyzed the phenol hydrogenation. The catalytic perfor-
mances were compared to Pd/SBA-15, Pd/ZrO2, Pd/Al2O3, and Pd/SiO2 and found
that MOF140-AA was showing the best performance. The reduction of nitroarenes
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was chosen as a model hydrogenation reaction along with others industrially impor-
tant reaction [158–163]. Yuan et al. [164] prepared MIL-101@Pt@FePCMP which
showed a high catalytic activity for the selective reduction of the C=O bond as
compared to MIL-101, and FeP-CMP. Lin et al. [165] introduced the deposition of
Ru NPs on the surface of MIL-101-SO3H which was used as an efficient catalyst for
the conversion of methyl levulinate (ML) to γ-valerolactone (GVL).

Carbon–Carbon Coupling Reactions

This is an important reaction in synthetic organic chemistry. TheNP@MOF catalysts
were utilized as efficient catalyst for Suzuki–Miyaura coupling [166]. Xiong et al.
[167] synthesized new La-MOF containing Fe3O4 nanoparticles (NPs), proved to be
an advantageous strategy to produce a superior heterogeneous catalyst for Suzuki–
Miyaura C–C bond formation. This showed very active, quite stable, magnetically
recoverable, and reusable in coupling of bromo- or iodoaryls with arylboronic acids
affording practically quantitative yields of biaryls (>99%) and high TONs and TOFs.
The catalyst has been recycled up to 12 times without significant loss of the catalytic
activity. Tan and Zeng [168] prepared a series of composites such as Pd/M-HKUST-
1-Rwhichwere used as efficient catalyst for the oxidation of benzyl alcohol to benzyl
aldehyde and the Knoevenagel condensation.

4 Outlook, Challenges, and Future Perspectives

The catalytic applications based on metal–organic framework are growing at are
markable rate. During the past decade, we have witnessed that MOFs find their
place in catalysis based on various methods used for bulk scale synthesis of MOFs
or MOF-derived materials. Although a lot of MOF materials have been synthe-
sized, these systems are still further explored with respect to it utilization and chem-
ical and thermal properties. Many applications-based MOFs have been developed
for utilizing in different organic transformations. Though a lot of effort has been
devoted to this field, still comparison based on stability is still unexplored. The use
of MOFs precursors is very successful for the synthesis of advanced catalytic mate-
rials. Thermal decomposition of MOFs has opened a new era for the synthesis of
highly advanced heterogeneous catalysts. The interesting properties that possess by
MOFs have inspired the researchers to apply these materials in a variety of catalytic
reactions. We believe that MOFs field will grow continuously to receive extensive
attention in the near future and help the catalysis community to solve all these issues
arouse in this field.
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Abstract The uniqueness of metal–organic frameworks is demonstrated in
their high surface area, highly ordered self-assembled structure, tailorable pore size,
high density of active sites, and high catalytic activitywhich enable them to act as effi-
cient sensing materials. MOFs provide magnificent platforms for detecting environ-
mental contaminants which include detection of heavy metals, anions, organic pollu-
tants, and gases both in water and air. In recent researches, huge progress has
been achieved in utilizing special optical, electrochemical properties and field-effect
transistor sensing abilities of MOFs. Their sensing capabilities could be further
improved through MOF-based composites obtained by incorporating varied func-
tional materials. The nanoscaled pore size of MOFs permits the diffusion of small
molecules into the pores or through the MOF layer while excluding the larger
molecules subjective of the size, shape, and conformation of MOFs. The MOFs
also exhibit a dynamic response to external stimuli which include pressure changes,
light, pH, temperature, and various other guest molecules showing the high grade
of selectivity toward different analyze molecules. The ongoing chapter reviews
and summarizes the outcomes of current findings and challenges of MOFs while
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being used as highly sensitive and efficient electronic sensors for environmental
contaminants.
Graphical Abstract

Keywords MOFs · Sensors · Environment ·Monitoring · Contaminants

1 Introduction

There is constantly increasing demand for controlling environmental pollution and
finding solutions for global warming, climate change, and other damaging causes in
today’s world. The compelling urge for designing methods to reduce the impact of
pollution urgently requires an assessment of the elements of pollution and destruc-
tion. For effective monitoring, a comprehensive system is required for analyzing and
evaluating the contaminants and pollutants precisely and accurately. Various types
of sensors have been proposed in the past by numerous scientists among whom
MOF sensors and MOF-based hybrid sensors have currently emerged as popular
tools which are capable of assisting the scientists in first evaluating the pollutants
and then carrying out the remediation exercise. Even the minutest number of pollu-
tants need to be determined precisely for their complete removal and also to work
out measures for curtailing and controlling them. The accuracy in monitoring the
pollutants can be possible only if highly sensitive, reliable, and selective devices are
available, and many novel techniques are employed for both analyzing and imple-
menting damage control pathways for the environment. In the recent past, MOFs are
growing popular as such coordination polymers which are endowed with high order
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tunable porosity and crystallinity. The presence of organic molecules linked to metal
ions clusters contribute heavily to their extraordinary characteristics leading to the
enhanced surface area, a large volume of modifiable pores, and fascinating catalytic
efficacy attributed to dense active sites. A battery of MOFs and MOF-based NPs has
been fabricated in the past which are employed as excellent sensors for detecting the
contaminants present in the surrounding air and water bodies. Detection of pollu-
tant heavy metal ions, hazardous organic molecules, and gases are performed by
MOF-based environment sensors owing to their unique optical and electrochemical
versatility and sensitivity to field-effect which enables them to heave as accurate
sensors. MOF composites show improved properties as environment sensors and
have initiated a novel class of sensor molecules providing ubiquitous platforms for
measuring and signaling both water and gas contaminants. A large number of MOF-
based sensors are reported, and a new world entity has motivated a promising area
of research and given a new direction to the scientific community and custodians of
environmental remediation and sustainability [1].

The extraordinary ability of MOF for reversible adsorption, high catalytic perfor-
mance, the diverse functionality, and tunable structural features contributes largely to
make them suitable chemical sensors [2]. The whole event of sensing while absorp-
tion of the target guestmolecules takes place engages various structural, physical, and
chemical changes on the surface of MOFs. In the current past, MOFs have exhibited
distinguished characteristics especially for detecting and monitoring environmental
contaminants such as poisonous heavy metals, hazardous chemicals, and gases of
toxic nature [3, 4]. The general principles on whichMOFs andMOF-based materials
work are an optical phenomenon, electrochemical propositions, and FET theory of
sensors.

2 Water Sensors Based on MOFs

The most probable substances which pollute water include industrial wastes
containing heavymetals, organic effluents, pharmaceutical wastes such as antibiotics
and bacteria’swhich are harmful to human and animal health and the ecosystem in the
environment. Thus, high resolution, reliable, and sensitive sensors are in urgent need
for determining the type and extent of contamination in water. MOFs have played a
significant and promising role in sensing and detecting the chemicals in aqueous solu-
tions from various sources and have exhibited their ability in their reversible capture
and adsorption. Sensors based on MOFs function based on signals obtained through
luminescent technology, electrochemical phenomenon, and colorimetric mechanism
thereby emerging as the most versatile candidates for detecting and monitoring the
target pollutant molecules present in water.
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2.1 Luminescent Technology

Substantial advances have taken place in the past related to chemical sensing perfor-
mances of MOFs which are based on their luminescence property [4, 5]. The process
of luminescence involves the returning of electrons from the excited singlet state
to the ground state through the emission of photons in the whole process [6]. The
complete mechanism is known as “turn- off” mechanism [7] which originates when
absorption of molecules of analytes occurs leading to the quenching and attenuation
of the phenomenon of luminescence on the MOF surfaces thereby causing changes
in the emissions which can be easily detected. Another, “turn-on” mechanism has
also been reported in the past literature [7] suggesting that luminescent progression
plays a vital role in the ability of MOF in detecting both inorganic and organic
components and thus providing a multifunctional rostrum capable of emitting lumi-
nescent signals. The contribution of both the organic skeleton and inorganic matrix
of MOF composites is equally responsible for their luminescent marvel. It has been
observed that charge transfer between metal and ligand can also cause lumines-
cence within MOFs through diverse functionalities. Either varied interaction with
the guest molecules or the inherent changes in the MOF functionalities, both can
equally influence luminescence and induce signals for sensing [6, 8–12].

Sensing of Inorganic anions in water by diverseMOF sensors using luminescent
technology has gained importance as it not only resulted in evaluating the common
nutrients present in groundwater such as phosphates, but it could also manage selec-
tive sensing of the degraded products of the nutrients as reported by Qian et al. [13].
Based on the selective nature of photoluminescence, MOF based on Tb (III) ions
TbNTA1 (NTA= nitrilotriacetate) were studied, and it was observed that their highly
specific and selective response toward PO4 ions was not impacted by other anions
such asNO3−, CO3

2−, SO4
2−, NO2

−, and halide ions. The signals of quenching effect
of changes in bond strength of Tb-O generate luminescence which is transformed
to signals as sensors [13]. Another group reported the detection of phosphate ions
whereMOF-5 was used in combination with ZnO quantum dots [14], and its interac-
tion with phosphate groups involved electron transfer reaction giving rise to the ZnO
QD quenching leading to its fluorescence recovery whose sensitivity had a fairly
good limit of detection (~53 nM), however, the luminescence-based sensors cannot
be reused. Recently another MOF was reported which provides reusable sensing
for phosphate ion which was 3D-MOF Eu-BTB (based on H3BTB = 1,3,5-ben-
zenetribenzoate and could be reused for five subsequent runs [15].

Drinking water often consists of ClO− ions, and there should be an optimum level
of ClO− ion present in it as its very low level cannot destroy pathogens, whereas
very high levels can form degraded products which cause health damage. Lu and
co-workers have shown in a recent study that a novel MOF-based material can detect
free chlorine using NH2-MIL-53(Al) which effectively provided the surface for fluo-
rescent sensing. It provided fluorescent Al nanoplates as a sensing platform in conju-
gation with the hybrid MOF [16] and detected free chlorine. The NH2-MIL-53(Al)
was highly soluble in water, showed exceptional stability, and its wider benefits were
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seen in evaluating the difference between tap water and swimming pool water. In
another experiment CN− ion which is also a water contaminant ion and was sensed
by aMOFZIF-90 based hybrid selectively at two-micrometer levels [17] and gave an
important method to monitor the CN− ion levels within permissible limits of WHO.

2.2 Sensing of Heavy Metal Pollutants

Heavy metal ions are currently most worrisome pollutants of water and also the
environment as a whole because it is one of the non-biodegradable substances and
causes serious damages. Some heavy metals ions which include lead (Pb), copper
(Cu), mercury (Hg), Cadmium (Cd), chromium (Cr), and arsenic (As) are a few of the
high-level toxic elements and cause hazards to human health even if they are present
in a minute or trace amount. Thus, it is highly pertinent and significant to employ
MOF-linked sensors for the determination of heavymetal ions inwater. Lin et al. [18]
reportedly used poly (ethylenimine)-capped CQDs (BPEI-CQDs) for sensing Cu2+

based on MOF-linked fluorescent technology. The branched poly (ethylenimine)-
capped CQDs (BPEI-CQDs) embedded inside ZIF-8 possess powerful fluorescent
(40% quantum yield) and high-grade selectivity during the detection of Cu2+ ions.
The BPEI-CQDs/ZIF-8 composites can both detect and adsorb Cu2+ ions as they
command both fluorescent activity, and adsorption properties have been used for
ultrasensitive and highly selective copper ion sensing. ZIF-8 not only exhibits excel-
lent fluorescent activity and selectivity derived from CQDs but can also accumu-
late Cu2+ owing to its high adsorption property. The accumulation effect of MOFs
can amplify the sensing signal. The fluorescent intensity of BPEI-CQDs/ZIF-8 was
quenched with the presence of Cu2+. This sensing platform can detect Cu2+ in a
wide concentration range of 2–1000 nM and a lower LOD of 80 pM. Compared with
other fluorescent sensors without the amplifying function ofMOF or the introduction
of a guest luminophore, this sensing platform has a much lower detection limit of
approximately two orders of magnitude. This sensor was also applied in real water
sample tests and showed good performance. This study indicated that novel sensing
platforms can be designed and applied in heavy metal ion detection by incorporating
MOFs with fluorescent nanostructures.

Detection of mercury ion (Hg2+) is of prime importance because it is the most
toxic substance and has the highest degree of health damages to both animals and
humans. Hg2+ based substances pose highly poisonous and greater risks to human
health. An expeditious and effective strategy for sensing the presence of mercury
ions in a highly selective manner is needed to overcome this challenge to prevent
damage to mankind. Chi group have reported that Ru-MOFs [19] are employed with
luminescentRu(bpy)23+ and in conjugation provide an excellent sensor and adsorbent
for mercury ions. Normally, Ru-MOFs get precipitated as a yellow powder in an
aqueous solution which emits a red color under UV light, but in the presence of
Hg2+, the Ru-MOFs get decomposed fast by Hg2+ ions and were able to release a
substantial amount of luminescent guest molecules into the water, i.e., Ru(bpy)23+
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generating powerful signals due to fluorescence or electro-chemiluminescence. The
efficient working of the sensor is subject to the concentration of Hg2+ and showed
excellent results in the range of 25 pM–50 nM.

Chen et al. [20] were able to design lanthanide-based structure of MOF nanocom-
posites with a turn-on mechanism of fluorescent sensor which could manage the
detection of Hg2+ ions via internal filter effect. Eu-isophthalate MOF NPs were fluo-
rescent and were synthesized such that their diameter was in the range of 400 nm and
was made to link to IDA. The coordination of IDAwith theMOF particle was able to
quench the MOF-based emission because the imidazole showed a strong absorbance
in the region of MOF excitation, and upon coordination of Hg2+ with IDA, the latter
gets released from the surface of MOF thereby causing a change in the emission.
The interaction which is sensitive to light was also selective having LOD at 2 nm
and either did not respond to the presence of other ions such as Pb2+, Mg2+, Ag+,
K+, and Na+ or showed negligible sensitivity.

2.3 Sensing of Organic Molecules Present as Contaminants

VOCs are another category of water pollutants that are a threat to the environment
as their toxicity is also a menace and needs to be addressed. Such VOCs which
are poisonous are mainly derivatives of benzene and other aromatic compounds
and are generally present in the environment in industrial effluents and are substan-
tively toxic resulting in long-term destruction of the ecosystem [21]. MOF seems
to be an obvious choice because their organic component can easily recognize the
organic molecules through feasible reactions and bond formation thereby converting
the changes to identifiable and readable signals. In recent times, a new MOF with
Eu3+ within the matrix of MOF Zr6(u3–O)4(OH)4(bpy)12 was proposed whose fluo-
rescent characteristics was able to analyze VOC giving exceptional results [22]. In
this process, the MOF and VOCs combination can be easily recognized as a signal
as the fluorescence properties of MOF nanocomposite are majorly dependent upon
the VOCs binding. Nitroaromatic molecules were probed by Morsali et al. [23]
after exploring MOFs TMU-31 and TMU-32 when they were mixed with aromatic
compounds containing nitro groups facilitating the interaction of urea entity inside
the MOF pores with the nitro group of the analyte. Various nitroaromatics such as
nitrobenzene, 1,3-dinitrobenzene, 2,4,6-trinitrotoluene, and 2, 4-dinitrotoluene were
probed using fluorescence emission spectra and quenching potential of TMU-31 and
TMU-32 combination MOFs.

Pharmaceutical wastes are also one of the commonly found organic contaminants
and cause biological damages to the ecosystem. Antibiotics such as TC is among
such organic adulterants of water, and their degradation is a difficult process. MOF
based on zirconium (PCN-128Y) was tested by the Cuan group, and they succeeded
in the removal and detection of TC with luminescent MOF (PCN-128Y) [24] as the
accumulated TC within the pores of MOF further enhanced the detection response.
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The main center for sensing undergoes the rise in luminescence quenching at PCN-
128Y owing to the joint effect of electron movement from PCN-128Y to TCwhich is
induced by photons. The enhanced absorption ability of theMOF PCN-128Y further
attenuates the detection abilities for which strong bonding between Zr and TC is also
responsible.

3 Electrochemical Sensors

Quantification of contaminants using recently proposed advancedmethods is focused
on electrochemical sensor systems which involve amperometric, voltammetric, and
impedimetric techniques. The electrochemical methods based on nanostructures and
MOF nanocomposites are on the rise currently and have shown great promise as
environmental sensors. The working of electrochemical sensors is based on the prin-
ciple of redox reactions and is generally conducted through a three-electrode system
comprising of a reference electrode, working electrode, and a counter electrode.
Measuring the various changes in electrical signals, electrical potential, and the
current for various analytes can detect and analyze them precisely [25, 26]. MOFs
show potential as electrochemical sensing surface modifiers because of their high
surface area and pore volume, good absorbability, and high catalytic activity [27,
28]. Attributed to their high surface area, high catalytic performance [29, 30], large
pore volume, and efficient adsorption ability, MOFs show extraordinary potential for
being effective electrochemical sensors. Many stable MOFs and MOF nanocompos-
ites have been fabricated to date which can be employed as electrochemical sensors
ubiquitously.AlthoughMOFshave lower conductivity and because of their reversible
nature in an aqueous medium, their stability also decreases. Yet it is possible to
develop MOF as efficient electrode material by conjugation with diverse function-
ality and with nanomaterials having high redox potential. Their association with
materials of high electrical conductivity can also help to design MOFs which can be
effectively employed as electrochemical sensors [31, 32]

Pb2+ causesmaximumdamage to the aquatic life and has been successfully probed
by electrochemical method with high sensitivity as even trace amounts are harmful
and require precisemonitoring anddetection.Researchers [33] designed streptavidin-
modified reduced graphene oxide-tetraethylene pentamine-gold nanoparticle (rGO-
TEPA-Au) for sensing Pb2+, and it was observed that thisMOF-NPs-RGOcomposite
was an excellent sensor for DNAzyme immobilization. During the process, the
DNAzyme breaks and gets free from the catalyst forming a single strand of DNA
linked to the sensor which later gets hybridized with Fe-MOFs/PdPt NPs attaching
to the surface of the electrode. Both Fe-MOFs and PbPt NPs perform differently, and
they show the activity of peroxidase and catalytic reduction of hydrogen peroxide,
respectively. The hydrogen peroxide reduction is themain activity which ismeasured
through its reduction current to assess Pb2+ ion within a 2 pM limit of detection the
range of sensing being 0.005–1000 nM.
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Pond water generally has enhanced nitrite NO2− ion which is another contami-
nant of water that causes health damages. Using a MOF/rGO composite for making
electrodes and then determining the nitrite levels electrochemically was important
research conducted by Mobin et al. [34]. The combination sensor Cu-MOF/rGO
proved to be active in sensing and determining NO2− ion concentration through the
electrochemical oxidation process. Sensing of organic compounds byMOFs via elec-
trochemical process is also commonly encountered. Various derivatives of phenol
such as resorcinol, catechol, and hydroquinone commonly exist in the environment
as harmful pollutants [35]. Employing a MOF-based electrode, these dihydroxyben-
zene molecules could be detected and analyzed. The process involves the coating
of chitosan on the electrode in the initial step which catalyzes the reduction of GO
(graphene oxide) to rGO, and the resulting ERGO/CS upon getting linked to the
MOF Cu3(BTC)2 forms an efficient electroactive platform that acts as a marker
and analyzer for the pollutant organic molecules [35]. With enhanced conductivity
provided by ERGO/CS, there was a subsequent rise in the response to the current
flowing thereby showing raised sensing abilities with a limit of detection ranging
from 0.44 to 0.33 M for various dihydroxybenzene molecules. This way many such
novel MOFs came to be recognized as effective electrochemical sensors for evalu-
ating harmful phenol derivativeswhich are present as contaminants in real-timewater
samples. Another class of organic molecules that cause water pollution is chlorinated
phenols which pose serious harms to human health such as 2,4 dichlorophenol whose
minute concentrations are also quite damaging [36]. Dong group [37] designed 1,3,5-
benzenetricarboxylic acid copper (Cu3(BTC)2) basedMOFswhich exhibited extraor-
dinary efficacy as sensors in the effective range of 0.04 to 1.0 l M and a good limit
of detection, i.e., ~9 nM.

4 Different Other Sensors in Aqueous Medium

The versatility of MOF-based electrochemical sensors built on Cu3(BTC)2 was
attributed to high adsorption ability due to enhanced surface area and effective
charge transfer. Sensors based on colorimetric measurements are also prevalent and
often used for monitoring and detecting the pollutants of water by tracking chro-
mogenic changes, i.e., color changes [38, 39] in solutions. Gu group of researchers
observed the changes in Ru complex-mixed MOFs (RuUiO-67) and tracked their
response as probing molecules for the detection of Hg2+through colorimetric
signals and responses [40]. It was observed that dyes consisting of thiocyanate in
Ru(H2bpydc)(bpy)(NCS)2 (H2L) complex exhibited strong interaction with Hg2+

because of the complex formation between thiocyanate and Hg2+ ions.. Presence of
Hg2+ ions produced signals with RuUiO-67 which offered a platform for recognizing
and producing signal indications. Hg2+ produced a red to yellow change in color in
the solution meant for detection, and the sensitivity of the complex was high. The
limit of detection of the probe is 0.51 M for Hg2+ proving the good capability of the
sensor in colorimetric suspension.
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SERS has also proven to be a promising spectroscopic tool that demonstrates
high potential as it is capable of responding to even a single molecule providing
high-resolution spectroscopic results. Both biological probes and chemical sensing
are performed by this technique due to its dependence on the distance between the
target analyte and the nanocomposites getting highly reduced, its sensitivity gets
enhanced, and it yields unique benefits [41]. The evaluation of organic molecule
p-phenylenediamine which is a water contaminants was detected by Li et al. [42]
employing Au NPs linked MOFs Au NPs/MIL-101 through SERS analysis. Their
combined effect of Au NPs and the MOF matrices not only raised the adsorption of
the analyte molecules but also enhanced the metal magnetic fields response giving
precise results by SERS. This technique promoted a novel method for evaluating
p-phenylenediamine as a pollutant and a biomarker for tumor cells in human blood
serum namely alpha-fetoprotein.

5 Environmental Gas Sensors Based on MOF

MOFs have been endowed with the marvel of possessing high-level sustainable
porosity, having the free and flexible volume in size along with tunable and workable
inherent surface area [43–45]. The super level crystallinity augments its strength of
interaction between the hostmolecule and the guest entity [46]. TheMOFs contribute
to the suitability of the environment of thematrix in such away, so that it is conducive
for the dwelling of the guest molecule thereby raising the sensitivity of the signals
produced by strong interactions between the guest (analyte) and the host molecules
[46]. Therefore, apart from acting as an important sensor for water pollutants, MOFs
and their nanocomposites also play a vital role as gas sensors and are equally signif-
icant in detecting gas pollutants in the environment. Both the physical and chemical
properties of materials based on MOFs are complimentary to their efficacy as gas
sensors.

The FET-based analysis and detection of various gases generally utilize two elec-
trodes, designed as the source electrode and drain electrode, coupled with a gate
electrode, channel material, and gate oxide as shown in Fig. 1 [47]. The main active
component in the system is the channel material which assists in monitoring the
fluctuation in the conductance of the sensor due to the adsorption of analyte gases
which get adsorbed physically on the host. The sensing capabilities are subject to
the bandgap, threshold energy, and charge mobility of the channel material, and all
these properties are those inherent in the material itself. They decide the sensitivity
of the sensor and its overall precision in detecting and monitoring. Depending on
the nature of gases whether they are oxidizing or reducing, and the semiconducting
nature of the material, the interaction between the sensor and the gases are reflected
in the conductance observed in the channel material. Thus, the overall change in the
conductance produces readable signals and enables the detection of gases [48]. The
use of FET sensing is highly probable during the applications of MOF-based gas
sensors because it is chemical-free and can have instant responses even to the minute
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Fig. 1 a Schematic illustration of FET sensor with source and drain electrodes, channel material,
gate oxide, and the gate electrode. b Sensor current change after gas adsorption and desorption

concentration of pollutant gases. For further enhancement in the sensing exercise for
gases other gas sensing materials can also be coordinated with the MOF materials
[49–51], and novel composite materials of MOF can be used for further upgradation
of the sensing activity [30, 52]

Dinca’s group has worked on the sensing of ammonia gas usingMOF-linked FET
sensors and observed excellent sensing behavior with high precision [53]. He and his
co-workers explored noble metal@MOF hybrids which gave a good performance in
sensing VOCs also gave high-level efficiency for the detection and monitoring of
formaldehyde gas at room temperature and low concentrations which were as low as
0.25 ppm [54]. Employing transition metal oxides and noble metals nanostructures
along with MOF led to many FET-based gas sensors nanocomposites whose perfor-
mances were high grade and they showed good overall sensitivity and selectivity.
Examples are Pd–ZnO/ZnCo2O4 [55] meant to be acetone sensor, Au@ZnO@ZIF-8
[56], removes VOCs along with gas sensing, and Au@MOF-5 (Zn4O(BDC)3) [57]
for monitoring various other gases (Fig. 2).

Recently, gas sensingMOF-based films have also contributed to the large focus of
the scientific community owing to their vast surface in contactwith the gasmolecules,
escalated stability, and rapid flowof gas to the exposed area [53]. A study has revealed
that a ZnO@ZIF-8 matrix nanorod film (thickness of 100 nm) was fabricated for
analyzing and detecting H2 over CO2 using a solution deposition method [58].
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Fig. 2 Schematic of acetone sensing mechanism with Pd–ZnO/ZnCo2O4 hollow spheres

MOF sensors coupled with other sensing devices have also been explored for
gas detection (Table 1). Salama et al. proposed a unique sensor for the detecting
and monitoring of sulfur dioxide (SO2) at normal temperature [66]. The sensor was
based on a layer of Indium on MOF (MFM-300), which was further plated on the
electrode and was able to exhibit extraordinary sensitivity toward SO2 gas even at its
very low concentration, i.e., 75 ppm. The MFM-300 sensor was also able to perform
exceptionally for detecting SO2 in the presence of CH4, NO2, CO2, and H2 and
showed high selectivity as well.

Dou stak worked on a luminescent MOF film sensor [MIL-100(In).Tb3+) and
found them to show rapid response to O2 levels [67]. It was revealed in a study by
Zhang group incorporated Eu3+ ions in MIL-124 which was then able to detect very
low concentrations of NH3 present in ambient air, and it exhibited a high level of
sensing abilities [68]. Eddaoudi et al. observed that thin film of Re, the rare-earth
metal-based MOFs developed into an interesting platform for detecting hydrogen
sulfide (H2S) gas as a pollutant at room temperature [69].

The RE-MOF had good performance for H2S detection for very minimal concen-
trations as low as 100 ppb with a detection limit of 5.4 pp. Therefore, MOF-based
materials and MOF nanocomposites have been recognized as versatile gas sensors
which follow a facile approach for detection of various gases and command extraor-
dinary performance. Their excellence lies in their rapid detection response, easy
recovery high-order sensitivity and selectivity, and simple protocol of working.
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Table 1 Gas and water contamination detection sensors based on MOFs

Sensing material Target
contaminant

LOD Environmental
sample test

References

Eu(III)@UMOFs Hg2+, Ag+, and
S2−

– – [59]

UiO-66-NH2 PO4
3− 1.25 µM – [32]

APTMS-ZnO
QDs@MOF-5

PO4
3− 53 nM – [14]

UiO-66-NH2 Hg2+ 17.6 nM –

NH2-MIL-53(AI) ClO− 0.04 µM Tap and
swimming pool
water

[16]

CDs@Eu-DPA MOFs Cu2+ 26.3 nM Real water [60]

Eu-UiO-66(Zr)-(COOH)2 Cd2+ 0.06 µM Environmental
water

[61, 62]

Zn3(TDPAT)-(H2O)3 Nitrobenzene 50 ppM [61]

Zn4O(BDC)3 Volatile organic
compounds

4.9 nM Real water [63]

Cu-MOF/rGO Pb2+ 33 nM Pond water [34]

UiO-66-NH2 NO2− 0.01 µM [64]

Cu3(BTC)2 NO2− 9 nM Reservoir raw
water

[65]

Cu-MOF-199/SWCTs Cu2+ 0.08 and 1 µM River water [37]

RuUiO2-67 Hg2+ 0.5 µM [40]

Tb1.7Eu0.3(BDC)3.(H2O)4 Cd2+ 0.25 mM Lead-polluted
water samples

Pd-ZnO/ZnCo2O4 Acetone 0.4–5 ppm [55]

Cu3(HITP)2 Ammonia 0.5–10 ppm [30]

ZnO@ZIF-8 Formaldehyde 10–200 ppm [58]

ZIF-67 Formaldehyde 5–500 ppm [54]

6 Conclusion

MOF-based sensors have been developed on various physical phenomena such as
electrochemical, optical, FET signals, and SERS signals for sensing environmental
pollutants. MOFs have been widely utilized as sensing and evaluating materials
for heavy metal, organic compounds, anions, and gas detection as they demon-
strate the extraordinary structure and unique physical and chemical properties.
Their vast surface area and manipulative porosity, special catalytic performance,
reversible behavior, and desirable adaptation of chemical functionalization make
them special candidates for sensing environment contaminants. As cited above,
MOF-based hybrids have exhibited exceptional performance as sensors, and there
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is enough scope for improvement in the future for overcoming the challenges faced
in this field. One of the future exercises would be to attempt at various combina-
tions of functionality with MOFs and MOF-based hybrid materials to attain further
competence in this area. Attempting at different combinations with materials of high
conductivity such as carbon-based nanomaterials, GO, and rGO with MOFs is to
aim at higher stability, sustainability, and electroconductivity. It is also significant
that to enable them to interact and recognize various types of target analytes rapidly
and to generate an appropriate response fast and precisely, novel functional groups,
metal NPs, and composites may be incorporated, so that new heights are attained.
Though a bright and promising future holds for MOF and the platform provided by
its hybrids, optimization and fruitful utilization still need to be addressed with more
linkages and amalgamation with new materials.

Abbreviations

MOF Metal-organic framework
NPs Nanoparticles
FET Field-effect transistor
NTA Nitrilotriacetate
CQDs Carbon quantum dots
BPEI Branched poly (ethylenimine)
LOD Limit of detection
IDA Imidazole-4,5- dicarboxylic acid
VOCs Volatile organic compounds
TC Tetracycline
rGO Reduced graphene oxide
TEPA Tetraethylene pentaamine
GO Graphene oxide
SERS Surface-enhanced Raman scattering
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Abstract Pesticides play a significant part in ensuring steady and sustained growth
with increased production in agriculture throughout the world. It is very well-
documented by the Food and Agriculture Organization of the United Nations (FAO)
that more than 30% of agricultural output has been restored by the use of pesticides.
Though the non-judicious use of pesticides is a cause of concern due to its association
with the environment and human health hazards, it is resulted due to more than 90%
of the total pesticide input (~4.6 million tons) getting redistributed in the ecolog-
ical cycle via runoff into the environment and the presence of residual pesticides in
agricultural products. Inept pesticides usage can be accounted for different types of
environmental problems, such as nonpoint pollution, degradation of soil, eutrophi-
cation, development of resistance in pathogen and pest, pesticide bioaccumulation
leading to biodiversity damage. One of the larger problems associated with the inef-
ficient use of conventional pesticides formulation is off-target loss, as only 0.1% is

N. K. Mogha
Pesticide Laboratory, Analytical Science Division, Shriram Institute for Industrial Research,
Delhi, India

N. K. Mogha · D. T. Masram (B)
Department of Chemistry, University of Delhi, Delhi, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
S. Gulati (ed.), Metal-Organic Frameworks (MOFs) as Catalysts,
https://doi.org/10.1007/978-981-16-7959-9_16

411

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-7959-9_16&domain=pdf
https://doi.org/10.1007/978-981-16-7959-9_16


412 N. K. Mogha and D. T. Masram

available for the biological uptake after leaching and dust drift. Additionally, the toxic
solvents and ingredients used for conventional formulations of pesticides are bound
to leach in water or soil causing serious health and environmental concerns. Hence, it
is imperative to develop sensitive and easy-to-use sensors for the on-the-spot detec-
tion of pesticides to minimize the limitations associated with the use of conventional
methodologies, such as the requirement of skilled manpower, high cost, and ineffi-
cient logistics of instruments. Incidentally, research on metal–organic frameworks
(MOFs) is drawing a lot of interest as an alternative functional material to conven-
tional nanomaterials owing to their plentiful advantages over them. This chapter
brings a review of different modes of synthesis of MOFs and recent advances in their
applications for the detection of different pesticides because of their tailorable physic-
ochemical properties. Furthermore, present challenges in developing MOFs-based
detection systems and their future perspectives are also well-discussed.

Keywords MOFs · Pesticides · Nanomaterials · Environment pollution · Sensors

1 Introduction

Specific sophisticated materials are required to perform any particular applica-
tions, and the invention of these types of materials is being led by advancements
in nanotechnology. Metal–organic frameworks (MOFs) are among these materials
having applications in nearly every field of science and technology. MOFs are a
group of innovative porous functional material, made up of bridge organic linkers
together with different metal ions called units, forming a crystalline framework with
stable porosity [1]. In contrast to other porous materials, for instance, porous carbon
nanomaterials, metal complexes, and their hybrids, MOFs offer novel topological
architecture, plentiful functional groups having specific catalytical properties along
with tunable porosity. In the last decade, based upon their size, functional flexibility,
and geometric shape, more than 20,000 different types of MOFs are reported. MOFs
have a surface area falling in the range of 1000 to 10,000 m2/g which is way higher
than the conventional porous materials like porous carbon and zeolites [2]. A wide
range of porosity and array of different types of MOFs have made them a model
material for their applications in catalysis and sensing [3].

Primarily, MOFs are synthesized by generating certain inorganic building blocks
without decomposing the organic linkers used. Moreover, the nature and the proper-
ties of the MOFs formed greatly depend upon the method of synthesis. Furthermore,
applications of the synthesized MOFs are also reliant on their major properties,
for instance, morphological characters, porosity, size of the particles, and distribu-
tion. Henceforth, a detailed knowledge of the MOFs synthetic methodology plays
a significant role in choosing diverse structures of MOFs having preferred physical
and chemical properties necessary for sensing applications. ThoughMOFs synthesis
using different organic ligands and metal ions appears easy, however, attaining the
desired morphological structure with specific properties is relatively challenging.
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Therefore, parameters such as time, temperature, pressure, choice of solvent, pH,
organic linker, the concentration of metal ion, and linkers also play a very impor-
tant role in MOFs synthesis. In the literature, various methods are reported to carry
out the synthesis of MOFs; however, only a few of them are mostly used due to
their importance for achieving desired MOFs. These methods include conventional
solution-based synthesis, solvothermal synthesis, sonochemical method, microwave
method, electrochemical method, mechanochemical method, etc.

Approximately 30% of the worldwide agricultural output is dependent upon the
usage of pesticides; consequently, they play a very important role in modern-day
agriculture. However, the use of the disproportionate and non-judicial pesticide is
the cause of concern due to the associated health issues with them for instance
dizziness, nausea, irritation of the eye and skin. Moreover, chronic diseases such as
neurological disorders, asthma, diabetes, and even cancer are also associated with
pesticide use [4–6]. Organophosphorus pesticides (OPs) are phosphorus-containing
organic compounds, accounting for more than one-third of the total usage of pesti-
cides across the globe [2–6]. As a result of their extremely toxic nature, they not only
eradicate the agricultural pests and pathogens but due to the presence of their residues
inwater, soil, and agricultural products are an environmental and human health safety
concern [4, 7–10]. The primary mode of action of OPs is the irreversible inhibition
of the acetylcholinesterase (AChE) enzyme, which could lead to serious damages
to our respiratory, reproductive as well as nervous systems. Moreover, the immuno-
toxic nature of the OPs can also increase the risk of cancers in human beings [11–15].
Nevertheless, pesticides including OPs cannot be barred due to the associated social
and economic developments of the countries involved in agriculture. Henceforth,
a quick, dependable, and sustainable process for the quantification of pesticides in
differentmatrices is urgently required for the sake of public health safety and security.
Traditionally, pesticides are detected with the use of the conventional methods and
instruments such as high-performance liquid chromatography (HPLC) [16], gas chro-
matography (GC) [16], potentiometry [17], capillary electrophoresis [16], and flow
injection spectrophotometry [18]. However, due to reoccurring disadvantages associ-
ated with thesemethods for instance time-consuming sample preparation and sample
pretreatment, high cost of operation, maintenance of sophisticated instruments [18].
Consequently, demand for the use of quick, reliable, and efficient detection methods
for pesticides is constantly growing for the past many years. Development of the
chromogenic, luminescent chemosensors, immune, and enzymatic biosensors are
trying to meet this demand through partially [7, 19–21]due to a lot of research and
development is still required for the development of a fully functional sensor for
the recognition of various OPs. The recent development in the nanotechnology and
use of functional materials such as graphene, graphene oxide, carbon nanotubes,
nanoparticles, and quantum dots has provided many required wings to these sensing
techniques. This current progress has paved the way for the growth of more effective
pesticide sensors with much lesser response time with increased accuracy and preci-
sion [22, 23], which can be used in both solid and liquid matrices [18]. On the other
hand, with new opportunities comes to the drawbacks also, for example, such inno-
vative pesticide sensors can also have some shortcomings, like complicated synthetic
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Fig. 1 Some basic methods adopted for the synthesis ofMOFs. a Sonochemical method, b conven-
tional solution-based method, c diffusion-based synthesis, d ionothermal method, e Microwave-
assisted synthesis, f electrochemical synthesis, and g solvo/hydrothermal method. Adopted with
reprinting permission from Ref. [24]

procedures, insufficient stability, molecular organization paucities, and interference
by other analytes.

Herein this current chapter, we describe the diverse methodologies (Fig. 1) for
the synthesis of MOFs, followed by, different sensing applications of MOFs for the
detection of OPs in recent years. This chapter will offer novel understandings into
the development as well as applications of MOFs in the field of a sensing system
for the efficient detection of pesticides for their better environmental monitoring and
human health safety.

2 Synthetic Methodologies of MOFs

2.1 Diffusion-Based Synthesis

The basic principle of diffusion synthesis is gradual mixing of the various species for
their interaction. In one method, termed solvent liquid diffusion, where two layers
of different density solvents are made out of which one is precipitating solvent while
the other containing the product dissolved in the solvent; however, it is necessary that
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both the layers must be separated by solvent, and at that interface crystal of MOFs
grows. In another method, physical barriers such as two different size containers
are used and reactants are gradually diffused across this barrier. Furthermore, in
this method, a gel can also be used as a medium for diffusion and crystallization,
so as to prevent fast diffusion rates and precipitation of bulk material. Diffusion
techniques are best for achieving the best quality crystals which can respond to the
X-ray diffractions in particular if the product so formed is insoluble in most solvents
[25–31]. The major advantage of this method is mild synthesizing conditions but
there are some disadvantages of this method as well such as prolonged synthesis
time [32]. One of the research groups [33] employed the diffusion method for the
synthesis of UiO-661 by mixing reactants and solvent till a transparent solution is
obtained and crystallizing the product using a precipitant solvent.

2.2 Conventional Solution-Based Method

Here in this method, organic linkers, concerned metal salts, and remaining reac-
tants are dissolved in the concerned solvent, and reaction is performed at a fixed
temperature for a specified time period and followed by filtration to isolate the reac-
tion products, and MOFs are allowed to crystal out from the solvent gradually due
to solvent evaporation [34, 35]. However, the reactions conditions must be strictly
followed in this type of synthesis. A research group has synthesized ceramic-based
MOFs using this method [36].

2.3 Solvo/hydrothermal Method

The solvothermal synthetic method has been in use for many years in material
chemistry, where reactants are dissolved in the solvent and sealed in a Teflon-lined
container, and heated at a certain temperature for a fixed time period. However, when
water is used as the solvent instead of organic solvent then this type of synthesis
is termed hydrothermal synthesis [37]. It was originally used for the synthesis of
zeolites; however, recently it is applicable in the MOFs’ synthesis also. MOFs
synthesis using this method includes mixing all reactants in a solvent in certain
proportions in a Teflon-lined container, followed by heating at a fixed temperature
for a definite time. Afterward, the completion of the reaction, it is allowed to cool till
room temperature to obtain pure MOFs crystals, which are washed and dried before
further use [38, 39]. The primary advantage of this type of synthetic methodology
is that by modifying the reaction condition crystal growth of MOF with the rate of
nucleation can be controlled easily [40]. Moreover, due to recent advancements in
the synthesis and applications, ionic liquids are also being used as solvents for the
synthesis of MOFs; for example, choline chloride was used as the co-solvent for the
synthesis of HUSK-1 [41].
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2.4 Microwave-Assisted Synthesis

MOFs synthesis using microwave-assisted synthesis method is based upon the chief
principle that the interaction between electromagnetic radiation and the mobile elec-
tric charge produces oscillations in themolecules with different polarities, increasing
the temperature of the system to many folds as the end product. This method is
termed as one of the best methods due to its high energy, shorter time period, cost-
effectiveness, and ease of regulation [42]. Cr_MIL-100 was synthesized using this
method in 4 h with 44% yield which was equivalent to the chemically synthesized
MOFs. A similar MOF based on the iron was also synthesized using microwave-
assisted synthesis only in 30 min [43]. Similarly, different groups have reported
the nanoscale synthesis of Cr_MIL-101 by employing this method [44, 45]. Further-
more, IRMOF-1when synthesized bymicrowave-assistedmethod yields higher CO2

adsorption properties with better quality crystals as compared to conventional chem-
ical synthesis [46]. Similarly, the microwave-assisted synthesis of IRMOF-16 (OH)2
has helped in improving the crystal quality as well as the porosity of the material
with respect to an increment in the irradiation time [47]. Some other examples of
microwave-assisted synthesis include synthesis of imidazolate-based ZIF-8 having
crystal shape of rhombic dodecahedral the with larger specific surface area in 4 h
[43], triazolate-based MOFs, namely [Zn5Cl4(BBTA)3] and Zn5Cl4(BTDD)3 [48],
in 10 and 30 min, respectively.

2.5 Sonochemical Method

Sonochemistry is the employing high-energyultrasoundwaves to carry out an organic
transformation. In this method, sonication causes the formation and collapse of the
bubble called acoustic cavitation due to the generation of high pressure and temper-
ature, which results in faster heating and cooling rates of more than 1010 K/s,
producing fine crystallites [24, 49, 50]. Furthermore, homogeneity and enhanced
nucleation reduce the crystallization time and also particle size for MOFs, making
this method more sustainable to employ [49]. The primary objective for using sono-
chemical methods in MOF science is because this method is quick, energy-efficient,
environmentally benign, and easy to operate, and ambient working temperature. Fast
reactions by the sonochemical method are paving way for its use in scaling up reac-
tions for the synthesis of different MOFs [51]. The first MOF synthesized using the
sonochemical method was Zn-carboxylates [52]while some other examples include
HUSK-1, Mg-MOF-74 [53], IRMOF-9 [54], and MOF-5 [55].
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2.6 Electrochemical Synthesis

Electrochemical synthesis of MOFs is mostly used in industries to produce MOFs
powder. Its important advantages over other methods include ambient temperature,
exclusion of anions like nitrates from the metal salts, and very fast reaction times.
However, it has a limitation of producing bulk materials rather than crystals in scale-
up reactions. However, in this method two different approaches are described in the
literature, one is anodic deposition while the other is cathodic deposition. Anodic
deposition includes the formation of MOF film on the respective metal anode which
is in contact with the solution of ligand, resulting in the anodic dissolution of metal.
On the other hand, in cathodic deposition, the cathodic surface is in contact with
a solution comprising probase, ligand/organic linkers, and metal ions. As the pH
increases near the cathodic surface, film formation takes place over the cathode
where a local base is generated as a result of electrochemical reduction the which
leads to subsequent ligand deprotonation, thus inducing formation of MOF [56].
The important parameter which needed to be taken care of during electrochemical
synthesis of MOFs is choice of electrolyte, range of temperature, voltage–current
density and structural/textural properties of the electrode, etc. BASF researcher in
2005 first reported the electrochemical synthesis of MOF HKUST-1 [57] producing
both powder and films. Similarly, another group deposited a thin layer of HKUST-1
over copper mesh as anode using the electrochemical method of MOFs synthesis
[58]. Some examples of MOFs synthesized by the electrochemical method include
ZIF-8, HKUST-13, Al-MIL-53-NH2, and Al-MIL-100 [59].

2.7 Mechanochemical Method

The mechanochemical synthesis method includes the chemical transformation after
breaking the intramolecular bonds employing mechanical forces. Mechanochemical
transformations are being used for a very long time in synthetic chemistry, and its
application includes the co-crystal formation of pharmaceutical actives, multicom-
ponent synthesis, polymer sciences, solid-state chemistry, etc. [25]. In the field of
MOFs synthesis, the first use of the mechanochemical method first came into light in
2006 [60]. The use of themechanochemicalmethod for synthesis ofMOFs is strongly
advocated bymany research groups due to its being environmentally benign, use of no
or scarce use of organic solvents, ambient temperature range of synthesis [61]; more-
over, products can be obtained in good quantitative yields within a short span of time
[62, 63]. The synthesis of HKUST-1 utilizing mechanochemical method has been
comprehensively explored where it was synthesized by the process of ball milling
with the very high specific surface area of 1713m2/g and porosity due to the presence
of copper dimeric paddlewheel unit [64]. Furthermore, a modified technique known
as liquid-assisted grinding (LAG) has demonstrated that the addition of a small quan-
tity of solvent can accelerate the reaction by enhancing the molecular mobility of
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the reactants. Moreover, solvents can display a structure-directing influence in the
synthesis of MOFs. For instance, MOFs based upon the imidazolate were synthe-
sized using mechanochemical method however resulted only in non-porous MOFs
with ZnO or Zinc chloride [65, 66]. However, a significant increase in the yields
was obtained when used in combination with a small amount of DMF with hydoxy-
imidazole and hydroxymethanol imidazole to obtain ZIF-4 and ZIF-8 respectively.
Recently, this technique has been furthermodified to ion- and liquid-assisted grinding
for the specific synthesis of pillared-layered MOFs in high efficiency, validating the
structure-directing effect of ions and solvents [65, 67].

3 Applications in Organophosphorus Pesticides Sensing

3.1 Luminescent Sensing Mechanism

Recently, MOFs have arose as one of the most encouraging advance functional
materials with application in the detection of gases [68, 69], solvents [70, 71], small
molecules [72, 73], and explosives [74, 75], etc. Pesticide sensing strategies involving
MOFs are primarily classified into two categories luminescent and electrochemical.
In the case of luminescent MOFs (LMOFs), the detection capabilities depend upon
the analyte–MOF interaction as a result ofwhichLMOFs are termed as the best candi-
date for application in pesticide sensing [76, 77]. LMOF-based pesticide detection is
primarily dependent upon three important points (1) intermolecular distances devia-
tionbetweenorganic linkers and themetal ion, (2) chemical interactionbetweenmetal
and the analyte molecule, and (3) interaction between the organic linker and analyte
molecule based on the host–guest relationship [76]. Quenching in the optical inten-
sity is used as the furthermost preferred method for signal transduction in LMOFs
[78]. This quenching behavior is resulted due from an overlay between the elec-
tron donor and acceptor [79]. However, in some case it is the deviations in the
oxidoreduction potential of the moieties present in MOFs that bring the quenching
response [23]. Remarkably, an uncommon phenomenon where due to the interac-
tion between LMOFs and analyte can increase the luminescence intensity, using
which analyte can be quantified [23, 78, 79]. Interaction between the analyte and the
MOFs can bring changes in the physicochemical properties of the system, and some-
times, these changes can be perceived directly by naked eyes also. Consequently, an
extremely high specificity and adsorption capacity of the MOFs makes them the
ideal candidate for the development of MOFs-based pesticide sensors. However, this
field requires some more research inputs so as to understand the different variations
in quenching rate, quenching pathway, and effect of porosity. A group reported the
synthesis of LMOF, ZnPO-MOF with a high surface area of 4073.9 m2 g−1 having
outstanding adsorption capacity and sensing capabilities for the quick and selective
detection of methyl parathion, where LOD was found to be 0.12 ppb by a lumines-
cence quenching pathway [80]. Similarly, in 2019, another research group is shown
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Fig. 2 An illustration depicting the preparation of Zn-MOF and its application in parathion sensing.
Adopted with reprinting permission from Ref. [82]

that a water-stable 3D Zr-MOF is appropriate for rapid and sensitive detection of
OPs in particular, methyl parathion, using luminescence quenching pathway with a
quenching efficiency of as high as 66.4% and very low reported LOD of 0.115 ppb
[81]. Moreover, another research group [82] reported a highly luminescent zinc
metal–organic framework (Zn-MOF) which emitted violet fluorescence under ultra-
violet irradiation. Furthermore, it showed selectivity toward parathion as compared
to other OPs. Quenching efficiency was found to be stable for 15 days with LOD of
1.950 ppb (Fig. 2).

Additionally, another group [83, 84] reported two LMOFs, Cd-MOF, and Ln-
MOF, where both theMOFs have shown quenching of fluorescence azinphos-methyl
other OPs. A series of isostructural Ln-MOFs was also reported for the detection of
OPs [85] and was shown excellent sensing behavior for the detection of chlorpyrifos,
another OPs, having a very LODof 0.14 ppb, with excellent recyclability, where even
after the five cycles the quenching efficiency does not change significantly.

In a very interesting work [85], some researchers identified several pesticides
rather than one using LMOFs with different quenching efficiencies. In this work
(Fig. 3), a 3D cadmium-based MOF was synthesized and the quenching efficiency
for chlorpyrifos was 52%, while for azinphos-methyl it was found to be 90%.

3.2 Electrochemical Sensing System

In recent years, the scientific community has witnessed a boom in the advance of
electrochemical sensors for the sensing of various analytes including different pesti-
cides. Owing to their high specificity and sensitivity makes electrochemical sensors
a prime candidate for the efficient and sustainable detection of various pesticides.
Though the research and development on the MOFs-based electrochemical sensors
are in the very nascent stage, the primary reason behind this is the poor electrical
conductivity (<10 − 10 S cm−1) of pristine MOFs [86]. Consequently, this limi-
tation can be overcome by modifying MOFs with different functional materials
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Fig. 3 Luminescence intensity of 3D cadmium-based MOF dispersed in water with increasing
concentrations of (a) azinphos-methyl and (b) chlorpyrifos, the luminescence intensity of 3D
cadmium-based MOF dispersed in apple (c) and tomato (d) extracts in the presence of different
concentrations of azinphos-methyl. Adapted with reprinting permission from Ref. [85]

such as nanoparticles, nanotubes, and graphene. Henceforth, such modifications are
suggested to improve the conductivity of MOFs so as to use them in electrochemical
sensors more efficiently. In one of the modifications, the role of charge carriers can
be played by doped guest molecules inside the porous structure of the MOF and can
easily induce required conductivity [86]. Other modification techniques to induce
conductivity to MOFs are by introducing heterobimetallic structures proton doping,
redox-active linkers, and metallic clusters specific transition metals series. More-
over, different methodologies to alter the electrode surface and use of MOFs with
heightened conductivity have generated a greater push in the field of MOFs-based
electrochemical sensors for monitoring, detection, and identification of different
pesticide molecules such method was explored for the detection of glyphosate [86],
using MIP-MOF thin films functionalized by gold nanoparticles. The as-prepared
MIP-MOF electrochemical sensor showed excellent sensing of glyphosate having a
very low limit of quantification (0.8 pg/L), with the recovery of real samples ranging
from 102.6 to 98.7%.
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In a similar work, trace-level detection of the Methyl Parathion was performed,
which was based on an absorptive reaction using Cd-based MOFs synthesized
from the precursors [87]. The MOF/GCE electrochemical sensor exhibited a high-
quality response (LOD-0.006µg/mL) formethyl parathion, whichwas very efficient,
sensitive, selective, and reproducible [88].

Another class of electrochemical sensors is electrochemical biosensors, and
these detections of pesticides by biosensors take place utilizing specific enzymes
producing electroactive substances [88]. These types of biosensors usually employ
enzymeswhich include butyrylcholinesterase, acetylcholinesterase, tyrosine, choles-
terol oxidase, organophosphorus hydrolase (OPH), and organophosphorus acid anhy-
drolase (OPAA), different types of antibodies, and nucleic acids [6]. In electrochem-
ical biosensors, the chemical reaction taking place over the electrode is converted
proportionally to electrochemical signals and their efficiency is controlled by the
loading amount of the bioactive species, and hence, here MOFs can play an impor-
tant role due to their enormous porosity. Biosensors based upon the OPH hydrolysis
have been reported for the detection ofOPs [16]. Similarly,OPAAcan detect fluorine-
based OPs, because its primary site of action is P–F bonds, for example, the detection
of nerve gases sarin and soman [89].

4 Conclusion and Future Aspects

This chapter highlights MOF as an advanced functional material for applications
in the detection of organophosphorus pesticides. Conventionally numerous different
approaches were used for the efficient detection of pesticides and their residues;
however, their practical limitations were the main drawbacks, inhibiting their day-
to-day uses. Consequently, due to the high surface area, controllable porosity, modi-
fiable luminescent qualities, and interaction with the guest species, MOF can be a
perfect platform for the detection of pesticides. MOFs have exceptional chromic,
luminescent, and optical properties which can be fine-tuned using various synthetic
methodologies, as per the requirement for sensing applications. Choice of metal
source, type of organic linker used, and the other reactants also play a very impor-
tant part in determining the application of MOFs. Electrochemical sensing of pesti-
cides employing MOFs is a promising field but still underdeveloped due to the non-
conductive behavior of pristine MOFs; however, when in composite with different
functionalities, and metallic particles synergistic behavior helps in the development
of desired sensors.

MOF-based sensors are still very new in particular electrochemical, so a more
balanced approach in the future could be useful for the development of MOFs-based
sensors to make them easy to deploy in the field, financially cost-effective, adaptable,
subtle, and quick in nature.
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Abbreviations

MOFs Metal−organic frameworks
FAO Food and Agriculture Organization of the United Nations
Ops Organophosphorus pesticides
AChE Acetylcholinesterase
HPLC High-performance liquid chromatography
GC Gas chromatography
BBTA 1H,5H-Benzo(1,2-d:4,5-d′)bistriazole
BTDD Bis-(1H-1,2,3-triazolo-[4,5-b],[4c′,5′-i])dibenzo-[1,4]-dioxin
LAG Liquid-assisted grinding
LMOFs Luminescent MOFs
LOD Limit of detection
OPH Organophosphorus hydrolase
OPAA Organophosphorus acid anhydrolase
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Abstract Chemical warfare agents (CWAs) are toxic synthetic chemical weapons
used for mass destruction in wars. Despite the prohibition on their use by several
countries, some unscrupulous groups still use them. The most toxic and commonly
used CWAs are nerve agents which are organophosphate-derived compounds. These
are categorized as tabun (GA), sarin (GB), soman (GD), cyclosarin (GF), V-series
nerve agents such as VR, VX, and VM. These agents attack the central nervous
system of humans depending on the duration of time of exposure. To minimize the
threat caused by CWAs, it is imperative to identify and destroy them. Several metal
oxides nanoparticles, mixed-metal oxides, nanocomposites, etc. have been explored
over the years as catalysts for the decomposition of CWAs. One such family is
metal–organic frameworks (MOFs). MOFs are a highly stable and porous hybrid of
inorganic metal and organic framework that have many applications in the field of
catalysis and even as sensors. Numerous experimental and theoretical studies have
shown the identification, adsorption, and detoxification of nerve agents on the surface
of MOFs. Computational and theoretical studies not only help in understanding the
geometrical and electronic properties of the structures/complexes involved but also
prove to be beneficial in elucidating the mechanism of action. Therefore, the chapter
aims to highlight the recent work on the catalytic degradation and adsorption of
CWAs using MOFs from a computational modeling standpoint.
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1 Introduction

Chemical warfare agents (CWAs) are toxic chemical substances that cause an
extremely hazardous effect on the human body, even death when deployed in the
system.Historically, the first use of the chemical substance in any battlefield occurred
in 1915 duringWorldWar-I (WW-I), whenGermany released chlorine gas as a chem-
ical weapon upon two French colonial divisions at Ypres, Belgium [72]. Later, with
the discovery and usage of mustard gases, millions of soldiers were killed during
WW-I [72]. Since then, these weapons were invariably being used for mass destruc-
tion by warring parties. CWAs can be classified based on the nature of chemical
species used, their mechanism of action on the human body (target organ or tissue),
and on the extent of destruction caused (degree of lethality) [68]. Figure 1 displays
major classes of CWAs along with common examples.

Blister agents cause burning and blistering of skin; choking agents block respi-
ratory tract and causes respiratory failure; blood agents inhibit the absorption of
oxygen in the bloodstream and causes death due to lack of oxygen, and riot-control
agents being the least harmful of all, causes temporary irritation in eyes, mouth,
throat, lungs, and skin [68]. Out of all, nerve agents are considered the deadliest
form of CWAs. When exposed, these hazardous agents being in the liquid/gaseous
phase can be readily inhaled or absorbed through the skin. Once inside the body,
these agents disrupt the functioning of nerves by hindering the mechanism by which
these nerves transfer information signals to various organs. This eventually causes
the breakdown of the central nervous system. Nerve agents are broadly categorized
as G-series and V-series nerve agents, based on their place of origination. G-series
nerve agents came into existence during World War II (1936–1949) in Germany [4].
These comprise tabun (GA), sarin (GB), soman (GD), and cyclosarin (GF).While, V
(venomous)-series agents were developed around the 1950s in the United Kingdom.
These consist of VE, VG, VM, VR, and VX [26]. Structurally, these nerve agents

Fig. 1 Classification of chemical warfare agents
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Fig. 2 G-series and V-series nerve agents along with IUPAC names (Color scheme: C, gray; O,
red; P, purple; N, blue; S, yellow; F, cyan, and H, white)

contain organophosphorus group with variations in the phosphoric acid ester unit.
Figure 2 shows structure of G-series and V-series warfare agents along with their
IUPAC names.

Nerve agents are proven to affect the functioning of the enzyme called acetyl-
cholinesterase (AChE) present in postsynaptic neuromuscular junctions in nerves.
The role of this enzyme is to hydrolyze a naturally occurring neurotransmitter, acetyl-
choline, into choline and acetic acid [42]. Organophosphorus compounds irreversibly
bind with this enzyme by phosphorylating its serine 203-OH residue, resulting in the
accumulation of acetylcholine in receptors in large quantities [3]. This accumulation
leads to the high concentration of acetylcholine in the synaptic cleft, resulting in the
nonstop simulations of glands and muscles, ultimately causing asphyxiation [45].
Also, prolonged exposure to these nerve agents has shown long-term mental and
behavioral defects [14].

Considering all the threat and lethal damages that these nerve agents cause on
humanity, their development, production, acquisition, stockpiling, transfer, and usage
havebeenbannedunderChemicalWeaponsConvention, 1997 (UnitedNationsOffice
for Disarmament Affairs. https://www.un.org/disarmament/wmd/chemical/). Sadly,
despite all these efforts, there have been recent evidence of the use of CWAs in wars
[74]. It is then imperative for a scientific community to come up with a plausible and
effective solution to the destruction of CWAs. Due to the extreme lethality of nerve
agents, their direct use for scientific research is avoided, rather surrogate molecules
that share similar characteristics with less toxicity are employed. These agents are
called nerve agent simulants (Fig. 3).

There are two ways to address the release of CWAs. One is the irreversible
capturing of nerve agents onto the surface of any material. The second and the

https://www.un.org/disarmament/wmd/chemical/
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Fig. 3 Common nerve agent simulants (Color scheme: C, gray; O, red; P, purple; N, blue; Cl, green;
F, cyan, and H, white)

most effective way is the degradation of CWAs by any catalyst to get non-toxic prod-
ucts. Organophosphorus compounds undergo hydrolysis via nucleophilic attack by
water or hydroxide ion on its phosphate triester unit converting it to its corresponding
diester derivative [15, 85, 86]. Scheme 1 displays the general hydrolytic pathway of
organophosphorus ester in presence of water and hydroxide ions.

Routes adopted in both ways are different (Scheme 1). In base catalyzed degra-
dation, P=O bond is cleaved by OH− group while in a neutral or acidic medium
C-O bond breaking occurs. There are many enzymes available in nature that help in
destroying the activity of nerve agents byhydrolyzing their phosphate ester bonds [36,
87],however, it is not practical to utilize them at large scale or in real-life situations.

OH – + P

O

OR OR
X (or OR)

P

O

OR OR
O-+ HX or HOR:
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ORCH3
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Scheme 1 Hydrolysis routes of organophosphorus esters in presence of OH− and water
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2 Why Use MOFs for Adsorption and Detoxification
of CWAs?

Metal–organic frameworks (MOFs), a term coined almost two decades ago [84], have
gained immense popularity in the last decade [17, 21] as potential heterogeneous
catalysts.

MOFs comprise a uniform array of metal-containing secondary building units
(SBU) separated by organic linkers. This creates a permanent porous geometric
structure which enhances their potential use in storing of gas, separation of gas,
and catalysis [17]. These are the crystalline-ordered molecules containing metallic
inorganic nodes and organic linkers as connectors. Given the endless possibilities of
combinations of nodes and linkers, thousands of stableMOFs exist. These molecules
have a large surface area [40] and high permanent porosity [59], making an ideal
surface for reaction or for adsorption of molecules. Sturluson et al. have reviewed
the importance of molecular modeling and simulations in the discovery as well as
deployment of MOFs for various applications. The motto is to highlight reliable
computational techniques that can be used to get the most robust MOFs material for
adsorption-based engineering applications [71].

MOF Zn2Ca(BTC)2(H2O)2](DMF)2, made from zinc and 1,3,5-
benzenetricarboxylic acid (BTC), was the first to show capturing of nerve agent
simulant, MPA [88]. After that, a lot of studies have been reported that involve
variations in metallic center, organic linker, or SBU of MOFs to capture CWAs, and
their simulants. Apart from capturing of CWAs, some MOFs having Lewis-acidic
metals are also able to display hydrolysis of nerve agents [29–31, 65, 66, 78].
The mechanism of hydrolysis of the nerve agent on the surface of MOFs can be
thought of as being similar to the mechanism involved in its enzymatic hydrolysis
by enzymes such as phosphotriesterase (PTE) [82], human serum paraoxonase 1
[13], and diisopropylfluorophosphatase (DFPase) [83]. The molecular simulations
followed by density functional theory (DFT) calculations on the catalytic hydrolysis
of simulant DMNP (also called methyl paraoxan) by PTE showed that the first
step is the binding of reactant molecule with one of the Zn atoms in binuclear zinc
enzyme, replacing the associated water. The next step is the SN2 type nucleophilic
attack of –OH present in the active site of PTE on DMNP, making a five-coordinate
intermediate. Since the intermediate is short lived, the phosphodiester bond in
DMNP breaks to yield non-toxic products [7]. On similar lines, MOFs having
metallic nodes easily mimic the enzymatic system and hence can be an ideal choice
for the detoxification of CWAs. The MOFs family attracts special importance for
detoxification due to the presence of a highly periodic structure (active site) that can
be tuned in many ways to adsorb CWAs.

The adsorptive capture of sarin on selective hydrophobic MOFs was examined
under bulk mixture solvent conditions using molecular modeling techniques. The
detoxification of sarin occurs only after its selective adsorption at MOFs. Quantita-
tively, the adsorption value can get affected if one changes the intrinsic flexibility of
MOFs [58].
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Although a lot of work has happened in the past decade on the catalytic destruc-
tion of CWAs into non-toxic products by MOFs, most of the available literature is
exhaustively from the experimental point of view. However, there is an upper edge
of using computational studies in the present case, as it avoids all the experimental
hassles associated with dealing with toxic nerve agents. Therefore, this chapter aims
to draw light on the advancement of molecular modeling and simulations on the
capturing and destruction of CWAs and their simulants by MOFs as catalysts.

3 Detoxification of Nerve Agents and Their Simulants
by Zirconium-Based MOFs

Among the most promising and extensively investigated candidates as catalysts for
the detoxification of CWAs are zirconium-based MOFs. The research group led by
Hupp and Farha deserves a special mention as they have done exhaustive research on
Zr-based MOFs and have contributed a lot in understanding the mechanistic aspect
of interactions between Zr-based MOFs and CWAs over the past decade [33].

TheseMOFs contain a strongZrIV Lewis-acidicmetal center periodically arranged
in a crystalline geometry, making Zr6 nodes. Zr-based MOFs display strong thermal
and chemical stability owing to the presence of very strong Zr-oxo node-linker bonds
[38]. Most of the studies involving MOFs are based on the variations in the organic
connector in MOFs and how these linkers bind to SBU. The SBU however remains
identical in these MOFs. Three Zr-based MOFs, namely UiO-66 [6], NU-1000 [48],
and MOF-808 [16] have been popularly adopted in a majority of the studies. These
MOFs contain identical zirconium oxide/hydroxide core having Zr6(μ3-O)4(μ3-
OH)4 SBU, but differ in organic linkers and connectivity around SBU (Fig. 4. Six
zirconium atoms are placed at the vertices of the octahedron with four hydroxylated
faces and four oxide group faces. In UiO-66, SBUs are linked by twelve organic
linkers; in NU-1000, it is eight organic linkers, while inMOF-808 six organic linkers
are connected by SBUs [51, 52].

This variation creates a substantial difference in the pore size of these MOFs
and thereby access to the catalytic center Zr6-SBUs [77]. Early experimental studies
displayed fast degradation of nerve agent simulant on UiO-66 [30], and later, a
substantial improvement in the rate was observed on simply functionalizing the
linker group. On introducing amine group on terephthalate in UiO-66, the overall
efficiency of proton transfer increases. Another MOF, UiO-67 which has the same
SBU as UiO-66 with only a difference in the size of the linker also displays a faster
reaction rate due to more accessibility to the catalytic site [29, 31].

Researchers continue to work on optimizing the structure ofMOFs bymodulating
the functional groups on linkers and pore size in an attempt to get the best moiety
as a catalyst to degrade nerve agents [61]. The catalytic efficiency of MOFs for
the hydrolytic reaction of nerve agents can be improved in different ways. One can
introduce the defects sites or change the metal at nodes or by functionalizing the
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Fig. 4 Representation of core Zr6(μ3-O)4(μ3-OH)4 along with organic connectors BDC, TBAPy,
and H3BTC forming UiO-66, NU-1000, and MOF-808, respectively (Color scheme: C, gray; O,
red; Zr, cyan; and H, white)

organic linker present in MOFs [27]. Meanwhile, it is also important to understand
the mechanism behind this degradation process. Computational studies have shed
some light in this respect and have been able to propose the degradation reaction
pathway.

The nodes ofMOF catalytically hydrolyze the phosphoester bond in nerve agents.
This is because the Zr–OH–Zr moieties existing in Zr6 nodes along with linker in
UiO-66 actually resemblesZn–OH–Znpresent in the active site of phosphotriesterase
enzyme responsible for degrading G-type nerve agent. It has been reported that the
rate of hydrolysis reaction is dependent on the pore size of MOFs. If the size of the
pore is small, then the nerve agent sits only on the surface ofMOF, and the hydrolytic
reaction becomes slow [12].

To explore this further, Mondloch and co-workers performed experimental as
well as computational studies on the decomposition of DMNP and GD by NU-
1000 [49]. NU-1000 has fewer organic linkers compared to UiO-66 which makes
its pore diameter bigger. This allows the nerve agent molecule to permeate better
inside the MOF, proof of which can be seen from the fact that NU-1000 hydrolyses
CWA approximately 30 times faster as compared to UiO-66. DFT calculations at
M06-L level suggested two modes of binding for DMNP at node Zr6(μ3-O)4(μ3-
OH)4(H2O)4(OH)4 of NU-1000. One, in which DMNP interacts with water ligated
node, and the other, in which terminal water was removed from the node, and there-
fore, DMNP interacts directly with Lewis-acidic ZrIV sites. Figure 5 displays the
free energies of binding predicted for the interaction between DMNP and GD with
MOF. The first step is the formation of a hydrogen bond between simulant and
node-ligated water/hydroxide group (Fig. 5a). The interaction is a favorable process
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Fig. 5 Binding free energies of the hydrolysis of simulant DMNP (a–c) and nerve agent GD (d–
f) on node of NU-1000. Reprinted with permission from Mondloch et al. [49]. Copyright 2015
Springer Nature Limited

(negative free energy) not only because of the stabilization due to hydrogen bonding
but also because of the favorable π-π stacking interactions among aromatic rings
of DMNP and organic linker. However, the same step becomes unfavorable for GD
(Fig. 5d) owing to the absence of these stabilizing forces. The next step is the removal
of the terminal water molecule of NU-1000 by nerve agent or simulant (Fig. 5b, e).
This is unfavorable for both DMNP and GD, but in the last step where hydrolysis
takes place, the reaction becomes favorable for both (Fig. 5c, f) forming stable prod-
ucts. In the second type of binding mode, electrostatic interactions play a pivotal
role. Stronger electrostatic interactions exist as P=O unit of DMNP interacts directly
with Zr in the node of MOFs [49]. The results of this computation and simulations
are in accordance with the enzymatic hydrolysis of DMNP [7].

In another study, Chen et al. [9] utilize DFT calculations to understand the role
of NU-1000 in the hydrolysis reaction of DMNP. They performed the hydrolysis of
DMNP by OH− nucleophile in the absence of any catalyst and studied the reaction
profile. The same reaction is then carried out in presence of NU-1000 as a catalyst.
The study inferred that the dehydration from the nodemust occur first in order to have
effective DMNP binding on Zr atom. To gain more clarity on the role of NU-1000, all
the transition state structures were analyzed. The presence of hydroxyl (–OH) group
on the node of MOF facilitates the dehydration step and thus reduces the barrier
height for the reaction [9]. It has also been established experimentally that the MOFs
undergo structural distortions at high temperatures. In the distorted structure, two sets
of distances are observed between two zirconium atoms, making the node structure
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asymmetric [63]. Even though these distortions do not change the long-range order
crystalline structure of MOFs, but still these unconventional defects are shown to
affect the properties of MOFs. Utilizing this, Chen and co-workers also studied the
interaction between distorted NU-1000 and DMNP through DFT calculations. They
reported that in the distorted MOFs, DMNP directly attacks the Zr atom at the node,
and there is no essential requirement of dehydration step to occur first [9].

Momeni and the group utilized both periodic and cluster modeling to study the
catalytic hydrolysis of sarin on Zr-based MOFs. The reaction profile suggested that
the steps involving displacement of water and attack of nucleophile are dependent on
the number of organic linkers inMOFs as well as on the functional group substituents
on these organic linkers in the SBUs. A decrease in the activation energies for these
steps is observed when the substitution is done by the amino group at the ortho
position of the organic linker. This means that amino-substituted UiO-66 and MOF-
808 display better hydrolytic activity [47]. The role of amino functionalities on
MOFs for the hydrolysis of DMNP is further investigated using the DFT study. The
authors proposed that the presence, as well as proximity of amino group to the nerve
agent, play a significant role in its detoxification [23, 24]. In MOFs, organic linker
connectivity and metal identity at hexanuclear MIV cluster note can be modulated in
many ways so as to come up with new promising materials.

Recently,Mendonca et al. utilizedDFT studies to examine these factors associated
with MOFs in detail and their role in the degradation of CWAs and their simulants.
A thorough examination revealed that no single metal or node can be considered as
the optimal choice for the entire range of organophosphates and hence, should be
selected as per the agent/simulant chosen. Based on the large amount of data obtained
from theDFT calculations, the authors also generated a quantitative structure-activity
relationship (QSAR) model to explain the variations observed in binding parameters
for molecules (nerve agents, simulants, and hydrolytic by-products) across several
MOFs node topologies, connecting species andmetals. The results showed the cumu-
lative role of molecular and node properties for effective binding. In conclusion, the
developed QSARmodel could pave way for predicting the binding energetics of any
nerve agent on the hexacoordinated metal node [43].

Although the hydrolysis of the nerve agents by Zr-MOFs is a highly favorable
process in basic media with very small half-lives for the hydrolysis of CWAs, yet
there are few problems that need to be addressed. The catalytic efficiency of Zr-based
MOFs is dependent on buffers for pH moderation and regeneration of its active site
[23, 24, 34, 39, 49, 57]. The methodology can be successfully utilized to destroy
stockpiles of CWAs but show little inefficiency in instant applications such as in gas
masks or in protective fabrics [8]. Therefore, researchers are focusing more on the
gas-phase hydrolysis of CWAs onMOFs so as to come up with a robust material that
can be used under any condition [80].

To address the issue, one can take the help of computational studies which can
effectively propose the possible mechanism under any desired conditions. Once
all the species involved in the pathway are known along with transition energies,
adequate steps can be made to modulate the MOFs so as to increase the reaction rate
and thereby improving the overall kinetics of the adsorption process. One such study
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suggested a complete reaction mechanism for the decomposition of GB on Zr-based
MOF (UiO-66 and MOF-808) via molecular modeling. The reaction with UiO-66
requires a linker defect in which two Zr atoms are low coordinated. Under the dry
condition, the first step in the decomposition requires the attachment of GB on Zr
atom in SBU. This attachment takes place via sp2 hybridized oxygen of GB [29, 31].
After this, nucleophilic addition of theOHgroup of zirconiumoccurs perpendicularly
with GB forming a penta-coordinated phosphorus intermediate. The last step is the
elimination of hydrogen fluoride or isopropanol forming products. Now, the forma-
tion of products depends on the way nucleophilic addition of hydroxide moiety takes
place on GB. GB being a chiral molecule can attack the MOF via different orienta-
tions (facing different tetrahedron faces). The final products could be either HF and
isopropyl methyl phosphonic acid (IMPA)-MOF or isopropyl alcohol and methyl
phosphonofluoridic acid (MPFA)-MOF. The same reaction steps can be obtained
with MOF-808 [76].

The above study suggests a decent pathway for the detoxification of nerve agents,
but if one is interested in finding the catalytic turnover, then it is non-favorable.
This is because the hydrolytic product IMPA binds very strongly with the zirconium
nodes ofMOFsmaking it very difficult to recover the catalyst for the next cycle. This
is called product inhibition on the catalyst. It is more pronounced if the hydrolytic
product binds in a bidentate manner onto the node (eg., using two adjacent Zr-oxo
bonds for binding on MOFs) instead of monodentate binding (with one Zr atom).
Subsequent experimental studies also support the theoretical findings that stronger
the binding forces between product and node, the greater is the product inhibition,
and the lesser efficient will be the destruction path for the nerve agent [64, 79].

One solution to this problem is to block some sites on the nodes of MOFs such
that only a few sites are available for the nerve agent, and hence, monodentate
binding could take placemore favorably. This task can be achieved using atomic layer
deposition or solvothermal deposition techniques where metal atoms are deposited
as single-atom catalysts on nodes of desired MOFs [2, 22, 25, 32, 37, 48, 54, 56, 80].

NU-1000 (Fig. 4) can be considered as a perfect moiety for metalation as it
contains a large pore size, enabling proper diffusion of metal ions. Zr6 nodes have
reactive terminal groups that further facilitate the easy insertion of metal atoms.
Experimental and theoretical studies have confirmed successfully single-atom depo-
sition for metals like vanadium, molybdenum, chromium, and copper on NU-1000
nodes [19, 55]. In this regard, Mendonca and Snurr utilized DFT calculations to
thoroughly investigate various single-atom transition metals deposited on NU-100.
The performance of these metal-loaded MOFs was then tested for the hydrolysis of
sarin in gas-phase.

A total of 36 metal-loaded NU-1000 systems were examined. The oxidation state
ofmetal deposited varied from+2 to+4.Out of these,MIVNU-1000 systems showed
a strong affinity of sarin, while MIINU-1000 systems displayed strong binding with
IMPA. To shedmore light on catalytic hydrolysis of sarin, TiIV-NU-1000 systemwas
chosen (Scheme 2). Titanium being in the same oxidation state as that of zirconium,
TiIV-loaded NU-1000 becomes an ideal choice. The authors report an interesting
catalytic cycle for detoxification. In the first step, O (from P=O) of sarin attacks
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Scheme 2 Proposed mechanism of catalytic hydrolysis of sarin on TiIV-NU-1000 cluster.
Reprinted (adapted) with permission from Mendonca and Snurr [44]. Copyright {2020} American
Chemical Society

TiIV. Then, water from a humid environment forms a hydrogen bond with OH-
Ti making a reactant complex. The nucleophilic addition of OH from water takes
place at sarin forming a transition state (TSnuc) which then leads to the formation of
penta-coordinated intermediate (INT1). In trigonal bipyramidal geometry, the most
electronegative atom favors axial position, and elimination is also favored at that posi-
tion. The intermediate INT1, thus undergoes Berry pseudorotation such that -F atom
comes at an axial position and forms INT2 [11, 69]. In the elimination step, proton
transfer takes place from –OH (attached to P) forming a new transition state TSeli.
The next step is the formation of a product complex stabilized by various hydrogen
bonds. The desorption of HF then takes place from this product complex forming the
IMPA-TiIV-NU-1000 species where the IMPA is linked in the monodentate mode
withMOF. Elimination of IMPA takes place in the last step, thereby, regenerating the
catalyst. In all, the authors suggested that single-atommetal deposited systems, force
the products to bind in the monodentate manner showing better turnover frequencies
of catalyst [44].

With the aim to get the most robust zirconium-based MOFs for the degradation
of sarin, Zr6, Zr12 and CeIV substituted MOFs were investigated through periodic
boundary conditions at PBE level [60] calculations with D3 dispersion correction
[20]. It is not mandatory that the defects in MOFs always lead to enhanced activity
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of catalyst. Rather, the activity of MOFs to hydrolyze nerve agent is the function
of how and where the defects are introduced and also their relative position with
respect to one another. It is in fact a challenge for the research community to care-
fully introduce the defect sites and hence make highly engineered materials for
heterogeneous catalysis. The study revealed that defects introduced by substitution
of ZrIV with CeIV in UiO-66 and MOF-808 reduce the activation energies in the
overall hydrolysis reaction. The activation energies are reduced by half for these
bi-defective MOFs. Hydrogen bonding between metal oxide node and organic linker
also plays an important role during catalytic degradation reaction [47].

4 Other MOFs for Capturing and Catalytic Degradation
of CWAs

Systematic computational studies comprising of a combination of Grand Canon-
ical Monte Carlo (GCMC) simulations and DFT were carried out on a series of
water-stable MOFs to adsorb CWAs and their simulants to predict the energetics and
interactions betweenMOF/CWA pairs. A total of twenty-five Zr- and Ti-MOFs were
explored to adsorb sarin and soman as well as their simulants DMMP, DIFP, and
pinacolyl methylphosphonate (PMP). These MOFs vary in pore size/topology and
display diverse adsorption sites. The study reports excellent adsorption enthalpies
(as high as−100 kJ mol−1) for someMOF/CWApairs. TheMonte Carlo simulations
revealed that MOFs are best in class porous materials displaying a high affinity for
nerve agents even at low loading. DFT analysis suggests mostly van der Waals types
of interactions and rules out the possibility of any charge transfer between MOF and
CWA. The study also suggests that though DMMP and DIFP can be used as good
surrogates of sarin; extra attention is required for choosing a simulant of soman.
PMP is reported to be a better alternative simulant for soman compared to DMMP
and DIFP [70].

The hydrolysis of CWAs can also be carried out using Ti-MOFs. Soares and
co-workers performed the first-ever DFT calculations at the periodic level to study
the degradation of nerve agent GB, and its simulants DMMP and DIFP on newly
discovered and highly stable Ti-MOF andMIP-177(Ti)which is carboxylate Ti-MOF
[70]. The reaction pathway and transition energies involved between species during
the detoxification process obtained from DFT studies were analyzed carefully and
the results were also compared with Zr-based MOFs. The results showed that MIP-
177 (Ti) display adsorption capacity equivalent to well-established Zr-based MOFs.
The mechanism of the degradation of sarin on MIP-177 is similar to its adsorption
on Zr-based MOFs. O (of P=O bond) of sarin attacks the titanium node, and then,
elimination of HF occurs resulting in the bidentate binding of IMPA onto the node.
Lastly, IMPA-MIP-177 (Ti) complex is stable enough that a high amount of energy
is required to desorb IMPA [70].
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5 How Good Are the Surrogate Molecules in Mimicking
the Adsorption Behavior of Real CWAs?

Since most of the experimental research focuses on the adsorption of simulant
molecules rather than real nerve agents on MOFs, one cannot be 100% sure of
the effectiveness of the methodology. As there are thousands of MOFs available, a
high-throughput computational screening has been established to be the most bene-
ficial tool for molecular simulations [10]. GCMC simulations can be another effec-
tive way of predicting the hydrophobicity and adsorption capacity of MOFs [18],
but one cannot screen a large number of materials using this technique. This is
because GCMC simulations usually have long equilibration times and hence are
computationally too expensive [46].

Tomake things clear, Agrawal and co-workers made use of molecular simulations
to systematically examine whether these simulants mimic the real agents effectively
or not. Four simulants DMMP, DCP, DIFP, DMNP, and two real nerve agents, sarin,
and soman are tested using molecular simulations on a set of 2969 experimentally
MOFs crystal structures (obtained from CoRE Computation-Ready, Experimental
MOF Database) in the limit of dilute adsorption. Each system was tested with both
a generic force field and a DFT-derived force field. The enthalpy of adsorption and
Henry’s constant is the key parameters in predicting the best available simulant. The
heat of adsorption data of each molecule within MOF showed that DCP and DMMP
correlate well with sarin, while DMNP can be said to be the only feasible option for
soman out of all other simulants.DMNPdoes not display an as strong correlationwith
soman as DCP or DMMP display with sarin. These results are also in coherence with
the obtainedHenry’s constants and therefore can bewell utilized in the low adsorbent
concentrations. The study reported no substantial change in the adsorptive capacity
of nerve agents and their simulants on MOFs on changing the force fields. Hence,
the adsorbate-adsorbent interactions can be said to be independent of specific details
of the force field [1].

Onemore important factor in governing the efficiency of the adsorption process of
CWA onMOFs is the presence of atmospheric moisture or in the general hydrophilic
environment during adsorption. It is the adsorption of water from the atmosphere
that hinders the capturing performance of CWA on MOFs. A hydrophobic [Zn4(μ4-
O)-(μ4-4-carboxy-3,5-dimethyl-4-carboxy-pyrazolato)3] MOF resembling the same
crystal structure as that in MOF-5, selectively captures sarin and mustard gas
even under ambient moisture conditions. A comparison with hydrophilic HKUST-1
([Cu3(BTC)2]) also affirms that the efficiency of CWA enhances in dry conditions.
This happens because the coordinatively unsaturated metal sites (preferred binding
sites) on MOFs become ineffective in presence of water. Therefore, pore size and
surface hydrophobicity are key factors in the CWA-MOF recognition process [50].
Keeping this in view, the identification of the best porous material for the adsorp-
tion of CWAwas computationally done using a systematic screening strategy. High-
throughput screeningwas performedon2969MOFs available in the database to select
1647 MOFs that had appropriate pore sizes easily accessible by CWA. Monte Carlo
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simulations in the canonical ensemble (CMC) using the Widom test particle method
[81] was then employed on these 1647 MOFs to finally shortlist 156 hydrophobic
MOFs. Since the Widom method significantly reduces the simulation time for water
adsorption, water is no more a competing species with CWAs during the adsorption
process. GCMC simulations at various pressures were running on each of these 156
selectedMOFs and CWAs pair. Sarin, soman, mustard gas, and water were chosen as
adsorbates. Out of 156 MOFs, three hydrophobic MOFs were identified as the best
adsorbents having good adsorbing/loading capacity >4 mol kg−1 for capturing sarin,
soman, mustard gas. To verify these computational results, experimental adsorp-
tion studies of diethyl sulfide (DES), a simulant of mustard gas was carried out
on one of the three best MOFs, viz. [Ni3(BTP)2] under humid conditions. In this,
MOF metallic node is joined with 1,3,5-tris (1H-pyrazol-4-yl) benzene (H3BTP).
Exceptional adsorption selectivity and stability of DES on [Ni3(BTP)2] assures that
the chosen computational strategy can be utilized in making suitable materials for
effectively capturing CWAs [53]

UiO can be considered to be the most effective class of MOFs. The properties
of UiO can be modulated by introducing various functional groups keeping their
inherent stability intact [5, 28, 35]. There are comparatively fewer studies of the
adsorption of CWAs or CWAs simulants on functionalized MOFs [62]. This could
be because of the fact CWAs interact effectively with SBU rather than the attached
linker [51, 52, 79]. So, the relationship between changing the functional group on
organic linkers in MOFs, and their absorptive capacity is quite an unexplored field.
However, it has been established that the interaction between guests and MOFs
increases in presence of defects in MOFs such as missing linkers [51, 52, 73, 75,
79]. This suggests that the properties of defect-free MOFs can certainly be tuned by
changing the functional groups on linkers. Ruffley et al. made use of these results
and performed DFT studies on the adsorption of DMMP in functionalized UiO-67.
Different substituents such as−H,−CH3,−SH,−NH2,−N3,−NO2,−Br, and−Cl
are introduced at the 2-position of linker 1,1′-biphenyl-4,4′-dicarboxylate (BPDC).
The interaction between each functionalizedMOFs andDMMPwas carried out using
DFT. Based on the DFT calculations and GCMC simulations, it is suggested that
amino- and methyl-functionalized linkers in UiO-67 display strong binding affinities
with DMMP as compared to unfunctionalized biphenyl linkers. These MOFs were
then synthesized and experimentally tested for DMMP. The results found from the
temperature-programmed desorption and IR studies also confirm the obtained trend
of adsorption affinities for DMMP as predicted in theoretical simulations. Hence,
such ab initio calculations can give good guidance in designing better MOFs to be
used in experiments [67].

In another study, the detoxification of sarin and its surrogates, DIFP, and DMMP
were tested onto two newly discovered titanium-basedMOFs, viz. Ti-MOF andMIP-
177(Ti) via computational techniques. The study revealed that DIFP mimics sarin
better than DMMP onto these MOFs. The degradation mechanism as well as the
reaction energies for DIFP-MOF interactions came out to be very close to that of the
sarin-MOF pair. Hence, DIFP can be treated as a reliable surrogate of sarin [70].
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Matito-Martos and co-workers performed high-throughput computational
screening on a set of 2932 MOFs taken from the CoRE database to capture sarin,
soman, and mustard gas (also known as sulfur mustard) and their simulants. Point
chargeswere assigned for understanding the electrostatic interactions betweenCWA-
MOF pairs. The first filtration criterion is the pore size of MOFs. It is required for
the proper permeation of CWAs. On this basis 1275 MOFs were rejected as their
pore limiting diameter was less than 3.72 Å. After that, Widom insertions were used
to screen the remaining 1647 MOFs to calculate Henry’s coefficient and enthalpy
of adsorption. The heat of adsorption data showed that DES is a good surrogate for
mustard gas. Moving to the next step, the authors found Henry’s constant of water in
1647 MOFs and selected 156 hydrophobic MOFs. To further investigate the storage
capacity of these 156MOFs, GCMC simulations were performed. [Ni3(BTP)2]MOF
(CSD code: UTEWOG)was found to be the best for adsorbingDES selectively under
humid conditions [41].

6 Conclusions

Over the last decade, MOFs have arisen as revolutionary heterogeneous catalysts for
the degradation of extremely toxic CWAs. Zirconium-based MOFs have topped in
the category and have been exploited in much detail for this purpose. This is because
of the presence of Lewis-acidic ZrIV active sites that ensures rapid hydrolysis of
phosphodiester bond of nerve agents. The catalytic performance of these materials
can be tuned by changing the node topology, metal, or organic linkers. Functional
group substitution and defects also alter the nature and reactivity of theseMOFs.With
particular reference to nerve agents, it has been shown experimentally and validated
computationally by a number of researchers that catalytic performance of MOFs for
hydrolysis of CWAs is largely a function of three parameters. First and foremost is
the ease with which CWAs or their simulants access the MOF’s active site. This is
probably the main factor in determining the kinetics of the hydrolytic reaction. The
rate of reaction also increases by decreasing the connectivity in MOFs (reducing the
organic linkers) thereby increasing the pore size diameter. Moreover, the catalytic
performance of MOFs has been shown to increase by increasing the defect density
in these materials. In addition to these modifications, the activity of MOFs can also
be altered by altering the coordination site around the M6 node and by introducing
functionalization in the organic linkers. Amine functionalization onMOFs improves
the rate of degradation of CWAs. Computational and experimental results coherently
established themechanistic pathways of detoxification and suggested all the probable
reactive and non-reactive species formed during the hydrolysis reaction. There are
enough studies that validate the use of surrogates such as DMNP for real nerve agents
as these simulants demonstrate the exact same steps of hydrolysis as CWAs.

The high-throughput screening of theMOFs available in the database can be tested
for the adsorption of any nerve agent. This can be followed by molecular simulations
and modeling on selected CWA-MOF pairs. Based on the energetics of the reaction,
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one can predict the exact mechanism of the adsorption process and various species
involved. Moreover, alterations in the metal/node/organic linker can also be done
depending on the adsorbate or adsorbent. Therefore, by utilizing the combination of
numerous computational tools, the best MOFs for the degradation of CWAs can be
found which can be suggested to chemists for the synthesis and experimental studies.

Abbreviations

AChE Acetylcholinesterase
BTC 1,3,5-Benzenetricarboxylic acid
CoRE Computation-Ready, Experimental MOF Database
CWAs Chemical warfare agents
DENP Diethyl 4-nitrophenyl phosphate
DES Diethyl sulfide
DFPase Diisopropylfluorophosphatase
DFT Density Functional Theory
DIFP Diisopropyl fluorophosphate
DIFP Dimethyl chlorophosphite
DMMP Dimethyl methylphosphate
DMNP Dimethyl (4-nitrophenyl) phosphate
GA Tabun
GB Sarin
GCMC Grand Canonical Monte Carlo
GD Soman
GF Cyclosarin
H3BTP 1,3,5-Tris(1H-pyrazol-4-yl)benzene
IMPA Isopropyl methyl phosphonic acid
INT Intermediate
MOFs Metal–organic frameworks
MPA Methylphosphonic acid
MPFA Methyl phosphonofluoridic acid
PMP Pinacolyl methylphosphonate
PTE Phosphotriesterase
QSAR Quantitative structure-activity relationship
SBU Secondary building units
TS Transition state
WW-I World War-I
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Abstract Chemical warfare agents (CWAs) are considered as one of the most fatal
weapons potentially strong to cause extreme toxicity and disastrous effects to a large
population. They were used as weapons for the first time in 1915 during World War
I (WWI) when Ypres, a Belgian city, was attacked by the German military. Sulfur
mustard, a dreadful chemical warfare agent, whichwas used in the subsequent battles
became the major cause of chemical casualties in WWI. These chemicals imposed
harsh after-effects even years after they were deployed. Nerve agents and vesicants
are particularly known to be extremely harmful, among the various classes of CWAs;
even short-term exposure to these chemicals can lead to severe after-effects. Above
all, CWAs also release various volatile organic compounds (VOCs), which comprise
an important group of air pollutants, which can potentially cause serious health
effects tomankind includingmutagenesis and carcinogenesis. In view of these conse-
quences, capture and subsequent degradation of these agents to less or completely
non-toxic by-products are of paramount importance. Being highly toxic, degradation
of hazardousCWAs through catalytic reactions such as hydrolysis, methanolysis, and
oxidation has been proved to be one of the best methods that can eventually trans-
form them into less-toxic products. Research communities throughout the globe
have been making relentless attempts on developing novel catalytic materials in this
field. Metal-organic frameworks (MOFs), being specifically designed making use of
organic linkers and inorganic nodes, offer scope for fabrication of a versatile range
of materials with great diversity in structural and chemical properties, characterized
by their high stability, crystalline, and ordered nature with significantly large surface
areas, high porosity, and free volume. The presence of freely available metal sites
and/or numerous functional moieties on the surface of the MOFs allows adsorption
or capture of certain toxic CWAs with high selectivity and efficiency via various
interactions which may be either H-bonds, ionic or Coulombic interactions, coordi-
nation bonds, �-�* interactions, etc. or a combination of these. Moreover, further
functionalization with coordinating or conjugating agents also imparts them good
catalytic properties. The pore properties along with the specificity of the functional
groups in theMOFs together ascribe to the subsequent catalytic degradation of highly
toxic CWAs and their simulants.

Keywords Nerve agents · Vesicants · Simulants · Degradation · Half-life ·
Adsorption

1 Introduction

Since prehistoric times, the use of dangerous materials from chemical and biological
sources has been an indispensable part of evolution, and their utility as weapons for
homicide was quite common [1]. Even though the use of these hazardous substances
in warfare dates back to ancient Greek and Roman times, their after-effects had
been relatively less known due to the lack of adequate knowledge. Rapid advances
in various fields of chemistry and the establishment of chemical industries, during
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the nineteenth century, were often accompanied by several accidents with toxic and
hazardous chemicals [2]. The severity of these accidents gave insight into the harsh
toxicological effects and the possible manufacture of these chemicals on a large
scale for utilization as weapons. These chemicals, which became popularly known
as the chemical warfare agents (CWAs), were weaponized for the first time in 1915
during World War I (WWI) when Ypres, a Belgian city, was attacked by the German
military releasing 168 metric tons of chlorine gas which killed an estimated 5000
troops [3]. The same battlefields witnessed the development of sulfur mustard, a
dreadful chemical warfare agent, two years later, that became the major cause of
chemical casualties in WWI. Since then, the use of CWAs in warfare has become
a trend with at least 12 conflicts including both the first and second Persian Gulf
Wars witnessing the use of CWAs on a large scale. The most dangerous part is, even
years after these chemical weapons were deployed, civilians remain inadvertently
exposed to these chemicals. For instance, a great number of fishermen have burned
accidentally duringWWI when more than 50,000 metric tons of mustard shells were
released.

CWAs are categorized into various types based on volatility, chemical structure, or
most commonly on the nature of toxic effects produced. The mode of classification,
properties, and toxic effects produced by each of the CWAs is described in the
following sections. Of all the various types, nerve agents and vesicants are the most
common. Soman and Sarin are some examples of nerve agents, while vesicants are
best represented by sulfurmustard groups. Evenminimal exposure to these chemicals
can lead to severe effects including blisters on the skin, suffocation or choking, and
irritation in the eyes and respiratory tract [4]. Above all, the use of CWAs also
releases another major group of air pollutants commonly referred to as the volatile
organic compounds (VOCs), which comprise chemicals with a vapor pressure above
10 Pa at 293 K, and can be the potential cause of photochemical smog and result
in carcinogenesis, teratogenesis, and mutagenesis [5]. In view of these toxic effects,
it is imperative to realize that detection, capture, and subsequent degradation of
these agents to less or completely non-toxic by-products is of paramount importance
which has indeed attracted a great deal of research attention. However, treatment
of CWAs involves taking care of major safety issues and their extreme toxicity
which makes it important to preferably devise techniques that are associated with
toxicity-free products. Degradation through catalytic reactions involving hydrolysis,
methanolysis, and oxidation can eventually transform CWAs into simpler less-toxic
products; hence, they are considered as one of the best methods.

Research communities throughout the globe have been making continuous
attempts on developing novel catalytic materials in this field [6, 7]. A wide range of
materials has been developed for the catalytic detoxification or degradation of CWAs.
Nevertheless, each of them is associated with one or the other restrictions like poor
storage stability, corrosive properties, slow degradation rates, loss of catalytic activity
due to poisoning, and low surface area. [8–10]. In this regard, metal–organic frame-
works (MOFs) have been proved to be potential candidates for the annihilation of a
wide range of CWAs through adsorption or catalytic degradation. MOFs are highly
porous and crystalline two- or three-dimensional complex structures with plenty
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of metal centers, and that are catalytically active [11, 12]. These frameworks are
normally fabricated using organic ligands, with desired functional groups, amalga-
mated with secondary building units (SBUs), preferably inorganic metal nodes [13,
14]. Among variousMOFs, Zr-basedMOFs have beenmost extensively investigated.
One of the main reasons is their extreme structural stability toward a versatile range
of guestmolecules, whichmakes it a preferred candidate as a catalyst for the degrada-
tion of CWAs as well as for capturing highly persistent and volatile CWAs. Another
important structural aspect is the close similarity that exists between the Zr–OH–
Zr bonds of Zr6 clusters and the Zn–OH–Zn active sites in the phosphotriesterase
enzyme. These act as efficient catalytic sites capable of destructing organophos-
phates (OP), which are the major functional components of all CWAs as well as
model simulants [15–17]. Zr-based MOFs are particularly known for their high effi-
cacy toward catalytic degradation of CWAs being characterized by their large surface
area and outstanding physicochemical properties such as mechanical, thermal, and
hydrolytic stabilities. UiO-66-NH2, an amino-functionalized form of UiO-66, one of
the most common MOFs, behaves as a biomimetic catalyst with excellent catalytic
activity toward numerous CWAs [18]. The proximal amino groups play a key role in
modulating the catalytic environment around the active sites of the Zr6 node [19]. In
recent times, smart textiles, with good nerve agent detoxifying capacity, have also
been developed, whereinMOFs are decorated or incorporated onto fabrics or textiles
via electrospinning technique [20, 21]. This is one of the simple practical applications
of powdery MOFs for detoxifying CWAs through degradation. In addition, physical
spraying [22], self-assembly [23], and in situ growths [24, 25] are some other appli-
cations of these MOFs for the same purpose. In this line, a new class of materials
based on carbon networks have emerged which are referred to as porous coordination
networks (PCN) possessing characteristic sheet-like exploited structure that imparts
a large surface area favorable for catalytic application. Some of the MOFs which are
commonly investigated for the degradation of real and simulant CWAs are depicted
in Fig. 1.

2 Classification of CWAs and Their Characteristic
Properties

All CWAs are characterized by specific chemical, physicochemical, and physiolog-
ical properties [26]. They can be classified into various categories on the basis ofmany
parameters. Based on volatility, CWAs can be classified as persistent (less volatile)
agents like sulfur mustard and VX and non-persistent (more volatile) agents such
as hydrogen cyanide and chlorine, phosgene. CWAs can also be either organophos-
phorus (OP), organofluorine, organosulfur compounds, or arsenicals, depending on
their chemical structure.However, classifying themon the basis of the type of harmful
effects caused to humans is the most preferable. The various types of CWAs along
with their characteristic properties on this basis are described below:
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Fig. 1 Structures of common MOFs: a MOF-808, b front view and c side view of PCN-128y, d
NU-1000, e UiO-66, f UiO-67. Reprinted with permission from Refs. [70, 86, 102–104]

2.1 Nerve Agents

Nerve agents are purely synthetic chemicals belonging to the class of OP compounds.
They are so-called due to their effect on the nervous system. Tabun (GA) is the first-
ever nerve agent developed, in the 1930s, by Gerhard Schrader, a German chemist
after which a series of nerve agents, popularly called the G-agents were developed
[27]. Sarin (GB) and Soman (GD) are some of the common G-agents. In an attempt
to increase their potential and environmental persistence, more stable versions of the
G-agents, called the V-agents, were developed in the 1960s. The best example is VX,
a sulfur-containing OP, that is known for higher potency and structural stability with
less volatility, and less solubility in water than Sarin. VX bears high environmental
persistence even up to several weeks after release and acts directly through skin
contact.

All the nerve agents appear as colorless liquids in the pure state. The G-agents
have a fruity smell, while the V-agents have a characteristic amine-like smell. Sarin
has an extremely high solubility in water; Soman is sparingly soluble, while tabun
and VX show intermediate behavior in this respect. The reactions of all G-agents
with alkali end up with the generation of non-toxic phosphonic acid as these nerve
agents undergo reactions through the breakage of the P-X bond. Chemical structures
of common nerve agents are shown in Fig. 2.
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Fig. 2 Chemical structures of common nerve agents

2.2 Vesicants

Vesicants, commonly known as blistering agents, comprise a class of extremely
dangerous compounds that can cause burn-like skin injuries [28–31]. On inhalation,
vesicants initially attack the upper respiratory tract, gradually travel to the lungs, and
cause pulmonary inflammation.They can also cause severe eye injuries.Mustards and
arsenicals are the two main classes of vesicants. Sulfur mustard, nitrogen mustards,
and lewisites are some important members of vesicants, among which sulfur mustard
is the most common and is, therefore, sometimes referred to as the king of all CWAs.

Sulfur mustard and nitrogen mustards are both colorless and odorless liquids in
their pure forms. However, characteristic mustard or garlic-like smell develops when
sulfur mustard becomes impure. It is less volatile, highly soluble in organic solvents
but sparingly soluble in water, with high storage stability. Nitrogenmustards are even
less volatile, less soluble, and show better resistance to oxidizing agents compared to
sulfur mustard. On the other hand, pure lewisites bear a metallic odor with solubility
almost similar to that of sulfur mustard in water and relatively less stable. Storage
stability is one of themost basic requirements for a CWAwhich is lacking in nitrogen
mustards and lewisites which make them less popular as CWAs compared to sulfur
mustard. Chemical structures of the common vesicants are shown in Fig. 3.

Sulfur mustard got its prominence from its large-scale use in WWI. However,
nitrogen mustards, which were first developed in the 1930s, were not synthe-
sized further in large amounts for warfare purposes due to the reason mentioned
above. Lewisites are non-flammable, and their toxicity is almost similar to that of
sulfur mustard due to which they were synthesized in 1918 for warfare purposes.
Mechlorethamine (HN2, Mustargen) has found more peaceful applications as a
cancer chemotherapeutic agent than as warfare agents; therefore, it has been used as
the standard compound for this purpose for several years.
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Fig. 3 Chemical structures of common vesicants

2.3 Blood Agents

Cyanogenic agents, popularly known as the blood agents [32–35] contain a cyanide
group of chemicals as the main component that can cause an immediate effect on
the normal metabolism by stopping the body tissues to utilize oxygen. Hydrogen
cyanide (HCN) and cyanogen chloride (CNCl) are the most popular members that
belong to this class. These agents attack the inner walls of the mitochondria by inter-
rupting the electron transport chain; thus, they interfere with the production of blood
components. Hence, the name “blood agent” is given. However, cyanogenic agents
are not known to cause direct effects on the blood. Since these agents interrupt the
functioning of certain specific enzymes, they are sometimes referred to as systemic
agents also. Due to their extremely high volatility, blood agents are less useful as
CWAs. However, depending on their efficacy, they can be used as warfare weapons,
if used in enclosed space.

Even much before the potential of hydrogen cyanide (HCN), as a warfare agent,
was realized duringWWI; it was discovered long back in 1872, by a Swedish chemist
andwas used on a large scale for commercial purposes. It was first utilized in the form
of a warfare weapon in the battle of Somme in 1916, by the French. The second most
common blood agent, cyanogen chloride was used commercially in many industrial
applications during WWI, rather than as a warfare agent. One of the advantages of
cyanogen chloride over hydrogen cyanide is that it is a heavier gas and can potentially
cause severe effects even with low doses of exposure. It has the greatest penetrating
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capacity of all other agents and can even penetrate readily into the filter materials of
a gas mask. Thus, the introduction of cyanogen chloride was helpful in overcoming
many of the disadvantages faced in handling HCN.

2.4 Choking Agents

Choking agents, also known as the pulmonary agents, as the name itself, indicates,
affect the respiratory system starting from the nose, going down the throat, and finally
attacking the lungs. In critical conditions, these agents cause death due to choking
that results from swelling of the respiratory tract membranes followed by filling of
the lungs with liquid thereby depriving the lungs of oxygen. These types of fatalities
are also known as “dry-land drownings”[36]. Chlorine, perfluoro isobutylene (PFIB),
phosgene, diphosgene, nitric oxide, etc. belong to this class of CWAs, out of which,
chlorine and phosgene are the most common.

Choking agents were synthesized and used on a large scale during WWI as an
effective class of CWA. Apart from being used as a warfare agent, chlorine as well as
phosgene finds enormous applications in chemical industrial processes. Even though
these compounds were used on a large-scale in the design of anti-human weapons
by terrorists [37], control on such an illegal use was difficult.

Chlorine and phosgene are generally heavier than air. Chlorine appears as a
yellowish-green gas with a characteristic pungent smell, at room temperature and is
liquefiable under moderate pressure. Phosgene was used in such large quantities in
WWI that almost 80% of the deaths due to chemicals was considered to be caused
by phosgene alone [37]. It can be hardly distinguished by its odor even at toxic
levels, and death is caused after a significant delay of up to 24 h following expo-
sure. Diphosgene, which is basically a combination of phosgene and chloroform,
is another CWA that is relatively easier to handle than phosgene as it is a liquid at
room temperature. Diphosgene has the ability to penetrate through canisters and is
more persistent than both chlorine and phosgene. Perfluoro isobutylene (PFIB) is
another CWA that is about ten times as toxic as phosgene. It is generated during the
synthesis of polytetrafluoroethylene (Teflon) as a by-product on overheating. Similar
to phosgene, PFIB has a considerable latent period of symptom development after
exposure.

2.5 Riot-Control Agents

Riot-control agents are also referred to as lachrymators, eye irritants, or harassing
agents. They are more popularly known as the so-called “tear gases” among the
general public. They are used as CWAs due to their tear stimulating capabilities.
These agents can cause tearing and blepharospasm or immediate temporary irritation
in the eyes along with irritation in the upper respiratory tract [38]. On exposure, these
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Fig. 4 Chemical structures of common riot-control agents

chemicals can cause immediate secretion of tears, pain in the eyes, and even irritation
on the skin to such a degree that causes victims to behave irrationally leading to
uncoordinated activities. Based on the nature of toxic effects produced, riot-control
agents can be classified into the following types:

1. Lachrymators: These cause lachrymation and irritation primarily in the eyes.
2. Vomiting agents: These induce vomiting.
3. Sternutators: These basically induce sneezing and irritation in the upper

respiratory tract.

CN, CS, and CR are the three most significant chemicals among the list of riot-
control agents; chemical structures along with their IUPAC names are given in Fig. 4.
They exist in the form of either solid or get dispersed as aerosols at room tempera-
ture. These chemicals show relatively low solubility in water but significantly high
solubility in most of the organic solvents.

2.6 Psychomimetic Agents

These chemical agents are a little different from the above-mentioned classes as they
are not known to cause any severe effect or damage to the autonomic nervous system
or any serious physical disabilities. Rather, they affect the psychological behavior of
the victims persistently causing alterations in their thoughts, mood, and perception
leading to abnormalities in their behavior [39, 40]. When administered in mild doses
(<10 mg), these chemicals can induce symptoms related to abnormal functioning
of the central nervous system that includes numbness leading to partial paralysis,
hallucinations, and other psychotic disorders.

Psychomimetic agents, extracted from plants, have been used as incapacitating
agents since ancient times. They were used for the first time by Solon’s soldiers, as a
warfare agent, during a war in 600 BC. They threw hellebore roots, which have good
incapacitating capability, into the streams supplying water to the enemy troops. The
years that followed also witnessed the use of such psychomimetic agents, extracted
from a variety of plants, as warfare agents. For instance, belladonna plants were used
for creating disorientation in the enemy troops byHannibal’s army in 184BC.Various
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Fig. 5 Chemical structures of LSD and BZ

psychomimetic agents containing the indole group were discovered during World
War II (WWII). Lysergic acid diethylamide (LSD) andmarijuana derivatives are some
of themwhich are relatively non-lethal incapacitating agents but can induce psychotic
effects in victims (Fig. 5). Apart from this, several other drugs of similar type were
investigated during the time by the United States Army for military purposes. These
include ketamine and phencyclidine which are known as dissociative drugs, other
psychedelic drugs like tetrahydrocannabinol (THC), potent opioids like fentanyl,
and many glycolate anticholinergics [41]. 3-quinuclidinyl benzilate is one of the
most important anticholinergic agents which were synthesized especially to be used
in warfare weapons on a large scale in the 1960s during which it even received the
NATOcode name “BZ” [42]. BZ shows such a high potencywhich is almost 25-times
that of atropine. Serious effects such as acute brain-related syndrome, associatedwith
delirium that can last for 2–3 days, may be caused due to the intake of even less than
1 mg of BZ.

Under the category of psychedelics, LSD has been the most popular, which has
attracted much attention and interest since the 1950s. LSD has been proved to induce
complete incapacitation with the intake of an oral dose as low as 2.5 µg/kg, causing
unpredictable behavior which is mainly due to emotions, intense thoughts, and
abnormal perceptions [43]. High dosages of LSD can even result in critical condi-
tions like visual and auditory hallucinations [44]. LSD toxicity is associated with
typical symptoms like dilation of the pupils, increase in blood pressure as well as
body temperature. Affected individuals are not even able to follow a simple sequence
of instructions given to them or pay concentration to a simple task. It was observed
from studies that administration of a minimal dose of <200 µg can even lead to
complete disorganization of well-trained simulated military units which makes it
efficient as warfare agents. LSD can also be used in aerosol form. Aerosol LSD has
an estimated ID50e of 6 µg/kg and has 50% incapacitation potential among exposed
individuals [45].
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3 Toxic Effects of CWAs

3.1 Nerve Agents

These agents directly attack the muscarinic and nicotinic receptors within the central
nervous system. They irreversibly inhibit the action of acetylcholinesterase (AChE),
an important enzyme responsible for the hydrolysis of acetylcholine (ACh), a neuro-
transmitter released at the nerve synapses, nerve-muscle, and nerve-gland junctions
[46, 47]. This results in the accumulation of ACh eventually causing overexcitation
or paralysis. Typical symptoms associated with poisoning like constriction of the
pupil, increased secretion of saliva, perspiration, running nose, urination, muscle
cramps, cardiac arrhythmias, bronchoconstriction, decrease in heart rate and blood
pressure start appearing immediately as the nerve agents enter the system. In most
critical conditions, respiratory muscles get paralyzed, inhibiting the basic function
of the respiratory center, finally resulting in death. An immediate death most likely
occurs in the case of high concentrations of the nerve agent.

3.2 Vesicants

Being lipophilic, mustards can easily penetrate the cellular membranes of skin, most
textiles, and rubber, where it gets converted to sulphonium ions, which are highly
reactive. It damages the DNA, RNA as well as proteins through irreversible alky-
lation, and ultimately the cell succumbs to death [48]. Lewisites show effects rela-
tively much faster; they get absorbed onto the skin almost ten times faster where they
directly bind to the sulfhydryl groups thereby inactivating them. As a result, imme-
diate pain along with irritation is felt in the affected organ subsequently followed by
more severe systematic symptoms.

On the other hand, mustards are normally characterized by a specific latent period
in the development of symptoms post-exposure [49]. The mode of exposure, envi-
ronmental conditions, and amount of exposure decides the severity of the symptoms
as well as the length of the latent period. Mustard, be in the gaseous or aerosol
form, directly attacks the skin, eyes, and the respiratory tract, followed by chemical
damage within 1–2 min of exposure. However, pain is felt only after 4–6 h. Mild
exposure causes erythema and swelling in the nose and larynx, even in the trachea
which may later lead to respiratory obstruction. In critical cases, even a mere bacte-
rial infection in the lungs may get developed into bronchopneumonia which is the
real reason behind death following mustard exposure. In severe cases, it may even
lead to leucopenia owing to bone marrow damage. Nausea, vomiting, diarrhea, and
pain are common symptoms of the consumption of foods or water containing liquid
mustard. There is even danger of vomiting and cardiac disorders only due to expo-
sure to the skin. Coagulation necrosis and sun burn-like erythema to vesicles are the
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major signs of skin injuries that later merge into blisters. The toxic effect on the eyes
includes conjunctivitis and may be as extreme as corneal opacification, ulceration,
and rupture.

3.3 Blood Agents

Cyanide, due to its high affinity for metal ions, readily binds with Fe3+ ions of
the cytochrome oxidase enzyme, on entering the biological system, depriving the
body tissues of oxygen, the most vital requirement. This eventually leads to death
due to respiratory failure. Mild dose exposure to HCN causes symptoms like
headache, giddiness, weakness, confusion, accompanied by nausea and vomiting
sometimes. Whereas, high levels of exposure cause serious symptoms such as diffi-
culty and pain in breathing, uncoordinated body movement, respiratory failure,
cardiac irregularities, and even coma leading to death [34, 35].

Phosgene is again a highly reactive chemical. On entering the body system, it
can combine with numerous functional groups such as –SH, –NH2, and –OH groups
present in many of the biological macromolecules, including enzymes, which are
vital for the normal functioning of the body. It causes acylation of various tissue
elements of the lungs that increases the permeability of the alveolar membrane ulti-
mately resulting in poisoning. This leads to pulmonary edema eventually causing
death. Low-dose inhalation causes breathing difficulty, bradycardia, and hypoten-
sion, increased salivation, nausea,micturition, etc. Exposure to higher concentrations
affects the vital lung functions that cause pulmonary edema, eventually followed by
death [51–53].

3.4 Riot-Control Agents

These agents first attack the eyes causing pain along with conjunctivitis, lachry-
mation, and blepharospasm, with symptoms being felt within 10–30 s [38]. A direct
chemical action on sensory receptors in skin andmucosa is considered as the possible
mechanism for the quick action of these agents. It probably involves an enzymatic
process dependent on nicotinamide adenine dinucleotide hydrogenase (NADH).

3.5 Psychomimetic Agents

The common symptoms that develop after ingestion of psychomimetic agents include
restlessness, dizziness, failure to obey orders, lack of body coordination, vomiting,
mouth dryness, increased body temperature, dilated pupils causing blurred vision,
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stammering, hallucinatory, and psychotic behavior like inappropriate reactions, irra-
tional fear, perceptual distortions, and phobias [43–45]. The sympathetic nervous
system, a part of the autonomic nervous system, is particularly stimulated by LSD
which is responsible for symptoms like dilated pupils, increased body temperature,
and a rise in the blood sugar level. LSD can also block serotonin, a hormone-like
substance that plays a key role in the propagation of impulses in various nerves.
Such a blockage disturbs the normal biochemistry of psychic functions. LSD is also
known to affect neurophysiologic functions related to dopamine activity. Following
ingestion or inhalation of psychedelics, clinical effects can start showing up as fast
as within 30 min or as long as 20 h.

4 Model CWA Simulants and Their Significance

As discussed in previous sections, real CWAs such as Sarin, Soman, and VX are
known for their extreme toxic and hazardous effects even at minimal doses. Hence,
handling these chemicals for investigation purposes is associated with major risks
and requires special care and permission to carry out in specific laboratories. In order
to minimize this risk, most of the research on CWAs is eventually carried out with
simulant molecules rather than the real CWAs. Model simulant CWAs are basically
functional analog molecules that can effectively mimic the real CWA molecules in
their chemical reactions, as a result of similarity in their chemical and physical prop-
erties. This makes it possible to carry out adsorption or degradation studies of real
CWAswith the help of these simulants with relatively lesser risk or danger of toxicity.
Even though a variety of simulants are developed and reported in the literature, identi-
fication of themost accurate simulant which can sufficiently mimic a particular CWA
is a challenging task. A simulant should desirably show similarity in various physico-
chemical properties, their behavior in the environment aswell as physiological effects
caused by the real CWAs [50]. As far as the fate of the real CWAs in the environ-
ment is concerned, several other properties such as bioavailability, volatility and ease
of hydrolysis also need to be analyzed properly [51]. Some of the common simu-
lants that can mimic reals CWAs are dimethyl 4-nitrophenyl phosphate (DMNP),
2-chloroethyl ethyl sulfide (CEES), p-nitrophenyl diphenyl phosphate (PNPDPP),
diisopropylfluorophosphate (DIFP), and diethyl chloro phosphonate (DCP), chem-
ical structures of which are shown in Fig. 6 The physiochemical properties of nerve
agents such as Soman, sulfur mustard, and VX are similar to those of OP pesticides
[52, 53]. Hence, DMNP, a popular pesticide consisting of a phosphate-ester bond,
is a suitable simulant that can adequately represent nerve agents particularly, the G-
series agents. On the other hand, DIFP and DCP can be suitable representatives for
the cholinesterase family that actually plays the role of inhibitors in organophosphate
pesticides [54]. Due to major similarities in the above-mentioned aspects with the
real CWAs, these model simulants are mainly employed for monitoring the catalytic
activity of a material in the hydrolysis, oxidation, or methanolysis of real nerve
agents.
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Fig. 6 Chemical structures of common model CWA simulants

5 Strategic Routes for Fabrication of MOFs for Effective
Sequestration of CWAs

Elucidating the mechanism of catalytic degradation of CWAs by MOFs requires
a clear knowledge of the structural properties of the MOFs as well as the target
material, i.e., CWAs. The morphology of the MOF surface and its surface area, pore
properties such as pore size, total pore volume, and most importantly the choice of
the metal, ligands and the organic linkers are some important structural aspects that
are required to be taken care of during the fabrication of anMOF for targeted catalytic
degradation of CWAs. The specific requirements related to the structure of the MOF
can be achieved through two possible approaches. The first is called the pre-synthesis
process; wherein, the MOF has to be fabricated keeping in mind the degradation
potential of the specific CWA. The second one comprises various post-synthetic
approaches through which the already existingMOF framework is modified with the
introduction of specific functional groups that may desirably alter the properties of
the MOF. It can be achieved either by the insertion of Bronsted groups such as metal
alkoxides into the existing frameworks, utilizationof the coordinatedor free or defect-
freemoieties of the parentMOF, or ion exchange of the original ligands withmultiple
ligands, increasing the acidic character of the original materials [55]. The important
strategic routes adopted in the structural modification MOFs for the annihilation of
CWAs through various reactions are discussed in the following sections.
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5.1 Tuning the Pore Properties and Surface Hydrophobicity

In order to capture the CWAs efficiently and for their subsequent degradation,
adequate knowledge is required on the various parameters which control their inter-
actions with the MOF. The recognition, as well as the interactions between theMOF,
and the CWAmolecules are mainly driven and monitored by the surface morphology
parameters that include the pore size, total pore volume, and surface hydrophobicity.
Hence, tuning these pore properties of the MOF during the synthesis is critical for
achieving the effective degradation of a specific CWA. For instance, morphology
analysis of [Zn4O(3,5-dimethyl-4-carboxy-pyrazolato)3], which is a Zn-MOF, shows
the presence of narrow window-like porous structures having diameters of 6 Å and a
pore volume of 47% [56]. Crystal structure of theMOFpossesses cubic Fm-3m space
group comprising of Zn4O6+ groups linked to the N-site of the ligand (N,N ′,O,O′-
exo-tetradentate 3,5-dimethyl-4-carboxy-pyrazolate) [56] (Fig. 7a). Such a struc-
ture imparts remarkable mechanical, thermal, and chemical stability to the MOF as
required for practical applications of selectively capturing harmful CWAs.Moreover,
kinetic diameters of the selected CWA simulants, i.e., DES and DIFP are quite close
to the pore size of this specificMOF. This makes it distinguishable andmore efficient
as a catalyst from other compounds with larger molecular diameters.

Another important property that is affected by the pore size is the gas–liquid
partitioning properties of different compounds. This can be explained on the basis
of Henry’s law constants, and the heat of adsorption values associated with different
CWAs (adsorbates).Another important parameter is the partition coefficients ofH2O-
CWA system which can be obtained through reverse gas chromatography exper-
iments [56]. The observed Henry’s law constant values for DES, DIFP, benzene,
cyclohexane, and water were 2850, 71.2, 1090, 0.07, and 0.26, respectively. Further
comparison of these results with other known MOFs such as molecular sieve active
carbon carboxen [Cu3(btc)2] led to the conclusion that the coordinatively unsatu-
rated metal sites are ineffective in capturing the MOFs. It gives insight into the fact

Fig. 7 Crystal structures of a [Zn4O(3,5-dimethyl-4-carboxy-pyrazolato)3] with segregated Zn4O-
(CO2)6 and Zn4O(pz)3 SBUs. b NH2-MIL-101(Al) (left) and NH2-MIL-53(Al) (right). Reprinted
with permission from Refs. [56, 59]
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that a wise and proper selection of metal and ligand pairs which will give a close
to accurate pore size, and preferably, a desired morphology in the resulting MOF is
paramount for the effective capturing and degradation of selective CWAs as well as
their simulants.

5.2 Partial Oxidation Approach

Conventional degradation techniques like methanolysis and hydrolysis are associ-
ated with certain technical drawbacks such as complicated experimental procedures,
extended reaction times, and above all, causes complete oxidation thereby generating
extremely toxic by-products. Some of them are even more toxic than the original
CWA. Hence, there have been continuous attempts to explore alternative approaches
to avoid or in the least, minimize the release of hazardous secondary products during
the degradation process especially in the complete oxidation of CWAs. One of the
effective ways is to restrict the degradation up to only partial oxidation. Toxic nerve
agents, like HD, can be subjected to partial oxidation via a photosensitizationmethod
using singlet oxygen (1O2), which can be generated, for instance, by using an organic
chromophore like pyrene. Pyrene as well as its analogs has a low energy triplet state
along with the possibility of an easy and efficient intersystem crossing between the
singlet and the triplet state making them good sources of 1O2. The best example is
MOF NU-1000 which is usually fabricated using Zr ions and 4,4′,4′′,4′′′-(pyrene-
1,3,6,8-tetrayl) tetrabenzoic acid (H4TBAPy) [57]. NU-1000 exists in the form of
3D channel-like structures, which are self-assembled, with diameters of 31 and 12 Å.
Such a typical morphology favors the diffusion of the CWAmolecules as well as the
degradation products throughout the MOF [58]. Furthermore, the accumulation of
the pyrene molecules on the MOF surface is minimized by the wider channel diam-
eter. This factor again enhances the generation of 1O2 [70, 71]. Unlike complete
oxidation, partial oxidation of NU-1000 MOF through photosensitization with UV
light-emitting diode (LED) forms bis(2-chloroethyl) sulfoxide (CEESO) which is
non-toxic.

5.3 Post-Synthetic Functionalization with Amine Groups

The amine groups present in the MOF structure can assist in improving the efficacy
of the MOF toward degradation of CWA simulants such as DIFP. Bromberg et al.
demonstrated the covalent attachment of amino-functional, aluminum-based MOF
particles to reactive adhesives, resulting in super-stable NH2-MIL-101(Al) and NH2-
MIL-53-AlMOFs, whose crystal structures are shown in Fig. 7b [59]. The deposition
of these adhesives can be performed on a variety of surfaces. It is followed by a further
covalent modification of the attached MOFs making use of a highly nucleophilic
alkylamino pyridine moiety like 4-methylaminopyridine (4-MAP). Attachment of
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such a nucleophile can facilitate the hydrolytic degradation of the CWA [64]. More-
over, 4-MAP has properties similar to common catalytic nucleophiles like dimethyl
aminopyridine (DMAP) [60, 61]. It is interesting to note that in the later step of
conjugation with the additional -NH2 group, 4-MAP selectively modifies only the
surface -NH2 groups and those within the porous structure. However, the rest of
the -NH2 groups are not affected and can interact freely with the isocyanate layers
present on the adhesives [59]. These amine-functionalized MOFs apparently cleave
the P-F bond through a nucleophilic attack on the phosphorous ions causing effi-
cient degradation of DIFP molecules. It is also suggested that the primary amino
groups present in the MOF can further be incorporated with other functionally active
moieties, including OP degrading enzymes, reactive polymers, polyoxometalates, or
organometallic catalysts which can give rise to efficient detoxifying materials for
various types of CWAs.

5.4 Inducing Lewis Acidity Through Missing-Linker Defect

The flexibility of tuning the Lewis acidity of MOFs makes these materials one of the
most advantageous for diverse applications. Zr-basedMOFs such as UiO-66 possess
Lewis acidic nature at the Zr4+ centers which act as favorable sites for the introduc-
tion of basic hydroxide residues. A typical post-synthetic approach adopted for the
effective capture, and subsequent degradation of CWA simulants is the insertion of
acidic and/or basic sites (e.g., metal alkoxide groups) and generation of missing-
linker defects which can further enhance the phosphotriesterase activity of UiO-66.
For example, the catalytic activity of defect-free UiO-66 as well as missing-linker
defect [Zr6O4(AcO)6(bdc)] [UiO66@AcO] was compared through the incorpora-
tion of Bronsted acidic sites in [Zr6O4(AcO)4(bdc)5(SO4H)2] ([UiO-66@SO4H])
[55] and lithium alkoxides in [Zr6O6(bdc)6(LiOtBu)0.3] ([UiO-66@LiOtBu]),
[Zr6O8(bdc)4(LiOtBu)0.3] ([UiO66@AcOLiOtBu]) and [Zr6O6(bdc)6(LiOEt)0.25]
([UiO66@LiOEt]) [62, 63]. The missing organic linker gives rise to unsaturated
coordination around the Zr6 nodes and is found to show an induced synergistic effect
due to the alkoxide basicity combined with the Lewis acidity of the metal centers that
eventually imparts an improved phosphotriesterase activity to UiO-66. This overall
enhances the degradation performance of UiO-66 toward diverse nerve agents.

6 MOFs as Catalysts for Detoxification of CWAs

6.1 Degradation of Simulants of Real CWAs

Treatment of CWAs involves taking care of major safety issues and their extreme
toxicity. Most of the time, direct investigation of the degradation profiles of toxic
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CWAs is extremely dangerous. Therefore, model CWA simulants are generally used
as clones for real CWAs for the analysis of the degradation performance of various
catalysts such as MOFs. Since these simulants have chemical structures very similar
to those of the real CWAs, they can significantly cut down the quantum of efforts
in carrying out a number of experiments with real dangerous CWAs, provided the
models are sufficiently accurate.

Degradation of DMNP

Among all MOFs, zirconium-based ones (Zr-MOFs), being known for their unique
properties such as extended structural stability, large surface area, tunable pore sizes
are most extensively used for the degradation of DMNP. The degradation efficiency
of various Zr-MOFs certainly depends on the functional groups present in the MOF
framework. For instance, the extent of basicity of the MOF influences the overall
catalytic performance. Peterson et al. found that among the isoreticular series of
Zr-MOFs each consisting of Zr (IV)-carboxylate cluster, e.g., UiO-66, UiO-67, and
UiO-66-NH2; the amine-containing framework, UiO-66-NH2, can exhibit higher
degradation capacity as compared to -OH functional group-containing MOFs (e.g.,
UiO-66 and UiO-67) [66]. This was evident from the degradation efficiency values
of 95, 96, and 98% obtained for UiO-66, UiO-67, and UiO-66-NH2, respectively,
within a duration of 1 h. The amine groups (-NH2) present in the chemical structure
ofUiO-66-NH2 enhance the basicity of theMOF as a catalyst, which in turn increases
the catalytic efficacy of the MOF toward DMNP. The pore aperture size of the MOF
relative to the kinetic diameter of DMNP also apparently plays an important role in
the degradation behavior of the MOF. UiO-67 has a pore dimension of 8–11.5 Å,
which is very close to the kinetic diameter (11 4.5 Å) of DMNP. As a result, UiO-
67 was found to be more efficient as a catalyst compared to UiO-66 with a pore
dimension of 6 Å [64, 65]. The nature of the solvent can also influence the catalytic
behavior as it affects the chemical stability of the MOFs [66]. The amino group in
the UiO-66-NH2 sometimes acts as an active electron-rich site instead of taking part
in hydrogen bonding with the guest molecules. In some specific solvents, similar
electronic transitions probably occur between the amino group of UiO-66-NH2 and
the solvent as was in the case with guest molecules. Such a phenomenon is favorable
for inducing stability in the MOF in presence of such solvents particularly. In order
to avoid the formation of aggregates of MOF particles in the reaction medium [67],
which happens commonly, there has been a recent trend of using these materials
in the form of a thin film immobilized or fixed on a functional surface. This can
minimize the matrix effect and proves convenient with more satisfactory results in
large-scale applications.

One of the recent studies by Xiong et al. demonstrated the synthesis of defective
UiO-66-NH2, possessing significantly large pore volume as well as surface area by
modulating the amounts of acetic acid added [68]. The acid modulation strategy
proves beneficial in a way that it results in increased pore space along with defects
in the resulting MOF. Consequently, a greatly enhanced performance is observed
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in the catalytic properties of such acid-modulated defective UiO-66-NH2 MOFs
toward the detoxification of CWA simulants. This is evident from the considerably
shortened half-life (0.76 min) of DMNP degradation. Figure 8 gives a description of
the synthesis route, their SEM images at varyingmagnifications, and characterization
parameters of defective UiO-66-NH2.

NU-1000 is another common Zr-based MOF used for the degradation of DMNP
that shows a much faster degradation attaining t1/2 in 15 min as compared to 25 min
for UiO-66 [69]. Pristine and dehydrated NU-1000 show degradation efficiencies of
80 and 100%, respectively, within 60 min of reaction time. Moreover, dehydrated
NU-1000 also exhibited much faster degradation relative to the pristine form. The

Fig. 8 a Pictorial representation for the synthesis of defectiveUiO-66-NH2. b SEM images, cXRD
plots, d thermogravimetric data and e pore properties of acetic acid-modulated UiO-66-NH2-x (x
= 0, 25, 50, 100, 150, 200). Reprinted with permission from Ref. [68]
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catalytic process is enhanced by hydrogen bond formation between DMNPmolecule
and the hydroxyl groups in the ligand terminals of NU-1000. Apart from hydrogen
bonding, electrostatic interactions between the P=O bond of DMNP and Zr of the
dehydrated NU-1000 were also observed [69]. Hence, it can favorably interact with
the DMNP molecules through direct coordination thereby resulting in enhanced
catalytic performance with a much shorter t1/2 value.

A smart composite material, (PA-6@TiO2@UiO-66/UiO-66-NH2/UiO-67), is
reported which is capable of 90% degradation of DMNP to p-nitro phenoxide. It was
obtained by coating polyamide-6 nanofiber (PA-6) with titanium dioxide (TiO2) via
atomic layer deposition (ALD)methodwhich is followed by incorporationwithMOF
materials. The later step was achieved using the solvothermal growth method [67].
A number of similar materials using different starting materials were synthesized
such as PA-6@TiO2@UiO-66, PA-6@TiO2@UiO-66-NH2, PA-6@TiO2@UiO-67,
PA-6@TiO2, and PA-6. Analysis of their degradation behavior showed t1/2 values of
135, 7.3, 7.4, 1170, and 3950 min, respectively, for the synthesized materials. These
findings revealed that the efficacy for these materials is enhanced as compared to
their pristine forms, which may be due to the amalgamation of PA with TiO2, whose
sheet-like structures have a strong capturing capability of CWAs. In fact, a combined
effect of PA-6@TiO2 on the Zr-MOF leads to superior catalytic performance. The
addition of oxygen atoms enhances the gap between the TiO2 sheets from 5.5 Å to
7.5 Å, which again favors the interactions with the CWAs whose kinetic diameter is
approximately 4.5 Å [64]. This leads to a better packing of host and guest molecules
thereby enhancing the degradation efficiency. Moreover, the matrix structure of PA-6
acts as an added factor in supporting the diffusion of CWAs into the porous structure
of MOF and TiO2 [67].

MOF-808 is a recently fabricated MOF with a much greater pore diameter of
4.8–18 Å [52, 70]. It is somewhat peculiar with respect to other Zr-based MOFs,
like UiO-66 and NU-1000 because MOF-808 has only six coordinated sites being
occupiedout of the available 12or 8 coordinated sites [71]. Solventmolecules initially
fill these vacant sites, which are easily replaceable by guest molecules like CWAs
[87]. Moreover, due to the presence of uncoordinated ligand molecules, the CWAs
can move freely and undergo interactions readily with the freely available metal
centers through crystal-to-crystal transformation [88]. Hence, MOF-808 proves to
be a superior catalyst for the degradation of DMNP causing 100% destruction within
a short span of 4 min of reaction time. The calculated turnover frequency (TOF) of
MOF-808 is above1.4, a value which is 10 times and 350 times those of UiO-66-NH2

and NU-1000-dehydrated, respectively [70].
The pH conditions of the solvent medium also play a notable role in the catalytic

activity ofMOFs towardDMNP.Abuffering reagent,N-ethylmorpholine is normally
used during the hydrolysis of these CWAs that is assumed to cause deprotonation of
water molecules and form acidic by-products such as HF [72]. In order to achieve
similar buffering action in solid form, Moon et al., via a post-synthetic pathway,
designed a solid catalyst by incorporating NU-1000 with polyethyleneimine (PEI)
[73]. This was observed to have degradation efficiency similar to that of N-ethyl
morpholine buffered NU-1000 material. The fabricated NU-1000/PEI (1.5 mmol of



Metal-Organic Frameworks (MOFs) as Versatile Detoxifiers … 473

NU-1000 per 0.003 mmol of PEI) showed a t1/2 value of 8 min in converting DMNP
into p-nitro phenoxide, a result which is similar to that of NU-1000 buffered with
N-ethyl morpholine (1.5 mmol of NU-1000 in 0.39 mmol of N-ethyl morpholine
solution).

Degradation of CEES

Among other methods, partial oxidation is the most preferably adopted as one for
the effective degradation of CEES. It can be carried out in the presence of specific
solvents or suitable sources of light for sensitization like UV light, which may be in
the form of light-emitting diodes (LEDs) using specially designed catalysts [74–77].
Zr-based MOFs again prove to be good catalysts for the purpose. However, certain
factors play a significant role in determining the rate of the degradation process such
as the presence of Lewis acid sites, basic alkoxide units, and the efficiency of the
ligands present in the MOF catalyst as well as the oxidizing agent and type of light
being used for sensitization. For example, UiO-66@LiOtBu, being incorporatedwith
metal alkoxide units, is found to show a much faster oxidative degradation of CEES
to 2-chloroethyl ethyl sulfoxide (CEESO) and is associated with a rate constant value
of 0.17min−1 and t1/2 of 3 min as compared to UiO-66 and UiO-66@SO4H [22]. The
presence of tert-Bu ion gives rise to an alkoxide basicity which works together with
the Lewis acidity due to the metal nodes which amounts to an induced synergistic
effect in UiO-66-LiOtBu. This is responsible for the faster oxidation rate in the
case of UiO-66@LiOtBu [22, 78]. On the other hand, the absence of such Lewis
acid sites in UiO-66 can cause accumulation of the by-products which prevents the
interaction between the MOF and CEES thereby resulting in a shielding effect [22].
This ultimately hinders the degradation process. In the case of UiO-66@SO4H, the
presence of only theLewis acid decreases the reaction pH, inducing a poisoning effect
that again retards the oxidation phenomenon. In an experimental attempt to justify the
poisoning effects by adding HCl to the MOFs, it was shown that UiO-66@LiOtBu
exhibited the least poisoning effects because of the basic alkoxide (tert-Bu) units
which take part in maintaining the pH of the reaction medium by neutralizing the
extra acidity produced by the added HCl. On the other hand, UiO-66 completely
loses its catalytic property with the addition of HCl [22]. This might bemost possibly
due to the structural collapse that results from the minimization of pore properties
of UiO-66 under highly acidic conditions.

Catalytic poisoning can be normally avoided using strong oxidizing agents like
hydrogen peroxide and tert-butyl hydro peroxide. However, the use of such strong
oxidants may lead to the generation of toxic sulfone by-products like 2-chloroethyl
ethyl sulfone (CEESO2) which are even more toxic than the parent material [79].
Photocatalytic oxidation that takes place in the presence of a suitable light source is
a good alternative that generates no harmful secondary by-product. The catalytically
active moiety in the MOF gets photosensitized by the light which generates 1O2
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species that acts as the catalyzing agent to convert CEES to CEESO [80]. Porphyrin-
based MOF, PCN-222/MOF-545, is a good photocatalyst for the oxidative degra-
dation of CEES. 1O2 can be generated under white, blue, and red LED light. The
type of light source used apparently plays a prominent role in deciding the degra-
dation kinetics. For instance, degradation of CEES using PCN-222/MOF-545 as a
photocatalyst, was observed to be the most efficient using blue light, achieving 100%
degradation within 25 min with a short t1/2 value of 13 min. In the presence of blue
light, �-�* photosensitized transitions take place in the porphyrin molecules of the
MOF, which can effectively energize the triplet oxygen to get promoted to 1O2; this
attributes to the enhanced performance of the MOF in blue light.

The ligand molecules in the MOF also play a significant role as photosensitizers
in the overall photocatalytic degradation process. Liu et al., in their study, made a
comparative analysis of the degradation behavior of NU-1000 MOF and separate
pyrene-based linker molecules toward the oxidation of CEES resulting in interesting
outcomes. The t1/2 values observed were 6.2 and 10.5 min, respectively, for the MOF
and the linker species [58]. The presence of the six coordinated Zr ions as well the
incorporationof the photosensitizer groups into theMOFstructure probably enhances
the oxidation reaction. The acceleration in the degradation process can be attributed
to the heterogeneity of the MOF surface which keeps the pyrenes separated from the
rigid MOF framework. This ultimately reduces the chances of deactivation through
aggregation or accumulation of the by-products. Hence, it is worthy to conclude
that the synergistic effect of both the ligand and metal nodes ultimately causes an
enhanced degradation of CEES, with a careful selection of suitable ligand so as to
achieve maximum 1O2 generation [58].

Degradation of DIFP

All the [UiO-66@X] materials, where X is a metal alkoxide, are found to be active
catalysts for the degradation of DIFP through hydrolysis, unlike the hydrophobic
MOF counterparts [81]. These materials have been proved to be even more effec-
tive than the “state-of-the-art” activated carbon Blcher-101408 [22]. Incorporation of
LiOtBu to UiO-66 results in a highly active, reusable heterogeneous catalyst, [UiO-
66@LiOtBu] that exhibits such a short half-life of 5 min with a TOF of 0.13 min−1,
and complete hydrolysis of the P-F bond is achieved in 30min. Almost similar results
are obtained for [UiO-66@LiOEt] also but with slower kinetics, i.e., a half-life of
30 min and TOF of 0.017 min−1 and complete degradation in 250 min. The differ-
ence in the hydrolysis rates may be due to the higher basicity of t-BuO compared to
that of EtO. These findings once again justify the strong synergistic effect resulting
from the alkoxide basicity (t-BuO, EtO, etc.) and Lewis’s acidity due to the pres-
ence of metal centers in the MOFs. Such an induced effect improves the phospho-
triesterase activity of UiO-66 to a great extent. Another intriguing observation is
that UiO-66 loses its catalytic activity after an approximate 75% degradation of
the DIFP, which is indicative of catalytic poisoning due to the accumulation of the
products. The catalytic poisoning was confirmed by adding equimolar quantities of
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various acids like methyl phosphonic acid or phosphoric acid which showed consid-
erable retardation in the catalytic performance of UiO-66. Probably, poisoning of
the active catalytic sites present on the surface of UiO-66 further followed by incor-
poration of -HSO4 active acidic sites on the surface of UiO-66 leads to a signifi-
cant loss of catalytic activity in UiO-66. In contrast, the catalytic performance of
[UiO66@LiOtBu] remains unaffected.

Some specific enzymes like organophosphorus acid anhydrolase (OPPA) are
known to be useful in the catalytic hydrolysis of bonds like P–F, P–O, PCN, and
P-S bonds [82] which are the common bonds targeted to be cleaved in many of
the CWAs and their simulants. Hence, immobilization of these enzymes by encap-
sulation on MOFs is also found to decrease the catalytic efficiency [83–85]. For
instance, immobilization of MOF PCN-128y with (OPPA) causes a slow interpar-
ticle mass transfer diffusion of the DIFP molecules into the MOF surface resulting
in much lower catalytic efficiency for OPPA@PCN-128y compared to free OPPA
[86]. Moreover, the enzyme encapsulation causes a significant shrinking of the pore
size resulting in a significant decrease in pore volumes from 0.19 to 0.14 cm3 g−1

(for the triangular channels) and 0.52–0.13 cm3 g−1 (for the hexagonal channels)
in PCN-128y. This restricts the intra-particle diffusion of DIFP in the MOF pores.
All these cumulatively bring about retardation in the overall catalytic performance
of the MOF. In fact, only micropores are available on the surface of the MOFs
for interaction with DIFP molecules after being immobilized by the enzyme [87].
Moreover, enzyme activity is usually affected by temperature; an increase in the acti-
vation temperature is found to be accompanied by an enhanced catalytic efficiency
of OPPA@PCN-128y.

Degradation of PNPDPP

PNPDPP can be degraded through methanolysis using MOFs such as UiO-66 [64]
and Al (III)-porphyrin containing MOFs [88, 89] as catalysts. A series of modularly
preparedmetalloporphyrin dimers is shown to catalyze the methanolysis of PNPDPP
with must higher rates as compared to the uncatalyzed reactions. The methanol-
ysis step induced by methoxide groups combined with activation by the Lewis acid
localized at MOF cavities can accelerate the degradation phenomenon of PNPDPP
up to 1300 times. According to a study by Tottel et al. wherein a porous organic
polymer (POP) was incorporated with an aluminum (III)-porphyrin associated with
axial ligands, it was observed that the removal of these ligands renders a great extent
of microporosity to the POP. These aluminum-porphyrin-blended organic polymers
are highly active and reusable catalysts that prove to be efficient in the methanol-
ysis of PNPDPP. Interestingly, the best catalytic performance could be achieved
through supercritical CO2 processing of the POP [88]. This technique, in contrary
to the conventional way of activation through heating, can potentially impart greater
pore size and pore volume to the POPs, which can significantly assist in enhancing
the substrate accessibility ultimately accelerating the degradation process. However,
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UiO-66 is comparatively found to show superior performance than these Al (III)-
porphyrin containing MOFs. UiO-66 shows a t1/2 value of 45–50 min with a much
faster initial rate of 5106 s−1 [64] compared to Al (III)-porphyrin containing MOFs
that shows 2–10 times slower rate kinetics. Again, the reason for this enhanced
degradation activity is probably the suitable pore diameter of UiO-66 (approx. 6 Å)
as compared to that of PNPDPP (approx. 4.5 Å), along with a relatively greater
surface area of 1450 m2 g−1. All these factors prove favorable for the degradation of
PNPDPP.

6.2 Degradation of Real Nerve Agents

CWAs are highly toxic to be handled in laboratories and investigation of the degra-
dation and toxicity profiles of such real CWAs actually require specific permissions
and special care and attention to carry out. This has put restrictions on the scope of
research in this field, in spite of its extreme importance. Due to this, only a limited
number of research has been performed so far on the removal of real CWAs either
through degradation or adsorption using MOFs or any other materials. However,
researchers have managed to carry out research and experiments making use of
specific MOFs in the degradation of some selected real nerve agents. Functionaliza-
tion of MOFs is usually followed as a general trend that is expected to bring about
effective degradation of most of the nerve agents; at the same time, it serves the
purpose of reducing the generation of toxic by-products [66, 67]. Certain parameters
such as the nature of the functional groups both in the MOF as well as the target
CWAs, pore size, and volume, and the morphology especially the mesoporosity of
the MOFs have been proved to play a key role in the degradation behavior. The
following sections give a description of the use of MOFs in the detoxification of
some common real CWAs.

Degradation of Sulfur Mustard

Partial oxidation is more commonly adopted for the degradation of sulfur mustard
because of the highly toxic end product sulfone being formed after complete oxida-
tion. The majority of the degradation mechanisms involve the generation of 1O2

which has the potential for selective and partial oxidation of HD. Liu et al. experi-
mented on NU-1000, a pyrene-based MOF which showed excellent photocatalytic
degradation efficiency toward real sulfur mustard as well as its simulant CEES [58].
Pyrene is one of the most commonly used organic chromophores which has attracted
much research attention and is extensively investigated owing to its alluring photo-
physical properties. As mentioned in Sect. 5.2, the presence of a triplet state with a
relatively low energy combined with the possibility of the occurrence of an efficient
and easy intersystem crossing between the two spin states in pyrene, and its deriva-
tives makes them best sources for the generation of singlet oxygen, 1O2 [90–92].
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NU-1000 MOF was irradiated with a light-emitting diode from a UV source that
successfully generated 1O2 which in turn attacks the CEES molecules leading to its
partial oxidation to non-toxic CEESO. This undergoes further elimination yielding
2-chloroethyl vinyl sulfoxide [58]. This method was found to be equally effective
when examined on real HD wherein, it undergoes successful oxidation to non-toxic
products. The process is not associated with the generation of any toxic by-product
like sulfones. Comparison of the degradation profiles of CEES and HD reveals that
the degradation of HD involves a much longer t1/2 value (33 min) than the partial
oxidation of CEES (6.2 min) [58]. A possible reason for such a huge difference
may be the higher solubility of CEES in methanol that accelerates the degradation
process, compared to the real CWA. CEES has a solubility of 1392 mg L−1 in water
that is much higher compared to HD, which is only 684 mg L−1 in water. This makes
the degradation mechanism through 1O2 highly effective.

Degradation of Soman

UiO-based MOF materials have been claimed to be extraordinarily effective cata-
lysts for the degradation of Soman nerve agents. UiO-66 andUiO-67 along with their
functionalized analogs have been examined for the degradation of Soman to pina-
colyl methyl phosphate [66]. The trends in the degradation profiles for Soman are
interesting when compared to those of its simulant, DMNP. Pristine UiO-66 exhib-
ited much better performance than its functionalized analogs toward degradation of
the real nerve agent. It is important to note that amino-functionalized analogs of
both MOFs such as UiO-66-NH2 and UiO-67-NH2 exhibit almost similar trends of
percentage conversion for degradation of Soman. A complete conversion of Soman
after 8 min was achieved for both the MOFs. On the contrary, in the case of degrada-
tion of DMNP, the amino-functionalized analog, UiO-66/67-NH2, showed a superior
degradation performance compared to the original MOF materials, i.e., UiO-66 and
UiO-67 [66]. A complete degradation of DMNP was achieved at 60, 4, 20, 12, and
9.5 min, respectively, with UiO-66, UiO-66-NH2, UiO-67, UiO-67-NH2, and UiO-
67-N(Me)2, respectively. Such a notable variation arises from the difference in the
specific bond through which hydrolysis takes place in Soman as well as DMNP.
Hydrolysis of Soman first initiates with the cleavage of the P–F bond while DMNP
with the P–O bond. The P-F bonds are relatively easier to cleave compared to P–O
bonds. The chemical structure of UiO-66 favors the cleavage of the P–F bond in
Soman; hence, it is a more efficient catalyst among the other selected MOFs. Indeed,
only a slight improvement is observed even with amine functionalization in UiO-66-
NH2. The increased pore size also acts as an added advantage in accelerating Soman
degradation. It is noteworthy that, unlike with the simulant DMNP, amine function-
alization apparently does not have much effect on the speed of degradation of Soman
as is evident from the half-life of UiO-67-NH2 which is only slightly longer than that
of UiO-67. The effect is much more pronounced in the case of its simulant, DMNP.
Results show 52 and 97% conversion of Soman to PMPA by UiO-66 and UiO-67,
respectively, which were achieved within a reaction time of 3.5 min. On the contrary,
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percentage conversions of 92 and 95%, respectively, within 3.5 min were observed
using UiO-67-NH2 and UiO-67-N(Me)2 [66]. Such a prominent difference in the
degradation performance toward degradation of Soman arises from the difference in
the pore parameters between UiO-66 and UiO-67.

As described in Sect. 6.1.1, MOF-functionalized nanofibers, PA-6@ TiO2@UiO-
67, synthesized by Zhao et al. [67] show ultra-fast degradation and excellent detox-
ifying capacity toward real nerve agent Soman (GD). The half-life of Soman degra-
dation by these nanofibers is as short as 2.3 min compared to 3 min and 3.7 min for
other UiO-66 analogs, namely PA-6@TiO2@UiO-66 and PA-6@ TiO2@UiO-66-
NH2, respectively [67]. A greater degradation efficiency was observed as compared
to the pristine UiO-66 as well as methyl incorporated analogs, for which larger pore
size is themajor contributing factor that allows a faster penetration of guestmolecules
into the catalyst [66, 67]. The catalytic efficiency of the MOFs can also be enhanced
through the detachment of the coordinated water molecules from the MOF frame-
work which in turn strengthens the interactions between the active metal nodes of
the MOF and the organophosphate sites of the nerve agent. For instance, pristine and
dehydrated NU-1000 exhibited such a prominent difference in their t1/2 values: 3 min
and 36min, respectively, toward the catalytic conversion of Soman [69].Mesoporous
channels of the MOF framework, significant Vander Waals interactions between the
linkers in the MOF framework and alkyl groups in Soman, along with the avail-
ability of eight coordinated nodes together attribute to the excellent hydrolysis of the
dehydrated forms.

NU-1000with PEI (linear-polyethyleneimine) buffer composite is also an efficient
catalyst for hydrolytic degradation of GD through the cleavage of the P-O bond
similarly in the case of DMNP. t1/2 value of 1.8 min is obtained which is much faster
as compared to 36 min for pristine NU-1000 and 3 min for dehydrated NU-1000
[69]. OPPA@PCN-128y is another MOF modified via a post-synthetic route which
was experimented for degradation of Soman [86]. A minimal amount of 3.75 mg of
OPPA@PCN-128y could effectively hydrolyze 3 mM of Soman, which implicates
almost 90% conversion in 60min at 25 °C. However, several milligrams of traditional
catalyzing materials are required to defluorinate a small quantity of GD.

Degradation of VX

Unlike HD and GD, the chemical structure of VX contains both P–O and P–S bonds
where hydrolysis can take place. This makes hydrolytic degradation of VX relatively
difficult. The hydrolysis is usually associated with two by-products, namely ethyl
methyl phosphonic acid (EMPA) and diisopropylamino ethyl mercaptan (DESH),
which is greatly influenced by the pH of the medium. As discussed in the above
sections, post-syntheticmodification through selective functionalization of theMOFs
proves to be an efficient method devised for enhancing the degradation efficiency of
the catalyst, without causing a significant disturbance in the existing parent frame-
work. For instance, De Coste et al. reported the treatment of Zr-based MOFs, UiO-
66, and UiO-66-NH2 with tetrafluoromethane (CF4) and hexafluoroethane (C2F6)
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plasmas, as a post-synthetic treatment [93]. This results in strong interactions between
theZr–Obonds of theMOFand thefluoride radicals generated by the perfluoro alkane
plasma which in turn accounts for the development of mesoporosity. A hierarchical
pore structure is finally obtained which permits the binding and subsequent diffusion
of the by-products, as well, onto the MOF surface away from the reaction medium.
This further expedites the degradation process as a whole. Thus, the post-synthetic
modulation of the pore parameters favorably leads to a reduction in the half-life from
653 min for UiO-66-NH2 to 257 min for P-UiO-66-NH2-CF4-60, which amounts to
almost 60% reduction. This causes considerable variation in the degradation perfor-
mance of VX. Moon et al. demonstrated the effect of amine functionalization of
UiO-67 through the synthesis of UiO-67-NH2 and UiO-67-N(Me)2 which again
proved to be significantly selective and effective catalysts for the hydrolysis of VX
[22]. In a medium of pH 10 buffered solution of N-ethyl morpholine, MOFs like
UiO-67, UiO-67-NH2, and UiO-67-N(Me)2 are observed to potentially hydrolyze
the P–S bond in VX with the generation of relatively less-toxic EMPA and DESH.
The hydrolysis efficacy of UiO-67-N(Me)2 for VX in the above condition is quite
high which is evident from such a small t1/2 of 1.8 min compared to other well-known
materials in the field. Most interestingly, the catalytic hydrolysis was also observed
to work well in the absence of buffer. NU-1000-dehydrated/PEI composite has also
been examined for the hydrolysis of VX [73] and was found to be able to break the
P–S bond within a t1/2 of 12.7 min reaching 80% conversion within only 60 min.
Apparently, a large number of amine groups is required for the hydrolysis of VX
that plays a key role in maintaining the appropriate pH required for the protonation
of the tertiary amine group that has a pKa value of 8.6 [94, 95]. The desired number
of amine groups can be manipulated again through a post-synthetic modification
strategy.

7 MOFs for Adsorption of CWAs

Besides degradation, adsorption can also prove to be one of the efficient techniques
for the removal and detoxification of CWAs from the environment. MOFs, owing to
their high porosity, large surface area, and tunable reactivity with plenty of functional
groups, are excellent adsorbents for such chemicals. Moreover, MOFs can be specif-
ically designed or tailored to impart a high adsorption capability of CWAs on their
surface permitting the degradation of these toxic chemicals into less or completely
non-toxic substances. Son et al. fabricated a series of hexanuclear Zr-based MOFs
namely MOF-808, NU-1008, MOF-525, NU-1200, UiO-66, and its modified forms
such as defective UiO-66 (UiO-66-defective), NU-1000 and its analogs like dehy-
drated NU-1000 (NU-1000-Dehyd), benzoic acid-capped NU-1000 (NU-1000-BA),
NU-901,whichwere analyzed for the adsorption ofGB, andCEES [96]. TheseMOFs
show considerable variations in parameters such as surface area, pore functionaliza-
tion, pore volume, connectivity of the SBU units, and nature of the open metal sites.
Careful observation of the CWA adsorbed on the surface of the MOFs series proved
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helpful in elucidating the influence of each parameter in trapping the CWAs. Large
surface areas and pore volumes along with extensive hydrogen-bonding interactions
result in a more facile diffusion of CWA molecules into the MOF and hence greater
access to the binding sites. This ultimately results in superior adsorption of both GB
and CEES by these MOFs. Compared to the rest of the above-mentioned MOFs,
UiO-66, defective UiO-66, andMOF-808 showed the highest reactivities toward GB
compared. This is attributed to the presence of a higher number of active sites on the
MOF surface per unit volume. Moreover, the SBU identity seems to predominantly
govern the behavior of CWA uptake. MOFs with aqua and/or hydroxyl functional
groups on the node exhibited a greater uptake capacity of GB and CEES, most likely
due to extensive hydrogen-bonding interactions. It was also evident that MOFs with
open metal sites (OMS) showed better uptake performance under dry conditions
while in moisture, the OMS interact more strongly with water, hence decreased
CWA loading. UiO-66, in spite of having relatively lower uptake capacity, exhibited
superior retention or lesser desorption of loaded GB, most probably due to its micro-
porosity. In the case of CEES, the highest retention capacity could be observed for
UiO-66 and NU-1000.

Asha et al., also investigated the adsorption behavior of NU-1000 and UiO-67
toward CWA simulants, CEES and DMNP, respectively, from an aqueous medium
[97]. The adsorption phenomenon is proved to follow pseudo-second-order kinetics
model with chemical interactions between the MOFs and the CWAs. 2-CEES
contains thioether and chloro groups which get involved in hydrogen-bonding inter-
actions with the Zr–OH groups present at the nodes of these MOFs, which is appar-
ently responsible for the chemical interactions. Additionally, the strong binding of
DMNP to theMOF is due to the strong interaction of the Zr nodes with the phosphate
groups in the DMNP. NU-1000 exhibited excellent adsorptive performance toward
2-CEES andDMNPwith high uptake capacities of 4.197 and 1.70mmol g−1, respec-
tively, and recyclability up to 3 cycles. On the other hand, UiO-67 showed compara-
tively poor results with an uptake of 4.0 and 0.90 mmol g−1 of 2-CEES and DMNP,
respectively.

The capture of harmful VOCs as well as model simulants of Sarin and mustard
gas was also examined by Montoro et al. using [Zn4(µ4-O)-(µ4-4-carboxy-3,5-
dimethyl-4-carboxy-pyrazolato)3], a Zr-based MOF, whose crystal structure resem-
bles that of a well-known MOF, [Zn4O(1,4-benzenedicarboxylato)3] system (MOF-
5) [56, 98]. In addition to its remarkable thermal, mechanical, and chemical integrity,
comparison of the capture performance of this MOF with well-known adsorbent
materials such as Cu3(btc)2] and carboxen (also referred to as molecular sieve
active carbon), leads to interesting conclusions. The unsaturated metal sites which
are the primary guest-binding sites are found to be relatively ineffective in the
capture of VOCs in ambient moisture conditions. Rather, the pore size and surface
hydrophobicity are considered to play a pivotal role in the VOC-MOF recognition
process.
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8 MOF-Modified Fabrics for CWA Adsorption

For easy applications of MOFs in the real world for degradation of CWAs, various
techniques have been adopted to incorporate various MOFs, like Zr-based and Cu-
based MOFs, into fabric form or textiles, which is made feasible at the minute
level through electrospinning [99]. Giannakoudakis et al. synthesized smart textiles
comprising of cotton, Cu-BTCMOF, and oxidized graphitic carbon nitride (g-C3N4-
ox) nanospheres which proved to be good nerve agent detoxifiers as well as colori-
metric detectors [100]. The deposition of MOFgCNox, a highly porous nanocom-
posite of Cu-BTC and g-C3N4-ox, onto cotton textiles results in a stable advanced
hybrid textile with an excellent photocatalytic degradation ability for dimethyl
chlorophosphite, a nerve gas simulant. The whole detoxification process is accompa-
nied by a distinct visible color changewhichmakes possible the selective detection of
CWAs and subsequent monitoring of their penetration into the protective layer. The
introduction of the visible light-sensitive g-C3N4 nanospheres into the MOF imparts
significant mesoporosity to the surface of the nanocomposite that results in a tremen-
dous increase in the surface reactivity.Moreover, the active phase is so well dispersed
on the matrix of the cotton textile which altogether leads to excellent adsorption of
not only the CWA simulant molecule but also its degradation products. The model
simulant of nerve agents can be oxidized to non-toxic compounds. Maya et al. devel-
oped advanced self-detoxifying adsorbents of CWAs taking advantage of improved
phosphotriesterase catalytic activity of lithium alkoxide doped Zr-MOFs which were
integrated into the surface of silk fibroin fibers [63]. The favorable air-permeation
properties of the textiles work together with the self-detoxifying properties of the
MOF material thereby resulting in superior smart fabrics. The performance of these
UiO-66 modified materials toward the degradation of common CWA simulants like
DIFP, DMMP, CEES, and diethyl sulfide (DES) was quite promising as compared
to other conventionally known materials including metal oxides, activated carbons,
and their composites and other known hydrophobic MOFs.

A mechanically strong, filtration efficient polyacrylonitrile (PAN) nanofibers
incorporated with PIM-1 fibers have also been fabricated. Subsequent amalgamation
with UiO-66-NH2 particles leads to further enhancement of the adsorption capacity
at the same time maintaining good mechanical strength, and breathability [101]. The
resulting PIM/PAN/MOF composite fiber mat is found to exhibit remarkable inte-
grated properties, which prove beneficial toward sequestration of CWA simulants.
A comparative analysis with a neat PIM-1 fiber mat reveals that PIM/PAN/MOF
composite shows more than 99% filtration efficiency, almost 70 times increased
tensile strength, a promisingly high water–vapor transmissibility rate of 1013 g/m2

with a large surface area of 574 m2/g. A schematic demonstration showing blocking
penetration of toxic vapor, aerosol, and liquid by this composite fiber mat is shown
in Fig. 9.
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Fig. 9 a Highly permeable and selective fiber mat preventing the penetration of toxic mate-
rials, b PIM-1 fiber web, c PIM/PAN fiber web with integrated PAN layers in PIM-1 matrix. d
PIM/PAN/MOF composite fiber web. Reprinted with permission from Ref. [101]

9 Conclusions and Future Aspects

In view of the prolonged hazardous effects of CWAs, devising innovative techniques
simultaneously with the exploration and design of sustainable materials for the elim-
ination of these toxic chemicals from the environment is of paramount importance.
However, it is a matter of grave concern that only a few institutions are able to carry
out research in this field, most likely due to the extreme toxicity associated with it as
well as lack of adequate safety measures. The limited number of literature in the field
is conclusive that MOFs, especially Zr-based MOFs, are potential candidates for the
capture and degradation of a wide range of CWAs including real CWAs such as GD,
HD, and VX as well as their model simulants. Specific fabrication strategies based
on pore dimensions and surface morphology, post-synthetic modifications, missing-
linker defects, etc. have been adopted for enhancing the degradation efficiency of the
MOFs. Hydrolysis, methanolysis, and partial oxidation being the common reactions
involved in the degradation process; it is generally observed that various parameters
like pore dimensions of the MOF relative to the kinetic diameter of the target CWA,
nature of the solvent medium and its pH, nature of the ligand units as well the func-
tional moieties present in the MOF play significant roles in the catalytic efficiency.
Apart from degradation, adsorption on MOF surfaces is also one of the simplest
techniques adopted for the removal of CWAs, which is favored by the highly porous
and large surface area of MOFs. In recent times, various smart textiles comprising
of natural/synthetic fabrics incorporated with MOFs have also been designed which
also prove to be potential detoxifiers for various CWAs. In spite of their superior
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removal performance, real-life applications of MOFs, on a large scale is still anony-
mous probably due to difficulties in achieving similar structural properties because of
the rigorous specific conditions being required. Hence, there is still scope for further
research and investigations in the field in terms of certain aspects such as simplifying
the fabrication routes, exploring ways for carrying out research on real CWAs with
minimum toxicity, and most importantly discoveringMOFs which are applicable for
multiple types of CWAs.
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Abbreviations

4-MAP Methylaminopyridine
ACh Acetyl choline
AchE Acetyl cholinesterase
ALD Atomic layer deposition
CEES 2-Chloroethyl ethyl sulfide
CEESO 2-Chloroethyl ethyl sulfoxide
CEESO2 2-Chloroethyl ethyl sulfone
CN 2-Chloroacetophenone
CR Dibenz (b,f)-1,43-oxazepine
CS 2-(2-Chlorobenzylidene) malononitrile
CWAs Chemical Warfare Agents
DCP Diethyl chloro phosphonate
DESH Diisopropylamino ethyl mercaptan
DIFP Diisopropylfluorophosphate
DMNP Dimethyl 4-nitrophenyl phosphate
EA-2192 S-[2(diisopropyla mino) ethyl]methyl phosphonic acid
EMPA Ethyl methyl phosphonic acid
GB Sarin
GD Soman
H4TBAPy 4,4′,4′′,4′′′-(Pyrene-1,3,6,8-tetrayl) tetrabenzoic acid
HD Sulfur mustard
HN1 Bis-(2-chloroethyl)-ethyl-amine
HN2 2-Chloroethyl)-methyl-amine
HN3 Tris-(2-chloroethyl)-amine
ID50 Lethal Dose 50
LED Light-emitting diode
LSD Lysergic acid diethylamide
MOFs Metal-organic Frameworks
NADH Nicotinamide adenine dinucleotide hydrogenase
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OMS Open metal sites
OP Organophosphorus
PA-6 Polyamide-6 nanofiber
PAN Polyacrylonitrile
PCN Porous coordination networks
PEI Polyethyleneimine
PFIB Perfluoro isobutylene
PIM Polymers of intrinsic microporosity
PMPA Pinacolyl methyl phosphonic acid
PNPDPP P-nitrophenyl diphenyl phosphate
POPs Porous organic polymers
SBUs Secondary building units
TA Tabun
THC Tetrahydrocannabinol
TOF Turn Over Frequency
VOCs Volatile Organic Compounds
VX S-{2-[Di(propan-2-yl) amino] ethyl} O-ethyl methylphosphonothioate
WW I World War I
WW II World War II
Zr-MOFs Zirconium-based Metal–Organic Frameworks
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Abstract Due to the vital importance of optically pure organic entities, asymmetric
catalysis always plays an extensive role in this asymmetric organic transformation.
In asymmetric synthesis, metal-organic frameworks (MOFs) have emerged as a
viable heterogeneous catalytic systems for asymmetric catalytic organic transfor-
mations due to their exclusive properties by way of crystalline highly porous struc-
ture, structural tunability, and specific catalytic sites. They also serve as a valuable
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platform for studying superficial mechanistic knowledge and designing catalysts.
This chapter provides an instant of CMOF advances for asymmetric catalysis. The
designs, compositions, and topologies of these porous coordinationmaterials, as well
as their catalytic performance, are addressed. This chapter is expected to shed light
on heterogeneous asymmetric catalysis using CMOFs and inspire future studies in
this interesting subject.

Keywords Asymmetric catalysis · Chiral MOFs · Organic transformation · Porous
materials

1 Introduction

Metal-organic frameworks have used one of the most important crystalline porous
materials in organic synthesis, material science, and industries because of their
remarkable applications in various areas such as separation of isomers, gas adsorp-
tion, intelligent sensors, catalysis, and many more [1–5]. In particular, MOFs have
been widely engaged as homogenous and heterogeneous catalysts for various asym-
metric reactions due to their local chiral environments, which may be produced by
exploiting optically active organic linkers or assembling helical shapes [6–8].

Chiral MOFs provide a possible opportunity, presumably utilizing heterogeneous
and homogeneous catalysts, such as those that are easily separated and handled [9–
11]. To design chiral MOFs, depending on the nature of coordinating ligands, metals,
synthesizing coordinating ligands always receive significant attention to determine
the properties of MOFs in terms of better stereocontrol, hydrolytic stability tolerance
in presence of acid and base, and utility as a catalyst toward asymmetric reaction
[12]. Every metal-organic framework must have at least these three essential compo-
nents for successful application in symmetric reaction: (1) stable porous structure,
(2) the existence of active catalytic centers in the inner region, and (3) the chiral
surrounding of the porous structure.MOFs providemore surface area andmore pros-
perous opportunities to modify their structure for catalytic design centers and chiral
restraints compared to different porous materials, e.g., zeolites. However, by default,
organic ligands are used as a chiral auxiliary that was synthesized using developed
synthetic protocols in organic synthesis. Metal cations or secondary building units
(SBUs) are worked as active catalytic sites in their respective MOFs.

Most of the enantiopure MOFs or complex metal-organic framework-based cata-
lysts have been synthesized via one of the following general methodologies that are
shown in Fig. 1.

In the chapter, the authors provide a concise overviewof the catalytic applicationof
chiral metal-organic frameworks (CMOFs) in various types of asymmetric reactions
all over the previous decade.
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Fig. 1 Representation of various synthetic routes for access of homochiral MOFs (picture taken
from [9]. © Copyright Elsevier 2021

2 Application of MOFs as Catalyst in Asymmetric
Reactions

Metal-organic frameworks, MOFs have emerged as a potential catalytic system
for several asymmetric organic reactions including asymmetric Aldol reaction,
Michael addition, Henry reaction, Cyanosilylation, asymmetric epoxide ring-
opening, cycloaddition, etc.

2.1 Chiral MOF Catalyzed Asymmetric Michael Addition

The Michael reaction, which is frequently employed in pharmaceutical and natural
product synthesis, is one of the most effective techniques for creating C–C bonds
[13, 14]. In recent years, significant progress has been made in the development
of homochiral MOF catalyst and their application in asymmetric Michael addition
reactions. Zhu and co-workers developed a range of newMOF-based organocatalyst
CDMILs by utilizing commonly available starting materials MIL-10 and a chiral
amine, (1R, 2R)-1,2-diphenylethylenediamine (Scheme 1). These catalysts showed
excellent catalytic reactivity in the asymmetric Michael addition [15]. Thus, using
this chiral heterogeneous catalyst, the asymmetric synthesis of (S)-warfarin with
significant enantioselectivity may be performed on a gram-scale (2.8 g) with high
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MOF- basedCDMIL-4 catalyst O O

OH

+ Ph

O

CDMIL-4
THF, 10 oC

O O

OH

Ph O

82% ee
> 99% ee after recrystallization

Scheme 1 MOF-basedCDMIL catalyzed asymmetricMichael addition reaction [15]. ©Copyright
RSC Publications 2012

yield (92%), making the synthetic technique an appealing alternative to conventional
methods.

Another, 8-connected zirconium and 2,5-thiophenedicarboxylate-based CMOFs,
DUT-67 via post-modification through solvent-assisted linker incorporation using L-
proline have demonstrated by Nguyen et. al. in Scheme 2 [16]. The resultant CMOF,
DUT-67, could serve as an effective heterogeneous catalyst for the asymmetric
Michael addition of trans-nitrostyrene to cyclohexanone with good to outstanding
yields (~96%) and enantioselectivity when compared to L-proline in homogenous
catalysis with lower ee, ~38%. Additionally, Zr-MOF has been recycled and reused
up to five steps without losing their catalytic activity and crystallinity and could be
easily separated from the products. As a result, chiral DUT-67-pro looks to be a
suitable catalyst in asymmetric Michael addition reaction of unmodified ketones.

NO2
+

O
DUT-67-proline

IPA/EtOH, 50 oC

NO2

O

94:6 dr (syn:anti)
38% ee (for syn)

DUT-67-proline

Scheme 2 DUT-67-pro-catalyzed asymmetric Michael addition of cyclohexanone to trans-
nitrostyrene. © Copyright ACS Publications 2018
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+
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R
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H

Ar2

ROHUTSA-32a
(10 mol%)

UTSA-32a

toluene, 50 oC

Yield: up to 91%
ee: up to 89%

Scheme 3 UTSA-32a catalyzed asymmetric ring-opening of meso-epoxide with aromatic amines
[20]. © Copyright RSC Publications 2013

2.2 Enantioselective Ring-Opening of Epoxides/aziridines
Using MOF Catalysts

Chiral epoxides and aziridines are prevalent structural motif that underwent an asym-
metric synthetic transformation to access other optically active functionalities [17].
Chiral MOFs have been used as heterogeneous catalysts for these reactions due
to their excellent catalytic activity, site-selectivity, and high enantiomeric excess.
Several asymmetric ring-openings (ARO) of epoxide with various nucleophiles have
been reported [18, 19]. Zhao and co-workers have reported a binaphthyl frame-
work based on a novel chiral catalyst viz., UTSA-32a. This homochiral catalyst was
produced via the solvothermal treatment of Zn(NO3)2.6H2O and chiral ligand H4L
at 110 °C in the co-solvent of DMA and EtOH for two days. Further, its catalytic
activity was investigated for the enantioselective ring-opening reaction [20]. This
catalyst is good and efficient for the enantioselective ring-opening reaction of meso-
epoxide with amines to deliver corresponding β-amino alcohol as a product in good
to excellent yields and up to 89% ee value (Scheme 3).

By employing (R)-2,2′dihydraxyl-1,10′-binaphthalene-5,5′-dicarboxylic acid as
chiral ligand, two homochiral metal-organic frameworks (MOFs) for examples, (R)-
CuMOF-1 and (R)-ZnMOF-1 have been reported byTanaka and fellow-workers [21].
This catalyst is efficiently employed in ARO reaction between meso-epoxide rings
with arylamines. The reaction provides better selectivity, good to excellent yields, and
high enantioselectivity of related products. Moreover, retention of catalytic activity
of these catalysts after use makes more efficient for this reaction (Scheme 4).

2.3 Chiral MOFs -Catalyzed Alkene Functionalization

Alkene functionalization catalyzed by chiral MOFs has emerged as a promising
platform for accessing a wide range of organic compounds with complex struc-
tural designs [22]. Several reactions have been well investigated using chiral metal-
organic framework catalysts, including asymmetric dihydroxylation, aziridination,
amination, hydroboration, and epoxidation. Lin and colleagues [23] employed chiral
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O

Ar1 Ar2

+

Ar NH2

Ar1

NHAr2

Ar

OH

(R) ZnMOF-4 (R) CuMOF-1

Scheme 4 (R)-CuMOF-1 or (R)-ZnMOF-4 catalyzedARO ofmeso-epoxide with aromatic amines
[21]. © Copyright RSC Publications 2018

MOFs catalyst generated from [Zn4(4-O)(O2CR)6], secondary building unit, and
Mn-(salen) derived dicarboxylic acid to demonstrate a sequential asymmetric epox-
idation of alkene followed via ring-opening to deliver the corresponding product
in good yield and excellent enantioselectivity (Scheme 5). This catalyst shows high
efficiency in synthesizing complex compounds with excellent regio- or stereo control
mode.

In 2017,Liu et al. [24] havedemonstrated a series ofZnMOFshaving chiral linkers
of metal-salen complexes (MLX) of metals including Cu, V Cr, Mn, Fe, and Co

R1 R2

∗ ∗

R1 R2

O

R1 R2

N3 OTMS

Scheme 5 MOFs-catalyzed sequential asymmetric epoxidation/ring-opening reaction [23]. ©
Copyright RSC Publications 2011



Chiral Metal-Organic Frameworks for Asymmetrical Catalysis 499

(Scheme 6a). This synthetic methodology can produce binary and ternary combina-
tions of MOFs by varying ratios of different metals in salen complexes, for example,
MOFs-1Cu, MOFs-1CuV, MOFs-1CuCr, MOFs-1CuFe, MOFs-1CuCo, MOFs-1CuMnCr,
MoFs-1CuMnCo revealing its catalytic activity (Scheme 6b). This binaryMOFs-CuMn
was an efficient heterogeneous catalyst for asymmetric epoxidation of 2,2-dimethyl-
2H-chromene using 2-tBuSO2PhIO and iodosyl mesitylene, respectively. Addi-
tionally, these catalysts are successfully employed for sequential epoxidation/ring-
opening reaction in the presence of various nucleophiles such as arylamines, thiols,
trimethylsilylazide, ether, and water to produce desired products in good yields with
excellent enantioselectivity (up to 99%) (Scheme 6c). These catalysts were reused
for at least 3–4 sequential catalytic reactions with a decrease of 1–2% conversion.

The Cui group developed a three-dimensional robust homochiral porous metal
− organic framework using chiral Cu(salen) ligand linked with chiral dicarboxylic
acid functionality (Scheme 7). This catalyst is an effective heterogeneous catalyst for

Scheme 6 a various M(salen) complexes; b MOFs catalysts with binary and trinary combination
of metal-salen complexes; c examples of MOFs-catalyzed asymmetric epoxidation/ring-opening
reactions [24]. © Copyright ACS Publications 2017
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R1
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R2 = Me
Cat. A (2.3 mol%)

CH3CN, rt, 12 h

CH3CN, rt, 12 h

R2 = H
Cat. A(2.3 mol%)

R1

Ts
N

R1

NHTs

CMOFs-1

Scheme 7 Aziridination and amination of alkene using chiral Cu(salen)-basedMOFs catalyst [25].
© Copyright ACS Publications 2016

olefins functionalization such as aziridination and allylic amination reactions. In addi-
tion, the catalyst remains more useful because of easy to separate from the product
and reusability for reaction. Furthermore, the chiral framework limit may result in
substrate size selectivity, increased catalytic activity, and product enantioselectivity
[25].

2.4 Asymmetric Dihydroxylation

Asymmetric dihydroxylation of alkene using a chiral metal-organic framework has
been demonstrated by Duan and his teammates [26]. They have synthesized two
asymmetric metal-organic frameworks,NiPYI using amaterial Ni2H[BW12O40] and
4,4-bipyridine with L-tert-butoxycarbonyl-2-(imidazole)-1-pyrrolidine (LBCIP) via
solvothermal reaction with 60% yield. The subsequent MOFs, (S)-NiPYI and (R)-
NiPYI, were employed as a catalyst to access asymmetric 1,2-diols with opposite
absolute configuration via asymmetric dihydroxylation of styrene derivatives along
with 15% H2O2 in good yield with excellent ee (up to 95%) (Scheme 8).
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Scheme 8 NiPYI-catalyzed asymmetric 1,2-Dihydroxylation [26]. © Copyright ACS Publications
2013

2.5 Chiral MOF Catalyzed Asymmetric Carbonyl-ene
Reactions

This is a chemical reaction between an alkene and allylic hydrogen in which
compound (enophiles) has multiple bonds, i.e., formation of new C–C σ-bond due
to 1,5-hydrogen shift and ene double bond migration. The reaction is also termed as
Alder-Ene reaction [27].

Kim, Jeong, and co-workers reported four types of Zn/Ti-based MOFs catalysts
that were employed as enantioselective catalysts in the asymmetric carbonyl ene-
reaction. During the reaction, the more stoichiometric quantity of Zn/(S)-KUMOF-1
catalyst is needed that confirms substrate size plays an important role for reaction defi-
ciency, on the other hand, Ti/(S)-KUMOF-1 catalyst performed a catalytic reaction
on the crystal surface (Scheme 9) [28].

H

O-H H

R

H

O

R

H

R = H,

Lewis acid
Catalyst

Scheme 9 KUMOF catalyzed asymmetric carbonyl-ene reactions [28]. © Copyright ACS Publi-
cations 2019
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2.6 Asymmetric Aldol Reaction Using MOF Catalyst

Aldol reactions are a well-known reaction for C–C bond formation in which β-
hydroxy aldehyde or β-hydroxy ketone is obtained as a product via reaction of enol or
enolate ion with carbonyl compounds [29]. Chiral MOF has been used as the catalyst
for asymmetric aldol reactions [30]. For example, Liu and groups reported a highly
porous MIL-101-PP1 MOF catalyst developed utilizing Lewis acid and co-catalyst
L-proline (Scheme 10). The aldol product was formed in 91% yield with excellent
diastereoselective and enantioselective (ee approximately 92%) when this catalyst
was applied in the asymmetric aldol reaction. Compared to heterogeneous and homo-
geneous catalysis, the asymmetric direct aldol synthesis showed high diastereo- and
enantioselectivities in this reaction [31].

Thediastereoselective aldol reactionwasperformedbetween4-nitrobenzaldehyde
and acyclic/cyclic ketones using a heterogenous Zr-based metal-organic frameworks
catalyst for examples,UiO-66, Zr-NDC, andUiO-67 that have been reported byVoort
and co-workers (Scheme 11) [32]. After screening various solvents, the catalyst UiO-
66 revealed better reactivity inDCMsolventwith 100%conversion, while the highest
diastereoselectivity was in methanol solvent. Furthermore, these modified Zr-MOFs
displayed excellent catalytic activity with diastereoselectivity in a lesser reaction
time.

Using the chiral (S)-5-[1-(tert-butoxycarbonyl)pyrrolidine-2-
carboxamido]isophthalic acid (IPA-L-Pro-BOC) and BTC ligands, Chen and

R
CHO

O OOH

R
MIL-101-PP1 (5 Mol%)

neat, rt
O

H2N

HO
O

CF3COO

MIL-101-PP1

mn
O O

+

Scheme 10 MIL-101-PP1-catalyzed asymmetric aldol reaction [31]. © Copyright RSC Publica-
tions 2018

CHO

O2N

O
UiO-66-LP-120

(20 mol%)
+

OOH

O2N
+

OOH

O2N
anti syn

Scheme 11 Asymmetric aldol reactions using zirconium-based MOFs, UiO-66-LP-120 catalyst
[32]. © Copyright RSC Publications 2018
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Scheme 12 a Synthesis of DCMOFs; b Asymmetric aldol reaction using DCMOFs as the
heterogeneous catalyst [33]. © Copyright ACS Publications 2021

groups developed a defective DCMOFs catalyst that showed good reactivity and
reusability for the aldol reaction at 25 °C (Scheme 12) [33].

2.7 Asymmetric Hydrosilation and Hydroboration
of Carbonyl Using Chiral MOFs

A series of chiral MOFs, L-val-UiO-FeCl, L-ala-UiO-FeCl, L-leu-UiO-FeCl, vol-
UiO-68-FeCl with naturally occurring asymmetric amino acids have been developed
byManna and co-workers (Scheme 13) [34, 35]. These catalysts provided high reac-
tivity and enantioselectivity (>99%) as compared to their homogenous control cata-
lyst when employed as a catalyst for the hydrosilylation and hydroboration reaction.
The developed Fe-basedMOF catalysts offered high turnover numbers (up to 10,000)
and better recyclability and reusability (>15 times) without loss of enantioselectivity.

2.8 Asymmetric Domino Reaction

A similar and highly stable porous chiral heterogenous MOFs, UiO-67 was reported
by Li and co-workers that modified by α,α-l-diaryl prolinol through immobilization
of a chiral prolinol side chain into 4,4′-biphenyldicarboxylic acid (Scheme 14). [36]
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Scheme 13 UiO-Fe-catalyzed asymmetric hydrosilylation and hydroboration of ketones [34, 35].
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Scheme 14 MOF catalyzed asymmetric domino reaction [36]. © Copyright Elsevier 2021

The UiO-67, used as a catalyst first time for asymmetric domino reaction, i.e., asym-
metric hydration/aldol/oxa-Diels–Alder cascade reaction with high yields (88%) and
exceptional enantioselectivity up to 80%.

2.9 Asymmetric Diels–Alder Reaction

Diels–Alder reactions are the most versatile tools in organic synthesis for carbon–
carbon bond formation [37]. In addition, the asymmetric variant of this reaction has
much-gained attention by using chiral MOF as a catalyst in recent years because
of capturing the reactants and assemble them in a controlled chiral region with
Lewis acidic metal sites. In this regard, Tanaka and co-workers [38] have reported
a chiral MOF synthesizing by solvothermal reaction between Cu(NO3)3.3H2O and
chiral ligand, (R)-2,2′-dihydroxy-1,1′-binaphthyl-4,4′-dibenzoic acid in the mixture
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Scheme 15 (R)-MOF catalyzed asymmetric domino reaction [38]. © Copyright RSC Publications
2016

of dimethylformamide and water (Scheme 15). This catalyst employed asymmetric
D.A. reaction to produce the [4+2] cycloadduct product in excellent yield and up to
75% ee, employing isoprene and N-alkyl substituent of maleimide as substrates. In
addition, the enantioselectivity of the product depends on the variation of length of
N-alkyl substituent of maleimide.

Liu, Cui and co-workers reported a more stereoselective chiral Cr-Salen-
functionalized MOF by heating of chiral Cr-Salen complex, cadmium iodide (CdI2)
and sodium acetate in the mixture of DMF and MeOH [39]. Screening of this cata-
lyst for various asymmetric [4+2] cycloaddition reactions showed high reactivity
and enantioselectivity (>99%) (Scheme 16). An advantageous feature of catalyst is
several times recyclability and reusability for the reaction without loss of catalytic
efficacy and enantioselectivity.

2.10 Homochiral MOF-Mediated Asymmetric
Cyanosilylation

Cyanosilylation reaction is one most studied nucleophilic addition reactions in
carbonyl compounds. Due to the remarkable properties of the metal-organic frame-
work, MOFs have been extensively used as a highly efficient heterogeneous cata-
lyst for cyanosilylation of various aldehyde or ketone with TMSCN. The silylated
cyanohydrins smoothly converted to various valuable organic compounds including
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Scheme 16 (Cr)-MOF catalyzed [4+2] cycloaddition reaction [39]. ©Copyright RSCPublications
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β-amino alcohol, cyanohydrins, etc. Cui and co-workers have reported an enan-
tiopure chiral MOF of BINOL ligand [40]. This MOF becomes the more efficient
and recyclable catalyst for asymmetric cyanation of aldehyde after exchanging one
proton of the dihydroxyl group for Li(I) ions. The synthetic usefulness of cyana-
tion was proven with 98% ee in the access of a nonselective adrenoceptor blocking
drug, (S)-bufuralol (Scheme 17a). Voort groups synthesized a vanadium–salen based
chiral Cd-bpdc MOF using (R,R)-1,2-cyclohexanediamino-N,N’-bis(3-tert-butyl-5-
(4-pyridyl)salicylidene) under solvothermal conditions (Scheme 17b). This MOF
has a high BET surface area of 574 m2g1 and is inherently microporous. Compared
to previous metallosalen-based MOFs, this framework has a greater CO2 uptake
capacity at 273 K and 1 bar. This chiral material was used for asymmetric cyanosi-
lylation of carbonyl compounds in the absence of solvent [41]. The catalyst is recy-
clable and reusable, and it performed well in terms of conversion and ee. Further,
Jiang and co-workers reported a porphyrin–salen-based chiral metal-organic frame-
work (ps-CMOF) that could serve as the heterogeneous catalyst for enantioselective
cyanosilylation of aldehydes and provide the silylated cyanohydrin product in good
yield with promising enantioselectivity. However, ketones showed poor reactivity
toward this catalytic system (Scheme 17c) [42].
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2.11 Asymmetric Henry Reaction

Henry reaction is oneof themost promising synthetic strategies for the construction of
carbon–carbon bond formation in organic chemistry. In literature, various homoge-
nous catalysts such as BINOL, Schiff bases, salen complex have been developed
for asymmetric Henry reaction [43]. Recently, chiral MOF has used an alternative
heterogeneous catalyst for this synthetic transformation. Ren, Jiang, and co-workers
have reported an enantiopure (homochiral) Cu(salen)-based MOF used as a hetero-
geneous catalyst for asymmetric Henry reaction (Scheme 18) [44]. The nitroaldol
product was obtained in good yield with excellent enantioselectivity as compared to a
homogenous catalyst. In the case of bulky aldehyde substrate, activity was decreased
with similar enantioselectivity. In addition, easy separation, and reusability for five
(05) following runs without loss of catalytic activity proved more efficient of this
developed MOF.

N
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tButBu COOH

COOH
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MOF-2MOF-1

R

O
+ NO2

Cu-MOF

R
NO2

OH

MeOH

>90% eeR = alkyl, aryl, het(aryl)

H

Scheme 18 CMOF-mediated asymmetric Henry reaction [44]. © Copyright ACS Publications
2018
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2.12 Asymmetric Friedel–Crafts Reactions

In recent years, homochiral MOFs emerged as an efficient catalyst for asymmetric
Friedel–Crafts reaction due to the presence of potential Lewis acid metal sites
with the chiral environment of ligands [45]. Liu et al. prepared Zr-MOF that effi-
ciently catalyzed enantioselective Friedel–Crafts (FC) reaction employing indole
and N-sulfonyl aldimines in asymmetric FC reaction in reasonable yields with good
to excellent enantioselectivity [46]. Later, three Mn-CMOFs that was synthesized
from 1,1-bihenol-phosphonocarboxylate ligands having 3,5- bis(trifluoromethyl)-,
bismethyl-, and bisfluoro-phenyl substituents at the 3,3-position [47]. Further, to
evaluate the catalytic efficiency of these MOFs, asymmetric Friedel–Crafts alkyla-
tionwas performed between various derivatives of indole and β, γ-unsaturated α-keto
esters. The catalyst was also efficient in the case when asymmetric F. C. alkylation
carried pyrrole with nitroalkene. The yield of corresponding products was good
to excellent with excellent enantioselectivity up to 97%. Moreover, these catalysts
showed outstanding recyclability and reusability of more than ten successive runs
without losing their catalytic efficiency (Scheme 19).
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Scheme 19 CMOF-mediated asymmetric Friedel–Crafts reaction [47]. © Copyright ACS Publi-
cations 2017
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2.13 Asymmetric Tandem Reactions

MOFs become a promising catalyst for asymmetric tandem reactions. Liu and
Cui and co-workers have demonstrated a couple of chiral crystalline porous Zr-
based MOFs, [Zr6O4(OH)8(H2O)4(L)2], was synthesized from enantiopure 4,4,6,6-
tetra(benzoate) and -tetra(2-naphthoate) ligands of 1,1-spirobiindane-7,7-phosphoric
acid in DMF and formic acid (scheme 20) [46]. These materials showed an effi-
cient catalytic system for condensation/cyclization reaction using aldehydes with 2-
aminobenzamide. These CMOF could also serve as a heterogeneous catalyst toward
three-component reactions. Three-component reactions between indole, aldehyde,
and para-toluene sulfonamide have furnished corresponding in good yields and in
good enantioselectivity.

3 Conclusion

Because optically pure organic entities are so essential, asymmetric catalysis, such as
asymmetric Michael addition, aldol reaction, Henry reaction, cyanosilation, asym-
metric epoxide ring-opening, and cycloaddition, plays a key role in this asymmetric
organic transition. MOFs have arisen as a potential catalytic system for asym-
metric catalytic organic transformations due to their exclusive properties, e.g., highly
regular crystalline porous structure, catalytic sites, specific properties, and structural
tunability. They also provide an excellent foundation for basic mechanistic under-
standing and catalyst design. This chapter is anticipated to emphasize heterogeneous
asymmetric catalysis utilizing chiral MOFs as well as stimulate more research in this
promising field.
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List of Abbreviations

CMOF Chiral metal-organic framework
F.C. alkylation Friedel Crafts alkylation
ARO Asymmetric Ring Opening
D.A. reactions Diels Alder reactions
TMSCN Trimethylsilyl cyanide
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Abstract Porous crystalline materials are also known as metal–organic frameworks
(MOFs) represents the ultimate chemical platform to the scientific community not
only because of their captivating topological features but also due to their remarkable
and wide range of beneficial applications such as magnetism, molecular recognition,
biomedicine, fluorescence, heterogeneous catalysis and particularly gas storage and
separation (Rani et al. in Cryst Growth Des 20:7141–7151, 2020 [1]; Kumar and
Das in Inorg Chem Front 4:202–233, 2017 [2]; Kumar and Gupta in Chem Soc Rev
42:9403–9453, 2013 [3]; Husain et al. in CrystEngComm 22:5980–5986, 2020 [4];
Kumar et al. in Inorg Chem Front 8:1334–1373, 2021 [5]; Fang et al. in Chem Soc
Rev 49:3638–3687, 2020 [6]; Ghasemzadeh et al. in Green Chem 22:7265–7300,
2020 [7]; Goetjen et al. in Chem. Commun 56:10,409–10,418, 2020 [8]; He et al.
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in Chem. Soc. Rev 43:5657–5678, 2014 [9]). The storage and separation of natural
gases particularly CH4 are some of the most demanding and challenging tasks for
the petrochemical industry. Natural gas (NG), whose main component is methane
(CH4) has been considered as an alternative energy resource for transportation fuel
because of its high abundance and relatively low CO2 emission (Makal et al. in
Chem Soc Rev 41:7761–7779, 2012 [10]). However, the current challenge with the
widespread use of CH4 is its low volumetric energy storage density. The storage and
transportation of CH4 require high-pressure compression (200–300 bar) which is
potentially risky and costly (Wen et al. in Chem Commun 56:13,117–13,120, 2020
[11]; Li et al. in Energy Environ Sci 8:2504–2511, 2015 [12]). Nevertheless, this
problem could be resolved using the adsorbent, which is employed to increase the
storage capacity as compared to a compressed gas tank (Makal et al. in ChemSocRev
41:7761–7779, 2012 [10]; Kundu et al. in Chem Mater 31:2842–2847, 2019 [13];
Wu et al. in J Phys Chem C 123:8550–8559, 2019 [14]). Therefore, adsorbed natural
gas systems will be better suited in terms of both cost and safety concerns. From
the past few decades, great efforts had been devoted to developing highly efficient,
cost-effective, stable, reusable as well as environment-friendly porous adsorbent
materials. Among all the porous adsorbent materials, MOFs are considered the most
promising storage adsorbents due to their tunable structure and high porosity (Li et al.
in Energy Environ Sci 8:2504–2511, 2015 [12]).MOFs have various advantages over
conventional adsorbent materials, such as high surface area, easily tunable pore size,
shape, and desired functionalities that suit CH4 storage (Zhang et al. in Chem Eur J
24:7866–7881, 2018 [15]).

Keywords Metal–organic frameworks · Methane storage · ANG adsorbent ·
Working and deliver capacity · Natural gas (NG)

1 Introduction

Owing to the rapid development of industrialization, consumption of fossil fuels such
as coal, diesel, petrol, and natural gases are rising enormously, therefore causing not
only challenges to the sustainability of oil reserves but also increasing serious envi-
ronmental and economic issues [16, 17]. Therefore, the development of alternate
resources for conventional petroleum-based transportation fuels is strongly encour-
aged [18]. Among the various clean energy fuels, hydrogen (H2) is considered the
most ideal cleaner energy source because of its pollution-free burning, high chemical
energy production, andwater being the only by-product [19]. In addition to hydrogen,
natural gas (comprising mainly 95%methane, CH4), is also considered an important
fuel because of its high research octane number (RON), relative abundance, high
thermal efficiency, and reasonably low CO2 emissions [20, 21].

However, the comparatively low volumetric energy storage density of natural
gas challenges its excessive use for the transportation of vehicles. To overcome
this issue, three main strategies have been established. In the first approach, liquefied
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natural gas (LNG)was usedwhereinCH4 is stored under cryogenic conditions,which
compresses CH4 to 0.16 vol % with an energy density of approximately 25 MJ L−1

compared to gaseousCH4. But themain disadvantage of this approach is to cool down
the whole storage tank to −162 °C, which raises the operational cost [22]. In the
second method compressed natural gas (CNG) is used, wherein CH4 is stored under
high-pressure of 200–250 bar in fuel tanks. Wherein, CH4 is compressed to 1 vol
% and therefore, increasing its energy density to 10 MJ L−1. However, this protocol
has a lot of limitations in respect of its design and development and is limited to few
countries like Europe, Asia, and South America due to its serious safety concerns
in transport and flammable nature. The third protocol also well-known as adsorbed
natural gas (ANG) comprises the utilization of porous adsorbent materials to store
the CH4 under much lower pressure compared to CNG [23].

Therefore, adsorption technology using porous materials offers a safer, simpler,
and cost-effective method for the storage of NG under ambient temperature and
pressure. In the past few decades, a wide range of porous materials such as zeolites,
activated carbon, porous silica, porous polymers, carbon nanotubes, covalent organic
frameworks (COFs), porous organic polymers (POPs), andMOFs have been explored
[10, 24]. Among these,MOFs are considered as the potential porousmaterials having
all features required to become a perfect candidate for ANG technology.MOFs are an
important class of crystalline nanoporous materials that are constructed from metal
ions/clusters connected bymultitopic organic ligands. Furthermore,MOFs offer high
surface area and porosity, tunable pore volume, open metal sites, and functionalized
as well as well-ordered pore surfaces [25]. These topological and tailored features
facilitate the host–guest interactions between MOFs and CH4 and make it a perfect
adsorbent material for the safe storage of CH4 [10, 15]

This chapter covers a comprehensive list of remarkable examples of MOFs that
have been used as porous adsorbent materials for the storage of CH4 and thus,
providing a perspective to the contemporary scientists to develop an alternative as
a replacement for conventional fuels and cope with the problem of sustainability of
oil reserves, economic and environmental issues.

2 Basic Terminology Used in CH4 Storage

2.1 Excess, Absolute and Total Adsorption

The basic term such as excess, absolute and total uptake has been widely used in
the literature during the determination of CH4 storage capacity from the adsorption
isotherms. Excess adsorption (nex) is defined as the amount of adsorbed gasmolecules
having interactions with the pore surface of the adsorbent [18]. Similarly, absolute
adsorption is defined as the sum of gas molecules exhibit interactions with the pore
surface of the adsorbent as well as those that do not have gas–solid interactions
however staying in the adsorbed region [26]. But, it is impossible to determine the
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adsorbed region experimentally, therefore, absolute adsorption cannot be provided
directly and thus, calculated using high-pressure CH4 adsorptionmeasurements [27].
Moreover, the term total uptake (ntot) is defined as the total amount of gas molecules
present inside a material’s pores and can be calculated using the following equation
[28].

ntot = nex + ρbulk(P, T ) × Vp,

where ρbulk is obtained from the NIST Refprop [29] and V p is generally determined
from a N2 adsorption isotherm at 77 K.

2.2 Gravimetric and Volumetric Capacity

The CH4 adsorption capacity is usually measured with the help of either gravimetric
or volumetric protocol [30]. In the gravimetric method, CH4 uptake is defined as
the mass of CH4 adsorbed per unit mass of adsorbents. On the other hand, in the
volumetric methodology uptake is defined as the volume of CH4 adsorbed under
standard pressure and temperature and divided by the volume of adsorbents. It is
important to mention that the volumetric capacity plays an important role compared
to the gravimetric capacity in the case of vehicular applications because passenger
vehicles have limited space for gas tanks. Therefore, in order to calculate volumetric
capacity, the density of adsorbent is required. Notably, for several tested MOFs the
ideal crystallographic density has been extensively used to calculate the maximum
possible volumetric uptake of CH4 [30]. Theoretically, the real packing density of a
particularMOFwould bemuch lower than its crystallographic density [31, 32]. Thus,
it is very important and essential to specify the types of density used to calculate the
volumetric capacity. As there are different types of density such as crystallographic,
bulk, wafer, and pellet are used to report the volumetric storage capacity [18].

2.3 Working Capacity or Deliverable Capacity

The working capacity which is also known as deliverable capacity is defined as the
amount of CH4 released from the porous adsorbent when the pressure is released
from high-pressure (usually 35 bar or 65 bar) to the lower service pressure which is
nearly 5.8 bar [9, 24, 33]. Notably, the working capacity of a particular MOF is more
important than their CH4 storage capacity in terms of their practical applicability,
as it governs the driving range of natural gas vehicles (NGVs) [18]. Moreover, the
working capacity of a specificMOF depends upon the choice of the upper adsorption
pressure (normally 35 and 65 bar) and lower working pressure which is generally in
between 5 and 10 bar. The working capacity is always less than the total CH4 storage
capacity. In order to improve the working capacity, it is necessary to increase the
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storage capacity at 35/65 bar and simultaneously decrease the amount of adsorbed
CH4 at 5/5.8 bar [9, 24]. Furthermore, the working capacity of particular adsorbents
toward the vehicular applications is directly related to the internal thermal effects
of the ANG storage system as well as adsorbents themselves. As it is well-known
that adsorption is exothermic, whereas desorption is an endothermic process [30],
a slight charge or discharge of CH4 on the adsorbent can cause a sudden rise or
drop in the temperature over the entire adsorbent bed, and thus, one can conclude
that all the aforementioned factors significantly decrease the working capacity of
adsorbents. Hence, to avoid this problem, one can choose the adsorbent having low
heat adsorption and high heat capacity.

3 CH4 Storage in MOFs

3.1 Requirements for MOFs as ANG Adsorbent

For the CH4 storage in ANG application, the employedMOF should not only possess
a high uptake capacity but more importantly, it must have a high delivery capacity
(working capacity). As it is the volumetric CH4 delivery capacity that determines
the driving range of an ANG vehicle, not the volumetric uptake capacity. In the
utilization of porous adsorbent material for the storage as well as the release of CH4,
the guest adsorption ability of the concerned adsorbent is mainly considered. Which
is defined as the difference between the storage capacity and amount of left CH4 in
adsorbent during desorption process at 35/65 and 5.8 bar pressure, respectively [15].
In this regard, the US department of energy (DOE) has set up some targets for the
onboard storage of H2 and CH4, and therefore, the MOFs must meet these targets to
become the best porous adsorbent materials. These target values for the H2 storage
are found to be, 5.5 wt % on a gravimetric basis and 40 g L−1 on the volumetric basis
at an operational temperature of −40 to 60 °C and a pressure of less than 100 bar.
On the other hand, the target values for the onboard CH4 storage are 0.5 g g−1 of
total gravimetric uptake capacity at 65 bar and 350 cm3 (STP) volumetric deliverable
capacity in between 5.8 and 65 bar at 298 K [25].

Based on the aforementioned target values set by DOE, USA, it is important to
exceed these parameters so that the low packing density of theMOFs can be compen-
sated as it directly affects the volumetric storage capacity [24]. Apart from the high
volumetric CH4 and working capacity, there are some other important parameters
that should be kept in mind while synthesizing a porous MOF material for ANG
applications:

1. The material must have high thermal, chemical as well as mechanical stability
because other than CH4, NG also contains some non-CH4 components like CO2,
H2S, H2O, and so on as an impurity. Sometimes, these impurities significantly
affect the metal–ligand coordination bonds and disrupt the structural integrity
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of the MOF material. However, to avoid this problem, the guard bed method-
ology can be used so that these non-CH4 impurities can be eliminated before
filling the storage tank while using the MOF material in the ANG application.
Despite its remarkable utility, the guard bed protocol not onlymakes the fuelling
system expensive but also complicates the fuelling system. Therefore, the devel-
opment of a chemically and thermally stable porous MOF material is necessary
to ensure its recyclability and reusability while using it in practical ANG appli-
cations. Furthermore, as mentioned in para 2.3 of this chapter that improvement
of the volumetric uptake capacity of MOFs is necessary, which could be accom-
plished by compressing the framework structure in order to reduce the number
of voids and improve the bulk density. However, the compression of MOFs can
seriously damage the structure of MOF and thus, its storage capacity. Hence,
high mechanical stability is also necessary for the concerned MOFs along with
their thermal stability to help them to be compressed at high-pressure without
destructing the structural integrity and gas adsorption ability.

2. MOF adsorbent material should have a low affinity toward the strongly
adsorbing species such as ethane, propane, and butane other components of
NG fuel. In addition, due to their larger size and high polarizability compare to
CH4, these components exhibit stronger binding affinity toward the adsorbent
resulted in a poor CH4 storage capacity.

3. The adsorbent should have low adsorption heat and high heat capacity.
4. The MOF adsorbent material should be easy to synthesize at an industrial scale

and must be cost-effective, wherein the design of the organic linkers plays a
crucial role. One of the main reasons for the high-cost synthesis of MOFs are
the multistep synthesis of the organic linkers [33]. Therefore, the synthesis of
organic linkers from easily available cheap substrates which are based on renew-
able sources is highly recommended. In addition, while designing a particular
MOF for gas sorption properties, the topology, pore surface area, and pore
volume should be considered as they are the main factors that directly relate to
the CH4 uptake capacity of a particular MOF [24].

3.2 Characterizations Required for MOFs to Investigate
Their CH4 Adsorption Capacity

The adsorption isotherm can give detailed information regarding adsorption capacity
and isosteric heat of adsorption, however, it does not trace the adsorption sites [15].
Therefore, to get in-depth knowledge about the host–guest interactions and CH4

storage capability of MOFs, several techniques such as single-crystal X-ray diffrac-
tion (SCXRD), neutron diffraction, powder X-ray diffraction (PXRD), solid-state
NMR, DFT calculations, and so on can be employed. Crystallographic and diffrac-
tion methods demonstrated a detailed analysis of the CH4 adsorption in MOFs [34].
Among all the investigated techniques neutron diffraction is found to be more useful
to identify the MOF adsorption sites. SCXRD is also an important characterization
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technique used to get detailed structural information of MOF material. Whereas,
PXRD technique is helpful to define the structural integrity of MOF material before
and after the adsorption of CH4 [35]. Besides, PXRD combined with Rietveld refine-
ment can also provide basic structural information of MOF. Solid-state NMR is a
sensitive technique that can help in the study of adsorbed guest molecules in the pore
along with their interactions with the host MOFs [36].

Calculation of isosteric heat of adsorption (Qst). To know the efficiency and
affinity of a particular MOF toward a specific gas, it is very important to calculate
the Qst value as it is an important indicator to designate the strength of interac-
tions between host (adsorbent) and guests (adsorbate) [36, 37]. In literature, the
following form of virial type expression is widely used to fit and calculate the total
CH4 adsorption from the concern isotherm data at 273 and 298 K.

lnP = lnN + 1/T
m∑

i=0

ai Ni +
n∑

i=0

bi Ni

where P = pressure in bar, N = amount of adsorbed CH4 in cm3 (STP) cm−3, T (K)
= temperature, ai and bi represent the virial coefficients. Whereas, m, n signifies =
number of coefficients required to effectively describe the isotherms. Finally, virial
coefficients (a0 through am) values have been used in the following expression to
estimate the Qst.

Qst = −R
m∑

i=0

ai Ni

Here, Qst is the coverage-dependent isosteric heat of adsorption and R is the
universal gas constant of 8.3147 J K−1 mol−1.

Notes Reports are also available in literature wherein, coverage-dependent Qst is
also calculated using the Clausius-Clapeyron equation [38].

Qst = RT 1T 2

T 2 − T 1
ln

P1

P2

where, R = molar gas constant (8.314 J/K/mol) and P and T stands for pressure and
temperature, respectively.

4 Design and Synthesis of MOFs for CH4 Storage

The design and construction of porous coordination polymers (PCPs) also known as
MOFs attracted considerable attention over the past few decades not only because
of their intriguing structural features but also due to their wide range of application
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in molecular recognition, drug delivery, shape- and size-selective heterogeneous
catalysis, particularly the sorption of greenhouse gases. In this regards, Kitagawa
and co-workers have published the very first report in 1997, wherein they have
prepared three porous framework containing materials with the common formula
{[M2(4,4′-bpy)3(NO3)4].(H2O)x}n (where M = Co, x = 2 (1a); Ni, x = 4 (1b), Zn,
x = 4 (1c) [39]. The single-crystal X-ray analysis revealed that 1a exhibits a unique
three-dimensional (3D) network architecture having the channelling cavities with
dimensions of about 3× 6 and 3× 3 Å, respectively along with the a and b axes. The
structure of 1b and 1c are determined with the help of PXRD analysis. These cavities
are filled with the lattice occluded water molecules having no binding interactions
with the crystal framework. Finally, the authors have employed 1a as CH4 sorption
material and noticed a low uptake with a value of 2.3 mmol per 1.0 g of anhydrous
material. Nevertheless, these findings opening the door to future researchers working
in the domain to develop new porous materials for sorption applications. Since then,
a lot of research has been conducted in this area and some of the porous MOFs have
shown remarkable CH4 sorption properties and conveyed amessage that the selection
of the organic linker played a crucial role in the sorption study. This chapter compiles
some of the recent examples of MOFs which are investigated for CH4 sorption
properties. These MOFs are categorically divided into two categories depending
upon the nature of the organic linker used in the synthesis of MOF architecture and
their structural diversity and adjustability; (i) rigid MOF, (ii) flexible MOF.

4.1 Rigid MOFs for CH4 Storage

The CH4 storage capacities of a particular MOF is affected by several factors
such as pore size and their distribution, selection of organic linker, open metal
sites, framework densities, and so on [40–44]. In 1999, Williams and co-workers
[45] prepared a chemically functionalized nanoporous framework material with
formula [Cu3(TMA)2(H2O)3]n (HKUST-1; 2a) (where TMA = benzene-1,3,5-
tricarboxylate) having well-defined 1 nm-size channels with fourfold symmetry.
Further, these nanochannels interconnect to provide a 3D-connected honeycomb
network having pores with large hexagonal-shaped windows. Their porosity was
measured based onN2 adsorption/desorption isothermand foundBrunauer–Emmett–
Teller (BET) surface area of 692.2 m2 g–1 along with the Langmuir surface area of
917.6 m2 g–1, and total pore volume 0.333 cm3 g–1. These findings not only provide
hope to future researchers but also laid down the first stone at the beginning of
the gas sorption study in the porous framework containing materials. Later on, in
2008 Kaskel and co-workers [31] examined (2a) along with Zn2(bdc)2dabco (2b),
and Cr3F(H2O)2O(bdc)3 (2c) MOFs toward the high-pressure CH4 adsorption and
observed the highest excess adsorption of 15.7 wt% at 303 K, whereas the effective
volumetric storage capacity was found to be 28 m3 m−3 at 150 bar.

In thrust of development of porous functional framework materials, in
the year 2015, Chen and co-workers [12] have reported three isoreticular
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NOTT-101 MOFs having the formulas; Cu2(L2)(ZJU-5; 3a), [Cu2L3(H2O)2]·
3DMF·5H2O (UTSA-75; 3b) and [Cu2L4(H2O)2]·5DMF ·3H2O (UTSA-76;
3c) where the phenyl ring of the linker L1 (see Chart 1 for details)
is replaced with pyridine, pyridazine, and pyrimidine groups. Furthermore,
the authors have also prepared three multivariate MOFs using a mixed
ligand approach and with the formulas; [Cu2(L1)0.8(L4)0.2(H2O)2]·4DMF·4H2O
(UTSA-77; 3d), [Cu2(L1)0.33(L4)0.67(H2O)2]·4DMF·5H2O (UTSA-78; 3e) and
[Cu2(L1)0.2(L4)0.8(H2O)2]·4DMF·4H2O (UTSA-79; 3f). These multivariate MOFs
contain different ratios of linkersH4L1–H4L4 [46–48]. Single-crystal X-ray analysis
revealed that theseMOFs comprisedof dinuclear paddlewheelCu2(COO)4 secondary
building units (SBUs) and concerned organic linkers, which are linked together to
construct 3D NbO-type structures. This framework structure contains two types of
cages; the first one is a cuboctahedral cage having a diameter of 10.2 Å, whereas,
second is a larger irregular cage of about 9.6 × 22.3 Å2. After the incorporation of
functional organic groups, the pore surfaces within these isoreticular MOFs become
slightly different. The BET surface area of all the MOFs was found to be in the range
of 2800–2880 m2g−1 (see Table 1 for details).

Finally, the authors have employed these MOFs toward the CH4 storage capac-
ities and the results were compared with NOTT-101 and observed the lowest total
volumetric CH4 capacity of 237 cm3 (STP) at 65 bar and RT in comparison to
other studied MOFs. Also, the incorporation of the pyridine ring into the frame-
work enhances the CH4 storage capacity of 3a to 249 cm3 (STP) cm−3 (Fig. 1).
Interestingly, the incorporation of pyridazine and pyrimidine functionalities into the
NOTT-101 enhances the CH4 storage capacity of 3b to 251 cm3 (STP) and 257 cm3

(STP) for 3c. Similarly, they have also calculated the CH4 storage working capacity
for 3a–3c and found 188 cm3 (STP) working capacity for 3a, which is higher than
NOTT-101 (181 cm3, STP). On the other hand, the functionalized MOFs 3b and 3c
exhibit 192 and 197 cm3 (STP) working capacity, respectively.

The authors sincerely investigated the reason for this enhanced uptake of CH4 and
argued that the enhanced CH4 storage mainly depends on the secondary adsorption
sites and general pore surface. It is observed that for functionalized MOF having
better secondary adsorption surfaces, the CH4 uptake at higher pressure would be
higher due to the enhanced Vander Walls interactions between CH4 molecules and
Lewis basic N sites of the organic linker. These outcomes were supported by compu-
tational analyses which indicated that the Lewis basic N sites and the freedom of
the functionalized organic linkers were the two main reasons for this remarkably
improved volumetric CH4 storage and working capacities. Thus, these findings open
a new door for contemporary research scientists to design new porous MOFs with
more improved CH4 storage as well as working capacity.

Later on, to improve the CH4 storage and working capacities, He and co-workers
[49] constructed a newNbO-typeMOFwith formula; [Cu2L5(H2O)2]·6DMF·2H2O]
(ZJNU-53; 4a) utilizing a new organic linker H4L5 obtained from the slight modi-
fication of linker H4L6 (see Chart 1 for details) employed to synthesize ZJNU-50
[50]. The aim of the employment of naphthalene ring in place of the benzene ring
in the spacer is to increase the CH4 uptake at high-pressure of 65 bar than that



526 P. Rani et al.



Metal–Organic Frameworks: Promising Materials for Methane Storage 527

�Chart 1 Ligands and co-ligands used in the preparation of diverse range of MOFs
discussed in this chapter. The abbreviation used to denote these organic linkers are
provided herewith, with their details, Ligands: H4L1 = [1,1′:4′,1′′-terphenyl]-3,3′′,5,5′′-
tetracarboxylic acid;H4L2 = 5,5′-(pyridine-2,5-diyl)diisophthalic acid;H4L3 = 5,5′-(pyridazine-
2,5-diyl)diisophthalic acid; H4L4 = 5,5′-(pyrimidine-2,5-diyl)diisophthalic acid; L5 = 5,5′-
(naphthalene-1,4-diyl-ethyne-1,2-diyl)diisophthalic acid; L6 = 5,5′-(benzene-1,4-diyl-ethyne-
1,2-diyl) diisophthalic acid; L7 = 5,5′-(naphthalene-1,5-diyl)diisophthalic acid; L8 = 5,5′-
(oxalylbis(azanediyl))diisophthalic acid; L9 = 5-(5-((3,5-dicarboxyphenyl)carbamoyl)pyridin-
2-yl)isophthalic acid; L10 = 1,3,5-tris(3′,5′-dicarboxy[1,1′-biphenyl]-4-yl)benzene; H4L11

= 4′,4′′′,4′′′′′-nitrilotris(([1,1′-biphenyl]-3,5-dicarboxylic acid; H4L12 = 5,5′,5′′-(benzene-
1,3,5-triyltris(anthracene-10,9-diyl))triisophthalic acid; H4L13 = 2,2′-Bis(trifluoromethyl)-4,4’-
biphenyldicarboxylic acid; L14 = 2′-Dihydroxy-1,1′-biphenyl-4,4′-dicarboxylic acid; L15

= 2,2′-Diamino-1,1′-biphenyl-4,4′-dicarboxylic acid; L16 = 2-amino-[1,1′-biphenyl]-4,4′-
dicarboxylic acid; L17 = [2,2′-bipyridine]-5,5′-dicarboxylic acid; L18 = 2-methyl-[1,1′-
biphenyl]-4,4′-dicarboxylic acid; L19 = Pd(H2bpydc)Cl2; L20 = 2, 5-dimethyl-[1,1′: 4′,1′
terphenyl]-4,4′′-dicarboxylic acid; L21 = 2′-methyl-[1,1′: 4′,1′ terphenyl]-4,4′′-dicarboxylic
acid; L22 = 2’-amino-[1,1′: 4′,1′ terphenyl]-4,4′′-dicarboxylic acid; L23 = 2, 5-difluoro-[1,1′:
4′,1′ terphenyl]-4,4′′-dicarboxylic acid; L24 = 2′-hydroxymethyl-[1,1′: 4′,1′ terphenyl]-4,4′′-
dicarboxylic acid; L25 = 2′-azidomethyl-[1,1′: 4′,1′ terphenyl]-4,4′′-dicarboxylic acid; L26 =
5,5′,5′′-Benzene-1,3 diylbis(2-isophthalate)-5-yl(1-ethynyl-2-isophthalate; L27 = 4,4′,4′′,4′′′-(1,3
phenylenebis(azanetriyl)) tetrabenzoate;H6L28 = 5,5′-([5,5′-bipyrimidine]-2,2′-diyl)diisophthalic
acid; L29 = 1,3,5-Benzenetricarboxylic acid; L30 = 4′-(5-(3,5-dicarboxyphenyl)pyrimidin-
2-yl)-[1,1′-biphenyl]-3,5-dicarboxylic acid; L31 = benzene-1,3,5-tri-β-acrylic acid; L32 =
4,4′,4′′-s-triazine-1,3,5-triyltri-p-aminobenzoic acid; L33 = 5,5′-(piperazine-1,4-diyl)diisophthalic
acid. Coligands: DABCO = 1,4-diazabicyclo[2.2.2]octane; salen = 5,5′-((1E,1′E)-(ethan-
1,2-diylbis(azanylylidene))bis(methanylylidene))bis(3-methylpyridine-4-ol); H2BDC = 1,4-
Benzene dicarboxylic acid; H2NDC = 2,4-Napthalene dicarboxylic acid; BDC-Me2 =
2,5-dimethylterephthalic acid; BDC-NO2 = 2-nitroterephthalic acid; H2EDB = 4,4′-
ethynylenedibenzoate; H2BPDC = 4,4′-biphenyldicarboxylate;

of low-pressure of 5 bar by reducing the pore size by allocating the large cavities
into smaller ones and augmenting the interactions between the methane molecules
and framework. Further, it is well-known fact that to attain the high CH4 delivering
capacity for a particular MOF, the CH4 uptake capacity should be simultaneously
enhanced and diminished at 65 and 5 bar, respectively. Single-crystal X-ray analysis
reveals that 4a exhibits an overall 3D non-interpenetrated 4,4-connected NbO-type
network with a Schläfli topological symbol of {64·82} [51, 52]. The 3D framework
architecture of 4a, contains two different types of nano-cages, associated by sharing
dinuclear paddlewheel SBUs, and ordered in an alternating manner running parallel
to crystallographic c-axis (Fig. 2a). The spherical cage has a diameter of 14 Å and
is comprised of 12 ligands and 6 SBUs, whereas the shuttle-shaped is composed of
six ligands and 12 SBUs. The shuttle-shaped cage in 4a was further categorized into
three cages owing to the naphthalene moiety directing inward as compared to MOF
ZJNU-50, thereby, enhancing the gas adsorption at higher pressure.

Finally, the authors sincerely utilized 4a for the CH4 sorption studies and noticed a
gravimetric CH4 uptake of 0.206 g g−1, equivalent to a volumetric uptake of 188 cm3

(STP) cm−3 at 35 bar and 298 K, which is quite better than DOE’s old target of
180 cm3 (STP) cm−3 for CH4 storage under identical conditions. Notably, at 65 bar,
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Table 1 A comprehensive list of MOFs showing the CH4 uptake at different working capacities
such as 35, 65 and 80 bar and 25 °C

MOFs BET
surface
area (m2

g−1)

Vp (g
cm−3)

CH4 adsorption at room
temperature and 35/65/80 bar
(cm3 cm−3)

Qsv(KJ
mol−1)

References

Total uptake
capacity
[cm3 (STP)
cm−3

CH4 working
capacity [cm3

(STP) cm−3

VNU-22 1030 0.41 132/155/NA 77/101/NA 16.5 [72]

Fe-NDC 1240 0.54 134/160/NA 83/108/NA 16.6 [72]

DUT-4 1308 0.68 122/167/NA 82/124/NA NA [72]

Ni-MOF-74 1350 0.51 228/251/267 106/129/152 NA [48]

VNU-21 1440 0.58 142/182/NA 102/140/153 15.7 [72]

DUT-5 1613 0.81 114/134/NA 94/114/NA NA [72]

LIFM-82 1624 0.71 196/246/271 143/193/218 17.5 [62]

LIFM-83 1715 0.72 192/241/265 140/189/213 16.59 [62]

HKUST-1 1850 0.78 227/267/277 150/190/200 17 [60]

PCN-14 2000 0.85 195/230/250 128/157/178 NA [55]

MAF-38 2022 0.808 226/263/273 150/187/197 21.6 ± 1.8 [92]

NJU-Bai 41 2370 0.92 204/245/NA NA/172/NA 17.77 [54]

MOF-519 2400 0.938 200/259/279 151/210/230 14.6 [93]

pbz-MOF-1 2415 0.99 140/192/210 110/162/180 NA [92]

MFM-132a 2466 1.06 162/201/213 109/150/162 NA [57]

NOTT-101a 2805 1.08 194/237/NA 138/181/NA NA [11]

UTSA-77 2807 1.08 202/249/NA 141/188/NA 15.04 [12]

UTSA-76 2820 1.092 211/257/NA 151/197/NA 15.44 [34]

ZJU-5 2829 1.08 201/249/NA 140/188/NA 14.15 [47]

NJU-Bai 42 2830 1.07 203/247/NA 141/193/NA 14.49 [54]

UTSA-75 2838 1.06 205/251/NA 146/192/NA 14.93 [12]

UTSA-78 2840 1.09 207/252/NA 146/191/NA 15.09 [12]

UTSA-79 2877 1.08 207/255/NA 145/193/NA 14.65 [12]

Co(bdp) 2911 1.02 161/203/NA 155/197/NA NA [94]

ZJNU-53 3034 1.084 188/241/NA 135/190/NA 15.02 [49]

NJU-Bai 43 3090 1.22 202/254/NA 146/198/NA 14.45 [54]

NU-125 3120 1.29 182/232/NA 133/183/NA 15.1 [41]

NU-800 3150 1.34 140/197/NA 110/167/NA 12.5 [95]

UTSA-110 3241 1.263 187/241/NA 136/190/NA NA [72]

UTSA-111 3252 1.229 NA/234/NA NA/183/NA 14.5 [11]

MOF-520 3290 1.277 162/215/231 125/178/194 13.6 [94]

(continued)
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Table 1 (continued)

MOFs BET
surface
area (m2

g−1)

Vp (g
cm−3)

CH4 adsorption at room
temperature and 35/65/80 bar
(cm3 cm−3)

Qsv(KJ
mol−1)

References

Total uptake
capacity
[cm3 (STP)
cm−3

CH4 working
capacity [cm3

(STP) cm−3

MOF-5 3320 1.38 126/188/NA 104/166/NA NA [72]

MOF-905-NO2 3380 1.29 132/185/NA 107/160/NA 10.7 [72]

MFM-115a 3394 1.38 186/238/256 138/191/208 NA [57]

MOF-950 3440 1.30 145/195/209 109/159/174 11.9 [23]

MOF-905 3490 1.34 145/206/228 120/181/203 11.7 [23]

MOF-905-Me2 3640 1.39 138/192/NA 111/165/NA 10.3 [72]

FDM-8 3643 1.54 NA/193/NA NA/167/NA 10.4 [11]

MFM-112a 3800 1.62 162/218/236 125/181/200 NA [57]

Cu-tbo-MOF-5 3971 1.12 151/199/216 110/158/175 20.4 [96]

PCN-66 4000 1.63 136/187/NA 101/152/NA 17.73 [65]

NU-140 4300 1.97 138/200/NA 108/170/NA 14 [97]

BUT-22 4380 2.01 NA/182/NA NA/152/NA 12.0 [11]

MOF-205 4460 2.16 120/183/NA 101/164/NA NA [72]

MOF-177 4500 1.89 122/NA/185 102/NA/185 NA [98]

MOF-210 6240 3.6 82/141/166 69/128/154 NA [98]

NU-111 4930 2.09 138/206/NA 111/179/NA 14.2 [60]

DUT-49 5476 2.91 112/176/NA 92/156/NA NA [99]

Al-soc-MOF-1 5585 2.3 122/197/222 101/176/201 11 [100]

NU-1501-Fe 7140 2.90 NA/168/NA NA/147/NA NA [62]

NU-1501-Al 7310 2.91 NA/163/NA NA/143/NA 9.7 [11]

the volumetric CH4 uptake stretched 241 cm3 (STP) cm−3, which is (Fig. 2b) almost
up to the DOE’s CH4 storage target of 263 cm3 (STP) cm−3 [53]. Under these
circumstances, the density of CH4 stored in the micropore was 0.2432 g cm−3,
corresponding to the density of compressed CH4 at 383 bar and 298 K. Apart from
the high CH4 storage capacities, 4a also displayed high CH4 deliverable capacities
(135 cm3 (STP) cm−3), from 35 to 5 bar at 298 K, which further increased to 190 cm3

(STP) cm−3 if 5 and 65 bar lower and upper-pressure limits, respectively. The authors
argue that this improved CH4 storage and working capacities of 4a might be due to
the presence of additional adsorption surface in the MOF 4a, by virtue of ligand
modification to generate the smaller pores and facilitates the interactions between
the framework and CH4 molecules.

In the year 2017, Bai and co-workers [54] have prepared a family of isomorphic
MOFs based upon PCN-14 MOF with formulas; [Cu2(L7)(H2O)2]n (NJU-Bai 41;
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Fig. 1 Excess (a) and total (b) high-pressure CH4 sorption isotherms of UTSA-75a at 273 K (red)
and 298 K (black). The filled and open symbols represent adsorption and desorption, respectively.
For comparison, data of pure CH4 gas stored in a high-pressure gas tank is represented as a black
line in (b). c Schematic structure of the organic ligands H4L1–H4L4 that serve as linkers in NOTT-
101; ZJU-5 (3a), UTSA-75, and UTSA-76, respectively. d Crystal structures packing of UTSA-75
displaying pores and cavity. Figure 1a, b are reproduced with the permission of Ref. [12]. Copyright
© 2015, the Royal Society of Chemistry.NoteOnly selected images for the CH4 sorption are shown
throughout the entire chapter for clarity and better understanding

Fig. 2 a Crystal packing displaying pores and cavity of ZJNU-53. b Total volumetric CH4 adsorp-
tion isotherms of ZJNU-53. c Schematic structure of the organic linker for ZJNU-53. Figure 2b is
reproduced with the permission of Ref. [49]. Copyright @ 2016 the Royal Society of Chemistry
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5a), [Cu2(L8)(H2O)2]n (NJU-Bai 42; 5b) and [Cu2(L9)(DMF)2]n (NJU-Bai 43; 5c)
(see Chart 1 for L7–L9). As it is well-known that PCN-14 is a member of MOF-505
family comprises of a shuttle-shaped cage (6, 10 and6Å) and a noble candidate for the
fine-tuning of pore size and exhibits BET surface area of 1753 m2/g, pore volume of
0.87 cm3/g and Qst of 30 kJ/mol. It also shows an absolute CH4 adsorption capacity
of 230 v/v, which is 28% higher than the DOE target (180 v/v) for CH4 storage
[55, 56]. Keeping these fascinating and remarkable results of MOF, PCN-14, and
in an effort to increase the diameter of shuttle-shaped cages, Bai groups replaced
the anthracene ring of PCN-14 with naphthalene ring and prepared 5a. Notably, 5a,
exhibits an improved diameter of 8, 12, and 8 Å. Further, to decrease the interactions
between the MOF frameworks with CH4 molecules, 5b was prepared by replacing
the naphthalene ring with a cylindrical oxamide group. The framework architecture
of 5b displays a partition-less shuttle-shaped cage (13× 27 Å). Further, authors have
also replaced a half of the oxamide moiety with pyridyl moiety to get the structure of
5c having a larger shuttle-shaped cage of 13 × 30 Å (Fig. 3a_c). Finally, the authors
have exploited all these MOFs toward CH4 sorption analysis along with MOF-505
andPCN-14. It was observed that the volumetricCH4 uptake capacity of 5a enhanced
to 245 cm3 (STP) compare to 230 cm3 (STP) of PCN-14, whereas working capacity
improved to 172 cm3 (STP) in comparison to PCN-14, 157 cm3 (STP).

The enhanced volumetric and working capacity of 5a can be accredited to the
larger pore sizewhich resulted in the efficient utilization of space.Moreover, installed
slender oxamide moieties in 5b created a hydrophilic cage with a large pore size and

Fig. 3 Crystal structures packingofNJU-Bai 41 (a),NJU-Bai 42 (b), andNJU-Bai 43 (c)displaying
pores and cavity. Excess volumetric CH4 adsorption isotherms of NJU-Bai 41 (d), NJU-Bai 42 (e),
and NJU-Bai 43 (f) at 273 K and 298 K. The inset of Fig. 2d–f shows the respective ligand chemical
structure from which the MOF has been constructed. Figure 2d–f is reproduced with the permission
of Ref. [54]. Copyright @ 2017 Wiley–VCH
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therefore decreased the CH4-framework interactions, resulted in high volumetric
uptake (247 cm3, STP) and working (193 cm3, STP) capacity. Similarly, 5c exhibited
the enhanced volumetric uptake capacity of 254 cm3 (STP) along with a volumetric
working capacity of 198 cm3 (STP). These results proved that the fine-tuning of pore
chemistry and structure can be an effective approach for boosting the volumetric
and gravimetric CH4 uptakes as well as working capacity. In addition, the effect
of temperature on the CH4 sorption was also studied and observed that the storage
working capacity of 5a decreased from 172 to 161 cm3 (STP), when the temperature
is decreased from 298 to 273 K at a pressure between 65 and 5 bar. In contrast to
5a, the volumetric uptake and working capacity of 5b do not alter. In the case of
5c, the working capacity increased from 198 cm3 (STP) to 205 cm3 (STP), which is
ascribed to the higher pore volumeand internal surface area. From the aforementioned
findings, it is almost clear that the fine-tuning of MOF-505 analogues decreased the
low-pressure CH4 uptake and increased the high-pressure CH4 uptake.

In the same year (2017), Schröder and co-workers [57] have
reported a set of three (3,24)-connected MOFs having the formulas;
[Cu3(L10)(H2O)3)]·8DMSO·15DMF·3H2O (MFM-112; 6a), [Cu3(L11)(H2O)3]·5
DMF ·10 H2O (MFM-115, 6b) and [Cu3(L12)(H2O)3]·9DMF (MFM-132; 6c) (see
Chart 1 for L10–L12). The authors functionalized the framework architecture of
newly synthesized MOFs 6a–6c by incorporating a central phenyl ring, a nitrogen
center at the core of the hexacarboxylate, and anthracene moiety, respectively. The
functionalization of the central part of the hexacarboxylate ligands provided the
different functionalities and pore geometries to the concerned MOF. Single-crystal
X-ray analysis revealed that these MOFs are isostructural with (3,24)-connected
network topology, wherein the isophthalate units of the hexacarboxylate ligands
bridged the [Cu2(O2CR)4] paddlewheels to create cuboctahedra, which are further
linked by the central triangular ligand core (Fig. 4a–c). In addition, the structure
of 6c displayed a [Cu24(isophthalate)24] cuboctahedron cage, constructed from
12 {Cu2} paddlewheels and 24 isophthalates linkers stemming from 24 different
(L10)6− units. The anthracene functionalization in 6c, offered a rich compilation
of metal-organic coordination cages of different sizes, geometry as well as pore
surface, therefore demonstrating a unique platform to the authors to study their
host-guest interactions.

Subsequently, MOFs 6a–6c were investigated for CH4 sorption and found that at
35 bar, 6a and 6b showed high total gravimetric uptakes of 322 and 304 cm3 (STP)
g−1, respectively, compared to those measured for the best behavingMOFs under the
same conditions [58–61]. In addition, 6b showed a high volumetric CH4 capacity
of 186 v/v at 35 bar and 298 K. In contrast, 6a exhibits a lower total volumetric
uptake of 162 v/v at 35 bar. Though, 6c shows lower total gravimetric CH4 uptake of
249 cm3 (STP) g−1 compare to 6a, however, exhibits the same volumetric uptake of
162 v/v at 35 bar and 298 K owing to its higher crystal density. At 80 bar, pressure,
6a and 6b exhibit a remarkable increase in their total CH4 adsorption capacities of
469 and 419 cm3 g−1, and volumetric uptakes of 256 and 236 v/v, respectively.

Under identical condition 6c displays a lower uptake of 213 v/v in comparison
to 6a and 6b, might be because of its lower surface area and pore volume. Further,
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Fig. 4 a–c Crystal packing displaying pores and cavity of MFM-115a, MFM-112a, and MFM-
132a, respectively. d High-pressure volumetric CH4 adsorption isotherms for MFM-115a, MFM-
112a, and MFM-132a in the pressure range 0–90 bar at 298 K. e Schematic structure of the organic
ligandsH6L8–H6L10 that serve as linkers forMFM-115a,MFM-112a, andMFM-132a, respectively.
Figure 4d is reproduced with the permission of Ref. [57], © 2017 American Chemical Society

authors have also investigated the deliverable CH4 capacities of 6a–6c and noticed
high deliverable capacities of 181 v/v and 191 v/v between 65 and 5 bar at 298 K
for that 6a and 6b, respectively. In addition, 6a and 6b also displayed a remarkably
high deliverable CH4 capacity of 200 and 208 v/v between 80 and 5 bar and at room
temperature. Compared to 6a and 6b, 6c exhibited lower deliverable CH4 capacities
of 150 and 162 v/v at 65 and 80 bar (to 5 bar), respectively. Finally, the Schröder
groups established an argument that the pore environment created by the rotation of
phenylene rings in organic linker affected significantly the CH4 sorption and might
be a controlling factor of the gas adsorption in host materials.

Su and co-workers [62] have adopted a new strategy called swing or multirole
strategy and prepared a multifunctional Zr-MOF (LIFM-28; 7a). The basic require-
ments for multirole MOF synthesis are (i) flexible functionalization with different
modules and (ii) easy alteration between different functional varieties. In this regard,
Su groups designated 7a as the parent framework and prepared a series of fully func-
tionalized MOFs LIFM-70 − 86 (7a–7q) by using linkers L13–25 (see Chart 1 for
details) and which are constructed by replacing the binding sites of the parent linker
L13. Single-crystal X-ray analysis of all the functionalized MOFs, 7a–7q reveals
their isomorphous structures, however having different functional units. Further, the
parent MOF 7a exhibits an 8-connected Zr6 cluster having four pairs of replace-
able H2O terminals along the crystallographic c-axis (A site) and a/b axis (B site)
and generated two types of pockets namely A and B (Fig. 5a_c) [62]. Moreover,
the authors have employed all these MOFs for a diverse range of applications. For
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Fig. 5 a–c Crystal packing displaying pores and cavity of LIFM-28np, LIFM-82, and LIFM-83,
respectively. d Schematic structure of the organic ligands that serve as linkers in respective MOFs.
e The total methane volumetric uptake of LIFM-28np, LIFM-82, and LIFM-83. The bulk density
of CH4 is represented as a black curve. Figure 5e is reproduced with the permission of Ref. [62], ©
2017 American Chemical Society

instance, MOFs 7 h and 7j were employed for CO2 sorption properties because of
the presence of amine groups in their framework architecture. Similarly, MOFs 7 m
and 7n were employed for CH4 sorption properties due to the presence of methyl
groups, which are supposed to favor the CH4 adsorption. MOFs 7f, 7 h, and 7j were
examined for fluorescence behavior and observed an enhancement in the fluorescent
compare to it was seen 7a. Whereas, MOF 7p was employed for click reaction by
the author.

It is important to mention that other aspects of applications of all these investi-
gated MOFs are beyond the scope of this chapter so let us briefly discuss the CH4

adsorption properties of MOFs 7 m and 7n. The CH4 adsorption data implied that
the total volumetric uptake capacity for 7m and 7nwas found to be 271 and 265 cm3

(STP) cm−3 at 80 bar, respectively. Whereas, CH4 working capacity for 7 m and 7n
was found to be 218 and 213 cm3 (STP) cm−3 at 5–80 bar and 298 K (Fig. 5e). These
sorption values appreciably surpassed the values noticed for the standard MOF like
HKUST-1 under similar conditions [23]. Finally, authors augured that these types of
reversible and dynamic processes of spacer installation and removal guarantee easy
multifunctional switching of 7a and provides the framework with different function-
alities for targeted applications, such as gas sorption and separation, catalysis, click
reaction, luminescence sensing, and extraordinary CH4 storage via the introduction
of different functional units.
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In the same year, Chen and co-workers [63] have synthesized a new ntt-typeMOF
UTSA-61 with the formula [Cu3L26(H2O)2·5]·xG (8a) (where G = non-coordinated
solvent molecules; see Chart 1 for L26). The MOF 8a was synthesized using a
solvothermal protocol and characterized by PXRD and Rietveld refinement using
the GSAS package [64]. The PXRD analysis revealed that the (L28)6− is coordinated
to six Cu2 paddlewheels wherein each Cu2 paddlewheel is further connected to four
linkers (Fig. 6a). Each Cu center displays a square-pyramidal geometry where the
axial positions are occupied by solvent molecules. Out of the four metal sites, two are
present on special positionswhich are involved in a -[Cu2(O2CR)4H2OCu2(O2CR)4]-
connection with their symmetry-related counterpart. The dendritic hexacarboxylate
linker L26 might support three cuboctahedral cages where two cuboctahedral cages
are placed next to each other. The 3D framework architecture of 8a consists of four
Cu2 paddlewheels and one large-[Cu2(O2CR)4H2O-Cu2(O2CR)4]- cluster, which are
connected with the help of (L26)6− linker. The overall framework of 8a is parallel to
other ntt-type frameworks and features three types of cages, (i) cuboctahedral cage
(cubOh), (ii) truncated tetrahedral cage (T-Td), and truncated octahedral cage (TOh).
The cubOh cage is constructed from 24 isophthalate units. The T-Td cage has four
(L26)6− linkers on the four hexagonal faces, whereas eight (L26)6− linkers lie on the
hexagonal surfaces of TOh cage.

Further, the author examined BET surface area and pore volume of 8a and
observed 2171 m2g−1 and 0.968 cm3g−1, respectively. The high surface area, as
well as the porosity, motivated them to exploit 8a toward the CH4 sorption studies
and obtained storage capacity of 194 cm3 (STP) cm−3 at 35 bar and 298 K, which
reached 224 cm3 (STP) cm−3 when pressure is increased to 65 bar (Fig. 6b). These
values are the highest among all the reported ntt-type MOFs [65–67]. Furthermore,
8a exhibits the gravimetric uptake values of 0.241 g g−1,which is larger thanHKUST-
1 (0.216 g g−1), Ni-MOF-74 (0.148 g g−1), PCN-14 (0.204 g g−1) and so on [18].
MOF 8a also displayed the working capacity of 176 cm3 (STP) cm−3 at 298 K,
which is comparable to the best ntt-type MOFs, such as NU-111 (179 cm3 (STP)

Fig. 6 a Crystal packing displaying pores and cavity of UTSA-61. b Total volumetric CH4 adsorp-
tion isotherms of UTSA-61 at 273 and 298 K. c Schematic structure of the organic linker for
UTSA-61. Figure 6b is reproduced with the permission of Ref. [63], © 2017 American Chemical
Society



536 P. Rani et al.

cm−3) [68] and NU-125 (183 cm3 (STP) cm−3) [41] and better than other reported
ntt-type MOFs (refer to reference 63 for details). The Chen groups further evaluated
theQst value for 8a and found to be 17.5 kJ mol−1 which is a little higher than that of
NU-111 (14.2 kJ mol−1) and NU-125 (15.1 kJ mol−1). This better Qst value for 8a
is primarily ascribed to the comparatively high concentration of open metal sites. In
addition, at 5 bar of pressure, 8a displayed volumetric CH4 uptake of 68 cm3 (STP)
cm−3 in comparison to NU-111 [27 cm3 (STP) cm−3] and NU-125 [50 cm3 (STP)
cm−3]. Finally, the authors have argued that when CH4 loading was increased, the
open metal sites as well as the cages are occupied by the CH4 molecules, resulted in
an increment of CH4

…CH4 interactions, which leads to increases in the Qst value at
higher concentration. Therefore, 8a can be considered as one of the best performing
ntt-type MOFs for CH4 storage.

Kaskel and co-workers [69] have also built a MOF with formula, {Cu4(L27)2}
(DUT-71; 9a) (see Chart 1 for L27), and later on functionalized it via post-
synthetic modification usingM(salen) [M=Cu, Ni, Pd] andDABCO [DABCO= 1,4-
diazabicyclo[2.2.2]octane]. The functionalization afforded a series of porous mate-
rials having a common formula, [M4(mpbatb)2(Cu(salen))0.5(DABCO)x] (where,
M=Cu {9b}, Ni {9c}, Pd {9d}) and collectively named as DUT-117(M) (Fig. 7).
The structure of parent MOF 9a, contains two types of cages having the diameter of
21.4× 11.0 Å (larger cage) and 22.7× 5.2 Å (smaller cage). Notably, the structure of
9a exhibits 76.2% solvent-accessible void per unit cell volume, however, the frame-
work broke down during the desolvation process. Therefore, Kaskel groups used
linear salen derivatives andDABCO as a cross-linker to stabilize the Cu-paddlewheel
structure of 9a. Besides, some other reasons also exist for the introduction of the
cross-linker in the framework of 9a; (i) to decrease the pore size, (ii) to generate
more surface area, (iii) installation of more open metal sites in structure and expedite
the metalation. Generally, two types of cross-linkers have been used by the author to
attain the maximum degree of cross-linking (i) salen derived metalloligand is used

Fig. 7 a Crystal structure of DUT-117(Cu). b Methane total adsorption isotherms (77 K) for
DUT-95 (circles),DUT-117(Cu) (triangles),DUT-117(Pd) (squares), andDUT-117(Ni) (diamonds).
Filled symbols represent adsorption; open symbols represent desorption points. c Schematic struc-
ture of the organic linker for DUT-117(M). Figure 7b is reproduced with the permission of Ref.
[69], © 2017 American Chemical Society
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to cross-link the larger pores, whereas (ii) DABCO is used to cross-link the smaller
pore.

The PXRD analysis revealed that 9b_d could be desolvated without losing its
structural integrity andporosity. PXRDstudieswere performedusingLeBail analysis
and observed that unit cell volume decreased up to 5% upon activation. The author
claimed that if the distance between the paddlewheels is less than 11.2Å, thematerial
is quite rigid against solvent removal. Whereas, longer Cu-Cu spacings induce some
flexibility in the framework architecture. Finally, Kaskel groups employed these
functionalizedMOFs 9b_d, toward the various gas adsorption such as H2 (at -196K),
CH4 (298K), and CO2 (between−78 to 25 °C).Moreover,MOFs 9b_d exhibits BET
surface area of 2637, 2939, and 2737 m2g−1, whereas, pore volume was found to be
1.04, 1.15, and 1.07 cm3 g−1, respectively. MOF 9a also contains pores, however,
their size is too large for the ideal storage of gases at moderate pressures. The author
successfully reduced the pore sizewith the help of the installation of pillaring ligands,
which resulted in an optimal value (Fig. 7b). Further, the incorporation of salen based
linker creates additional adsorption sites and metal centers in MOFs 9b_d. The CH4

adsorption isotherms of 9c exhibit the highest capacity up to 240 mg g−1 at 65 bar,
whereas 9b and 9d exhibited gravimetric uptake of 201 mg g−1 and 229 mg g−1,
respectively. Under identical conditions, 9b displays the volumetric uptake capacity
of 214 cm3 cm−3 at 65 bar with the working capacity of 171 cm3 cm−3. Though, 9b
and 9d offering additional metal sites, their working capacities are found to be lower
than that of DUT-95 (164 cm3 cm−3) [70].

As discussed above as well in literature several MOFs are known for their indi-
vidually high volumetric or high gravimetric CH4 uptake but only a few examples of
MOFs are available which simultaneously exhibit high gravimetric as well as volu-
metric CH4 uptake. In this regard, in 2018 Chen and co-workers [71] synthesized a
new MOF with the formula, [Cu2(L28)(H2O)2]n, (UTSA-110; 10) (see Chart 1 for
L28) using the solvothermal protocol. The ligand L28 utilized for the preparation
of 10 consists of N-functional sites and therefore, it is expected that the resulted
10 would have high gravimetric and volumetric uptake. Single-crystal X-ray anal-
ysis revealed that 10 is isoreticular to MOF, NOTT-102 and comprises of a dinuclear
paddlewheel Cu2(COO)4 SBUs connected by the Ocarboxylateof linker (L27)4− to build
3D NbO-type structures (Fig. 8a). The framework architecture of 10 exhibits two
types of cages; the first one is a cuboctahedral cage having a dimension of about
10.5 × 14.7 Å2, whereas, the second one is a large irregular elongated cage with the
dimension of≈ 9.6× 28.6 Å2. Notably, due to the larger size of the linker the size of
the cages in 10 are much larger than the NOTT-101 (11.2 and 20.6 Å) along a partic-
ular crystallographic axis. Finally, the Chen groups exploited the activated sample of
10 (noted as UTSA-110a; 10a, hereafter) toward the sorption studies and observed
3241 m2/g BET surface area and 1.263 cm3/g pore volume. These significant results
provide the advantage to the author to record the CH4 adsorption isotherms of 10a.
The activated sample of MOF 10a shows one of the highest gravimetric uptakes of
about 402 cm3 (STP) g−1 at 65 bar and 298 K (Fig. 8b). Whereas, exhibits total volu-
metric uptake of 241 cm3 (STP) cm−3 at RT and 65 bar with a working capacity of
190 cm3 (STP) cm−3. The authors argued that these results are quite better than that
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Fig. 8 a Crystal packing displaying pores and cavity of UTSA-112a. b Total volumetric CH4
adsorption isotherms of UTSA-112a. c Schematic structure of the organic linker for UTSA-112a.
Figure 8b is reproduced with the permission of Ref. [71], © 2018 WILEY–VCH Verlag GmbH &
Co. KGaA, Weinheim

of NOTT-102, therefore, indicating that newly installed functional N sitesmight have
a positive response toward CH4 storage capacities. Further, the volumetric working
capacity of 190 cm3 (STP) cm−3 shown by the 10a is the highest so far described for
robust MOFs and thus, opens the door for contemporary researchers to develop new
MOFs having higher gravimetric/volumetric working capacities simultaneously.

Later on, Tu and co-workers [72] have reported three iron-based
MOFs with formulas; [Fe3(L29)(EDB)2·12.27H2O] (VNU-21; 11a)
[73], and {[Fe3(L29)(BPDC)2]·11.97H2O} (VNU-22; 11b) [74] and
{[Fe3O(NDC)2SO4(HCO2)(H2O)2]·0.6H2O} (Fe-NDC; 11c) (see Chart 1 for
linkersL29, EDB2−, BPDC2– and NDC2− details). Both 11a and 11b are constructed
by adapting the mixed linker strategy, in which the sinusoidal [Fe3(CO2)7]∞
iron-rod SBUs were linked through the tritopic (L29)3– and ditopic EDB2 –linkers
and exhibits rectangular channels of 7 × 12.4 and 6.8 × 8.7 Å2, respectively.
Whereas, the framework of 11c consists of new [Fe3O(CO2)5(SO4)(H2O)2]∞ rod
SBUs sewed by the ditopic NDC2– linkers to build the 3D architecture decorated by
channels of dimension 9× 9 Å2 along Oz axis (Fig. 9a–c). Further, theseMOFs were
investigated for CH4 sorption and observed that 11b and 11c exhibits volumetric
uptakes of 155/160 cm3 (STP) cm−3 at 65 bar and 164/167 cm3 (STP) cm−3 at
80 bar, respectively. Whereas, 11a shows poor CH4 uptake compare to 11c and 11b
at pressures below 20 bar (Fig. 9e). Notably, the authors have observed a significant
improvement after increasing the pressure and obtained a value of 142, 182, and
194 cm3 (STP) cm−3 at 35, 65, and 80 bar. The values at 65 and 80 bar are not
only better than those of 11b and 11c, but also higher than that of the traditional
MOFs with large 1D channels, for instance, DUT-4 (164 cm3 (STP) cm−3) and
DUT-5 (134 cm3 (STP) cm−3) [75]. The quite better performance of 11a over 11b,
11c, and standard MOFs can be attributed to its narrow channels (7.0 × 12.4 Å2),
which provide a perfect fitting space to pack the CH4 molecules with strong binding
energy.

In continuation of the development of MOFs having both high volumetric and
gravimetric uptake capacities, very recently, Chen and co-workers [11] synthesized
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Fig. 9 a–c Crystal packing displaying pores and cavity of VNU-1, VNU-2, and Fe-NDC, respec-
tively. d Schematic structure of the organic ligands that serve as linkers. e The total methane volu-
metric uptake of VNU-21 (red), VNU-22 (blue), and Fe-NDC (green). The bulk density of methane
is represented as a black curve. Figure 9e is reproduced with the permission of Ref. [72], © the
Partner Organisations 2019

a newMOF with formula, [Cu2(L30)(H2O)2]n (UTSA-111; 12) (see Chart 1 for L30)
by incorporating a pyrimidine ring into the organic linker of MOF NOTT-101 and
extended the linker with functional N sites [12]. A Single-crystal X-ray diffraction
analysis revealed that the framework of 12 comprised of dinuclear paddlewheel
Cu2(COO)4 SBUs linked by the Ocarboxylates of the linker (L30)4− to form 3D NbO-
type structure (Fig. 10a). The framework architecture of 12 features one cuboctahe-
dral cage having a dimension of about 10.5 × 14.7 Å2 and another large irregular

Fig. 10 a Crystal packing displaying pores and cavity of UTSA-111a. b Total volumetric CH4
adsorption isotherms of UTSA-111a. c Schematic structure of the organic linker for UTSA-111a.
Figure 10b is reproduced with the permission of Ref. [11], © The Royal Society of Chemistry 2020
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elongated cage of nearly 9.6 × 28.6 Å2. The incorporation of pyrimidine rings into
the organic linkers causes the elongation of the cages in 12, compared to NOTT-
101 (10.2 and 20.6 Å). The authors argue that the instantaneous tuning of the pore
sizes and functionalization of the framework of 12 might facilitate the gravimetric
and volumetric CH4 storage capacities. Further, the activated sample of 12 noted
as 12a (UTSA-101a), hereafter, shows remarkably high gravimetric uptake without
sacrificing its volumetric performance (at 65 bar and RT) compared to NOTT-101a.
Therefore, 12a showed high gravimetric and volumetric working capacities of 309
cm3 (STP) g−1 and 18 cm3 (STP) cm−3 simultaneously, in comparison toNOTT-101a
(250 cm3 (STP) g−1 and 172 cm3 (STP) cm−3) (Fig. 10b). This unique balance of
both high gravimetric and volumetric working capacities in 12a outperformed some
of the standard MOFs available in the literature (see Table 1 for details).

4.2 Flexible MOFs for CH4 Storage

As discussed above, that the thermal and chemical robustness of MOFs, comprising
their structural rigidity during reversible adsorption/desorption phenomenon, are the
prime features in terms of their probable industrial applications in the domain of
heterogeneous catalysis and gas storage/separation and thus, MOFs becomes the
interesting porous materials, which are explored well in last decades [35, 76, 77].
On the other hand, the advantages and possible application of flexible materials were
known very early. The flexible MOFs also known as Soft Porous Crystals (SPC)
exhibits reversible stretching of the structure under the influence of external stimuli
such as host–guest interactions, photochemical, thermal, mechanical, adsorption–
desorption, and soon [78]. Further, theflexibility in aMOFcan appear in variousways
such as rearrangement of themetal-carboxylate cluster constituting the SBU, the rota-
tion of the benzene ring of the organic ligand, and the expansion/contraction of the cell
volume [79]. The different flexibility behaviors shown by a MOF includes breathing
[80–82], expansion [83], linker rotation [84] or subnetwork displacement [85, 86].
The distinguishing flexible behavior of MOFs is not only scientifically important
but also practically applicable for various applications such as gas storage/delivery,
separation, catalysis, and sensing.

Keeping the fascinating importance of flexible MOFs, in 2016, Yaghi and
co-workers [23] have prepared a series of Zn-MOFs with formulas; {Zn4O(L31)2}
(MOF-950; 11a), {Zn4O(BDC)(L31)4/3} (MOF-905; 11b), {Zn4O(BDC-
Me2)(L31)4/3} (MOF-905-Me2; 11c), {Zn4O(NDC)(L31)4/3} (MOF-905-Naph;
11d), {Zn4O(BDC-NO2)(L31)4/3} (MOF-905-NO2; 11e) (see Chart 1 for the details
of linker L31 and co-ligands H2BDC and H2NDC). These MOFs were well char-
acterized by different analytical and spectroscopic techniques including SCXRD
and PXRD. The structural analysis reveals, that similar to other ith-d net containing
Zn-MOFs [87, 88] in this structure also, each Zn4O(−CO2)6 unit is connected to
six carboxylates, four equatorial stemming from L31 and two axial coming from
BDC, resulted in the generation of two types of micropores in the framework; (i)
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a dodecahedral pore having the diameter of 18 Å, constructed from four BDC and
eight L31 linkers intersecting 12 zinc-based SBUs, and (ii) a tetrahedral pore with
the diameter of 6 Å, consists of four zinc-based SBUs linked by two BDC and
four L31 linkers (Fig. 11a). The functionalized 11b MOFs exhibits larger cages
ranges from 15.3 to 17.6 Å (for MOF-905-Naph and -Me2, respectively), whereas,
the diameter of smaller cages is still greater than that of the expanded version,
MOF-205. Finally, the authors have examined all these Zn-MOFs, 11a–e, toward
the CH4 adsorption properties and observed the high CH4 volumetric work capacity
of 203 cm3 (STP) cm−3 at 80 bar and 298 K for 11b (Fig. 11b). Functionalized
MOF 11b also exhibits the highest CH4 uptake of 310 cm3 g−1 followed by 11a
(297 cm3 g−1), 11c (294 cm3 g−1), 11d (289 cm3 g−1), and 11e (261 cm3 g−1). The
maximum excess CH4 uptake for 11b in volumetric units is 167 cm3 cm−3 at 80 bar
and 298 K, which exceeds 11a (153 cm3 cm−3) and 11d, 11c and 11e (160, 151,
and 144 cm3 cm−3), respectively.

Later on, Zhang and co-workers [89] have prepared four mesoporous MOFs
with formulas; {(Zn4O)3(L32)4(BDC)3} (ST-1; 12a), {(Zn4O)3(L32)4(NDC)3} (ST-
2; 12b), {(Zn4O)3(L32)4(BDC)(BPDC)2} (ST-3; 12c) and {(Zn4O)5(L32)6(BPDC)6}
(ST-4; 12d) with the help of Zn4O(-CO2)6 cluster and suitable organic linkers (see
Chart 1 for details). The basic strategy was to mix tritopic linker L32 with ditopic
linkers such as H2BDC, H2NDC, H2BPDC, and further combination of H2BDC
and H2BPDC to achieve ultrahigh porosity without lengthening the organic struts
(Fig. 12). The authors accomplished the pore geometries in these ST MOFs, 12a–d
and found similar compositions, however, have different topologies. For instance,
12a exhibitsmuo net and composed of both 0-D cages [{43.56}; inner diameter: 2.2
× 2.2 × 1.5 nm3] and 1D channels (inner diameter: 3.2 nm). Whereas, 12b shows
umt net and contains several types of cavities such as (i) elongated polyhedral cages
[{43.518}; inner diameter: 3.3 × 3.2 × 2.3 nm3]; (ii) spherical icosahedral cages
[{512}; inner diameter: 2.4× 2.4× 2.3 nm3]; (iii) prolate polyhedral cages [{43.56};

Fig. 11 a Crystal structure of MOF-950. b Methane total adsorption isotherms (298 K). Filled
symbols represent adsorption; open symbols represent desorption points. The schematic structure
of the organic linker (H3L31) for MOF-950 is provided in the inset. Figure 11b is reproduced with
the permission of Ref. [23], © 2016 American Chemical Society
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Fig. 12 a Crystal structure of ST-1. b High-pressure (0–80 bar) methane uptake isotherms for the
ST MOFs and their analogues at 298 K. c Schematic structure of the organic linker. Figure 12b is
reproduced with the permission of Ref. [89], © 2017 American Chemical Society

inner diameter: 2.3 × 2.3 × 1.5 nm3), and (iv) adamantane-like cages [{54}; inner
diameter: 0.8 nm). On the other hand 12c offer a unique ith-d net with an elongated
pore [{512}; inner diameter: 3.2 × 3.0 × 2.7 nm3] having a BPDC vs BDC linker
ratio of 2:1. Furthermore, as an exceptional case, 12d features ott net with colossal
cages [{46.524.68}, 3.0 nm + 6 × 2.0 nm) terminated with dangling ligands, spher-
ical mesoporous cages ([512.64]; inner diameter: 3.0 nm), cubic cages [{46}; inner
diameter: 1.8 nm], and microporous adamantane-like cages [{54}; inner diameter:
1.0 nm].

Finally, Zhang’s groups exploited all these STMOFs, 12a–d toward the ultrahigh
CH4 sorption via Grand canonical Monte Carlo (GCMC) simulation, and observed
higher deliverable CH4 uptakes at 298 K and 5–250 bar (Fig. 12). Significantly, these
ST MOFs show enhanced CH4 uptakes in the range of 80–250 bar, which can be
accredited to the engineered pore geometries and energy distribution [90]. Among all
these investigated ST MOFs, 12b is recognized as the best material, which exhibits
324 cm3 STP/cm3 CH4 uptake at 298Kand250bar, alongwith the highest deliverable
capacity of 305 cm3 STP/cm3 at 298 K and in between 5 and 250 bar. Importantly,
the ultrahigh deliverable capacity of 289 cm3 STP/cm3 has been realized at 298 K
and 5−200 bar, which can deliver 31 and 12%more than the CNG process at 200 bar
and 250 bar, respectively. The author compare their results with other reported CH4

uptake data and claimed that this performance is a new record inMOFs and surpasses
the previous record holder of activated carbons.

In the same year (2017), Zhang and co-workers [91] have
prepared a first cycloaliphatic ring functionalized MOF with formula,
[Cu2(L33)(DMF)2]·3DMF·7H2O (NJU-Bai 19; 13) using a flexible organic
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linker H4L33 (see Chart 1) and copper salt under solvothermal conditions. The
author incorporated the aliphatic fragments and N sites in the form of piperazine to
replace the central benzene ring of the linker used in the preparation of NOTT-101.
This replacement aims to just increase the uptake and working capacity of the
MOF toward CH4 gas. Single-crystal X-ray analysis reveals that the structure of
13 is composed of binuclear Cu(II) paddlewheel nodes, which are bridged by the
tetratopic linker (L33)4− to build a 3D (4,4)-connected NbO-type net (Fig. 13a).
Further, the framework structure of 13 features two types of cages. The first one is
a smaller spherical cage having a diameter of 9.7 Å and the second one is a larger
shuttle-shaped cage with a dimension of about 9.3 × 22.2 Å. Besides, the structure
of 13 also consists of triangular channels having a diameter of around 5 Å viewing
along the c-axes, whereas, triangular windows can be observed along the a/b axis,
wherein the size is controlled by the length of the spaces. Notably, MOF 13 exhibits
an accessible pore volume of 71.5% per unit cell volume.

Finally, Zhang groups exploited functionalized MOF 13 for the permanent
porosity and found 2803 and 3007 m2g−1 BET surface area with a pore volume of
1.063 cm3 g−1, which are comparable to that of NOTT-101 (2805 and 3045 m2g−1,
respectively). This comparable porosity of 13 with that of NOTT-101 encouraged
the author to study its methane storage capacities. The results of this study are shown
in Fig. 13b of this chapter, which shows a total volumetric CH4 storage capacity
of 200.4 cm3 (STP) cm−3 at 298 K and 35 bar, thus surpassing the DOE’s earlier
target of 180 cm3 (STP) cm−3. Further, at 65 bar, the volumetric CH4 uptake of 13
enhanced to 246.4 cm3 (STP) cm−3, which is consistent with the amount of CH4

stored in a CNG tank at 249 bar. Importantly, the volumetric CH4 working capacity
of 13 remained unaffected (from 185 to 189 cm3 (STP) cm−3) at 273 K temperature
and in between 65 and 5 bar, working pressures, as some of the recognized MOFs
having high Qst exhibited a drop in their volumetric CH4 working capacity with
the decrease in temperature. This might be ascribed to the relatively low Qst value

Fig. 13 a Crystal structure of NJU-Bai 19. b The total high-pressure CH4 adsorption isotherms
for NJU-Bai 19 at 273 K and 298 K (filled and open symbols represent adsorption and desorption,
respectively). Data of pure CH4 stored in the high-pressure gas tank are presented as a black line.
The schematic structure of the organic linker (H4L33) for NJU-Bai 19 is provided in the inset.
Figure 13b is reproduced with the permission of Ref. [91], © The Royal Society of Chemistry 2017
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for CH4 adsorption. Moreover, at 65 bar pressure and RT, the full tank CH4 deliver
capacity of 13 is approximately four times greater than the unfilled tank. Therefore,
the author argued that the introduction of the aliphatic piperazine ring to the linker
opened a new door for contemporary scientists to construct theMOFswith enhancing
the volumetric and working capacity of CH4 using a cycloaliphatic backbone.

5 Conclusion and Outlook

The potential application of metal-organic frameworks (MOFs) in natural gas-(NG)
based applications are still in their infancy stages and have essentially been restricted
to adsorptive storage. These initial outcomes can be further expanded potentially,
provided the various applications of NG by using MOFs with advanced adsorbents.
Several MOFs have already been in use for selective gas adsorption in the presence
of various gaseous impurities. The most important challenge is the development of
the synthetic route for the large-scale synthesis of high purity MOFs at a relatively
lower cost. The next major challenge is the stability of the concerned MOF in harsh
environments for various applications. The recyclability of MOFs to be periodically
regenerated is also a key area of consideration for future developments ofMOFs. The
MOFs are incredibly sought potential materials for the high storage capacity of NG
owing to astonishing tunability of the surface and high porosity. We strongly believe
that this book chapter would provide a detailed insight into the challenging area of
methane gas storage and its uses in ambient environments. We hope this chapter will
act as a stepping stone for this vision.
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Abstract Metal–organic frameworks (MOFs) are porous crystalline materials with
sequential unique characteristics, such as wide surface vicinity, high content of tran-
sitionmetals, porosity, and tunable physical properties after synthesis, and thismakes
itself in the group of heterogeneous catalysts. The MOFs composites tagged with
featured metals and nanoparticles consist of eminent prospects in many applications
such as photocatalytic reduction of harmful oxides of nitrogen and carbon, H2 gener-
ation, and environmental debris treatment. Furthermore, various strategies have been
designed to amend the MOFs for photocatalytic performance enhancements, such as
themixed-metal/linker approach, metal ion/ligand immobilization approach, loading
metal nanoparticles, and magnetic recycling. In addition, light-mediated catalysis,
viz photothermal catalysis, and photocatalysis, show vital efforts in the conversion of
solar energy to chemical/thermal energy through the interaction of light with matter.
This catalytic effort and the interrelated recent researches against the challenge of
insufficient solar light utilization have been presented here briefly in a few headings.
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The work toward obtaining a stable technology, low-cost applications, and future
development on account are also presented.

Keywords Metal–organic framework · Photocatalysis · Photothermal catalysis

1 Introduction

Today, the world is facing two major challenges: the scarcity of fossils energy and
environmental toxic wastages. Eliminating poisonous organic–inorganic pollutants
with strong degradation properties from the atmosphere and wastewater has become
a burning research topic. For example, the atmospheric CO2 loadings have increased
from pre-industrial levels of about 280 ppm to about 390 ppm now. Researchers
suggest that at the current top-up rate within the next couple of decades, the average
global temperatures will rise about 2 °C much before the end of the century. This
degree of global warming is sufficient to cause massive worldwide economic and
political upheaval. Conventional methods and industrial technologies employing
liquid or solid sorbents for coagulation or adsorption currently exist, generally expe-
rienceworse and high operating expenses and still releasing other derived irreversible
pollutant products, and otherwise require a high cost to regenerate the trapping agents
for reuse. To avoid enormous global disruptions in human society in the future, a
substantial cut in anthropogenic pollutants replacing by alternate sustainable energy
and a collaborated effort to decrease the existing pollutant levels are a must to do.

Photocatalytic degradation of pollutants paves theway for high-order performance
green application. In a variety of renewable energy resources, solar energy is a rich
and safe option which leads to touching the scale of ever-increasing global energy
demand. Solar light-based technologies have attracted great attention for environ-
mental remediation [1]. Light-mediated catalysis, i.e., photothermal catalysis, and
photocatalysis serve a prominent role in obtaining fuels, chemicals, and heat. In the
context of the researches in semiconducting materials, the photocatalysis-enabled
[2] MOFs are being considered as the most prominent semiconductors, capable of
replacing the traditional inorganic semiconductors. The design and synthesis of effi-
cient MOFs for the purpose has extremely enlarged applications in a wide variety
of research fields.

2 MOF-Based Photocatalysis

MOFs are a special class of organic compounds possessing a series of distinctive
properties owing to their porous and crystalline structures. The rich topology, large
surface area (over 6000 m2g−1), and tunable porous structure of MOFs provide
exceptional opportunities for designing numerous application-based compounds. For
instance, in an abundance of metals (particularly transitions metals), the MOFs can
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easily be manipulated for intrinsic catalytic activity (heterogeneous catalysts) in the
photo- and electro-catalytic processes. The rapid development of the MOFmaterials
for photocatalysis is one of the great works in the field of environmental remediation.
The photocatalysts are semiconductors, and photocatalysis is a phenomenon where
the photocatalysts materials affect the rate of a chemical reaction on exposure to
light. The MOF constituents, metal nodes (ions/oxide/cluster), and organic linkers
(photoactive) provide a large number of selection choices making it feasible to obtain
exceptionally tuned and relevant photocatalysts capable of removing pollutants,
bacterial disinfection, CO2 fixation, etc. Unlike traditional inorganic semiconductors,
which are recognized as delocalized conduction bands or valance bands, these MOF
photocatalyst are recognized as organizedmolecules in a crystalline latticewith supe-
rior properties of both inorganic and organic constituents which can serve efficiently
in microelectronic devices [3]. Ti- and Zr-based MOFs gained significant interest
in photocatalysis; some examples of the types are UiO-66 (Zr6O4(OH)4(BDC)6 and
MIL-125 (Ti8O8(OH)4 (BDC)6, [UiO: University of Oslo, MIL: Materials Institute
LavoisierBDC: 1,4-benzene dicarboxylate)].With the development of understanding
between demand and applicability, a variety of MOFs composites are prepared
recently. The photocatalytic elimination of unwanted aqueous organic pollutants
such as dyes, phenols, insecticides, pharmaceuticals, and personal care products
provides an interesting hope. Similarly, the removal of Cr(VI) and radiative U(VI)
can be achieved by its photo-reduction into trivalent states suitable for easy precip-
itation and separation. Inactivation of harmful bacteria, photo-oxidation of some
gaseous pollutants (NO, toluene) into harmless products by MOF-based composites
shows enormously tunable photocatalytic properties using solar light. Many reviews
appeared in the literature describing different features of MOFs, involving envi-
ronmental applications [1]. Usually, the photocatalytic mechanism includes three
successive reaction steps: (1) The absorption of light in photocatalysts gives rise to
exciting excitons; (2) transfer of excitons to catalytic centers and breaking to release
of electron and protons photoactive sites; then lastly (3) the reaction of the electron
and proton active sites with reactants previously adsorbed on the catalytic surface to
perform the chemical reactions and provides electrical neutrality [4].

2.1 Enhancing Light-Harvesting

The solar energy spectrum is comprised of ~5% UV light, ~50% near-infrared
(NIR) light, and 42–45% visible light. It is most important to put out the photo-
catalysts absorption of the NIR region to UV and visible region for getting an
upgrade in the solar energy application. In photoactive MOFs, a vast majority of
organic linkers function as light-harvesting antennas. Many methods are employed
to upgrade the MOF’s light absorption by modulating the linkers, such as by trap-
ping –NH2 or other groups with aromatic carboxylate ligands [2]. The strategy is
much helpful and reveals to expand the effective light response in the visible range
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up to ~600 nm. Such MOFs self-assemblies with distinguished structures and phys-
iochemical characteristics [5, 6] can cleverly be used as essential photocatalytic
moieties.

The bandgap value plays a key role in semiconductingmaterials for their particular
applications (e.g., photocatalysts), which in MOFs, can be tuned by varying metal
cluster size (or type) and functionalizing the organic linker. The MOFs architectural
networks consist of manageable unfasten channels which help in tuning the bandgap
and its effectiveness [7]. After all the photocatalytic reactions of semiconductor,
photocatalysts begin by absorption of incident photons of equal energy or greater
than their energy associated with bandgap [8]. Heterogeneous photocatalysis reac-
tion of inorganic semiconductors and MOFs involves four steps: (1) dispersion of
reactant frommajor phases (gas or liquid) to the photocatalysts surface, (2) produces
electron/hole pairs through absorption of light by photocatalysts, (3) on the surface
of photocatalysts, redox reactions take place between reactive species and adsorbed
reactants, and (4) from the catalyst surface adsorption/desorption of intermediate
products occurs. It is relevant to mention here that the optoelectronic feature of
MOFs promotes the photo-redox reactions through the excitation of metal nodes
and organic ligands [4]. Further, MOFs bi-functionality, by increasing the number
of reactive sites as well as life values of photogenerated electron pairs, is the way
to overcome major drawbacks of conventional semiconductor-type photocatalysts
[9, 10].

The hydrogen generation from the catalytic splitting of water molecules by
harvesting solar energy would be a sustainable energy source with high energy-
yielding hydrogen for upcoming days. Although inorganic semiconductors are being
in large use now, organic semiconductors are being established as high efficient photo-
voltaic molecular semiconductors. The suitable reason behind this is the formation
of the tunable bandgap, the lightweight of the molecules, and their flexibility. More-
over, doing fabrication in the vigorous sites appeared the realistic factors for the
development of high efficient photovoltaic materials [11].

2.2 Enhancing Electron–Hole Separation

Comparatively weak linker bonds between themetal nodes and organic linker, inade-
quate bandgaps, and the poor semiconducting properties ofMOFswere the reason for
not being directly employed in many photocatalytic applications. However, several
tunable structural properties qualify them as unique platform materials for semicon-
ductors. In photocatalysis, photogenerated electron–hole pairs are formed, whereas
their separation is a vital key for performance. Simultaneously basic knowledge of
charge separation as well as migration of electron–hole pairs in MOFs is important
to describe the different types of photocatalysts. MOFs photocatalysts, like others,
after being exposed to light, undergo an electron–hole reassimilation process, which
results in a remarkable decrease in catalytic efficiency. To overcome, other metal
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species and semiconductors are generally added into MOFs to assimilate as co-
catalysts as the best strategy is to create MOF-based combinations. However, it
remains under the limit to encourage electron–hole separation for many [2]. In tradi-
tional nano-doped semiconductor photocatalysts, the metal nanoparticles generally
play an important role in creating electron–hole separation. Likewise, MOF-metal
nanoparticles combinations, in which metal nanoparticles behave as an electron
acceptor or as co-catalysts, become an essential part for increasing electron–hole
separation. Additionally inherited advantage giving by the porosity of MOFs, the
size and location of the co-catalyst play important roles because these components
influence directly the relocation path of charge carriers and application ability of
active centers [2].

3 MOFs as Photothermal Catalysis

A significant amount of research has been done to harvest solar energy into several
formats and is being in the application too, still, its storage and usage offer a big chal-
lenge because of the limited conversion efficiency. More research work is required
to empower solar energy harvesting.

In addition to MOF-photocatalysis, photothermal catalysis can also play a
promising role in solar to chemical/thermal energy conversion. The photothermal
catalysis over MOFs-based materials is in a growing phase and offers a different
proposal for well-organized solar energy transformations. Upon light irradiation, the
photoexcitation process occurs on semiconducting materials by photothermal effect.
In this process, thermal energy (heat) can be produced [2]. The photoexcitation of
semiconducting materials (e.g., carbon-based materials) is brought by local heating
of the lattice which promotes endothermic reactions [12] (Fig. 1).

Fig. 1 Mechanism for semiconductor photocatalysis (left); comparison of band gaps and light
source (UV or visible light) between representative MOFs (right) [12]
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The earlier studies for the development of oxide derivatives using MOFs found
the advanced characteristics in the above materials which are observed by enhanced
porosity and high surface area in the variety of catalytic activity. It is worth
mentioning here that a specific light-promoted effect has been demonstrated to
promote catalytic action of UV–visible light, inducing the oxygen vacancies, which
is found little different from photocatalytic theory [13].

3.1 Photothermal Effect of Plasmonic Metals

The plasmons are best described as an oscillation of electron density concerning
the fixed positive ions in a metal. Plasmonics, in a broad sense, deals with surface
plasmon resonance (SPR)-related science and technology and is capable of facil-
itating interesting applications in the wavelength ranging from ultraviolet up to
infrared. Recently, surface plasmons (SPs) have attracted growing interest due to
their applications in plasmon catalysis, surface-plasmon-driven photochemistry, and
many other specific areas [14]. Generally, the plasmonic materials use the surface
plasmon resonance effects to get special optical properties not seen in nature.

To understand further, the SPR arises from the interaction of light with a free-
electron pool at a metal–dielectric interface, where the energy of the photon is trans-
ferred to collective excitations of the electrons, which occurs at a specific wave-
length of light; exactly at the matching momentum of the photon with the plasmon.
The recent researches involving plasmonic nanomaterials to harvest the light at the
nanoscale has nowbecome a hot topic of the field.As a result,many application-based
plasmonic nanomaterials are being researched and developed swiftly.

Furthermore, the plasmonic nanomaterials (e.g., Ag, Au), upon visible-light irra-
diation, can be excited enough to generate hot carriers which can be exploited
easily in combination with the MOF-semiconductor boost efficient electron–hole
separation. Here, the highly tunable structure of MOFs qualifies them for efficient
carriers for plasmonic catalysis by incorporating plasmonic nanoparticles (NPS).
These catalytic arrangements are the best example of synergistic applications for
NPs as well as MOFs. One among the first attempts of such a synergistic approach
is the Pd nanocrystals and ZIF-8, where plasmonic palladium nanocubes (NCs) after
dispersion in MOF, ZIF-8 (zeolitic imidazolate framework) forms Pd, NCs@ZIF-8,
composite which is used in specific hydrogenations reaction. Furthermore, applying
the knowledge of the well-organized pore structure of the ZIF-8, the size-selective
catalytic performance can be enhanced [2].

In addition, the nanostructured metal having discrete surface plasmon resonance
(SPR) property has been drawn large interest due to its extensive applications. Unlike
most dyes or pigments, the plasmonic nanoparticles carry a specific color that is
highly connected with their size and morphology. Interestingly by tuning the size
and shape, the performance and optical properties of plasmonic nanoparticles can be
tuned without altering the chemical composition. These nanoparticles SPR are very
strong absorbers and scatters of light and used recently in lateral flow diagnostics
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and surface-enhanced spectroscopy, etc. The Pd and Ag hybrid nanocomposites are
reported to be strong SPR absorbers studied for cancer remedy, whereas a layer of
silica-coated Pd–Ag nanocomposites is found to be fairly biocompatible [15].

3.2 Photothermal Effect of Both MOFs and Plasmonic
Metals

In NPS-MOF composite, the SPR of NPS transforms light energy into local heat,
which thermally accelerates the catalytic reactions. This high solar-to-heat conver-
sion capability of the NPS opens a green route for temperature-mediated photo-
catalytic reactions. The plasmon NPs along with photoactive MOFs with certain
catalytic functions, can boost significantly photothermal transformations. There are
many polymeric agents which exhibit photothermal effects, such as carbon-based
polymeric agents and porphysomes (porphysomes are self-assembly motifs made
from porphyrin-lipid conjugates (photonic nanoparticles), carry both the multifunc-
tional properties of porphyrin building-blocks and the properties of nanostructure
itself). Combination of noble metals andMOFs; such as Pt/PCN-224(Zr) composites
(Zr-carboxylate MOFs with metalloporphyrins, PCN stands for porous coordination
network) show synergistic photothermal effect capable of activating O2 to 1O2 under
light irradiation. Here, light exposure not only converts light energy into heat but also
induces oxygen activation. In the Zn analog, the oxygen activation was controlled
by competitive electron transfer between Pt surface and PCN-224(Zn), which was
brought in by adjusting the light intensity [16]. The study is quite helpful and provides
the idea of tuning the light intensity for photothermal excitement for the required
amount of electrons in metal-MOF composites and metal surface to enhanced the
catalysis process [2].

4 Conclusion

Photocatalysts’ nature of MOFs has signified their excellent capability in a different
area. The possible application of the metal–organic framework in environmental
remedies and their various problems have been observed, which can be overcome
by reducing costs by improving high yield and systematically working on struc-
tural controls along with the synthesis process. Despite MOFs photocatalysis and
especially MOFs photothermal catalysis are in the young stage, the researchers are
leading swiftly to a certain level of advancement. Hence, more attempts have to be
done in the path of growth continued, and some different challenges also have to be
addressed.
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Abstract Earth’s surface is covered by 71% of water, out of which 97% is present
in oceans and 3% in rivers as a freshwater source. Water is essential for life, and
one cannot underestimate its role and necessity in the biosphere. On the other hand,
emerging problems like rising population and pollution due to fast industrialization
have led to its scarcity and disturbed the natural water cycle. Thus, it is the need of the
hour to address the issue with measures like appropriate decomposition of the indus-
trial and other biological waste. Several researchers have been attempted to design
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various techniques to clean the polluted water by degrading these hazardous pollu-
tants using various methods, including physical, biological, and chemical processes.
Among these processes, heterogeneous photocatalysis has been considered as the
greener, ecological, and sustainable method as it holds the potential of utilizing
solar energy as its energy source. Fast depleting energy resources and rising pollu-
tion, both major problems could be managed using photocatalysis for the purifica-
tion of polluted water. This chapter describes the role of metal–organic frameworks
(MOFs) as efficient photocatalyst for the photodegradation of contaminants present
in the water. MOFs are a new class of hybrid porous materials with inorganic and
organic components. The uniformly distributed pores in MOFs provide an opportu-
nity to separate harmful pollutants being dumped in the water. This chapter discussed
the photocatalytic process in detail and the use of MOFs as photocatalysts for the
photodegradation of various pollutants. Although having good adsorption tendency
and photocatalytic activity, the stability of MOFs in water is a significant concern.
Various strategies such as functionalization, doping of metal atoms, and decoration
of metal nanoparticles to further improveMOFs’ stability and photocatalytic activity
have been presented.

Keywords Water purification · Photocatalysis · Metal–organic frameworks · Dye
degradation · Photoreduction of heavy metals

1 Introduction

The increasing population has led to a rise in water demands. With 70% of the
earth’s area occupied with water resources, still the access to freshwater is limited.
Fast industrialization with huge waste dumping into the rivers has led to a further
scarcity of freshwater. Thus, it is the need of the hour to take certain measures to
control the emerging water pollution. One method to get pure water from polluted
water is its purification. Purification of polluted water is a challenging and essential
task to meet the rising demands [1].

The literature contains a huge number of methods involving various materials
that have been used for water purification [2]. The materials, like zeolite’s, activated
carbon, and silica gel, have been opted for the purpose that works on the adsorption
principle and does separate the pollutants fromwater [3]. But all thesematerials show
certain disadvantages like the saturation of adsorbent pores and limited selectivity to
adsorb all the pollutants present in the water.

From the last decade, an alternative approach has been used for water purification
which is photocatalysis. It includes photodegradation of contaminants present in the
water [4]. Semiconductor materials like titanium oxide and zinc oxide are being
extensively used as a photocatalyst to remove organic and inorganic pollutants from
water. These materials work efficiently in ultraviolet light but had a limited tendency
towork efficiently in the visible range of the solar spectrum. Thus, there is a necessity
to develop materials that could work efficiently and effectively in solar light. MOFs
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are one such sort of material that have been the center of study in recent times. These
materials because of their large surface area and high cavity volume offer a plethora
of opportunities for both adsorption and photocatalysis of pollutants present in water
[5, 6]. These materials contain metal nodes and organic linkers to construct 1D, 2D,
and 3D frameworks. Functionalization of either metal nodes or organic linkers has
led to an increase in their catalytic activity for photo-degradation of dyes and also
for the photoreduction of heavy metals present in the aqueous medium.

This chapter describes the need for the purification of water and the processes
required to purify it. The photocatalysis process including itsmechanism and kinetics
is discussed in detail. Some insight is given in the synthesis methodologies and char-
acterization of MOFs. The last part of the chapter reviewed the application of MOFs
as a catalyst for photo-degradation of various dyes present in water and photore-
duction of heavy metals. More emphasis has been given to improve the photocat-
alytic activity of MOFs by functionalization in terms of metal atom doping and
heterostructure formation along with its stability in polar solvents.

2 Water Purification

Water purification is a process that involves a chain of processes where various
chemical and biological contaminants, solid suspended particles, and harmful gases
are separated frompollutedwater [1]. Thewater thatwe receive at homedoes undergo
different purification processes as shown in Fig. 1.

Pre-treatment—In this process, the polluted water is made to pass through
different beds of sands, sieves, and micro-filters. This step provides raw quality
water and includes different mediums for filtration.
Purification—In this process, the raw quality water received from pre-treatment
is purified with a combination of nano-filtration, UV light, and reverse osmosis.

Fig. 1 Water purification cycle
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After-treatment—This process is based on the requirement of taste and level of
purity demanded by the receiver. It includes further purification with UV light,
chlorination, activated carbon, remineralization, and additives.
Reuse waste water—The wastewater discarded from the first three steps is either
made to run through the initial steps again or is used for non-drinkable water
consumption purposes.
Storage—The purified water is stored for further consumption.
Distribution—It is necessary to distribute the purified water through clean
suitable piping to keep it free from contaminants.

The former four steps are essential to remove the pollutants and make the water
pure enough for consumption.

2.1 Methods for Water Purification

Various methods have been adopted to clean the polluted water in order to balance
rising demands that include different physical, biological, and chemical processes
[7] as shown in Fig. 2:

i. Physical processes like sedimentation are the primary step where the contami-
natedwater ismade to stand still, so that pollutants could settle at the bottom via
gravitational forces. While other processes like filtration involve the passing of
the polluted water through membranes containing zeolites, which further sepa-
rate out the pollutants depending on the size of pores present in the membrane.
Distillation, on the other hand, provides pure water in the form of vapors where
the contaminants are separated from the residue left in the other compartment
[8]. Apart from these, materials like active charcoal with high surface area
being used to adsorb the pollutants from water or impurities present in water.

ii. Biological purification processes utilize biological activated sludge treatment
where small microorganisms like bacteria degrade the organic waste present
in water in aerobic and anaerobic conditions. It is considered as one of the
economic methods as compared to other chemical processes. But continuous
dumping of antimicrobial agents has led to a decrease in the efficiency of such
bacteria and makes them resistant over longer periods. Other than this, simple
methods like sand filters are also used where 1–2 m deep sand beds are made,
and contaminated water is made to seep through them [2].

iii. Chemical purification processes include processes like flocculation where
clarifying agents like aluminum chloride, aluminum sulfate, bentonite clay,
ferric chloride, ferrous sulfate monohydrate, poly-aluminum-chloride (PAC),
poly-aluminum hydroxy chloride (PAHC), etc., are added that cause colloidal
particles to flocculate and thus are separated [2].While processes like chlorina-
tion involve the addition of chlorine or hypochlorite that killmicrobes present in
the water and purify it. However, these processes are not environment friendly
as they release harmful by-products which are sometimes even carcinogenic.
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Fig. 2 Schematic showing water purification processes

Another chemical process that is extensively used for water purification is photo-
catalysis by virtue of UV irradiation [9]. This process includes chemicals that
generate (in-situ) powerful oxidants which leads to the formation of reactive oxygen
species (ROSs) likeOH° radicals,whichoxidize the pollutants through the chain reac-
tions. Details of photocatalysis, itsmechanism, and kinetics alongwith its application
in water purification are discussed in the subsequent section.

3 Photocatalysis and Its Requirement for Water
Purification

Photocatalysis is the process where a photon source (electromagnetic radiation) and
a photocatalyst are utilized to create ROSs [10]. ROSs are powerful oxidants and are
generated because of the charge separation, i.e., formation of a hole in the valence
band and transfer of an excited electron to the conduction band of a photocatalyst
material.
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Fig. 3 Schematic diagram for photocatalyst activation

A photocatalyst is generally a semiconductor material that helps in accelerating
photocatalytic reaction without its consumption [11]. It is activated when it absorbs
a photon. The condition for such materials to undergo the photoexcitation process is
the consistency between the energy source and the bandgap of the material. Ideally,
a photocatalyst should be inexpensive, non-toxic, stable, and highly photoactive.

Generally, for a photocatalytic reaction or photocatalysis, three components are
required (i) Light source or photon, (ii) photocatalyst, and (iii) an oxidizing agent
[5]. Schematic diagram for the activation of photocatalyst is shown in the Fig. 3.

In the case of water purification, photocatalyst material like TiO2 has been tested
and is used actively. Owing to the large bandgap of more than 3 eV, TiO2 utilizes
only UV light for its activation. Its activity in visible light and sunlight is very less,
and therefore, it cannot be graded as a greener catalyst for water purification.

Recently, there has been a huge development in the field of photocatalytic purifi-
cation of water, where the goal is to develop such photocatalysts like metal–organic
frameworks (MOFs) that could utilize solar energy as their energy source.

Photocatalysis offers certain advantages over other conventional methods: It is
a green method as it decomposes the organic pollutants into non-harmful simple
molecules like water, simple mineral acids, and carbon dioxide. While on the other
hand, chemical methods like flocculation and chlorination degrade the organic pollu-
tants into secondary contaminants. Photocatalysis is relatively simple and affordable,
as it offers the advantage of performing the process at room temperature and with
the ability to choose solar energy as its energy source [12].

3.1 Mechanism of Photocatalysis

Mechanism of photocatalysis schematically shown in Fig. 4. List of processes
involved in photocatalytic degradation of pollutants [13] to purify water are given
below.

i. Transfer of pollutants on photocatalysts’ surface from the water
ii. Adsorption of pollutants on the photocatalyst surface
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Fig. 4 Schematic showing mechanism of photocatalysis

iii. Photocatalytic degradation of pollutants on the surface of photocatalyst by
means of photochemical reactions

iv. Desorption process
v. Removal of products from the liquid phase.

When a photon of light, having energy greater than or equal to the bandgap, irradi-
ates on the photocatalyst, molecular excitation takes place. This excitation causes the
formation of electrons and holes in the conduction and valence band of the material,
respectively [5, 13, 14].

Photocatalyst
hv−→ e− + h+

Then, the hole (h+) generated in the photon irradiation step gets utilized to oxidize
different species adsorbed on the catalyst surface like adsorbed water (H2Oad),
adsorbed organic substrate (RXad), or the adsorbed OH−

ad ion.

h+ + RXad → RX+
ad

h+ + H2Oad → OH◦
ad + H+

h+ + OH−
ad → OH◦

ad

The OH◦
ad radicals formed are very reactive and are used to oxidize the adsorbed

hydrocarbon pollutants (RXad), which is given by the reaction-

OH◦
ad + RXad → Intermediates

Further, the molecular oxygen dissolved in water acts as an oxidizing agent by
scavenging electrons from the conduction band of photocatalyst and forms reactive
species like superoxide which can also degrade the pollutants [15, 16].
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e− + O2 → O−
2

O−
2 + RXad → Intermediates

To accelerate the photocatalytic reaction, H2O2 is also used to generate extra OH°
radicals.

H2O2 + hv → 2 OH◦

However, there are chances of the recombination of the hole and the electron,
which tends to limit the efficiency of the photocatalysis process [5].

Currently, research is more focused on developing methods to increase the effi-
ciency of the photocatalytic process. Thus, one needs to understand the factors
affecting this process.

3.2 Factors Affecting Photocatalysis

The photocatalytic reaction rate is affected by various factors as shown in Fig. 5
and explained below.

Fig. 5 Factors affecting photocatalysis reaction rate
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i. Concentration and morphology of photocatalyst: It has been observed that
with an increase in the concentration of photocatalyst, photocatalytic reaction
rate increases. This is because of the increase in the amount of light absorbed
by photocatalyst, which leads to the formation of a greater number of reac-
tive radicals. However, after a certain optimal concentration of photocatalyst,
the reaction rate starts decreasing because of light scattering or light blocking
by suspended photocatalyst in water. The morphology of photocatalysts also
affects the reaction rate. It has been observed that small particle-sized photo-
catalysts have a higher photocatalytic reaction rate in the decomposition of
organic pollutants as compared to large particle-sized photocatalysts [13, 17].

ii. The initial concentration of pollutants: Initial concentration of pollutants has
significant effects on the photocatalytic reaction rate. Increasing the concen-
tration of pollutants leads to a reduction in reaction kinetics. This is due to
a decrease in photonic efficiency as the surface of a photocatalyst becomes
saturated with the increased concentration of adsorbed pollutants [18].

iii. The intensity of light source: On increasing the light intensity, the photo-
catalytic reaction rate increases. This is due to the increase in the number of
photons absorbed by photocatalysts [17]. However, as the photocatalyst surface
becomes saturated, an increase in light intensity does not have much effect on
the reaction rate. Also, photocatalytic reaction rate depends on the type of
illumination source used whether it is ultraviolet (UV), visible, or solar lamp.

iv. pH of solution: The pH of a solution also affects the photocatalytic reac-
tion kinetics. pH affects the photocatalyst surface charge which leads to self-
aggregation of the photocatalyst. Charging of the photocatalyst surface affects
the process of adsorption of pollutants on the photocatalyst surface which
eventually changes the reaction rate [19].

v. Temperature: Varying temperature has a significant effect on photocatalytic
reaction rates. It has also been shown that in some cases, with increase
in temperature of reaction temperature above 80 °C, the reaction rates get
decreased. This is because of the increase in recombination of charges gener-
ated and also due to the desorption of pollutants from the surface of the photo-
catalyst [20]. Increase in temperature also influences the dissolved oxygen
amount. Dissolved oxygen concentration decreases with increasing tempera-
ture. Since dissolved oxygen is required to generate ROSs which is used to
degrade pollutant therefore with increase in temperature, the overall reaction
rate decreases [21].

3.3 Kinetics of Photocatalysis

Photocatalytic degradation of pollutant present in water involve species like pollu-
tants and O2 molecules. Since O2 molecules are present in excess, so the whole reac-
tion can be described using pseudo-first-order reaction with respect to the pollutant
concentration [5, 22] and follows the equation:
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r = −d[Cad(t)]

dt

r = k · [Cad(t)]

In the equation, r is the rate of reaction, [Cad(t)] is the concentration of pollutant
adsorbed on the photocatalyst surface at a time ‘t,’ and k is rate constant.

The total concentration of pollutant can be written as the sum of concentra-
tion of pollutant in the fluid phase and concentration of pollutant adsorbed on the
photocatalyst [15].

[C(T )] = [C(t)] + [Cad(t)]

where [C(T )] is the total concentration of pollutant, [C(t)] is the concentration of
pollutant in the fluid phase, and [Cad(t)] is the concentration of pollutant adsorbed
on photocatalyst surface.

Considering that adsorption equilibrium is achieved at every time, and following
the Langmuir adsorption–desorption isotherm, and the equation for the rate of
reaction can be described as:

r = k · kL · [C(t)]

1 + kL · [C(t)]

where kL is Langmuir constant and [C(t)] is the concentration of pollutant in fluid at
a time ‘t.’

In general, the concentration of pollutants is very less in water, and therefore, the
denominator of the rate equation can be modified as

{1 + kL[C(t)]} ∼ 1.

Hence, the rate equation becomes,

r = k · kL · [C(t)]

r = kapp · [C(t)]

where kapp = k · kL and known as apparent rate constant.
Value of apparent constant can be determined by using integration method.

Integration of above equation in the limits 0 to t will give

ln
[C0]
[Ct] = kapp · t
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where [C0] is the initial concentration of pollutants and [Ct] is the concentration of
a pollutant at time t. The slope of the graph between ln([C0]/[Ct]) versus time will
give the value kapp.

4 Photocatalytic Reactors for Treatment of Water

Photocatalytic reactors are the devices used for the photocatalytic treatment of water.
These can be classified in the following manner depending on various factors:

i. State of the photocatalyst: Photocatalyst in a reactor is mainly used in two
ways, either in the suspended form or by attaching it to support. Based on
this, reactors are of two types—(a) Slurry reactors, (b) Immobilized reactors
[23, 24]. Photocatalysts are freely suspended in water in the slurry reactors,
while photocatalysts are attached to fixed support in immobilized reactors. The
difference between the slurry reactor and the immobilized reactor is given in
Table 1.

ii. Type of illumination source: The irradiation source used in the design of
photocatalytic reactors could be (a) solar light or (b) UV polychromatic lamps.
Under the solar illumination source, photocatalytic reactors are categorized
under two categories, namely concentrating reactors and non-concentrating
reactors, where concentrating reactors require small reactor volume and uses
direct light, while a non-concentrating reactor requires a large reactor volume
and uses both direct and diffused light, which leads to less or negligible optical
loss [15].

iii. Irradiation source position: The position of the irradiation source is an
important feature of a photocatalytic reactor. Based on the position of
lamp/illuminating source, reactors are distinguished as:

Table 1 Difference between the slurry reactor and immobilized reactor

Slurry reactors Immobilized reactors

Photocatalytic surface area-to-reactor volume
ratio is high

Photocatalytic surface area-to-reactor volume
ratio is low

After the photocatalytic process, filtration is
required to remove the photocatalyst

No need for any additional filtration step to
remove photocatalyst

Photocatalyst is uniformly suspended in the
reactor

Photocatalyst is continuously operated

Pressure drop through the reactor is low Pressure drop through the reactor is
significantly high
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(a). reactor having immersed light source in which lamp is placed within the
unit.

(b). reactor using an external light source. The light source is placed outside
the unit.

(c). reactors having distributed light sources in which reflectors are being
used to transport light from source to reactor [15].

5 General Photocatalytic Materials

Materials like metal oxides, metal sulfides, and metal phosphides of Ti, Zn, W, Ce,
Fe, In, Bi, etc., have been studied deeply as photocatalysts [25]. The morphological
modifications and electronicmodifications to thesematerials showenhanced catalytic
results.Morphologicallymodifiedmaterials involve the formation of heterojunctions
with other materials, while electronic modifications include doping of other metal
atoms. But there are certain problems that have been observed with these photoac-
tive materials like metal oxides which offer low electronic conductivity and poor
apparent quantum efficiency, metal phosphides have a fast recombination rate of
charge carriers, and metal sulfides possess poor stability. Hence, it is required to
look for alternate materials as photocatalysts.

One such material is metal–organic frameworks, MOFs. The material is a combi-
nation of organic and inorganic constituents, already known for its excellent adsorp-
tion and separation applications owing to its robust size, ultra-high surface area,
large pore volume, and size [26]. The material particularly is favorable to degrade
pollutants in water first because of its adsorption capacity and second because of its
photocatalytic activity. The combination of these properties makes MOFs a superior
candidate for the degradation of pollutants present in the water. The purification of
water using MOFs is started long back, but, in this chapter, some recent progress in
the synthesis of MOFs and their photocatalytic activity has been discussed.

6 Metal–Organic Frameworks (MOFs)

MOFs are a new class of hybrid crystalline 3D porous materials having cage-like
structures. These materials are a combination of two components—(i) metal clusters
or metal nodes also termed as secondary building units (SBUs), and (ii) organic
linkers. Both metal nodes and organic linkers combine to construct 1D, 2D, and 3D
networks [6]. Metals ions commonly used for the synthesis of MOFs are Zn2+, Cu2+,
Al3+, Zr4+, Cr3+, and Fe3+, while organic linkers used for binding metal nodes are
anions of di or tricarboxylic acid, sulfates, and phosphates [27] as shown inFig. 6. The
arrangement of these constituents defines the physicochemical properties of MOFs
and plays a pivotal role in tuning their properties [28]. General reaction scheme for
the synthesis of MOFs is shown in Fig. 7.



Metal Organic Frameworks as Photocatalyst for Water Purification 573

Fig. 6 Commonly used metal ions (a), and organic linkers (b) in the synthesis of MOFs

Fig. 7 General reaction scheme of MOFs
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Fig. 8 Reaction scheme for synthesis of MOF-5

The first MOF has been synthesized in 1999 [29], by a combination of octahedra
SBUs of Zn4O tetrahedron (metal node) and benzene-1,4-dicarboxylic acid as an
organic linker [28]. named as MOF-5. A reaction scheme for the synthesis of MOF-
5 is shown in Fig. 8. After the synthesis of MOF-5, a large number of MOFs has
been synthesized till now by modifying either metal ion, organic ligand, or metal
node and can be classified under different categories such as UiO based MOFs, MIL
based MOFs, and ZIF based MOFs [30].

SBUs in MOF is important as their coordination geometries determine the
topology of MOFs. Various approaches have been attempted to tune the SBUs
including exchanging metal ions, generating defects, transforming the oxidation
states. Furthermore, by adjusting the geometry, ratio, and length of the organic linkers
and by introducing versatile functional groups, the morphology and properties of
MOFs could be tuned. Overall, it is the combination of SBUs and organic ligands
(as linkers) that determine the final framework. SBUs restricts linkers movement and
secures the position of metal centers [5, 31].

The unique arrangement of SBUs and organic linkers give rise to the stable frame-
work with intriguing properties such as uniformly separated pores, ultra-high surface
area, and pore volume. MOFs have been reported to have a surface area of more than
10,000 m2/g. MOFs further provides an opportunity to tune the pore size, surface,
and pores via functionalization and thus tailor their properties. Owing to the above-
mentioned features and ultra-high surface-to-volume ratio, MOFs are suitable candi-
dates for a wide range of applications including gas adsorption and storage [32],
photocatalysis [33], electrocatalysis [34], and drug delivery [35].
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6.1 Synthesis of MOFs

Various approaches that have been used to synthesize metal–organic frameworks
(MOFs) are summarized in Table 2. MOFs have been conventionally prepared
using solvothermal (Hydrothermal: when the solvent is water) synthesis technique.
This technique involves the use of conventional electric heating with control over
the temperature [36, 37]. Generally, in solvothermal reactions high boiling point
solvents are used. However, solvothermal or hydrothermal reactions require quite
a large reaction time [38]. Therefore, to accelerate the reaction time for synthe-
sizing MOFs, and to obtain high-quality crystals, alternate synthesis techniques
have been employed including microwave-assisted method, sonochemical method,
electrochemical synthesis, and mechanochemical methods as shown in Fig. 9.

Microwave-assisted synthesis methods have been extensively used for rapid crys-
tallization ofMOFs alongwith the control overmorphology [39]. This synthesis tech-
nique involves the interactionof polar solventmolecules or ions present in the solution

Table 2 Summary of various synthesis modes of MOFs

Synthesis method Energy Time (h) Temperature (K)

Solvothermal Thermal energy 50–90 353–453

Microwave Microwave radiation 0.5–4 303–373

Sono-chemical Ultrasonic radiation 0.5–2 273–313

Electrochemical Electric energy < 1 273–303

Mechanochemical Mechanic energy 0.5–2 298

Slow evaporation No external energy > 168 298

Fig. 9 Synthesis method used for MOFs
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mixture with the incident electromagnetic wave. It requires a lower synthesis time
than the conventional solvothermal technique. On the other hand, the sonochemical
synthesis technique requires the use of ultrasonic radiation (20,000Hz–10MHz) [40].
Ultrasonic radiations produce acoustic cavitation, which leads to physical or chem-
ical transformations. The process provides high temperature (~5000 K) and pressure
(~1000 bar), causing rapid heating and cooling which further leads to the production
of very fine crystals. Apart from these, the synthesis of MOFs via electrochem-
ical methods uses anode as a metal ion source. The dissolution of metal ions from
the anode during electrolysis reacts with organic molecules dispersed in conducting
electrolytes present in the reaction mixture to form MOFs [41]. Mechanochemical
technique involves breaking the intramolecular bonds and subsequent chemical trans-
formation. Mechanochemical synthesis does not require any solvent and can occur
at room temperature [42]. Slow evaporation method does not require any external
energy source, but it requires a longer synthesis time than any other technique.
Apart from these methods, ionothermal method [43], spray-drying methods [44],
and diffusion methods are also popular for synthesizing MOFs.

6.2 Characterization of MOFs

MOFs synthesized from above-mentioned synthesis methods are characterized by
various techniques described below.

Powder X-Ray Diffraction (PXRD)

It is used to determine crystal structure, polymorphic forms, and crystallinity of as-
synthesized MOFs. Also, PXRD is used to determine crystallite size with the help
of Scherrer’s equation. The formation of new MOFs or composite or heterojunction
can be predicted via this technique [45]. It is a viable technique to check the stability
of MOF used in photocatalytic application since it could test the crystallinity and
crystal structure of MOF recovered after usage [31].

Ultraviolet–Visible Diffuse Reflectance Spectroscopy (UV–Vis DRS)

It is widely used to determine the optical properties of MOFs along with the range of
wavelengths in which MOFs absorb light [46]. MOFs due to their tuneable composi-
tion can behave as inorganic semiconductors, organic semiconductors, or both [33].
MOFs contain metal oxo-clusters as well as organic ligands. So, when light is irradi-
ated, mainly two transitions could take place. One is the electronic transition between
the valance band to the conduction band of the metal oxo-cluster, and the second
is the electronic transition from HOMO to LUMO in organic ligand as shown in
Fig. 10.
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Fig. 10 a Electronic transition in metal oxo-cluster and b electronic transition occur in organic
linkers

Bandgap energy of these semiconductors can be determined by UV–Vis DRS
technique by employing Tauc plot approximation [47].

Tauc Equation

(αhv)
1/n = A

(
hv − Eg

)

where h is Planck’s constant,
ν refers to the frequency of electromagnetic radiation,
Eg is the optical band gap,
A is a constant,
n is also constant having a value of 2 or 1/2 depending on the nature of band gaps.

For direct bandgap, n = 1/2, and for indirect bandgap materials n = 2.
The bandgap value is determined from the graph between (αhv)1/n versus hν and

extrapolating the curve to the x-axis.

Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM)

SEM is employed to determine the topology of MOFs. TEM is used to determine the
particle size and microstructures. TEM is also used to acquire crystallographic infor-
mation including crystal structure, plane indices, and dislocations [48]. Owing to the
porous structure,MOFs could have variedmorphology such as cubes, rhombohedral,
and octahedral. Homogeneity of elements in as-preparedMOFs can be determined by
energy dispersive spectroscopy (EDS) coupledwith thesemicroscopes. An elemental
map obtained from these techniques helps in determining the chemical composition
of MOFs.

Brunauer–Emmett–Teller (BET)

BET is employed to measure the surface area of the MOFs. Adsorption isotherms
acquired in this method can also give information regarding the pore size and volume
along with homogeneity of MOFs [49].
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Photoluminescence (PL) Spectroscopy

This technique is used to determine the electronic properties of as-prepared MOFs.
PL spectra are used to obtain the bandgap of the materials. PL spectra can give
information about quantum efficiency and the recombination rate of photogenerated
charge carriers present in MOFs [5].

Thermogravimetry Analysis (TGA)

TGA is most commonly employed to measure the thermal stability of as-prepared
MOFs. In this method, the weight loss of the sample is plotted against temperature.
The TGA curve is also helpful in estimating the solvent-accessible pore volume [5].

Another important parameter for characterization of MOFs is aqueous stability
test. Aqueous stability tests are performed to check the chemical stability of MOFs
in water for their use in water purification using photocatalytic reactions.

To check the repeatability and stability of MOFs, post-characterization is also
performed to see if the morphology of MOFs is maintained [50].

7 MOFs as Photocatalyst

MOFs are basically a hybrid of organic and inorganic materials. Intriguing features
of semiconducting MOFs not only make them an efficient adsorbent material but
also make them work as a photocatalyst [51]. MOFs having semiconductor property
show optical transition and lead to the generation of electron and hole pairs upon
irradiation of light which is the required property of a material to be photocatalyst.
As compared to conventional semiconductor photocatalyst (such as TiO2), MOFs
offer many advantages because of their porous and robust structure [52]. The porous
robust structure further allows encapsulating different chromophores into its voids,
which helps in absorption ofmore amount of light and generation of a large number of
electron and hole pair, making it evenmore active as a photocatalyst [53, 54]. In addi-
tion to that doping of heteroatom or metal nanoparticles, decoration over the surface
of MOFs promotes facile charge transfer and helps in reducing the recombination
rate of electron–hole pair. Another added advantage of MOFs as photocatalysts is
the functionalization of organic linkers with groups like NH2 which increases the
delocalization in the aromatic ring and shows absorption band in the visible region
and make MOFs a suitable catalyst in the visible region as well [55].

Tunable optical properties of MOFs make them an excellent candidate for their
usages as photocatalysts materials. These materials can work efficiently in degrading
various organic and inorganic pollutants available in the water. The aqueous stability
of MOF is an important parameter for photocatalytic water purification. The metal-
linker bond in MOF is a weak coordination bond and can be easily cleaved by water;
thus, it must be modified to resist its breaking. Various modifications strategies have
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been attempted for the design and synthesis of stable MOFs. One such example is
forming a stronger bond considering the HSAB principle. The bond between the
metal ions and linkers is stronger if the linkers are strong Lewis base and the metal
ions are in their high valent oxidation state, so that they act as strong Lewis acid.
Thus, by HSAB theory, the interaction will eventually be stronger, and water might
not cause the bond cleavage [56]. Another factor like the length of the bond between
metal ions and organic linkers is also needed to be considered for synthesizing water-
resistant MOFs. The longer the bond, the more will be the possibility of attack by a
water molecule. Increasing the steric hindrance and thus, appropriate modifications
to the organic groups can further prevent the water attack to metal-linker bond [57].

Following are some case studies where these materials have been used as a
photocatalyst to decompose organic contaminants like organic dyes and inorganic
contaminants like toxic heavy metal ions.

7.1 Metal–Organic Frameworks as Photocatalysts for Dye
Degradation

Dyes such as rhodamine 6 G (R6G), methylene blue (MB), rhodamine B, and methyl
orange are considered to be pollutants because the presence of these dyes in water
harms aquatic species. Structure of these dyes are shown in Fig. 11. These dyes
are mainly discharged from the textile and paper industries. Due to the presence of
aromatic rings, these dyes are stable at ambient conditions and non-degradable in
water. Hence, removal of these dyes is of utmost importance to purify water. Till
now, various research groups investigated their photodegradation performance using

Fig. 11 Representative structure of organic pollutants studied for photodegradation
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MOFs. Researchers also compared the photodegradation rate of these dyes using
different illumination sources such as UV lamps, visible light, and solar light.

Table 3 summarizes the photodegradation of various pollutants using MOFs. Jing
Du et al. in 2011, carried out a study of photodegradation ofmethylene blue dye under
bothUVand visible light illumination sources [58]. They tested the photodegradation
activity of MIL-53(Fe) as a photocatalyst. Their result predicted that MIL-53(Fe)
exhibits lower photocatalytic activity toward methylene blue dye under both light
sources. However, they found a huge increment in photocatalytic activity on the
addition of H2O2, since H2O2 (as shown in Sect. 3.1) leads to the generation of a
greater number of OHº radicals which is required for degrading the dyes and also
H2O2 has been shown to reduce the recombination rate of generated electron–hole
pairs. They have also investigated the photodegradation rate of methylene blue dye.
In presence of H2O2, MIL-53(Fe) under UV–Vis light reduces 99% of dye in 20min;
however, in absence of H2O2, only 11% reduction in dye concentration was observed
even after 40 min [58].

It has been seen that complete degradation of dye is a problem in visible light.
Several Fe basedMOFshave been tested as photocatalyst [59], but none of themcould
achieve 100% degradation rates. MIL-88, MIL-100, and MIL-101 MOFs were used
for the photodegradation of rhodamine 6G dye [60]. MIL-88 shows better activity
compared to others but could achieve a 100% degradation rate only in presence of
H2O2.

Most of the studies of dye degradation usingMOFs have been carried out by taking
UV or visible light source. From an environmental point of view, more focus should
be on the usage of a greener approach by taking sunlight as an irradiation source. Xu
et al. [61] in 2016 studied the photodegradation of methylene blue and rhodamine B
dyes using MOFs containing metal nodes of Cu and organic linker of imidazole in
sunlight. Their results show that the methylene blue degraded approximately 92%
in 32 h and rhodamine B degraded approximately 91.4% in 24 h. However, none of
the dye managed to degrade completely in solar light.

A higher degradation rate of dyes could be achieved using such organic linker
which has more number of electrons in delocalization. More delocalized electrons
favor the charge transfer mechanism and show a higher degradation rate. A notable
example is shown by Zhang et al. in 2014, they usedMOFs containing tetrazole as an
organic linker and metal node containing Ag for the photodegradation of rhodamine
6G and methylene blue and achieved a higher degradation rate.

The choice of metal ion also affects the photodegradation rate of dyes. In 2013,
Wang et al. compared the degradation rate of methylene blue dye using two MOF-
[M(4-bpah) (1,3-bdc) (H2O)], (M=Cd, Co), one containingCometal node and other
containing Cd metal node. Photodegradation rate of methylene blue using [Co(4-
bpah) (1,3-bdc) (H2O)] MOF was found to be 25% in 4 h, while photodegradation
rate of methylene blue using [Cd(4-bpah) (1,3-bdc) (H2O)] MOF was found to be
40% in 4 h [62]. However, a slight increment in photodegradation rate was observed
by Wen et al. [63] by changing metal ion to Ni. Photodegradation rate of methylene
blue using [Ni(4-bpah) (1,3-bdc) (H2O)] was found to be 55% in 4 h.
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Table 3 Application of
MOFs for photodegradation
of targeted dyes

MOFs Pollutant Irradiation
source used

Reference

MIL-53(Fe) Methylene
blue

UV–visible Du et al. [58]

MIL-53(Fe) Methylene
blue

UV–visible
+ H2O2

Du et al. [58]

MIL-53(Fe) Methylene
blue

Visible Du et al. [58]

MIL-53(Fe) Methylene
blue

Visible +
H2O2

Du et al. [58]

Cu
(II)-imidazole

Methylene
blue

Visible Xu et al. [61]

Zn
(II)-imidazole

Methylene
blue

Visible Xu et al. [61]

Cu
(II)-imidazole

Methylene
blue,
rhodamine B

Solar light Xiao et al.
[66]

Cu
(II)-pyrazine

Methylene
blue

Solar light Wang et al.
[67]

Cu
(II)-pyrazole

Methylene
blue, methyl
orange

UV + H2O2 Bala et al. [68]

Cd
(II)-imidazole

Methylene
blue, methyl
orange

UV Liu et al. [69]

Ag (I)-MOF Rhodamine
6G, methyl
orange

UV Zhang et al.
[5]

Cu(dm-bim) Rhodamine
B, methyl
orange

Visible Wen et al. [70]

MIL-88B,
MIL-100 (Fe)

Rhodamine
6G

Visible Laurier et al.
[60]

Cd(4-bpah)
(1,3-bdc)
(H2O)

Methylene
blue

UV Wang et al.
[62]

Co(4-bpah)
(1,3-bdc)
(H2O)

Methylene
blue

UV Wang et al.
[62]

Ni(4-bpah)
(1,3-bdc)
(H2O)

Methylene
blue

UV Wang et al.
[62]

NTU-9 (Ti) Rhodamine
B, methylene
blue

Visible Gao et al. [64]

(continued)
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Table 3 (continued) MOFs Pollutant Irradiation
source used

Reference

UiO-66 (Zr-Ti) Methylene
blue

Solar light Wang et al.
[65]

where, dm-bim = 5,6-dimethyl-benzimidazolate, 4-bpah = N,
N’-bis(4-pyridinecarboxamide)-1,2-cyclohexane, 1,3-bdc = 1,3-
benzenedicarboxylate

Gao et al. [64] in 2014 successfully synthesized MOFs based on titanium (Ti)
namedNTU-9, similar toTiO2,NTU-9 acts as an efficient photocatalyst and degraded
the rhodamineB andmethylene blue dyes in a very short time span (20–80min) using
visible light as the irradiation source. However, recent research also focussed on the
synthesis of more Ti-based MOFs which can perform as efficient photocatalysts
in sunlight. Wang et al. [65] in 2016 successfully synthesized UiO-66(Zr-Ti) from
UiO-66(Zr) by exchanging some of the Zr4+ by Ti4+. They performed a photocat-
alytic reaction in sunlight and found that UiO-66(Zr-Ti) was able to degrade 80% of
methylene blue under sunlight.

Till now, it is very clear that the activity of MOFs in photocatalysis is highly
dependent on the metal ion, organic linker, and type of irradiation source used. It is
worthwhile to mention here that despite huge research on MOFs as a photocatalyst,
the activity of MOFs as photocatalysts is limited mainly in sunlight. Another draw-
back of MOFs is their stability in water. Therefore, to achieve better photocatalytic
activity, certain structural modifications have been performed by various research
groups to functionalize MOFs.

Type of structural modifications has been performed to increase the photocatalytic
activity of MOFs.

i. Amine linkage
ii. Doping of metal
iii. Decoration of metal nanoparticles
iv. Heterostructures formation

Amine linkage: Introduction of the amino group (-NH2) in the organic linker tends to
increase the delocalization in the aromatic ring which shifts the absorption band to a
higher wavelength, toward the visible region. The amino group also takes part in lone
pair transport fromorganic linker tometal clusters [14]. It has beenobserved in certain
cases that organic linker in MOFs containing NH2 group shows better photocatalytic
activity. Jianchuan He et al. [71] in 2018 synthesized NH2-MIL-88B (Fe) MOFs by
microwave method and found that 98% of methylene blue dye photo-degraded by
synthesized photocatalyst in 45 min under visible light.

Doping ofmetal: Doping ofmetal in theMOFs leads to an increase in the photodegra-
dation rate of dyes, and this is because of the generation of a new energy level that
favors metal to metal charge transfer. Li et al. [72] in 2014 synthesized Ni-doped
ZIF-8 (Zn) named BIT-11 and observed the complete photodegradation ofmethylene
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blue dye in 30 min using a visible light source. One another interesting example of
complete photodegradation of methylene blue dye was observed by Abdelhameed
et al. in sunlight by using Cr3+ and Ag+ doped NH2-MIL-125 MOFs. They also
observed that the introduction of silver atoms suppresses the recombination rate of
electron and hole pairs and also increases its stability in water [73].

Decoration of metal nanoparticles: Another approach to increase the photocatalytic
activity of MOFs is to decorate metal nanoparticles on the surface of MOFs. Liang
et al. [74] synthesized the metal nanoparticle decorated MOFs. They loaded Pt, Pd,
and Ag metal nanoparticles over MIL-100 MOFs and compared the activity of each
one for photodegradation of methyl orange in visible light. They predicted that Pt-
loaded MIL-100 showed the best catalytical activity among all and degraded methyl
orange almost 100% in 40 min.

Heterostructures formation: Heterostructures consist of two or more materials and
generally lead to improvement in an already existing application. A similar approach
has been done by various researchers to improve the photocatalytic activity ofMOFs.
Since TiO2, ZnO asis a well-known photocatalyst, a combination of oxides with
MOFs could generate novel photocatalyst for dye degradation. Keeping that in mind,
Liu et al. [75] synthesized heterostructure of TiO2 nanosheet with MIL-100 (Fe) and
found that synthesized heterostructure is efficient in degrading methylene blue under
visible light, but it also requires the use of H2O2. Similarly, the approach has been
done by Feng et al. [76], and they synthesized heterostructure of Fe2O3-MIL-53 (Fe).
Although as-synthesized heterostructure is not able to degrade 100%methylene blue
because of its paramagnetic character (due to the presence of Fe2O3), it was able to
recover from the aqueous solution and found very stable in water.

Another interesting example of a heterostructure for photocatalysis is given by
Sha et al. [77], who combined the oxide of bismuth and tungsten with MOFs and
synthesized Bi2WO6/UiO-66 (Zr). Their synthesized heterostructure was able to
degrade 100% of rhodamine B in 180 min using a visible light source. However,
later, theymodified the heterostructure to BiOBr/UiO-66 (Zr) and found increment in
photocatalytic activity. BiOBr/UiO-66 (Zr) heterostructure cap completely degrade
rhodamine B dye in just 15 min using a visible light source [78]. They predicted
that increment inactivity could be due to the generation of more reactive radicals
or due to reducing the recombination rate of electron and hole pairs. Summary of
photocatalytic activity of functionalized MOFs is given in Table 4.

Many research groups focussed on developing heterostructure because of
the increase in photocatalytic activity. Recently, Huang et al. [79] synthesized
heterostructure based on reduced graphene oxide named rGO/NH2-MIL-125 which
they found efficient for complete photodegradation of methylene blue dye in 30 min.
Wu et al. [80] also synthesized reduced graphene-based heterostructure which shows
excellent photocatalytic activity for complete photodegradation of rhodamine B and
methylene blue dyes in sunlight within 20 min.
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Table 4 Application of functionalized MOFs for photodegradation of targeted dyes

MOFs Pollutant Irradiation
source used

Reference

Metal-doped MOFs UiO-66 (Ti-doped) Methylene blue Solar light Wang et al.
[65]

ZIF-8 (Ni-doped) Methylene blue Visible Li et al. [72]

NH2-MIL-125 (Cr
and Ag doped)

Methylene blue Solar light Abdelhameed
et al. [73]

Metal nanoparticle
decorated MOFs

Pt-MIL-100 Methyl orange Visible Liang et al.
[74]

Pd-MIL-100 Methyl orange Visible Liang et al.
[74]

Ag-MIL-100 Methyl orange Visible Liang et al.
[74]

Heterostructures
based on MOFs

TiO2-MIL-100 (Fe) Methylene blue Visible +
H2O2

Liu et al. [75]

Fe2O3-MIL-53 (Fe) Methylene blue Visible Feng et al. [76]

Bi2WO6-UiO-66 Rhodamine B Visible Sha et al. [77]

BiOBr-UiO-66 Rhodamine B Visible Sha et al. [78]

rGO-NH2-MIL-125 Methylene blue Visible Huang et al.
[79]

rGO/MIL-88 (Fe) Rhodamine B,
methylene blue

Solar light Wu et al. [80]

7.2 Metal–Organic Frameworks as Photocatalysts
for Primary Pollutants

Primary contaminants are polycyclic aromatic hydrocarbons (PAH), volatile organic
compounds, pesticides, herbicides, phenol, alkylphenol, and manymore as predicted
by the Environmental Protection Agency, USA [81]. Presence of these substances in
watermakes the life of aquatic organisms unbearable. So, removal of these substances
from water is need of the hour [82]. Among them, phenol-related compounds are
studied the most as target pollutants for water purification. Alvaro et al. [83] in
2007 studied the photodegradation of phenol using MOF-5 for phenol degradation
under UV light as an illumination source. They found that the activity of MOF-5
is comparable to the well-known photocatalyst TiO2 suggest the high efficiency of
MOFs for phenol degradation. Phenol degrades in series of reactions as shown in
Fig. 12 [84]. Mechanism of photodegradation of phenol is similar to as described in
Sect. 3.1 above.



Metal Organic Frameworks as Photocatalyst for Water Purification 585

Fig. 12 Reaction map for photodegradation of phenol

Reactions shown in Fig. 12 are as follows:

Partial Oxidation Reactions

1. Phenol to para-benzoquinone
2. Phenol to para-hydroquinone
3. Phenol to catechol
4. Phenol to hydroxyquinol
5. Quinol to para-benzoquinone
6. Catechol to hydroxyquinol.

Total Oxidation Reactions

1. Hydroxyquinol to carbon dioxide and water
2. Quinol to carbon dioxide and water
3. Phenol to carbon dioxide and water
4. Catechol to carbon dioxide and water
5. Hydroxyquinol to carbon dioxide and water.

Certain advancement has been done to improve the photocatalytic activity of
MOFs for photodegradation of phenol and phenol like compounds. In 2017, Surib
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et al. [85] demonstrated photodegradation of chlorophenol using metal ions inter-
calated Cd-MOF in sunlight as an illumination source. They found that photocat-
alytic activity of intercalated MOFs is far better than the general photocatalyst TiO2.
However, the use of MOFs for photodegradation of primary pollutants has not been
explored much in literature.

7.3 Metal–Organic Frameworks as Photocatalysts
for Photoreduction of Heavy Metals

Heavy metals like lead, mercury, arsenic, chromium, cadmium, etc., are toxic, bioac-
cumulative, and persist in the environment for longer periods [86]. All these factors
make them hazardous and an urgent matter of concern. Naturally, these metals
are released into the environment from weathering of metal-containing rocks and
volcanic eruptions, while anthropogenically they are released from industrial waste,
mining, tanneries, etc. Intake of these heavy metals by plants and animals could be
poisonous as they will disrupt the whole food chain. Poisoning from these metals
could occur through both direct and indirect exposure, improperly packaged food,
medicines, etc. Upon prolonged exposure to lower levels of heavy metals, one may
suffer from symptoms like headache, weakness, muscle pain, constipation, while
exposure to higher levels of heavy metals may cause serious effects on the nervous
and immune systems [87].

There are many ways to treat heavy metal pollutants in wastewater resources,
like adsorption, electrolysis, membrane filtration, biological treatment, photocatal-
ysis, etc. Adsorption technology has many advantages as it is an easy, efficient,
conventional technique and can be effectively used to adsorb various pollutants from
wastewater [88]. Earlier, materials like metal oxides, zeolites, carbon nanotubes,
activated carbon, organic resins, etc., were used, but these materials offer certain
disadvantages in adsorbing heavy metals. The smaller pores of activated carbon to
trap heavy metals, the slow adsorption capacity of metal oxides, and the reusability
of organic resins are few drawbacks of conventional materials used for capturing
heavy metals.

Moreover, it is difficult for a particular material with defined properties to adsorb
heavy metals; however, heavy metals can be converted from a high valence state
(toxic form) to a lower valence state (less-toxic form). Materials like MOFs are an
appropriate choice for these applications since, these are not only efficient adsorbent
due to its highly porous and robust structure, but they also act as a photocatalyst [87].
MOFs contain organic likers which upon adequate functionalization could work as
antennas in order to trap energy from the source. The energy can be easily transferred
to the active site via the organic linker channels where the degradation of the heavy
metal would occur. The photocatalysis of heavy metals in a high oxidation state
could convert them to a low-oxidation state which is a less-toxic form. Hence, the
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combined adsorption and photocatalyst activity make MOFs the potential, efficient,
and effective candidate to trap heavy metal impurities [89].

Photocatalysis of chromium metal has been investigated by various research
groups with various modified and unmodified MOFs. UiO-66 with amine function-
alities does the photocatalytic reduction of Cr (VI) to Cr (III) in presence of water
[90]. This amine functionalization on UiO-66(NH2) extends the range of this MOF
to absorb visible light photons, while unfunctionalized UiO-66 is inactive for this
process in visible light. Further, in the same line when this UiO-66(NH2) was loaded
with Ag nanoparticles, literature shows that silver facilitates the Cr (VI) reduction
with stable rates. Not only is the zirconium oxide cluster present in UiO-66, but
iron-based MOFs are also efficient for the purpose. Rather Fe based MOFs like
MIL-100(Fe) show better efficiency for photocatalysis of Cr (VI) [52, 91].

Liang et al. [74] synthesized metal atom decorated MOFs and achieved 100%
photoreduction of chromium metal ions from higher valance state to lower valance
state in just 8min. They also compared the activity of different metal atoms decorated
onMOFs. For this purpose, they synthesized Au, Pd, and Pt decorated MIL-100 (Fe)
and found that the best results were given by Pt decorated MIL-100 (Fe).

On a similar line, as discussed in dye degradation, the heterostructure of
MOFs with other semiconductors tends to improve the photoreduction efficiency of
chromiummetal. One notable example is given byHuang et al. [92], who synthesized
the heterostructure of g-C3N4 with MIL-53 (Fe) and found the complete photore-
duction of Cr (VI) to Cr (III) in 3 h. Shen et al. [93] synthesized heterostructure of
reduced graphene oxide with UiO-66 (NH2) and found that 100% photoreduction of
chromium metal ion takes place in 100 min. Further improvement in photoreduction
efficiency is achieved by Liang et al. [94], who observed 100% photoreduction of Cr
(VI) to Cr (III) in just 80 min by using rGO/MIL-53 (Fe).

From the above examples, it is noteworthy that huge development of photocatalyst
has been done for the photocatalysis of chromium metal. But a lot of work is still
needed for the photoreduction of other heavy metals.

8 Summary and Future perspectives

In this chapter, considering the importance of water, its rising demand, and emerging
scarcity issue, we have discussed various methods for the treatment of wastewater.
A brief introduction of the methods like physical processes involving sedimentation,
distillation, filtration, etc., biological processes including biological sludge treat-
ment, etc., followed by chemical processes like flocculation and chlorination has
been discussed. Their disadvantages such as releasing secondary pollutants into the
environment are also presented. As an alternative to the above-mentioned methods,
photocatalysis has been described as a greener, ecological, and sustainable tech-
nique to purify water. The photocatalytic mechanism, factors affecting the efficiency
of photocatalysis, and the kinetics of photocatalysis have been discussed in detail.
This is followed by few conventional photocatalysts including metal oxides, metal
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sulfides, andmetal phosphideswhich are effective forwastewater treatment are listed.
Owing to the disadvantages like poor conductivity, and fast recombination of charge
carriers, the application of conventional materials for photocatalysis is limited. In this
regard, MOFs being porous, high surface area material, and hybrid of organic and
inorganic constituents that offer properties of a semiconductor have been explored as
photocatalysts in addition to their adsorption and separation applications. Thus, for
being a photocatalyst in addition to the high adsorption tendency, porosity, and robust
design, their potential to degrade toxic organic–inorganic pollutants from wastew-
ater resources has been discussed in this chapter. Since the working environment is
aqueous, their aqueous medium stability has been presented along with the methods
to improve it. Several strategies to improve the aqueous medium stability of MOFs
including modifications in the organic linker design, the choice of metal ions used,
and creating steric hindrance to the water molecules from attacking the weaker bonds
have been presented.

At last, we have described several case studies to reveal the application of MOFs
as photocatalysts for the degradation of primary pollutants, organic dyes, and heavy
metal ions fromwastewater. In the case studies, severalmethods like an encapsulation
of chromophores into the porous framework and incorporation of light-absorbing
organic linkers to modify the photocatalytic activity of MOFs have been discussed.

There is still a long way to go for understanding and implying those modifications
to enhance the efficiency and capacity of MOFs as photocatalysts. Also, there is a lot
of lagging with the stability and recyclability of MOFs. In the case of degradation of
dyes, it has been observed that a lot of heteroatoms doping and heterostructure incor-
poration into the MOFs is required to make it more photocatalytic active. But the
disadvantage is lying in terms of their cost and lengthy synthesizing process. There-
fore, a large room for development is required in terms of cost-effective processes to
synthesizeMOFs with high yield and enhanced photocatalytic activity. Also, consid-
ering a greener approach, more focus should be on synthesizing those MOFs that
could work as photocatalysts in sunlight. Similarly, very few MOFs are known that
can degrade the heavy metal ions from high valent toxic form to low valent less toxic
form. Mostly, work has been done to degrade high valent ions of chromium metal.
Thus, more advancements are required to photo-catalyze other metal ions like nickel,
cadmium, lead, mercury, and arsenic using MOFs. Having proper research on the
above-mentioned challenges would make MOFs the most efficient photocatalyst for
future generations.

Abbreviations

MOFs Metal-organic frameworks
PAC Poly-aluminum chloride
PAHC Poly-aluminum hydroxy chloride
ROSs Reactive oxygen species
PXRD Powder X-ray diffraction
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UV Ultraviolet
DRS Diffuse reflectance spectroscopy
HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
SEM Scanning electron microscope
TEM Transmission electron microscope
EDS Energy dispersive spectroscopy
BET Brunauer–Emmett–Teller
PL Photoluminescence
TGA Thermogravimetry analysis
R6G Rhodamine 6G
MB Methylene blue
PAH Polycyclic aromatic hydrocarbons
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Abstract Photocatalysts are considered as an encouraging and environment-
friendly technology for solar energy conversion to thermal/chemical energy via
interactions between light matters. Metal–organic frameworks (MOFs) are consid-
ered recently as innovative photocatalysts because of their immense coordination
between active metal centers and organic linkers. This property offers unique struc-
tural characteristics that contribute to the large surface area, ordered structure, highly
porous nature, and ultrahigh structural tunability. The highly porous nature is respon-
sible for concentrating the organic pollutants in the cavity of MOFs to gain enhanced
activity, tunable characteristic allows the productive charge separation, and gener-
ation of reactive oxygen species capacity is responsible for the speedy decomposi-
tion. Such advancement extends enhanced chances for improving their efficiency in
several photocatalytic applications such as CO2/H2 generation and environmental
remediation. MOFs furnish well-defined advantages in comparison with any other
conventional photocatalysts under visible, UV, and NIR light irradiation. Some of
the challenges conventional photocatalysts face include inadequate usage of sunlight
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or restricted active sites. MOFs-based photocatalysts tend to solve several practical
problems at an industrial scale. The research on MOF photocatalyzed processes is
well in demand, and variousmechanistic judgments have been calculated so that their
potential can be utilized. Hence, it is substantial, to sum up, this field of research
supplies thorough awareness regarding its development and future aspects. This
chapter proposes a comprehensive and critical analysis regarding photocatalysis and
historical development, synthesis, and modifications in MOF networks. Further, we
will also represent the present status of MOFs involved in photocatalytic processes
like electron−hole pair, formation of reactive species, and influence on water chem-
istry in detail. Later on, we will also emphasize the advancements which have been
accomplished to date on the photocatalytic performances of MOFs in energy and
environmental remediations via experimental investigations.

Keywords Metal–organic frameworks (MOFs) · Functionalization ·
Photocatalysis · Light · Degradation · Contaminants · Advanced oxidation process

1 Introduction

Photocatalysis is a catalytic reaction that is persuaded by light energy [1]. It is the
potential of harvesting solar energy which is easily available to human beings [2]. It
is an important chemical method by which energy and environmental crises can be
handled by converting solar energy to chemical potential [3] and requires the irradi-
ation of light of a particular wavelength onto the semiconductor material [4]. This
is an advanced oxidation process (AOP) [5] for proficient degradation of harmful
organic contaminants present in the water by photocatalytic materials [6]. AOP is
the conversion of light energy to chemical energy together with the formation of
free radicals, like hydroxyl radicals, which possess the tendency to break down the
harmful organic pollutants into non-toxic by-products [7]. Around a billion people
in developing countries do not get drinking water, and nearly 3 billion people are
deficient in proper sanitation. The contamination of water resources with chemi-
cals, pesticides, industrial wastes, and pharmaceuticals is a rising concern in both
developing and the developed countries [2, 8]. The noteworthy research initiated
after 1970 when the splitting of water was established by utilizing near UV light
with the help of a platinum cathode and a titania photoanode [9]. The advantages of
photocatalysis include their potential to degrade pollutants to non-toxic by-products
within a short period under normal conditions. A perfect photocatalyst is stable in
aqueous as well as in organic solvents under acidic or alkaline pH, should stand
strong light irradiation, easily available, low cost, and reusable, and also it must
possess high porosity to enhance its catalytic activity [10]. Therefore, scientists came
across various mesoporous and microporous materials due to their size, morphology,
pore volume, etc. Photocatalysis involves the formation of electron–hole pairs, e−
recombination, photocatalytic electron transport, oxygen reduction, and oxidation
by holes present in the valence band [4]. Out of several materials available like
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silicates, graphene oxide, metal-oxide nanoparticles, and other carbon materials,
metal–organic frameworks (MOFs) show lots of potentials [10].

MOFs are theoretically assembled three-dimensional crystalline porous materials
and assist as an exciting stage for the study and designing of simulated systems [11–
13]. These form an innovative class of inorganic–organic hybrid materials comprised
ofmetal ions/clusters (e.g., secondary building units (SBU)) and organic ligands (e.g.,
unidentate, bidentate,multidentate bridging ligands) [14] bondedvia coordinate bond
[15, 16]. The name metal–organic framework was invented first time in 1992 [17]. In
1990, Hoskins and Robson reported scaffold-like material having Cu(I) as a center
and tetracyano-tetra phenylmethane as a ligand [17, 18]. Later on, in 1999 Yaghi
and his co-workers extended the metal framework and formed a porous crystalline
structure called MOF-5 [17]. Over 70,000 MOFs have been discovered till now [19,
20]. MOFs have become an active field in coordination chemistry and came out to be
an emerging class of research due to their ultimate diversity in structure, super high
surface area (over 6000m2g−1) [21], well-defined porous structure, manageable pore
size, and adjustable functional groups [22]. Its easily tailorable characteristics, i.e.,
unsaturated metal sites, provide distinctive features for several applications which
include catalysis, gas storage, magnetism, sensing, carbon dioxide capture, elec-
tronics, electrochemistry, and biomedical applications [23]. Furthermore, MOFs are
widely utilized as heterogeneous catalysts under irradiation ofUV/visible light forH2

generation, CO2 reduction, and also for the breakdown of harmful organic contam-
inants utilizing photogenerated electrons and holes [24–26]. MOFs were used as a
catalyst in 1994 for the first time for cyanosilylation of aldehydes [27]. MOFs have
the potential to tackle the limitations of conventional photocatalysts such as their
low stability, surface area and reusability [19]. These are arranged in the crystalline
lattice which is distinct from inorganic semiconductors having delocalized valence
and conduction band [21]. The activity of photocatalysis by MOFs can be magnified
by the incorporation of photoactive ligands into MOFs.

The design of charge transfer pathways in MOFs offers improvement in semi-
conductor properties and encourages their use in photocatalysis under sunlight,
UV, and visible light irradiation. The charge transfer mechanisms can be modi-
fied using chromophoric ligands, metal centers, and also the encapsulated molecule
present in the MOF composites [28]. Several synthetic procedures to modify the
crystalline properties of MOFs include solvothermal approaches (e.g., microwave-
assisted, sonochemical, conventional heating) and non-solvothermal methods (e.g.,
mechanochemical, electrochemical, spray drying, and flow chemistry) [14, 29]. The
most commonly used solvothermal method takes place in a closed reaction vessel
under pressure (autogenous) at a temperature greater than the boiling point of the
solvent used and allows the self-assembly of MOF crystals. The most commonly
used solvents in this process are N, N-dimethylformamide (DMF), methanol, and
ethanol, where the reaction is performed at a temperature lower than 220 °C and
left for crystallization for several hours or days. These different methods help in
controlling and modifying the size, morphology, and functionalization of crystals
[17, 30]. In comparison, non-solvothermal methods form at a lower temperature
than the boiling point of the solvent [31]. Using these synthetic methods, the rate



598 A. Yadav and R. K. Sharma

of growth of MOFs can be managed to alter the coordination geometry, surface
area, and porosity of formed MOF. Hence, having significant knowledge of the
coordination environment between metal centers and organic linkers it is impor-
tant to utilize the synthetic method best suited for the fabrication of the appropriate
MOFs photocatalysts. Various techniques and instrumental methods are used for the
characterizations of the MOFs (like porosity, crystallinity, optical, electronic proper-
ties, and morphology). The commonly used are High-Resolution Transmission Elec-
tron Microscopy (HR-TEM), N2 adsorption/desorption isotherms, Single-Crystal or
Fourier Transform Infrared Spectroscopy (FTIR), Field Emission Scanning Electron
Microscopy (FESEM), Powder X-ray Diffraction (XRD), Raman Spectroscopy, X-
ray Photoelectron Spectroscopy (XPS), Nuclear Magnetic Resonance (NMR), UV–
visible Diffuse Reflectance Spectroscopy (UV–Vis DRS), Surface Plasmon Reso-
nance (SPR), Thermogravimetric Analysis (TGA), Photocurrent Responses, Induc-
tively Coupled Plasma Optical Emission Spectroscopy (ICP-OES), Electrochemical
Impedance Spectroscopy (EIS), and Photoluminescence (PL) Spectroscopy. Out of
these FTIR, Raman, single-crystal XRD, NMR, and neutron diffraction are utilized
to elucidate the formation and structural defects in MOFs [32]. The analytical char-
acterizations when combined with the quantum chemical approach (e.g., molecular
dynamics, Monte Carlo simulations, and quantum mechanics) provide data related
to electronic, reactivity, and mechanical features of MOFs [33]. The studies provide
an understanding of the synthesis and functionalization of MOFs via ex situ/in situ
non-solvothermal/solvothermal methods [14, 34].

Alvaro et al. (2007) were the ones who created the concept of using MOFs
as photocatalysts while exploring the semiconducting properties of MOF-5
(Zn4O(BDC)3, BDC2−=1,4-benzodicarboxylate). In their study, they found that the
ligand used in the solution form in fabricating MOF undergoes some changes which
lead to the concept of electron ejection from the organic ligand molecule [35].
Upon light irradiation, MOFs show the properties of semiconductors. The organic
ligand harvests light from various sources and leads to the activation of the metal
center from ligand to metal charge transition (LMCT). It is an important criterion
for photocatalytic activities. The porous nature of MOFs contributes broadly to the
photocatalytic processes. Several MOFs having metal centers Fe, Cr, Zr, and Ti
display stability in water and tend to harvest solar energy [36]. Such MOFs have a
small bandgap; hence, excitation is eased in the presence of visible light [10]. These
newMOFs-based heterogeneous photocatalysts have several restrictions which limit
their applications. Generally, due to the large bandgap of MOFs, they collect only
about 5% of total sunlight energy imparted. Also, quick recombination of electron–
hole pairs occurs which leads to unsatisfactory results. Several MOFs have poor
stability, low reproducibility, high cost, and kinetic instabilities [37], and hence they
agglomerate easily [14, 38] and are unable to harness sunlight energy. To overcome
these limitations,MOFs have been functionalizedwithmetal, metal-oxide nanoparti-
cles, graphene, graphene oxide, zeolites, carbon nanotubes (CNT), combination with
conductive materials, etc. Various techniques used for the synthesis of functionalized
MOFs are surface functionalization, deposition, impregnation, and fabrication. The
functionalization leads to reduced bandgap, successful separation of electron–hole
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pairs (photogenerated), and low photocurrent and photoluminescence response to
harness solar light energy effectively [39]. Such composites have a higher absorp-
tion of visible light, greater stability in the environment, and more reusability than
normal unfunctionalized MOFs [10]. The functionalized MOFs broaden the area of
utilization of MOFs in photocatalytic reactions [40]. The activities of MOF-based
composites have been classified based on three types of active sites such as type I,
where the SBU behaves as semiconductor dot photocatalysts in MOF crystal, type
II where organic ligands have chromophores in their structure, and type III is when
a photocatalytic species is encapsulated within the pores of MOF [14]. However, the
functionalization and encapsulation within MOF frameworks sometimes reduce the
tendency of metal sites to absorb photons due to the blockage of the pores avail-
able in MOF. The blocking of pores also encourages steric hindrance to the reactant
molecules, which obstruct the transfer of mass from reaction media to catalyst sites
[14, 41]. Hence, designing molecules without altering the properties is desirable for
an effectual gathering of sunlight energy. The classification of synthesis,modification
strategies, properties, and applications of MOFs are shown in Fig. 1.

Photostability of MOFs—MOFs possess an enhanced photocatalytic rate
compared with other photocatalysts due to their distinctive characteristics of high
surface area, tailorable physical–chemical properties, and desired topology which
facilitate speedy transport and accommodation of the desired molecule. The theo-
retical bandgap of MOFs for the photocatalytic application depends upon the metal
ion and organic ligands and varies between 1.0 and 5.5 eV [42]. The photocatalytic
phenomenon of MOFs can be suggestively amended via altering modulation of the
composition and structure of MOFs [14]. The photocatalytic rate also depends upon
the richness in the number of metal nodes acting as active catalyst sites, easy encap-
sulation of photosensitizers, and functional organic linkers along adjustable bandgap

Fig. 1 Schematic categorization of synthesis, modifications, properties, and applications of MOFs
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[13, 43]. MOFs are photoresponsive and tend to absorb light via a metal ion center
and an organic ligand. First of all, the structure of MOFs should be evaluated and
characterized to gain knowledge of themechanism involved. Furthermore, the porous
nature and tailorable characteristics of MOFs lead to the adjustment of the desired
molecule through open framework structures and, hence, provide an advantage in the
removal of toxic pollutants from water [15]. Moreover, MOFs possess high stability
and, hence, do not agglomerate easily. Last but not the least, response toward visible
light is highly achieved by the ligands which act as organic chromophores [23, 44].

So far, abundant techniques have been utilized to treat contaminated water
resources and to generate energy sources. This chapter summarizes the photocat-
alytic application of MOFs in the direction of removal of harmful organic pollutants,
i.e., dyes, pesticides, antibiotics, volatile organic compounds, heavy metal ions, etc.,
from the water. Photocatalytic CO2 reduction, H2 generation, and some photoelec-
trochemical applications have also been included. The objective is to provide the
up-to-date knowledge and references for photocatalytic activities of MOFs. In this
respect, all theMOFs and functionalizedMOFswhich have been reported are summa-
rized along with the mechanisms involved. Lastly, the limitations and future aspects
have also been discussed.

2 Possible Photocatalytic Applications of MOFs

The utilization of MOFs for photocatalytic applications has gained massive attention
in the past few years, owing to the rise in awareness and realization of the unique
physical and chemical properties of MOFs. Some of the photocatalytic applications
which we have discussed in the chapter have been illustrated in Fig. 2, and MOFs
reported for various photocatalytic activities are summarized in Table 1.

2.1 Reduction of Carbon Dioxide (CO2) on MOFs

The emission of CO2 results in global warming causing the greenhouse effect.
The CO2 conversion method using solar energy into valuable chemicals is the
most demanding nowadays to lessen the energy shortage problem and greenhouse
effect [128]. The photocatalytic reduction of CO2 produces carbon monoxide (CO),
methanol (MeOH), formic acid (HCOOH), and methane (CH4). These end products
act as energy carriers and are significant for industrial practical applications [95,
128]. The shortage of energy and the greenhouse effect have become the topic of
concern because of the excess depletion of fossil fuels. Because of the thermody-
namic stability of carbon dioxide (CO2), its reduction effectively via a photocatalytic
system has become amajor task [129]. The various photocatalytic systems have been
studied till now including inorganic semiconductors and metal complexes which are
active only in the UV region and show limited application due to low adsorption
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Fig. 2 Schematic representation of photocatalytic applications of MOFs

capacity, inadequate light collection, and requirement of photosensitizer and a sacri-
ficial agent [24, 46]. There is demand for the development of photocatalyst which
shows convincing adsorption capacity, the high separation efficiency of electron–
hole pairs, recyclability, and outstanding photosensitivity [46, 48]. In the past few
years, scientists have developed a strong interest in utilizing the MOFs as photo-
catalysts (adsorbent) mimicking natural photosynthesis [37] for the conversion of
CO2 (adsorbate) and is a favorable solution for the environmental problem and for
producing renewable energy in high density [130, 131]. Researchers are using solar
and electrical energies to activate CO2 and its conversion into fuels with the help of
MOFs as catalysts [43].

Han et al. [46] fabricated a stable gas–solid system using TPVT-MOFs crystals
via a solvothermal approach and then combined these crystals with g-C3N4. The
TPVT-MOFs@g-C3N4 composite thus obtained was used directly, without sacrifi-
cial agent and photosensitizer. The production rate of CO (56.4 μmolg−1h−1) by
TPVT-MOFs@g-C3N4-10 was found to be 3.2 times greater than pure g-C3N4

upon irradiation of visible light. The interaction provides the favorable condition
of the valence band (VB) and conduction band (CB) for the reduction of CO2 and
oxidation of H2O photocatalytically. Wang et al. [48] synthesized a series of ZIF-
67_X (X = 1, 2, 3) co-catalysts nanocrystals possessing distinct morphologies via
a solvent-induced approach. ZIF-67_3 having morphology leaf-like displays greater
photocatalytic reduction of CO2 into CO. Their work involves the use of MOFs by
regulating their morphologies for CO2 capture and, hence, further enhancing their
photocatalytic performances. A study of CO2 conversion photocatalytically to CO by
covalently attached photocatalyst ReI(CO)3(BPYDC)Cl to UiO-67 (MOF) forming
(Ren-MOF) was performed by Choi and co-authors [47]. By controlling the density
in the framework, they developed a series of compounds (n= 0 to 3, 5, 11, 16, and 24
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complexes present per unit cell), and Re3-MOF shows the highest activity. Further,
Ag ⊂ Re3-MOF formed by coating of Re3-MOF over Ag nanocubes enhances the
photocatalytic conversion upon visible light irradiation by seven folds having the
stability of 48 h.

2.2 Hydrogen Production via Water Splitting on MOFs

Sunlight-driven hydrogen production fromwater splitting acts as a favorable solution
for environmental pollution and energy crises [51] and has gained a lot of attention in
recent years. But it is limited as it requires highly stable and active photocatalysts at a
low cost. Hydrogen (H2) is an ideal future fuel and a potential source for the genera-
tion of power due to an energy content of 140MJkg−1. It is recognized as an attractive
source of energy from both economic and environmental standpoints. Hydrogen is a
valuable fuel for purposes like chemical reactions, fuel cell vehicles, and petroleum
refining [132, 133]. The products of water splitting (H2 and O2) are pollution-free
combustion products, and the hydrogen acts as a fuel leaving behind water vapors,
a by-product, which can be recycled naturally or industrially. Moreover, it also acts
as an oxygen scavenger and can remove oxygen traces and hence reduce oxidative
corrosion. Several countries are shifting to hydrogen-based economies from hydro-
carbons in the past few decades [133]. The catalytic efficacy of the evolution of
hydrogen is dependent upon the electron generation and transfer, stability of the
catalyst, reactant adsorption, etc. [37]. Several photocatalysts like TiO2, NiO, CdS,
NiS, CuS, and C3N4 were advanced for H2 production. Research work done using
metal nanoparticles till now shows poor catalytic activity in H2 production despite
having a large surface area because of the lacking of H+ and electron transfer chan-
nels between metal and support [51]. Other challenges in H2 production include
insufficient separation efficiency of charge carriers and susceptibility to oxidation,
many photocatalysts are made from rare and expensive components, and also doping
is required for the activity enhancement of some of the catalysts [55]. Metal–organic
frameworks have exceptional features which attracted remarkable attention as cata-
lysts for photocatalytic H2 production, by water splitting, as an energy carrier for
future sustainable energy. The MOFs as heterogeneous catalysts are very exciting
and encouraging to provide better performance [37, 134]. Due to large surface area,
more active sites are available for better contact with the incoming molecule, and
its porous structure provides a path for migration of electrons and also facilitates
separation of the charge carrier under normal conditions [52, 135]. For the efficient
production of hydrogen, coupling ofMOFswith co-catalyst (<10wt%) like platinum
NPS is donewhich attracts the photogenerated electrons and acts as an electron donor
to the holes to protect the degradation of MOF [76].

Zhang et al. [51] synthesized CuNW/ZIF-8 using the microwave antenna method.
The coordination of Zn2+ with 2-methylimidazole is induced by high temperature
into ZIF-8, followed by the formation of assembly with copper nanowires (CuNWs).
It reveals high activity and stability in hydrogen production out of hydrolysis of
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NH3BH3 due to the cooperative effect between CuNWs and ZIF-8 for the adsorption
of reactant in large capacity, dissociation and activation, transfer of an electron and
also provides the way for the rapid transfer of H−/H+ ions to copper active sites.
Some other 1D threaded MOFs were also prepared to show the uniqueness of the
mentioned strategy. Kampouri et al. [54] constructed the MIL-167/MIL-125-NH2

MOF/MOF heterojunction which shows improved optoelectronic properties, photo-
catalytic activity (H2 production), and effective charge separation. The heterojunction
formed showed better performance (455 μmol h−1g−1) as compared to its individual
components MIL-167 (0.8 μmol h−1g−1) and MIL-125-NH2 (51.2 μmol h−1g−1),
upon irradiation with visible light, without any co-catalyst. Morshedy et al. [56]
fabricated nickel–benzene dicarboxylic acid (Ni-BDC) and nickel/copper–benzene
tri-carboxylic acid (Ni/Cu-BTC) via solvothermal method having mono and binary
central metal ion, respectively. Ni-BDC shows sheet-like nonporous and possesses
15 m2/g surface area while Ni-Cu-BTC is porous with bipyramidal morphology
having a surface area of 1450 m2/g. The Ni-MOF shows hydrogen purity of 50%
and productivity of 200 mmol/h while Ni/Cu-MOF showed 100% hydrogen storage
because of two metal cations.

2.3 Photoelectric Conversion/ Photoelectrochemical
Applications

The need for sustainable energy sources, mainly solar energy, is constantly rising
for the past few decades. Even though energy provided by sun’s radiation is roughly
10,000 times more than the total consumption of energy in a year, still the efficiency
of the photovoltaic devices is not adequate [17]. The most efficient technology to
date for solar energy conversion is silicon-based devices [17]. Ahead of host–guest
chemistry, recentlyMOFshave been explored for the application of energy harvesting
and energy-storing devices [136] and are gaining tremendous attention due to their
porous nature and huge surface area [137]. The great diversity and choice in the
selectivity of organic linkers can combine to form the required MOF with suitable
properties. However, a solar cell entirely builds on MOFs for collecting solar energy
and is rarely inspected. Due to boundless flexibility in the metal ions and ligands
coordination, an endless amount of final products is possible [138]. This enhances
the capturing of solar irradiation by organic ligand (also called an antenna) which
in turn affects photocatalytic activity and efficiency of power conversion of MOF-
dependent devices. Many MOFs show insulator properties, and only a few of them
have some special ligands in their structure, which are responsible for the conducting
properties [139]. Therefore, MOFs with better electronic properties for photovoltaic
applications are still very challenging. The conductivity of MOFs is significantly
enhanced via molecular doping of iodine which overcomes resistance in charge
transfer in the MOF-dependent photovoltaic devices [137]. The thin films of MOFs
have also been prepared to collect radiations of solar energy in TiO2-based solar
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cells. This solar cell has Isc of 1.25 mA cm2, V oc of 0.49 V, FF of 0.43, and power
conversion efficiency of 0.26%. When supported with carbon nanotubes, the power
conversion efficiency was increased to 0.46% [140]. Although the figure is less than
the already available devices, there is always a scope for further improvement in their
performances [140].

Lee et al. [140] had constructed thin films of ruthenium-based MOF via the layer-
by-layer method (LbL) and explored it as a sensitizer in the solar cell. The iodine
doping is necessary for the transference of electrons to TiO2 from the MOF frame-
work. The HOMO–LUMO energy gap of the frameworks was suitable for its use as
a sensitizer for TiO2. A type of solar cell having a liquid junction is constructed when
the LBL thin film of the framework is combined with TiO2 mesoporous film. This
solar cell has Isc of 2.56 mA cm−2, V oc of 0.63 V, FF of 0.63, and Eff of 1.22%. Li
et al. [137] synthesized a thin layer of copper(II) benzene-1,3,5-tricarboxylate MOF
by LbL technique and explored it as a layer that absorbs light in TiO2-dependent solar
cells. The HOMO and LUMO levels of MOF films were found to have an energy of
−5.37 and −3.82 eV, respectively, with respect to vacuum. When this solar cell is
doped with iodine, it has Isc of 1.25 mAcm−2 and Eff of 0.26% under sunlight irradi-
ation of 1 sun (100 mW cm−2). While non-iodine-doped solar cell shows conversion
efficiency of 0.008%, the iodine-dopedMOFs act as an active layer and iodine doping
enhances the conductivity and considerably reduces the charge transfer resistance
across TiO2/MOF/electrolyte interface. Zhan et al. [141] suggested a self-template
method to synthesize ZnO@ZIF-8 heterostructures. Here, ZnO is not only acting
as a template but helps in the formation of ZIF-8 by providing Zn2+ ions too. The
reaction temperature and solvent composition are important for the fabrication of
ZnO@ZIF-8 heterostructures. These nanorods arrays present selective photoelectro-
chemical responses toward hole scavengers like H2O2 and ascorbic acid due to the
presence of ZIF-8. These nanorods were applied for the detection of H2O2 and hence
act as a promising material in electronic devices like sensors having molecule size
selectivity.

2.4 Reduction of N2 (Nitrogen Fixation) with MOFs

As an essential source of energy, ammonia (NH3) is essential for life and to industrial
processes as well. NH3 not only acts as a precursor for the synthesis of various
chemicals but also acts as an important medium for energy storage [57]. It is also
known as the other hydrogen in the fuel world. Although nitrogen consists of 78% of
the earth’s atmosphere, its fixation is kinetically complex and requires high activation
barrier. Due to negative electron affinity, it cannot be used directly for the synthesis of
other nitrogenous compounds and hence contributes a lot to environmental pollution
[142]. N2 molecules are highly inert due to the presence of triple bond in N2, which
shows poor proton affinity and hence hampering the transport of electrons [143]. The
goal of fixing N2 artificially is to advance sustainable catalytic processes to meet the
increasing demands for the protection of the environment and energy efficiency.
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In the Haber–Bosch process, high pressure and temperature are required to reduce
N2 and also lead to the emission of 2.3 tons of greenhouse gases. To deal with
such problems, nitrogen fixation photocatalytically has gained a lot of attention
recently. When nitrogen fixation was achieved in stark under nitrogen atmosphere
at ambient pressure in contradiction to the conventional Haber–Bosch process, this
diminishes the need for high energy and hence is a process that is worth studying
[59]. The quest for NH3 production leads to the progress of Photocatalytic Nitrogen
Reduction Reaction (PNRR) at atmospheric pressure and room temperature using
solar energy in an eco-friendly manner [143]. The efficiency of PNRR depends upon
the well-organized coupling between electrons, photons, and dinitrogen which is
affected due to the requirement of high kinetic energy barriers for the activation of
N2 molecules [143]. To date, abundant photocatalysts are reported for PNRR such
as BiOBr, graphite carbon, TiO2, metal oxides, and metal sulfides[58]. MOFs are
studiedwidely in recent years, and they upon the combinationwith catalyticmaterials
form newmaterials with enhanced activity. MOFs adsorb water-soluble nitrogen and
lessen the distance between the catalytic site and nitrogen which weakens the triple
bond in N2 [142].

Chen et al. [143] fabricated gas-permeable Au@MOF membranes, consisting of
interconnected nanoreactors, the MOF acts as an ideal assembly for the dispersion
of gold nanoparticles (AuNPs). Upon irradiation of the sample with visible light,
the electrons were generated on the gold nanoparticles which were then directly
combinedwith theN2 molecules already adsorbed over gold surfaces. TheAu@MOF
membrane eases the transfer of mass of N2 molecules and protons, hence raise the
reaction at the gas/membrane/solution interface. The N2 produced was allowed to
react with H2 to produce ammonia with an evolution rate of 18.9 mmol gAu−1h−1

having a quantum efficiency of 1.54%. Gao and co-authors [58] utilized UiO-66 with
linker and cluster defects (photo-excited) for the reduction of nitrogen. The produc-
tion rate of NH4

+ was 196 μmolg−1h−1 upon UV irradiation and 68 μmolg−1h−1

upon irradiation with visible light in the air without any sacrificial agent. The linker
defect is more responsible for the enhancement of the performance than cluster
defects. Shang et al. [57] synthesized a porphyrin-based MOF (PMOF) having Fe
as an active metal center for N2 photocatalytic reduction reaction (NPRR) under
normal conditions. Porphyrin acts as a photosensitizer, and the Fe atom provides a
favorable binding site throughπ-back bonding for N2. The PMOF incorporated with
aluminum (Al) to provide high stability and already present Fe (and thus named as
Al-PMOF(Fe)) is dispersed and resides at porphyrin ring promotes adsorption aswell
as activation of N2. Al-PMOF(Fe) shows an 82% enhancement in the yield of NH3

(635μgg−1) and about a 52% increase in the rate of NH3 production (127μgh−1g−1)
as compared to PMOF only. The catalyst was reusable for up to three cycles. This
porphyrin-based MOF study for the PNRR will create a way for the designing of
catalysts for artificial photosynthesis.



618 A. Yadav and R. K. Sharma

2.5 Photocatalytic Degradation of Organic Contaminants

Water contamination is a major hazard in the whole world with increasing industrial-
ization. Statics calculations predicted that over 1000 million people will suffer from
water scarcity in 2021 [19, 144]. The rising contamination in the environment has
put the environmental moieties in danger such as human and animals health, fresh-
water bodies, and the atmosphere to a much greater extent worldwide. Out of several
types of pollutants in water, POPs are raising concern worldwide as these are highly
toxic, semi-volatile, and bio-accumulative and exhibit long-range transport via envi-
ronmental sources [145, 146]. POPs are carcinogenic, damage the central nervous
system, and also affect the ecological balance [19]. These are further categorized
mainly as (a) dyes, (b) pesticides and herbicides, (c) phenols, and (d) antibiotics.
Even at a very low concentration (ng/L-μg/L), these contaminants are proven to be
fatal to human health as well as aquatic life. Due to the similarities in the structure
of POPs, their removal or degradation by adsorption or photocatalysis is an effec-
tive fashion [19]. POPs commonly have aromatic rings or azo fragments and hence
may be adsorbed via π-complexation, electron donator–acceptor interactions, π-π
interaction, electrostatic interaction, polar–polar interaction, hydrogen bonding, etc.
[19]. Several conventional methods were used to treat wastewater, but these were not
effective and hence lead to persistent scum in water [147]. Scientists are continu-
ously using several methods to eliminate these harmful contaminants. Metal–organic
frameworks (MOFs) due to tailorable features and various active sites can photocat-
alytically remove these harmful agents from water [146]. MOFs act as an adsorbent
owing to their porosity, high surface area, and tunability which gives access via
adsorption sites to entrap the harmful contaminants.

Persistent Organic Pollutants (POPs)

Dyes

Synthetic dyes are widely used in areas like the paper industry, textile industry, agri-
culture industry, and food industry. Elevenmillion tons of dyes containingwastewater
have been discharged every year [94]. The removal of dyes from water is important
as the quality of water is intensely affected by the color, and even minute concen-
tration is visible and causes high toxicity and danger to water organisms [19]. In the
phenomenon of photocatalysis, highly reactive radical species (e.g., ·OH and ·O2)
are generated which helps in the conversion of organic dyes into harmless prod-
ucts, i.e., CO2 and H2O. Hence, it acts as a promising method, highly efficient and
economical as well [96]. Zhao et al. [94] constructed a self-cleaning membrane
of hydrophilic Zr-porphyrin MOFs of two and three dimensions embedded in the
polyamide active layer having better separation performance. Out of the two, 3D
Zr-porphyrin MOF shows outstanding activity upon visible light irradiation. The
uniform1Dacts as amembrane for dye degradation on themembrane surface and also
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acts as an additional transport channel. The optimum membrane displays enhanced
water permeate flux (110.4 Lm−2h−1) which is three times better than a pristine
TFC membrane. It shows the dye removal efficiency close to 100% for direct red 23,
Congo red, reactive black 5, rhodamine B, and methylene blue. Zeng et al. developed
a phosphate-based MOF/P–TiO2 composite (MOFx/P–TiO2) via step-by-step self-
assembly. The loading of Cd-MOF in the MOFx/P–TiO2 influences the degradation
(97.6% in 25 min) of pollutants, rhodamine B (RhB). The activity of MOFx/P–TiO2

is due to the enhanced light absorption capacity and effectual charge separation.
The band structure of the catalyst is responsible for inducing a superfast interfacial
charge transfer path. The catalysts formed possess good stability and are reusable
even after five cycles [97]. Emam et al. [82] doped silver vanadate (Ag3VO4) and
silver tungstate (Ag2WO4) nanoparticles in Ti-containing MOF (MIL-125-NH2) to
enhance the photocatalytic degradation of methylene blue (MB) and rhodamine B
(RhB) dyes underUV and visible light. The dye degradation rate increased by a factor
of 1.6–2.1 and 2.1–4.9 when doped with Ag2WO4 and Ag3VO4, respectively. Due to
the low bandgap, Ag3VO4@MIL-125-NH2 exhibits high activity and was reusable
for up to five regeneration cycles. A new MOF [Zn(bpe)(fdc)]·2DMF (BUT-206)
is reported by Alamgir et al. [96] and utilized for the degradation of crystal violet
(CV) and rhodamine B photocatalytically. BUT-206 shows a degradation efficiency
of 92.5% under UV light irradiation within 120 min without photosensitizer or co-
catalyst. The dye degradation follows pseudo-first-order kinetics. BUT-206 shows
good stability and was regenerated up to five cycles.

Pesticides and Herbicides

Pesticides and herbicides are toxic, persistent in water, cause extreme damage to the
ecosystem, and threaten the health of humans and aquatic organisms. These are used
to control pests and to promote plant growth [19]. These cannot be eliminated effec-
tively from an aqueous system. Imidacloprid is commonly used for bugs, pests, and
termite control. Upon exposure, this affects thyroid, liver, and body weight in addi-
tion to hematological and cardiovascular effects [102]. Organophosphorus pesticides
(OPs) are highly toxic and are widely used for agriculture production. It binds with
acetylcholinesterase (AChE), resulting in paralysis and organ failure [100]. Herbi-
cides such as S-triazines are alsowidely used in agriculture areas. Atrazine is used for
controlling grass and annual broad weeds [101]. Hence, the removal of toxic mate-
rials is one of arduous challenges [101]. Singh et al. [102] tested the adsorption of
imidacloprid from the aqueous ecosystem by developing a single crystal of calcium
fumarate. The sorption was affected by solution pH, and imidacloprid showed the
greatest adsorption at pH 6.5. The removal efficiency of imidacloprid was 98.3% in
70 min, and the adsorption capacity was 467.23 mgg−1 by CaFu MOFs. The equi-
librium adsorption data fit very well in Langmuir model. Zhu et al. [100] showed the
removal of glyphosate (GP) and glufosinate (GF) using Zr-based MOFs of UiO-67.
Due to adequate pore size and strong affinity, the capacity of adsorption approaches
3.18 mmolg−1 and 1.98 mmolg−1 for GP and GF, respectively. The reaction kinetics
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is described by pseudo-second order, and adsorption data fit well in the Langmuir
model than in the Freundlich model. For the very first time, Mohaghegh et al. [101]
reported a novel Ag3PO4/BiPO4 (AB)–graphene-based nanocomposite and evalu-
ated its photodegradation ability for atrazine under visible and UV light irradiation.
The degradation efficiency is better for graphene (GR)-based nanocomposites than
for pure AB. GR nanocomposite displays effective separation of electron–hole pair’s
accounts for the improved efficiency.

Phenolic Contaminants

Phenols are hazardous and carcinogenic and can cause severe impact even at a very
low concentration. Phenolic contaminants are mainly obtained from petrochemicals,
plastics, synthetic fibers, resins, oil refineries, and coking industries [19]. Kusu-
taki et al. fabricated highly efficient tetrahedral core–shell ultrathin MOF nanosheet
(UMOFNs)/Ag3PO4 composite. The photocatalytic activity for degradation of 2-
chlorophenol (2-CP) was found to be higher for UMOFNs/Ag3PO4 composite than
Ag3PO4 upon irradiationwith visible light. The photocatalyst shows complete degra-
dation within 7 min, and the rate of reaction was higher than pure Ag3PO4. The Ag
nanoparticles formed lead to the efficient separation of electron–hole pairs [106].
Li et al. [104] developed g-C3N4/PDI@MOF by in situ growth of NH2-MIL-53(Fe)
onto g-C3N4/PDI layer. It was utilized for the removal of phenolic pollutants with
H2O2 by irradiating visible LED light with an efficiency of almost 100% within
10 min and 30 min for bisphenol A (BPA) and p-nitrophenol (PNP), respectively.
The photocatalytic activity is accredited to the interface contact and electronic struc-
ture match between NH2-MIL-53(Fe) and g-C3N4/PDI. It is favorable for charge
separation and expedites the photodegradation process. The catalysts possess good
stability and are reusable. Sun et al. [103] synthesized a series of materials, i.e.,
MIL-53(Fe)-X (X = ratios of n(FeCl3)/n(FeCl2)) to Fe(BDC)(DMF,F). The crystal
morphology changes to a big triangular prism from a small irregular shape. These
catalysts were utilized for phenol degradation with H2O2 at neutral pH under mild
conditions where Fe(BDC)(DMF, F) shows the best photocatalytic efficiency.

Antibiotics

Antibiotics are extensively used to support the health of the human and endorse
the development of fauna and flora [148]. The antibiotic drugs mainly come from
animal feed, pharmaceutical plants and hospitals, human excretion, and aquacul-
ture. Approximately, 200,000 tons of antibiotics are consumed every year [149].
Antibiotics even at trace concentration lead to antibiotic resistance and harm the
ecosystem, human health, and aquatic wildlife [19]. Tetracycline is the extensively
(second largest) used antibiotic in agriculture, bacterial infection, and livestock prod-
ucts as well. It accounts for almost one-third of the antibiotics consumption and
production [150] and is discovered in river water, surface water, and underground
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water [109]. Due to the widespread use of tetracyclines, it is continuously released
in the environment at a considerable level. This accumulation of antibiotics has
resulted in the growth of antibiotic-resistant pathogens, hence causing danger to
the health of humans, harm the ecological balance, and poor metabolic transforma-
tion in vivo [107, 109, 151]. The antibiotics upon accumulation in the body induce
mutations, affect kidneys, and have teratogenic and mutagenic effects [152]. The
tetracycline existence results in affecting the activity and composition of microor-
ganisms, and hence, thereby affecting the ecological balance of the microbial flora.
It causes toxicity to the algae species and crustaceans as well [107]. Due to their
stable structures and recalcitrance to degradation, antibiotics cannot be removed
effectively. Therefore, it is necessary to find a method for the effective removal
of antibiotics to treat wastewater. Wang and co-authors [107] facilitated Fe-based
MOFs, i.e., Fe-MIL-X (X = 101, 100, and 53) for the removal of harmful antibi-
otics like tetracycline. Fe-MIL-101 showed a removal efficiency of 96.6% when the
initial concentration of tetracycline taken was 50 mg/L. Fe-MIL-100 and Fe-MIL-
53 showed removal efficiency of 57.4% and 40.6% under the same circumstances.
The effect of concentration, adsorption time, and tetracycline concentration upon
degradation was inspected. Fe-MIL-101 showed great stability and reusability even
after three photodegradation cycles. The active species involved in photocatalytic
degradation as proved by trapping experiments and ESR studies were ·O, ·OH, and
H+. The invaginated hexagonal In2S3 nanorods structure was synthesized by sulfi-
dation of In-MOF (MIL-68-In) by Fang et al. in 2018 [64]. The In2S3–8 h displays
extraordinary photocatalytic performance for tetracycline degradation upon visible
light irradiation. The crystallinity and optical properties promote an effectual sepa-
ration of electron–hole pairs. A study by Lin et al. [110] showed the development of
a C-TiO2/CoTiO3 type II core–shell heterojunction synthesized by direct calcination
usingMIL-125/Co as a precursor and sacrificial template. The formed composite can
gather visible light and conquer the recombination of electron–hole pairs, resulting
in noteworthy photocatalytic degradation activity for ciprofloxacin with an efficiency
of 99.6% upon visible light irradiation for 2 h.

Volatile Organic Compounds (VOCs)

The volatile organic compounds (VOCs) like aldehydes, ketones, chlorinated hydro-
carbons, and aromatics (ethylbenzene, benzene, toluene, and xylenes) [113] because
of their toxicity and their tendency to persist in the environment have created a bad
effect onhumanhealth aswell as the ecologyof the environment. Themost commonly
used VOC group, i.e., aromatics, which accounts for ~20–50% [116] is produced by
industries, solvent use, petrochemical processing, paints, and vehicle exhaust, and
so on and has created concern worldwide [153]. Even in small concentrations, they
can cause cancer, teratogenesis, headaches, etc. They speed up the photochemical
smog and formation of secondary organic aerosols [112]. For the purification of the
environment, removal of these aromatics and other VOCs is significant, and there-
fore, several methods have been explored for the same. Two of the commonly used



622 A. Yadav and R. K. Sharma

mechanism to eliminate VOCs based on their functional groups include (a) absorp-
tive removal of VOCs bymaterials and (b) decomposition of VOCs into non-harmful
products like CO2 and H2O using catalytic materials [154]. The efficiency of adsorp-
tion is dependent on the surface area, tunability, and porosity of the material. Several
adsorbents which are reported so far include zeolites, activated carbon, silica, etc.
The problemwith adsorption is thatwhen the adsorbent becomes saturated, theVOCs
molecules are released into the external environment with the changing temperature
and pressure conditions [103]. Also, adsorption generates secondary products which
are highly hazardous. Hence, the decomposition of VOCs into harmless products
using catalytic material is more promising [113]. Photocatalytic oxidation (PCO)
has the potential to convert hazardous VOCs into harmless end products under mild
conditions upon solar or visible light illumination [155]. TiO2-based photocatalysts
for the photocatalytic oxidation of VOCs came into notice due to their low cost, easy
accessibility, and high stability [156]. Regardless of several advantages, conventional
semiconductors catalysts have major drawbacks including insufficient PCO activity,
poor affinity, and selectivity, less stability because of structural characteristics, fast
recombination of electron–hole pairs, low surface area [157], etc., which signifi-
cantly hinder their application under solar or visible light irradiation [112]. Hence,
for effectual elimination of VOCs, substitutes or auxiliary materials having good
affinity and extraordinary PCO activity are desirable [112, 116].

MOFsoffer opportunities for efficient photocatalytic degradationofVOCs.Owing
to the remarkable high surface area, ultrahigh porosity-ordered pore structure, MOFs
are a better candidate for the trapping of gaseous molecules such as O3, CO2, and
VOCs over traditional catalysts. MOFs possess marvellous LMCT property and
hence act as an auspicious favorable candidate for the PCO of organic contaminants
[116]. Li et al. [113] had reported some isostructural iron-based MOF (Fe-MOF)
for the efficient adsorption and degradation of VOCs under normal conditions. The
Fe-MOF shows a removal efficiency of almost 100% for toluene at a starting concen-
tration of 460 ppm. The Fe-MOF is reusable for up to 100 cycles, and toluene gets
converted to harmless products like CO2 under 100 mW/cm2 solar irradiation. This
group of Fe-MOFs acts as an adsorbent as well as a photocatalyst for toluene trusting
the high porosity and catalytic activity.Ding et al. [112] preparedNi-MOFnanosheets
(2D) vertically grown on foam (nickel) to form Ni-MOF/NF via the solvothermal
method. Ni foam is acting as a skeleton to provide vertical support to Ni-MOF and as
a sacrificial template to offer Ni ions for the proper growth ofMOF. The Ni-MOF/NF
offers an electron transport channel and hence benefitting the e− transport channels.
The mineralization efficiency of 86.6% could be achieved at 98.1% of ethyl acetate
removal which cannot be achieved by 3D bulk Ni-MOF counterparts. Chen et al.
[116] fabricated MIL-100(Fe)/α-Fe2O3 catalysts via a hydrothermal method which
proves to be an effective composite for o-xylene adsorption. The MIL-100(Fe)/α-
Fe2O3 shows 100% and 90% removal efficiency of o-xylene upon irradiation with
250 W Xe lamp and visible light, respectively.
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2.6 Photocatalytic Application in Organic Synthesis
and Transformation Reactions

The organic synthetic and transformation reaction by photocatalysis is an efficient
technique for the synthesis of various molecules like aldehydes, ketones, alcohols,
etc. The traditionally used methods include the use of hazardous oxidizing reagents
like potassium dichromate and potassium permanganate, also producing harmful
side products. Therefore, the utilization of photocatalytic systems acts as an alter-
native and is proven to be a more sustainable and greener approach [158]. Recently,
photocatalytic MOFs have emerged as a powerful tool for the synthesis of complex
molecules.Visible light photocatalyst shows fascinating applications due to their easy
synthesis and environmental friendliness [159]. Zhu et al. [159] reported the synthesis
of a composite of MOF and CdS nanoparticle (CdS/MOF) by a solvothermal method
which shows the selectivity in oxidation of benzyl alcohol to benzaldehyde. The
MOF acts as support while cadmium acetate acts as a precursor for the CdS nanopar-
ticles. The CdS/MOF shows appreciable enhancement in the photocatalytic effi-
ciency in comparison with pure CdS at room temperature. This may be ascribed
to the increased light absorption and enhanced surface area. A study reported by
Long and co-authors [160] utilized amine-functionalized zirconium MOF (UiO-66-
NH2) for the oxygenation of several organic compounds like alkanes, alcohols, and
olefins and showed high selectivity and efficiency of the photocatalyst. The cavi-
ties of UiO-66-NH2 (in nm) act as a magnificent microphotoreactor. It is believed to
follow themechanism commenced by the photogenerated electron transfer during the
organic transformations. Sun and Kim [115] fabricated Ti-MOFs@Pt@DM-LZU1
having manageable surface wettability. The Pt nanoparticles were encapsulated in
the interfacial pores constructed between Ti-MOF@Pt and DM-LZU1. The Pt eases
the separation of charge over photoactive Ti-MOF and DM-LZU1 shell which is
hydrophobic and encourages reactant enrichment. The styrene was fully converted
into ethylbenzene (selectivity > 99%) within 40 min under visible light irradiation
with time of flight (TOF) value of 577 h−1 using Ti-MOF@Pt@DM-LZU1 while
no activity was observed without catalyst or under nitrogen atmosphere revealed the
catalyzation of reaction by H2 as a proton source. In the dark, with catalyst, only
41% conversion was observed. Interfacial pores facilitate mass and electron transport
between reactant and Pt NPs. The catalyst was regenerated up to three cycles without
any loss of activity. The Ti-MOF upon excitation with visible light irradiation can
transfer electrons to Pt NPs, resulted in an enhanced density of electrons and hence
increased hydrogenation performance. Wei et al. [161] developed 3D In-MOF with
absorption in the visible light region and further employed this for the oxidation of
benzylamines. The prepared MOF was proved to be highly selective for the transfor-
mation of a substrate to imines upon irradiationwith visible light. Hydrogen peroxide
enhances the rate of the reactionmore effectively than those under heating. The study
exhibits the high potential of photoactive MOFs for organic transformations.
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2.7 Photocatalytic Reduction of Heavy Metal Ions
for Detoxification

With the growth of industrialization, heavy metal contamination results in a severe
effect on health and has become amajor concern [122]. Chromium is a toxic contam-
inant that arises from industries such as steel fabrication, leather tanning, printing,
electroplating, photography, textile manufacturing, cement, pigments, smelting, and
so on. In contrast to cadmium or lead, chromium metal exists in several oxidation
states (Cr(IV), Cr(VI), and Cr(III)) [162]. Cr(VI) and Cr(IV) are highly toxic and
mutagenic and are carcinogenic for the environment and human beings causing liver
damage, bronchitis, ulcers, and dermatitis [122, 163] while Cr(III) is non-toxic, envi-
ronment friendly, and also an essential metal in human nutrition [121]. Hence, the
reduction of Cr(VI) to Cr(III) before discharging water into the environment is an
effective remedy for wastewater treatment. Out of the several methods like chemical
reduction, precipitation, ion exchange, microbial reduction, coagulation, membrane
separation, and electro-reduction, photocatalytic reduction has been considered to
have high performance and is cost effective as well [120]. Photocatalysis presents a
sustainable technologywith some benefits such as completemineralization, low cost,
mild conditions, and free of any hazardous chemical substances [122]. The Cr(III)
formed during the procedure is precipitated by the addition of lime or NaOH to form
Cr(OH)3, which requires further costing and complex types of equipment. Therefore,
the development of methods for Cr(VI) reduction is highly desired [122]. Several
nano-sized photocatalysts, like, TiO2, CdS, ZnO, CdS, and g-C3N4, were utilized
for the reduction of Cr(VI) into Cr(III) upon irradiation under UV light or visible
light. But unfortunately, such photocatalysts suffer from poor reduction capacity, fast
electron–hole recombination, etc.

Metal–organic frameworks (MOFs) act as emerging photocatalyst and are effec-
tively utilized to reduce Cr(VI) into Cr(III). The most important factor responsible
for the removal of harmful toxic metal ions in water is the water stability of MOFs.
If the MOF is water sensitive, it will lead to structural degradation of the material
[164]. MOFs having water stability can preserve the structure as well as functional
stability during the removal of harmful contaminants from water [165]. Zhao et al.
[75] constructed a novel MOF photocatalyst, i.e., NNU-36 via controllable pillared
layermethodusingvisible light. Theprepared complexhas good stability and exhibits
an extended range of visible light absorption. NNU-36 has been proven to be highly
efficient to reduce Cr(VI) by photocatalytic experiments upon visible light irradi-
ation. pH plays a vital role to reduce Cr(VI). The hole scavengers (i.e., methanol)
enhance the catalytic efficiency to a greater extent.Hence, efficient photocatalysts can
be synthesized for environmental remediation by utilizing solar energy. Zeng et al.
[92] fabricated two MOF photocatalysts (i.e., [(Cu(H2L)(4,4′-bipy)0.5(H2O)] and
{[Co(C14H14O6.5P2)(4,4′-bipy)0.5(H2O)2]·H2O} via hydrothermalmethod. Both the
complexes exhibit active performance for the photoreduction of Cr(VI) to Cr(III)
under UV light irradiation. As demonstrated by the control experiments, pH value
plays an important role in Cr(VI) reduction. Both the photocatalysts were reusable
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and stable and hence a potential candidate for environment remediation. Kaur
et al. [125] utilized 2D zinc-based MOF {[Zn(PA2−)(4,4′-bpy)]-(H2O)}n via the
solvothermal method and radiate green fluorescence. The bright green fluorescence
of Zn-MOF is quenched when it interacts with Cr2O7

2− ion, and hence it acts as
a Cr(VI) detector via fluorescence signaling with the limit of the detection value
of 4.12 μM. This MOF not only works as a sensor but also as a photocatalyst to
reduce Cr(VI) to Cr(III) under natural sunlight. The Zn-MOF has good stability
and is reusable and shows almost complete Cr(VI) reduction. Garazhian et al. [127]
synthesized bimetallic MOFs (i.e., STA-12-Mn–Fe), and almost complete removal
of Cr(VI) was accomplished under natural sunlight irradiation and fluorescent lamp
(40 W) irradiation at pH 2. The reaction was initiated with an initial 20 mgL−1

Cr(VI) concentration and photocatalyst (10 mg) within 30 min. The rate constant
of 0.132 min−1 was observed for pseudo-first-order kinetics. The bimetallic MOFs
show improved photocatalytic performance due to the cooperative effect between the
two metal ions in comparison with the single metal MOFs upon sunlight irradiation.

2.8 Photocatalytic Antibacterial Activity

The contamination of food, medical equipment, and the environment by bacteria
is threatening lives of the people all over the world. There is an emergent need
for the development of efficient antibacterial agents. Nanoparticles, metal oxides,
and metallic substances constitute first-generation, second-generation, and third-
generation antibacterial agents, respectively.Metal–organic frameworks (MOFs) fall
under the category of third-generation antibacterial agents. MOFs possess photocat-
alytic bactericidal properties which help in controlling air and water pollution owing
to their high specific surface area, tunable properties, and controlled release [166].
They also act as a reservoir for antibacterial agents [167]. Hence, they are a good
candidate for application in medical diagnosis, wastewater treatment, antibacterial
coating, and food preservation [166]. Most of the air purifiers available have good
removal capacity but poor biocidal effect. A study was reported by Li and co-authors
[168] for the filtration of air for passive pollution control using a series of MOFs
and test their potential. ZIF-8 (Zinc-imidazole metal–organic framework) shows
>99.99% inactivation of Escherichia coli upon solar irradiation for 2 h. The mecha-
nistic approach indicates that photoelectrons trapped at charge trapping metal (Zn+)
center via LMCT cause ROS production. The ZIF-8 incorporated air filters possess
astonishing performance for pollution control, having >99.99%photocatalytic bacte-
rial killing efficiency within 30 min. Mohaghegh et al. [169] developed a multifunc-
tionalMIL-88B(Fe)–Ag/TiO2 nanotubes/Ti plates by dip coating and further utilized
it as an antibacterial agent for the degradation ofEscherichia coli (E. coli). The rate of
degradation by the synthesized catalyst was found to be four times than that of TiO2

nanotubes/Ti upon UV irradiation. The composite demonstrated good antibacterial
properties against E. coli by killing all the bacterial colonies upon photocatalytic
treatment for 60 min on MIL-88B(Fe)–Ag/TiO2 nanotubes/Ti plates. The premise
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shows the cooperative effect between the MIL-88B(Fe) and Ag/TiO2 nanotubes/Ti
plates. The removal of such pollutants with high efficiency is an effortless approach
for the treatment of polluted water usingMIL-88B(Fe)–Ag/TiO2 nanotubes/Ti plate.

2.9 Photocatalytic Removal of Toxic Gases

The release of anthropogenic pollutants in the environmental matrixes includes
harmful industrial gases, vapors, and products of chemical reactions, and also the
intended release of chemical warfare agents is causing risk at a higher level and
is a growing concern. The chief origin of these toxic gases NOx, NH3, SOx, H2S,
CO, and mustard gas is anthropogenic, is a significant concern for air pollution, and
has become a hot topic of research. Fossil fuel burning causes the emission of SO2,
CO, and NO2, etc. NOx and SOx involve in the formation of photochemical smog,
H2S is a corrosive, odorous gas, and NH3 acts as a contaminant in several chemical
and pharmaceutical industries such as fermentation agents, fertilizer, refrigerant, and
antimicrobial agents which cause a great threat to the health and environment [170,
171].Keeping in view the harmful effects of these gases, their capture anddegradation
are of utmost priority for the safety of the environment and the health of living beings.
Several already available technologies like incineration, oxidation, and membrane
separation are there for environmental remediation, but they suffer from their low
efficiency, high cost, and formation of secondary pollutants. In this aspect, MOFs
appear to be an alternative and have shown appealing applications in adsorption
and degradation due to cost-effective technology and environmentally benign nature
[170–172]. Liu et al. [173] fabricated heterogeneous catalyst porphyrin-based MOF
(PCN-222/MOF-545) and used it as a photosensitizer for the generation of singlet
oxygen by the use of already available LEDs. The singlet oxygen generated under
ambient conditions can oxidize mustard gas simulant (2-chloroethyl ethyl sulfide)
selectively to non-toxic product (2-chloroethyl ethyl sulfoxide) without the forma-
tion of sulfone product which is highly toxic. It is a more convenient and realistic
approach for the detoxification ofmustard gas than the already available conventional
methods.

3 The Common Mechanism Involved in Photocatalysis
by MOFs

There are mainly four fundamental processes [174] shown by MOF-based photocat-
alysts as follows:

Photoexcitation: The absorption of light might happen via metal ions or clus-
ters or by organic ligands (e.g., unidentate, bidentate, multidentate ligands). MOFs
may possess few broad absorption bands often seen in the UV–Vis region based on
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the type of chromophore present in MOF. These absorption bands are attributed to
metal-to-ligand (MLCT) or ligand-to-metal (LMCT) charge transfer transitions or
π-π* transitions of aromatic rings present in the organic ligand. Hence, band theory
has certain limitations in explaining the absorption of light and successive transi-
tions in MOF materials. Therefore, it is prominent to use molecular orbital theory
(MOT), where the highest occupied molecular orbitals (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) peaks decide the ‘band gaps’ of MOF. The inorganic
secondary building units and organic ligands owing discrete molecular orbitals and
MOFs have numerous distinct absorbance bands, and the band having the longest
wavelength (lowest energy) defines the band gaps. LMCT effects are necessary in
those cases where MOFs have chromophore units in the organic ligands. Hence, the
knowledge of the position of the orbitals is a necessary condition to understand the
mechanism. The photogenerated electrons and holes have the same energy levels as
the HOMO and LUMO orbitals of MOFs.

Charge separation, transfer, and transport processes: The process of charge
separation, transfer, and transport is instigated and continued via the excessive
absorption of light energy, which results in the separation of charged excitons which
are then transferred to the photocatalyst surface. The type of material, particle size,
and material crystallinity are responsible for the efficiency of these processes. Struc-
tural deficiency present in chromophore centers may serve as the recombination
centerswhere charge carriers can be trapped and leads to a considerable loss of energy
through the release of heat. The nanocrystals having small size particles commonly
hold the reasonable transfer of charge performance. If the size of particles is very
small, then improved surface defects are the reason for recombination.

Charge carrier recombination: In this process, the energy which was absorbed
during excitation gets released in the form of heat upon recombination of electrons
and holes. The energy emitted is captured and translated via photoluminescence (PL)
spectroscopy. The charge carrier’s recombination is the largest loss of energy in such
systems. The recombination occurs at the surface of the photocatalyst as well as in
the bulk; hence, both recombinations are taken into account. The recombination can
be quenched by decreasing the particle size or by applying an external source of
energy.

Charge utilization (Surface electrocatalysis): The charge carriers, i.e., elec-
trons and holes, migrate to the surface of the photocatalyst. These are persuaded to
engage in chemical reactions. The rate of the chemical reaction impacts the charge
transfer and transition [174]. All the four processes involved in the mechanism of
photochemical reaction are illustrated schematically in Fig. 3.

Therefore, the efficiency of photocatalysis is based on the cumulative effects [175]
of the following phenomena represented in Eq. (A):

ηc = ηabs × ηcs × ηcr × ηcu (A)
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Fig. 3 Fundamental processes involved in the photocatalysis by MOFs and redox potential of
different species formed during photocatalysis

where ηc is the solar energy conversion efficiency, ηabs is light absorption efficiency,
ηcs is charge excitation/separation, transfer, transport efficiency, ηcr is charge recom-
bination efficiency, and ηcu is charge utilization efficiency for the photocatalytic
reactions [176].

Taking into account all four processes, Liu et al. have explained that photocatalysis
is a complex catalytic process and is controlled by various factors. A wide range of
studies has been carried out to analyze the aspects andmechanisms responsible for the
photocatalytic processes. The reactive radical species plays a prominent role in such
processes. In a particular system of MOFs, the electrons present in the valence band
(VB) are excitedwhen a photocatalyst absorbsUVor visible lightwith energy beyond
its corresponding bandgap energy (Eg) and instinctively jump into the conduction
band (CB) leaving a hole (h+), resulting in the generation of photo-excited electron–
hole pairs (Eq. 1). The photogenerated electron (e−) acts as a strong reductant, and the
hole (h+) acts as a strong oxidant. The photogenerated electron and hole then transfer
to the photocatalyst surface and participate in redox reactions with the species which
are adsorbed and lead to the formation of hydroxyl radical (·OH) (Eqs. 2, 3) and
superoxide radical (·O2

−) (Eq. 4). Hydroxyl radical is a powerful and non-selective
oxidizing radical under neutral and acidic conditions having redox potential of 1.83
and 2.65 V, respectively, versus NHE [177–180].

Catalyst + hv → Catalyst
(
e−
CB + h+

VB

)
(1)

h+ + OH− → ·OH (2)

h+ + H2O → ·OH + H+ (3)

e− + O2 → ·O−
2 (4)

Three cases can be considered to explain the mechanistic approach further as
follows:
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(a) When the photocatalyst is utilized for the photocatalytic degradation of organic
contaminants (like dyes, antibiotics, pesticides, etc.), these are degraded by
·OH generated on the valence band (Eq. 5), or it can be directly oxidized in the
conduction band by photo-excited h+ (Eqs. 6, 7) represent that the electrons
can be utilized for the reduction of highly toxic metal ions, e.g., Cr(VI) into
Cr(III) (low toxic form).

Dye + ·OH → Degradation products (5)

Dye + h+ → Degradation products (6)

Cr2O
2−
7 + 14H+ + 6e− → 2Cr3+ + 7H2O, E0 = 1.36 V (7)

(b) When the photocatalyst is utilized for water splitting (for production of H2),
the value of the valence band of the photocatalyst must lie below the energy
of the redox couple, i.e., O2/H2O, and the value of conduction band must lie
above the energy of the H+/H2 redox couple. The production of O2 and H2 may
follow these Eqs. (8) and (9), respectively. The holes in the valence band are
involved in the water oxidation (Eq. 8)

2H2O + 4h+ → O2 + 4H+ (8)

2H+ + e− → H2, E0 = 0 (9)

(c) When the photocatalyst is utilized for CO2 reduction, the only electrons having
sufficient reduction potential versusNHE are consumed at pH= 7 (Eqs. 10–14)
[179].

CO2 + 2H+ + 2e− → HCOOH, E0 = −0.61 V (10)

CO2 + 2H+ + 2e− → CO + H2O, E0 = −0.53 V (11)

CO2 + 4H+ + 4e− → HCHO + H2O, E0 = −0.48 V (12)

CO2 + 6H+ + 6e− → CH3OH + H2O, E0 = −0.38 V (13)
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CO2 + 8H+ + 8e− → CH4 + 2H2O, E0 = −0.24 V (14)

It is found that H2O2 is responsible for increasing the rate of formation of hydroxyl
radical (·OH) [179] in various ways:

(a) It acts as an electron acceptor through oxygen,which inhibits the recombination
of the photogenerated electrons and holes; the reduction of H2O2 at the CB
produces hydroxyl radical (Eq. 15),

e−
CB + H2O2 → OH− + ·OH (15)

(b) it accepts an electron from superoxide to give rise to the hydroxyl radical
(Eq. 16); and

·O−
2 + H2O2 → OH− + ·OH + O2 (16)

(c) self-decomposition upon illumination (Eq. 17).

H2O2 + hν → 2·OH (17)

4 Conclusion and Future Perspectives

The MOFs appear to be an emergent photocatalytic material, have attracted ample
research interest, and demonstrate a promising future. This chapter is the outcome
of the well-ordered and evaluative review, which covers the several studies reported
on the existing situation of MOFs and modified MOFs nanocomposites in the photo-
catalytic performance of CO2 reduction, H2 production, adsorption, and degradation
of numerous organic contaminants (i.e., pesticides, dyes, and antibiotics) during the
past few years. The sharp increasing trend shows the enthusiasm and interest of the
research society in this field. Some perceptions of the mechanism of action have
also been gained. The admirable photocatalytic actions of certain MOFs are ascribed
due to (a) their extremely porous structure which proficiently fixates the harmful
pollutants inside the cavity and is advantageous for the study and characterization of
photocatalysts, (b) enormous structural tunability leads to intensified solar harnessing
and worthwhile charge separation, (c) the unceasing production of reactive oxygen
species (ROS) to attack the harmful organic pollutants and beneficial for expeditious
decomposition, and (d) combination of photocatalytic and adsorbing properties of
MOFs can create material having high catalytic efficiency and improved visible light
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response. MOFs act as an exceptional contender to fabricate capable heterojunction
photocatalysts, empoweringMOFs recognizable advantages over other conventional
semiconductor photocatalysts. These are also considered semiconductors established
on their optical transition properties, electrochemical, and photochemical activities.

MOFs themselves suffer from poor stability in an aqueous medium, and also their
reusability is a crucial challenge. Except for few types of MOFs, the rest are unstable
in water results in low recovery and even cause secondary pollution due to metal
leaching. The stability can be enhanced via the introduction of metal of high valence
state and multidentate ligands in the MOFs. The modifications with functionalities
like metal-oxo clusters, hybridized metal ions, and P-conjugated ligands result in
enhanced photoactive nature and efficient degradation of organic pollutants than the
conventional photocatalysts. The adsorption and photocatalysis should be combined
simultaneously for the effectual treatmentwithminimal consumption of energy using
MOFs. In all, we have confidence that in the future, MOFs may serve as the most
powerful and perfect choice for light harvesting to accomplish the photocatalytic
activities as it tends to surpass the current materials for novel applications.
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Abbreviations

AB Amido black
AChE Acetylcholinesterase
Ag3VO4 Silver vanadate
Ag2WO4 Silver tungstate
AO Acid orange
AOP Advanced oxidation process
AR3R Acid red 3R
AuNPs Gold nanoparticles
AY Acid yellow
BB41 Basic blue 41
BiOBr Bismuth oxybromide
BPA Bisphenol A
BPYDC 2,2′-Bipyridine-5,5′-dicarboxylate
CB Conduction band
CdS Cadmium sulfide
CH4 Methane
CIP Ciprofloxacin
CNT Carbon Nanotubes
2-CP 2-Chlorophenol
CO Carbon monoxide
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CO2 Carbon dioxide
Cr Chromium
CR Congo red
CuNWs Copper nanowires
CuS Copper sulfide
CV Crystal violet
1D One dimensional
2D Two dimensional
3D Three dimensional
DMF N, N-dimethyl formamide
DR23 Direct red 23
E. coli Escherichia coli
Eff Power conversion efficiency
EIS Electrochemical impedance spectroscopy
FESEM Field emission scanning electron microscopy
FF Fill factor
FTIR Fourier transform infrared spectroscopy
g-C3N4 Graphitic carbon nitride
GF Glufosinate
GP Glyphosate
GR Graphene
HCOOH Formic acid
H2 Hydrogen
H2O Water
H2O2 Hydrogen peroxide
HOMO Highest occupied molecular orbital
HR-TEM High-resolution transmission electron microscopy
ICP-OES Inductively coupled plasma optical emission spectroscopy
Isc Short-circuit current
LbL Layer-by-layer
LED Light-emitting diode
LMCT Ligand to metal charge transition
LUMO Lowest unoccupied molecular orbital
MB Methylene blue
MeOH Methanol
MIL Matériaux de l′Institut Lavoisier
MLCT Metal to ligand charge transfer
MO Methyl orange
MOFs Metal–organic frameworks
MOF-5 Zn4O(BDC)3
MOT Molecular orbital theory
NaBH4 Sodium borohydride
NaOH Sodium hydroxide
NH3 Ammonia
NH3BH3 Ammonia borane
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Ni-BDC Nickel–benzene dicarboxylic acid
Ni/Cu-BTC Nickel/copper–benzene tri-carboxylic acid
NiO Nickel oxide
NIR Near infrared
NiS Nickel sulfide
NMR Nuclear magnetic resonance
N2 Nitrogen
4-NP 4-Nitrophenol
NPs Nanoparticles
OG Orange dye
O2 Oxygen
O3 Ozone
PCO Photocatalytic oxidation
PL Photoluminescence spectroscopy
PMOF Porphyrin-based metal−organic framework
PNP P-nitrophenol
PNRR Photocatalytic nitrogen reduction reaction
POP Persistent organic pollutants
R6G Rhodamine 6G
RB5 Reactive black 5
RhB RhodamineB
ROS Reactive oxygen species
SBU Secondary building units
SPR Surface plasmon resonance
TC Tetracycline hydrochloride
TIPA Tris-(4-imidazolylphenyl)amine
TiO2 Titanium dioxide
TPVT 2,4,6-Tris(2-(pyridine-4-yl)vinyl)-1,3,5-triazine
UiO-67 Zr 6 (m 3-O) 4 (m 3-OH) 4 (BPDC) 12
UV Ultraviolet–visible
UV–Vis DRS UV–visible diffuse reflectance spectroscopy
VB Valence band
Voc Open-circuit voltage
VOCs Volatile organic compounds
Xe Xenon
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
ZIF Zeolitic imidazolate framework (ZIF)
ZnO Zinc oxide
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Abstract Metal–organic frameworks (MOFs) or coordination polymers (CPs) are
an assorted class of materials finding applications in areas, viz. sensing and absorp-
tion/separation of gas/small molecules, storage of gas, etc. In addition, MOF
integrating nanoparticles exhibit display varied photocatalytic behavior. Never-
theless, the application of MOFs as photocatalysts had recently been investi-
gated and explored. The presented chapter lays attention on synthetic protocols,
designing stratagems, and architectures of photosensitive MOFs. Also, it will be
providing details about the mechanistic pathway employing which MOFs execute
photocatalytic degradation of organic dyes mostly existing in industrial wastewater.

Keywords Metal–organic frameworks · Photocatalysis · Organic dyes ·
Mechanism

1 Introduction

During the past twenty years, increasing interest had been witnessed to investigate a
new hybrid variety of nanoporous, crystallinematerials “metal–organic frameworks”
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(MOFs). These are known as hybrid materials because they comprise metallic nodes
connected through organic linkers [1]. These emerging materials find application in
a plethora of application areas [2–12]. Additionally, these materials offer a tuneable
framework, large surface area per unit volume as well as porosity. This allows swift
mass transport as well as interactions with substrate molecules. Apart from that,
they have coordinatively unsaturated metal centers and exposed sites which induce
catalytic properties in them [13, 14]. Also, a plethora of MOFs on irradiation has
exhibited semiconducting behavior which in turn induces photocatalytic properties
in them. Because of these peculiar features associated with these materials, a range
of MOFs has been deployed as photocatalysts for safe and sustainable degradation
of aromatic pollutants, as the catalyst for the evolution of hydrogen gas, for CO2

reduction,water cleavage, etc. [15–17]. Thesematerials lay an apt platform todevelop
heterogeneous catalysts for photocatalyzed degradation reactions. This is because
these materials are (1) highly efficient, (2) can operate under ambient temperature,
(3) offer good reproducibility and recyclability, (4) easy to handle, and (5) mineralize
toxic contaminants to simple non-toxic compounds [18].

The aromatic entity of ligands in MOFs on irradiation generates charge-separated
states,which induces light-harvestingproperties in themandmakes themaphotocata-
lyst.MOF-based photocatalysts offer several advantages over conventional photocat-
alysts: (a) Their suitable pore dimensions enable the movement of organic pollutant
and concomitant movement of the mineralized products through their open chan-
nels; (b) the molecular framework as well as the electron communication features
of MOFs can be easily regulated; (c) this class of materials could be synthesized by
many synthetic protocols which lead to higher crystallinity and diverse morphology
in them [19]. Additionally, the stability of MOF is decided by several factors such as
nature ofmetal ions, coordination numbers ofmetal cations and connectivity ofmetal
clusters, its basic character, and hydrophobicity of ligands. However, the existence of
stable framework with porosity with open secondary building unit (SBU) facilitates
adsorption of organic dyes in/on theMOFwhich then could be decomposed [20–22].
Apart from this, using post-synthetic modification strategy, additional functionaliza-
tion can be introduced in MOFs which uplifts their efficiency to photochemically
decompose the organic dyes, [23, 24] a prominent organic contaminants existing
in water bodies [25]. Presently, over 1000,000 commercial dyes are produced from
industries [26–28] which are chemically stable and remain unaffected by light, heat,
and oxidizing agents. Thus, the removal of these carcinogenic organic dyes is highly
required. Common dye substrates for photodegradation by MOFs are presented in
Scheme 1.

Hence, for a clean environment as well as for the well-being of humans and
animals, the removal of these organic dyes is of utmost importance where MOFs
can play a vital and promising role as photocatalysts. The chapter presented herein
provides a comprehension of the recent development in the use of MOFs as photo-
catalysts for the decomposition of toxic aromatic dyes. Apart from that, the synthetic
protocols deployed for MOFs suitable for photocatalysis are presented. Also, the
MOFs comprising main group metals, transition metals, and f -block metals with
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Scheme 1 Chemical structures of some widely used dyes
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enhanced performances as photocatalysts against dye’s decomposition and eventu-
ally mechanistic pathway using which MOFs usually execute photodegradation of
dyes had been discussed.

2 Synthetic Approaches, Designing, and Structures
of Photosensitive MOFs

2.1 Synthetic Approaches

The liquid-phase syntheses are conventionally deployed for the syntheses of MOFs,
in which ligands and metal ion nodes/clusters are reacted in appropriate solvent for a
specific time period. Figure 1 recapitulates various approaches as well as conditions
for MOF syntheses [29, 30].

Solvothermal/Hydrothermal Approach

This is the most commonly used approach that executes reaction in an autoclave at
the prescribed controlled temperature and/or under autogenous pressure. Solvents,

Fig. 1 Various protocols and synthetic conditions used for the preparation of MOF
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such as dimethylformamide, dimethylformamide, and acetonitrile, which have high
boiling points are used in this approach [31, 32]. Apart from this, solvent mixtures
are employed to sort out the problem of solubility. But, this protocol suffers from
some limitations like extensive reaction period, elevated temperature, and expensive
solvents. Hence, hydrothermal synthetic protocol utilizing water renders a more
eco-compatible and economic method.

Microwave Approach

This is a fast synthetic protocol in which microwave (MW) irradiation/heating
results in better crystallinity, development of perforated architecture, reduced particle
size with better control over the morphology of MOFs [31–33]. Also, for this
synthetic protocol effect of variation in power, temperature, solvent concentration,
and substrate, irradiation time had been explained by Klinowski et al. [32]. Also,
well-known MOFs were synthesized deploying solvothermal method and have also
been synthesized using this method [34–38].

Sonochemical Approach

This protocol using soundwaves assists in the growth of consistent nucleation centers
and speeds up the crystallization than the solvothermal protocol. Using this approach,
many MOFs had been synthesized, e.g., MOF-5 having 5–25 mm crystals were
isolated sonochemically using 1-methyl-2-pyrrolidinone in half an hour [39, 40].
Here also, how variation in preparation conditions/power, etc., affect structure and
porosity of MOFs was explained [40].

Electrochemical Approach

This process is used for the fabrication of MOF-based thin films over the substrate’s
surface in mild conditions that decreases the possibility of film cracking normally
encountered in other protocols. Direct electro-syntheses can be performed through
anodic solubilization of metal cations and/or deprotonation of organic ligand [41,
42]. In contrast to other approaches, this method does not necessitate the use of
metal salts as precursors as the metal ions generated by oxidizing electrodes. Also,
this procedure could be used for industrial-scale production of MOFs [41–43].

Mechanochemical Approach

In principle, three mechanochemical methods such as (1) grinding under neat condi-
tions, (2) grinding with the assistance of liquid, and (3) ion/liquid-assisted grinding
are used [44–47]. Neat grinding is a solvent-free method but liquid-assisted grinding
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needs a small amount of liquid while the second methodology needs a small quantity
of liquid and salt in traces. There is an upsurge in the interest in mechanochemical
syntheses as it requires a very less quantity of solvent and eco-friendly nature. Also,
less energy is required, and thus it can be regarded as a highly efficient and simple
protocol [44–48].

Slow Evaporation Approach

This method operates at room temperature and does not need additional energy. But
the significant crystallization period is the chief disadvantage associated with this
method.

Apart from the abovementioned methods, a few less-explored methods used for
the syntheses of MOFs are (1) diffusion, [49] (2) ionothermal, [50] and (3) spray-
drying approaches [51]. The second approach utilizes ionic liquids as a solvent
and also engenders template and electro-neutralizing groups. Its utilization offers
several advantages, like low melting, good heat stability, and a broad liquifiable
range. Additionally, by changing IL composition, the MOF’s architecture could be
altered which results in alteration in physicochemical properties. The range ofMOFs
prepared using various methods, exhibited important variation in yield, size, surface
area, morphology, and porosity using the IL method [52–67].

The final stage of MOF synthesis is their purification and/or activation, which
removes co-crystallized linkers, metal oxides, which are untrapped in apertures of
the main material. This step can be performed using “sieving” operating based on the
differences in the densities of the main material, and impurities or purification can
be accomplished by the elevated temperature solvent treatment. The MOF activation
is performed by removing guest molecules from the pores by low pressure (vacuum)
drying, supercritical drying, and/or solvent exchange [31, 32].

2.2 Designing

To develop an appropriate MOF that could be utilized as a photocatalyst, the essen-
tial requirements are its (1) high stability in different types of solvents, (2) stability
toward variation in pH, and (3) stability under strong radiation. Additionally, MOF-
based photocatalysts should have low cost and could be synthesized and utilized
easily. As mentioned earlier, the rational assembly of SBU and organic linkers
engenders MOFs. Hence, the alteration like organic linkers as well as SBUs results
in a varied class of frameworks. To control over porosity and required properties,
appropriate MOF designing is needed [67]. To design a targeted MOF that could be
utilized as a photocatalyst, the presence of a light-harvesting center, reaction sites,
and rational charge/electron transport are important requirements. To introduce a
light-absorbing center in the targeted MOF, the strong absorption of visible/IR radi-
ation is needed for enhanced capturing of sunlight [68]. Hence, ligandswith extended
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π-conjugation improve electron delocalization and lead to a required bathochromic
shift in the UV–Vis spectrum. Further, to introduce catalytic centers, the presence
of sole metal or metal oxide centers where catalytic reaction generates is required.
Thus, introducing extensive conjugation in ligand and adding electron-rich metal
cluster decrease bandgap and enhance the photochemical reaction. Apart from this,
in situ functionalization is another stratagem that further improves photochemical
properties. Also, post-synthetic modification can be employed which alters MOF’s
structure [23, 24]. Such modification reduces the electron/hole recombination and
uplifts charge mobility. Additionally, the photocatalysts having small particle size
also decline the electron/hole recombination and uplift catalytic performance [69].
Apart from this, to design the desired photocatalysts, the energy parameter of the
light-capturing center as well as reaction sites must be analogous for easy electron
transfer.

Hence, overall it could be concluded that to construct MOF-based photocatalysts,
rational designing of the single organic linker is pivotal as it executes varied functions
such as assembling a framework by coordinating at least two-reaction centers, light-
harvesting, electrons, and holes transfer. The nature of antenna, anchors, and extent
of conjugation in aromatic ligand considerably affect the kinetics of charge transfer
[70].

Antennae

In a specific organic entity behaving as a ligand, the antenna acts as a light/photon
harvester. In such a ligand system, varied functionalities act as electron donors to
π-bonded electron cloud of the organic linker which in turn lowers band-gap energy
of MOF [15, 71–80].

Anchoring Groups

The anchoring tendency of the ligand plays a pivotal role in the transfer of electrons,
and it also stabilizes the MOF’s architecture. Apart from that, charge transfer rates
at the time of photocatalysis are also controlled by these anchors [81]. Hence, the
nature of anchor plays a key role in uplifting the performance of anyMOF employed
as a photocatalyst. For example, the –COOH group exhibits relatively faster elec-
tron transfer than the –PO3H2 group. This could be attributed to the smaller size
and weight of carbon as compared to phosphorus and strong double bonding over a
single bond. This observation was corroborated by using non-adiabatic MD simu-
lation techniques. Also, quantum chemical calculations suggested that the –COOH
group possesses relatively more electron density than the –PO3H2 group. Hence, as
compared to the –PO3H2 group, –COOH groups are a good option as an anchor in
MOF being employed as photocatalysts.
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Charge Transportation Phenomenon

The charge transportation phenomenon takes place through ligand or via space. This
phenomenon relies on supramolecular architecture and the extent of the conjugation
ligand. In long-range transport, charge recombination and relaxation phenomena
enhance the utilization of charge carriers. This recombination process could be
decreased by curtailing the chain/bridge length of the ligand. But, this leads to
concomitant suppression in the rate of charge transfer because of the shift in the
electronic absorption spectrum toward the UV region [82]. However, incorporation
of an antenna/electron–donor extends organic linker’s conjugation which enhances
light-capturing capacity with subsequent acceleration in charge transfer kinetics, and
reverse phenomenon operates with the incorporation of the electron-withdrawing
group [83]. Hence, linkers play a vital role in the electron transport pathway as elec-
trons might be restricted at the organic connector for a small time before arriving in
catalytic sites and thereby facilitating the catalytic reaction [84].

2.3 Structures and Photocatalyses of MOFs

Metal centers from all four blocks of the periodic table have been employed for
the design and fabrication of MOF-based photocatalysts. The most commonly used
ligands employed for the syntheses of theseMOFs include poly-/multi-topic carboxy-
late and nitrogen-containing heterocyclic ligands. These ligands are extensively
conjugated and had been used as connectors/linkers for MOFs [85]. On the basis
of the nature of metal ions, in this section MOFs had been classified into the main
group, transition, lanthanides, and actinide metals, and their utility as photocatalysts
have been summarized in the presented section.

Main Group Metal-Based MOFs

Theuse ofmain groupmetal center-basedMOFs as photocatalysts for the degradation
of dyes had not been investigated comprehensively. However, Li et al. reported an
indium-based MOF {[In3OCl(H2O)2(L1)2]}n (where L1 = 4,4′,4′′-s-triazine-1,3,5-
triyl-tri-p-aminobenzoate) which degraded 94.6% rhodamine B (RhB) in 70 min and
~93.1% methylene blue (MB) in 190 min under 300 W xenon lamp irradiation [86].

Another anionic indium-based MOF, [(CH3)2(NH2)+][In(H4L2)]·(DMF)5 (L2 =
1,3,6,8-tetrakis(3,5-isophthalate)pyrene) abbreviated as JUC-138 was reported by
Zhao et al. having Eg at ~3.34 eV (Fig. 2) which photodegraded ~90%AB in 240min
inUV light (Fig. 2) [87]. TheMOF In-I, {[(CH3)2NH2]3(In3(L3)4)}·(solvent)x) 5′-(5-
carboxy-1H-benzo[d]imidazol-2-yl)[1,1′:3′,1′′-terphenyl]-4,4′′-dicarboxylate (L3)
with doubly interpenetrated framework degradedMBandMOseparately andmixture
of both MB and MO [88]. The MOF under UV irradiation decomposed 95.89% of
MB in 1 h and 92.80% MO 2 h.
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Fig. 2 a Coordination style of In3+ in JUC-138. b Coordination style of H8L2 in JUC-138. c
Hydrogen bonds constructed 3D supramolecular structure. Photodegradation of AB d dye with
JUC-138 as the catalyst. Reproduced with permission from Ref. [87]. Copyright 2017 American
Chemical Society

Among lead(II), the Pb-1, [Pb(L4)(H2O)]n) (L4 = 4,4′-(1H-1,2,4-triazol-1-
yl)methylenebis(benzoate)) decomposed 74.2% of MB in 125 min [89]. Another
series of four MOFs [[Pb(L5)(L6)]n (Pb-2), [Pb2(L5)2(L7)]n·2nH2O (Pb-3),
[Pb2(L5)2(L7)]n (Pb-4) [Pb(L5)(L8)0.5]n (Pb-5) and [Pb2(L5)2(L9)]n (Pb-6) having
2-(2-carboxylicphenyl)imidazo(4,5-f)-(1,10)phenanthroline (L5) and carboxylate
ligands pyridine-4-carboxylate (L6), 2-amino-1,4-benzenedicarboxylate (L7), 1,4-
benzenedicarboxylate (L8), and 2-hydroxy-1,4-benzenedicarboxylate (L9) [90]
decomposed MB up to 53.1% with Pb-2; 99.3% with Pb-4, 84.6% with Pb-5 and
72.1%with Pb-6 in 4.6 h. This indicated that Pb-4was the best photocatalyst among
all and this was ascribed to the presence of –NH2 in ligand (Fig. 3c). A 3DMOF Pb-
7, {[Pb11(L10)7(μ4-O)3(μ3-OH)2]·(H2O)}n was fabricated employing 2-methyl-4,4′-
biphenyldicarboxylate (L10) [91] which along with sodium persulfate under visible
light photodegraded 63.5% of MO in time span of 150 min. A holodirected Pb(II)
3D-MOF, viz. SCP 2, [Pb(L11)2]n (where L11 = Nicotinate) comprising hexagonal
bi-pyramid geometry around Pb under UV and sunlight irradiation degraded 94.27%
of MB in 1 h in UV- and 91.11% after 2 h in sunlight in concomitant presence of
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Fig. 3 a Perspective view of Pb-4, b the three-dimensional architecture, c the periodic UV–Vis of
MB in visible light with Pb-4. Reproduced with permission from Ref. [90]. Copyright 2018 Royal
Society of Chemistry

H2O2 [92]. Another Pb(II) MOF, Pb-8, [Pb2L12(H2O)]n·3nH2O·nDMF (L12 = 5-
(bis(4-carboxybenzyl)amino)isophthalate) degraded 64.2% of MB in 250 min [93].
The observed differences in photocatlytic properties of these Pb(II) MOFs could be
ascribed to the alteration in networks from 1D chain → 2D sheet → 3D framework
due to the variation in coordination modes of linkers.

Also, organometallic complex of bismuth(V) Bi-I (where Bi-I = Ph3Bi(L13)2
and HL13 = 4-fluorobenzoic carboxyl) [94] under UV irradiation for 1 h, degraded
91.8% RhB, 79.8% MB, and 76.3% MV and also in visible light degraded 90.7%
RhB in 8 h.

Transition Metals Based MOFs

This class of MOFs is most widely studied for their application as photocatalysts for
dye photodegradation.

Among manganese-based MOFs, an important photocatalyst was SC1 with
composition [Mn(L14)4(NCS)2] and obtained using ethyl isonicotinate ligand (L14),
which degraded 72.62% eosin-Y (EO) in sunlight in 3 h, 93.91% under UV irra-
diation in 130 min [95]. Recently, a highly stable Fe-MOF, JOU-22 with formula
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[Fe2(OH)2(L15)]0.2DMF.2H2O (JOU-22,L15 = biphenyl-3,3′,4,4′-tetracarboxylate,
DMF = N,N-dimethylformamide) had been reported, which displayed efficient
visible light-induced photodegradation of dyes such as MB, MO, BG, and Rh B
[96]. Around 63.1% MB was degraded in 80 min under visible light irradiation.
While with hydrogen peroxide, the 95.5% MB underwent photodegradation in the
same time period (Fig. 4). This photocatalyst also degraded dyes, viz.MO, RhB, and
BG dyes, in the presence of hydrogen peroxide (Fig. 4).

Unlike manganese and iron, cobalt is the most commonly employed for
fabrication of MOF-based photocatalysts. A dinuclear pillar-layered-like MOF,
[Co(L16)(L17)2]n (Co-1) (where L16 = tris(4-pyridin-4 ylphenyl)amine and L17 =
4,4′-sulfonyldibenzoate) had been reported which degraded ~94% of RhB under UV
light in 1 h using hydrogen peroxide as initiator [56]. An anionic MOF, SCNU-
Z2, obtained using heterotopic tripodal ligand L18 = 5,5′-(3-1H-imidazol-1yl-1,5
phenylene)bis-2H-tetrazolate was the first example among MOFs which degraded
97% MB in dark in time of 15 min [97].

Another cobalt MOF Co-2, {[Co3(L19)2(L20)2(H2O)2]·14H2O}n (L19 = 1-
aminobenzene-3,4,5-tricarboxylate; 4,4′-bipyridyl (L20) degraded 96.28% MB,

Fig. 4 a The geometry around Fe in JOU-22. b view of Fe–O chain. c 3D framework with 1D
channels. d reaction kinetics of degradation ofMB in varied conditions. e photodegradation kinetics
of BG, RhB, and MO in visible light with JOU-22 and H2O2. Reproduced with permission from
Ref. [96]. Copyright 2021 Royal Society of Chemistry
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95.79% RhB, 89.63% GV, 81.13% MO, 78.26% fluorescein, and 74.15% R6G, in
60 min in visible light and H2O2 [98]. Also, MOF Co-3, {[Co(L21)2]SO4}n 1,3,5-
tris(imidazol-1-ylmethyl)benzene (L21) had been reported, and its photocatalytic
performance was assessed with the variation in pH [99]. The pH variation revealed
that the efficiency of this MOF improved at alkaline pH and ~97.77% MB degraded
in 25 min at pH 12.2. This is because, in alkaline solution, the Co-3 acquired a
negative charge due to adsorption of OH¯ ions and attracted positively charged MB
dye.

Another MOF, Co-4, [Co3(L22)2(DMF)(L23)]·DMF (H3L22 = biphenyl-3,4′,5-
tricarboxylic acid and L23 = 1,3-bis(4-pyridyl)propane) degraded nearly 90%
of RhB in 2 h in with H2O2 [100]. While, Co-5, [Co(L24)(L8)1/2]n (H2L8

= 1,4-benzenedicarboxylic acid, L24 = 3,5 bis(pyridin-4-ylmethoxy)benzoate)
having Co(II) paddle wheel SBU on UV irradiation with H2O2, photodegraded
95% for methyl blue and 84% for MB, and ST degraded completely degraded
[101]. A green synthetic protocol had been adopted for the preparation of MOF
Co-6, [{Co0.5(L25)0.5(L26)1.25}]∞ (L25 = 5-azidoisophthalate; L26 = 1,2-bis(4-
pyridyl)ethylene) [102]. This MOF was converted to nanoscale MOF (NMOF) by
grinding which photodegraded 92% MB and 90% RhB in visible light in time
span of 2 h in the presence of H2O2. A porous MOF comprising square cavi-
ties {[Co(L27)]·0.5(CH3CN)·5(H2O)}n (HPU-5) (whereL27 = (5-(3,5-Di-pyridin-4-
yl-[1,2,4]triazol-1-ylmethyl)-isophthalate)) [103] which along with H2O2 photode-
graded 83% degradation of MO in 2 h and 99.3% RhB 2.5 h [103]. Another MOF,
Co-7 {[Co(L28)(L29)]}n (where L28 = 6-(4-carboxyphenyl) nicotinate and L29 =
1,4-bis(4-pyridyl)benzene) with 3D, threefold interpenetrated framework degraded
100% MO dye under UV irradiation in the presence of H2O2 [104]. Additionally, it
too decomposed ST, neutral red, RhB, methyl blue, and MB up to 78%, 74%, 71%,
67%, and 53%, respectively.

Another MOF Co-8, {[Co(L30)(H2O)2](L8)·(H2L8)}n, (1,1,2,2-tetrakis[4-
(1H-1,2,4-triazol-1-yl)phenyl]ethylene (L30) and benzene-1,4-dicarboxylate
(L8)) degraded 92.48% MB in 135 min irradiation and 90.56% RhB in
3 h in visible light irradiation and H2O2 [105]. Another MOF Co-9,
[Co(L32)(L31)1.5]n (where L31 = 4,4′-bis(imidazole-1-yl)-biphenyl and L32 =
tetrabromoterephthalate) degraded 85.83% MB under natural sunlight irra-
diation in 8 h [106]. A series of four cobalt containing MOF with formula
{[Co4(L4)4(H2O)]·2CH3CN·4H2O}n (Co-10), {[Co(L4)(L33)]·1.5CH3OH·2H2O}n
(Co-11), {[Co2(L4)2(L34)]·6CH3CH2OH·4H2O}n (Co-12), and
{[Co(L4)(L35)(H2O)]·DMA}n (Co-13) (where L33 = 4,4′-bis(benzoimidazo-
1-yl)biphenyl, L34 = 1,4-bis(imidazol-1-ylmethyl)benzene, L35 = 4,4′-
bis(imidazolyl)biphenyl) were synthesized using 4,4′-(1H-1,2,4-triazol-1-
yl)methylenebis(benzoate) (H2L4) [107] used as catalysts againstMB,MO,OIV, and
MV, and these exhibited decent photocatalytic performance. Another twoMOFs, viz.
{[Co(L36)0.5(L37)]·4H2O}n (Co-14) and {[Co5(L36)4(L38)4]·2NO3·2DMA·2H2O}n
(Co-15), were designed using tripodal linker 1,3,5-tris(2-methylimidazol-1-
yl)benzene (L36) and isophthalate linkers (L37 = 5-aminoisophthalate and L38 =
5-hydroxyisophthalate) and in 70 min, degraded 94.36% MB (Co-14) and 89.57%
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(Co-15) in visible light with H2O2 [108]. Another MOF Co-16, [Co(HL39)(L40)]n
(L39 = 4-(4-carboxylphenylmethylthio)benzoate and L40 = 1,3-bis(1-imidazo-1-
ly)benzoate) exhibited good photocatalytic activity with 95.0%, 94.7%, and 94.1%
photodegradation of MB, MV, and RhB, respectively, in 2 h in UV light [109].

In addition to cobalt-based MOFs, nickel(II)-based MOFs had also been
utilized as photocatalysts for dye degradation. Two Ni(II)-based MOFs with
formula [Ni(L41)1.5(L42)(H2O)]n (Ni-1) and [Ni(L34)(L43)]n (Ni-2) (5-substituted
isophthalate (5-nitroisophthalic acid (L42), 5-methoxyisophthalate (L43), 1,4-bis(1-
imidazolyl)benzene (L41), and 1,4-bis(imidazol-1-ylmethyl)benzene (L34)) were
used as photocatalysts against MO solution and degraded 94% (Ni-1) and 95%
(Ni-2) in visible light and H2O2 in time span of 70 min [110]. Three MOFs,
viz. {[Ni(L44)(L38)]·H2O}n (Ni-3), [Ni(L44)(L45)]n (Ni-4) and [Ni(L44)(L46)]n
(Ni-5) (1,4-bis(benzimidazol-1-yl)-2-butylene (L44), 5-hydroxyisophthalate (L38)
and 2,6-naphthalenedicarboxylate (L45), and 4,4’-oxybis(benzoate) (L46)) were
reported [111]. Ni-3–Ni-5 exhibited good photocatalysis against degradation
of MB 91.5% (Ni-3), 93.4% (Ni-4), and 87.0% (Ni-5) in 2 h in UV light.
A series of nickel MOFs comprising three dimensional architectures, viz.
[Ni(L47)(L20)(H2O)2] (Ni-6), [Ni4(L47)4(H2O)8] (Ni-7), [Ni2(L47)2(L48)(H2O)] (Ni-
8), and [Ni(L47)(L41)0.5(H2O)]·H2O (Ni-9) (L47 = 5-(4′-carboxylphenyl)nicotinate;
L20 = 4,4’-cipyridyl;L48 = 4,4′-bis(imidazol-1-ylmethyl)biphenyl;L41 = 1,4-bis(1-
imidazoly)-benzene) were used photocatalysts [112] which degraded MO up to
84.3%, 80.6%, 76.6%, and 68.5% Ni-6, Ni-7, Ni-8, and Ni-9, respectively, after
75 min in visible light.

Another MOF, Ni-10 with formula [Ni(L49)(L50)]n (where L49 = 1,6-
bis(benzimidazol-1-yl)hexane, H2L50 = isophthalate) [113]. The photocatalytic
properties of both bulk- and nano-structured MOFs were estimated for the
photodegradation of MB in UV light. For bulk MOF 85.6% and for nano-
MOF 90.6% degradation of MB was observed in 2.5 h. A new ternary
MOF Ni-11, {[Ni2(L51)2(L52)2(H2O)]·8.5H2O}n (where L51 = 1,4-bis(5,6-
dimethylbenzimidazol-1-yl)-2-butylene and L52 = 1,4-naphthalenedicarboxylate)
having three-dimensional 3,6T13 topology was used for the degradation of MB in
UV irradiation, and 92.7%photodegradation ofMBwas observed in 2 h [114]. A new
MOFNi-12, {[Ni(L53)(L20)(H2O)2]·(H2O)5}n 4,5-bis(pyrazol-1-yl) phthalate (L53)
was also used as photocatalyst for degradation ofMBwhich 91.0% after 120min and
for dye MO, the degradation ratio after 180 min as 82.1% under UV light irradiation
(Fig. 5c,d) [115].

Copper-based MOFs are also studied as photocatalysts for dye degrada-
tion. A copper-based MOF Cu-1, {[Cu(L54)(L55)]·H2O}n (L54 = tris(4-(1,2,4-
triazol-1-yl)phenyl)amine and L55 = pimelate) [116] exhibited 90.3% of MB
in 75 min and 90.1% RhB in 2.5 h in visible light and H2O2, and the MOF
was reusable for minimum five cycles. Another copper paddlewheel MOF Cu-2,
[Cu4(L56)2(H2O)4·5DMF]n (H4L56 =3,5-di(3,5-dicarboxylatephenyl)nitrobenzene)
degraded 81.3% of MV in 45 min under UV irradiation [117]. While, Cu-3,
[Cu2(L56)·5DMF]n exhibiting 3D framework comprising 1D hexangular chan-
nels degraded 70% MV in 45 min irradiation [118]. Another MOF, Cu-4,
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Fig. 5 a The geometry around Ni(II) in Ni-12, b the view of the framework along the c axis.
Variation in UV–Vis of MB (c) and MO (d) in the presence of Ni-12 and H2O2 in UV light.
Reproduced with permission from Ref. [115]. Copyright 2021 Wiley Online Library

[Cu(H2L57)(L58)]n (where L57 = terphenyl-3,3′,5,5′-tetracarboxylate and L58 =
1,4-bis(1-imidazol-yl)-2,5-dimethyl benzene) degraded 97.3% MB in 120 min
with H2O2 in UV light [119]. A peculiar semiconducting 3D framework
(Cu-5), {[CuICuII2(L59)2]NO3·1.5DMF}n (4′-(3,5-dicarboxylatephenyl)-4,2′:6′,4′′-
terpyridine (L59)) degraded 80% MB in very small time span of 30 min [120].
The MOF-199 synthesized hydrothermally degraded 99% of BB41 in 180 min in
UV light [121]. The MOF Cu-6, [Cu(L20)Cl]n [122] enhancement in photocatalytic
properties in presence of H2O2 photodegraded 93.93% MB in 2.5 h. An efficient
panchromatic active Cu-7, [Cu1.5(μ2-O)(H2L60)] (L60 = 4,4′-[6-(dimethylamino)-
1,3,5-triazine-2,4-diyl]bis(azanediyl)dibenzoate) photodegraded ~99% of MB in
70 min in UV and 86% MB in 90 min in visible light [123]. The MOF Cu-
8, {[Cu(L61)(L54)]·2H2O}n (L54 = tris[4-(1,2,4-triazol-1-yl)phenyl]amine; L61 =
succinate) [124] degraded 92.6% MB in 75 min and 90.3% RhB in 2 h with
the assistance of H2O2. The MOF Cu-9, {[Cu(L62)(H2O)]·0.25(CH3CN)}n (L62

= 4,4′-dicarboxylate-4′′-nitrotriphenylamine) photodegraded 97.2% of CV, 92.1%
of R6G, 87.8% of CR, and 70.2% of BR2 dyes in 40 min with H2O2 [125].
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Another self-catenating MOF Cu-10 [Cu(L63)0.5(L64)]n (L63 = 1,4-bis(2-methyl-
imidazol-1-yl-methyl)benzene and L64 = glutarate) photodegraded 90.3% Rh B
in 165 min with H2O2 in UV light [126]. Another series of Cu-based MOFs,
viz. {[Cu4(OH)2(L63)2(L65)2(H2O)2]·3H2O}n (Cu-11), [Cu2(L63)(L50)2]n (Cu-12),
[Cu2(L63)(L66)2]n (Cu-13), {[Cu2(L63)(L67)2]·H2O}n (Cu-14) (where L65 = 1,2,4-
benzenetricarboxylate, L50 = isophthalate, L66 = 5-methyl-isophthalate, L67 =
1,4-benzenediacetate) degraded MB up to 94.0% (Cu-11), 90.7% (Cu-12), 89.1%
(Cu-13), and 91.6% (Cu-14) in 1.5 h [127]. These MOFs also degraded RhB
up to 93.0% (Cu-11), 84.7% (Cu-12), 81.3% (Cu-13), and 88.6% (Cu-14) in
3 h irradiation. Apart from these two dyes, they had been used as photocatalysts
against MO and photodegraded this dye up to 92.7% (Cu-11), 85.1% (Cu-12),
77.2% (Cu-13), and 87.3% (Cu-14) in long time span of 5 h. The MOF Cu-15
{[Cu(L68)(L50)][Cu4(OH)2(L68)(L50)3]·4H2O}n (where L68 = 1-imidazol-1-yl-3-
(1,2,4-triazol-4-yl)propane,) degraded MB, RhB, and MO upto 90.5%, 89.2%, and
87.8% after 1.5 h, 3 h, and 4 h, respectively, with H2O2 [128]. Another MOF Cu-16,
[Cu6(CN)7(L69)2(OH3)]3∞, (L69 = Hexamethylenetetramine) degraded CR, MV,
and MB dyes up to 96.86, 98.92, and 99.31% in time span of 8, 25, and 20 min,
respectively, in UV light [129]. In ultrasonic conditions, the same MOF in presence
of hydrogen peroxide decomposed 97.09, 98.96, and 99.69% CR, MV, and MBin 6,
18, and 15 min, respectively.

Zinc(II)-based MOFs have also been synthesized and utilized as photocata-
lysts for dye degradation. Among varied Zn(II) MOFs, Zn-1, [Zn(L70)(H2O)]·H2O
comprising 4 (pyridine-4-yl) phthalate) (H2L70) as photocatalyst degraded 98.5%
RhB as well as 83.8% MO in 120 min in visible light for five consecu-
tive cycles [130]. Another MOF, NNU-36 [Zn2(L71)(L72)2]·2DMF (L71 = 9,10-
bis(4′-pyridylethynyl)-anthracene and L72 = 4,4′-biphenyldicarboxylate) exhibited
photodegradation of RhB [131]. Its photocatalytic properties were uplifted from 46.6
to 96% on adding H2O2. Another MOF, Zn-2, {[Zn(L73)]·2.7 DMF} (L73 = 1,4
bis(triazol-1-yl)terephthalate) three-dimensional uninodal tetra-connected CdSO4

topology decomposed 88.8% RhB in UV light [132]. Another, Zn-based MOF Zn-
3, {[Zn5(L74)2(DMF)2(μ3-H2O)]·2DMF} synthesized using symmetrical pentacar-
boxylic acid ligand, 5-di(3′,5′ dicarboxylphenyl)benzoate (L74), degraded 73.1%
MV under UV irradiation [133]. A three-dimensional MOF Zn-4, {[Zn4(L52)3.5(μ4-
OH)(DMF)]·1.7DMF}n (L52 = 1,4-naphthalenedicarboxylate) degraded 78.3% of
MV in 40 min [134]. A biocompatible MOF Zn-5, {[Zn2(L75)2]·0.5H2O}n, synthe-
sized using phytochemical ferulate (L75), photodegraded 88% RhB in 100 min
in UV light [135]. Another zinc MOF Zn-6, {[Zn2(L57)(DMF)3]·2DMF·2H2O}
having terphenyl-3,3′′,5,5′′-tetracarboxylate (L57) ligand photo-decomposed 72.5%
and 92.8% against MV and RhB in UV light, respectively [136]. Another MOF, Zn-
7 [Zn(L75)(L20)4·2H2O]n synthesized using 1,4-bis(3-carboxylatebenzyl)piperazine
acid (L75) ligand and ancillary ligand 4,4′-bipyridyl (L20) having threefold interpen-
etrating 3D net with pcu topology degraded 77.36% MV in 40 min [137].

Another MOF Zn-8, [Zn(L76)(L77)2]n (where L76 = 1,5-naphthalenedisulfonate,
and L77 = 2,4,5-tri(4-pyridyl)-imidazolate) exhibited 98.1% degradation of RhB in
2 h [138]. Two Zn-MOFs, viz. {[Zn(L78)(L79)]2}n (Zn-9) and {[Zn(L78)(L61)]2}n
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(Zn-10) (where HL78 = 1,3-bis(5,6-dimethylbenzimidazol-1-yl)-2-propanol, L79

= trans,trans-muconate and L61 = succinate) in 2 h degraded 97.5% and 97.0%
of MB, respectively, in UV light [139]. MOF Zn-11, [Zn2L12]n (L12 = 5-
(bis(4-carboxybenzyl)amino)isophthalate) in 250 min, photodegraded 91.4% MV
[93].

Very recently, a Zn(II)-MOF, Zn-12 [Zn4(L80)2(L81)4·H2L81]·4H2O (L80 = 3,5-
bis(3,4- dicarboxylphenoxy)benzoate, L81 = 3,3′,5,5′ -tetramethyl-4,4′-bipyrazole)
had been synthesized and used as photocatalyst against MB and photodegraded this
dye up to 91.33% (Fig. 6c) [140]. Additionally, this MOF was used as photocatalyst
against other dyes, viz.MO,CR,AO, andACB, and exhibited percentage photodegra-
dation up to 74.86%, 26.10%, 61.29%, and 17.25%, respectively, in 100 min under
UV light. The catalytic efficiency of Zn-12 followed the order MB > MO > AO >
CR > ACB (Fig. 6d).

Some silver MOFs find applications as photocatalysts for dye degradation.
Three sandwich-like MOFs, Ag4(L20)4(L37)2·11H2O (Ag-1), Ag2(L26)2(L45)·2H2O
(Ag-2), and [Ag2(L26)1.5(L82)0.5](L82)0.5·7H2O (Ag-3) (where L20 = 4,4′-
bipyridine, L37 = 5-aminoisophthalate, L26 = 1,2-di(4-pyridyl)ethylene, L45 =
2,6-naphthalenedicarboxylate, and H2L82 = stilbenedicarboxylate) [141] exhibited
degradation ofMBup to 98.2% (Ag-1), 99.8% (Ag-2), and 99.9% (Ag-3) in 3 h under

Fig. 6 a Coordination environment around Zn1 and Zn2 in Zn-12, b the 3D framework, c periodic
UV–Vis spectra of MB in presence of Zn-12, and d comparative k values for different dyes.
Reproduced with permission from Ref. [140]. Copyright 2021 Elsevier
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UV light. Another MOF,Ag-4, [Ag2(en)2(L83)]n (en= ethylenediamine, L83 = 5,5′-
azotetrazolate) displayed 90.8%degradation ofR6G inUV light [142]. TheMOFAg-
5, [Ag(HL50)(L84)]n (L50 = isophthalate, L84 = 1,6-bis(5,6-dimethylbenzimidazol-
1-yl)hexane)) degraded ~ 95.9% MB in 150 min [143]. A three-dimensional MOF
Ag-6, Ag2(L26)2(L85)](H2O)5.4 (L26 = 1,2-di(4-pyridyl)ethylene, and L85 = 1,4-
phenylenediacetate) [144] degraded 96% MB in 75 min in UV light. A highly
efficient Ag-based CP Ag-7, [Ag2(H2L86)(L20)2·2H2O] (H4L86 = 1,3-bis(3,5-
dicarboxyphenoxy)benzene, L20 = 4,4′-bipyridyl which photodegraded MB and Rh
B up to 90.24% and 93.56%, respectively, in 100 min under UV light (Fig. 7f,g)
[145].

Among Cd-based MOF, Cd-1, [Cd(L7)(L20)] (where H2L7 = 2-
aminoterephthalate and L20 = 4,4′-bipyridyl) exhibited good photocatalytic
activity and degraded 82% MB in 90 min in visible and 72% MB in
UV irradiation [146]. Another two cadmium MOFs synthesized employing
1,3-di((2′,4′-dicarboxylatephenyl)benzene (L87) ligand imidazole linkers

Fig. 7 a The view of L86 4−, b, d self-assembly of L86 4− and its 1D chain, c 2D supramolecular
sheet by the H-bonding interactions between L86 4− and water molecules, and e the 2D sheet
incorporating 1D chain. Photodegradation of f Rh B and gMB. Reproduced with permission from
Ref. [145]. Copyright 2021 Elsevier
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1,3-bis(2-methylimidazol-1-ylmethyl)benzene (L88) and 1,3-bis(imidazol-1-
ylmethyl)benzene (L89) with compositions [(Cd2(L87)(L88)(H2O)0.5)·H2O]n
(Cd-2) and [(Cd2(L87)(L89))·H2O]n (Cd-3) degraded 99.5% (Cd-4) and
99.8% (Cd-5) of dye MO in 1 h with H2O2 in UV light [147]. Two three-
dimensional multinodal MOFs [Cd3(L90)(L20)0.5(H2O)4]·5H2O (Cd-6) and
[(CH3)2NH2]2[Cd11(L90)4(DMF)4(H2O)8]·4H2O (Cd-7) (L90 = 3,4-di(3,5-
dicarboxylphenyl)phthalate) photodecomposed 88.6% RhB using Cd-6, 91.5%
in presence of Cd-7 [148]. Two MOFs, viz. {[Cd(L91)(L66)]·0.33H2O}n (Cd-8)
and {[Cd(L92)(L93)]·1.35H2O}n (Cd-9) (where L66 = 5-methylisophthalate; L91

= 1,5-bis(benzimidazol-1-yl)pentane; L93 = tetrachloroterephthalate and L92 =
1,2-bis(2-methylbenzimidazol-1-yl)benzene), [149] decomposed 89% MB using
Cd-8 as photocatalyst and 91.2% MB using Cd-9 in 2 h. The MOF Cd-10,
[Cd(L95)2(NO3)2] ((L95 = 1,10-phenanthroline) degraded IC dye 77.83% and
98.06% in sunlight and UV light irradiation, respectively, in less than 1 h [150].

Lanthanide-Based MOFs

The 4f inner transition metal ions display high coordination numbers with variable
coordination modes and due to which they had created interest among the inorganic
chemists to design and develop theirMOFs. But, in comparisonwith transitionmetal-
based MOFs, their utility as photocatalysts against dye degradation had been less
explored.

TheMOFLa-1 [La2(L96)3(H2O)2]n synthesized using (2E,2′E)-3,3′-(anthracene-
9,10-diyl) diacrylate (L96) degraded 91.2% RhB within 2 h in visible light [151].
Another three-dimensional MOF La-2 [La(HL97)3]n (H2L97 = chalcone dicar-
boxylic acid ligand) comprising honeycomb-like cavities photodegraded 79 and74%,
MB and RhB, respectively, in UV light for 3 h (Fig. 8e,f) [152]. Another two MOFs,
namely [La(L37)1.5(H2O)]n (La-3) and {[La(L37)(L98)0.5(H2O)2](H2O)}n (La-4)
(where H2L98 = oxalic acid and 5-aminoisophthalic acid (H2L37), also displayed
good photocatalytic properties against RhB [153]. These newly designed MOFs
degraded 81.6% (La-3) and 69.7% (La-4) in UV light in a long period of 8 h. An
interesting MOF La-5, {[La(L6)3(H2O)2]}n [154] decomposed 80.55% MB with
H2O2 in 2 h in sunlight and 95.33% in UV light.

A visible light responsive MOF NNU-15(Ce) comprising 4,4′-
(diethynylanthracene-9,10-diyl)dibenzoate (L99) represented the first example
of photocatalysts against RhB with H2O2 [155]. The MOF decomposed ~99% RhB
in merely 12 min with k of 0.2397 min−1. A novel MOF with three-dimensional
porous architecture, [Pr(L100)1.5(H2O)]·8H2O·3.5DMF] (L100 = 2,3,5,6 tetramethyl-
1,4-benzenedicarboxylate) under irradiation of xenon lamp, degraded Congo red up
to ~100% in 24 h [156].

Using molecular building blocks (MBBs) strategy europium-based MOF,
Eu-1 [(CH3)2NH2]2[Eu6(OH)8(L101)6(H2O)6].(DMF)15 (L101 = 4,4′-(9,10-
anthracenediyl)dibenzoate) had been designed which possessed fcu topology
[157]. In presence of H2O2, the MOF photodegraded 99% MB in 30 min and 98%
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Fig. 8 a Geometry around La3+ in La-2, b the coordination mode of L124 2−, c one-dimensional
tube like structure, and d porous framework along c axis. UV–Vis spectra of eMB and f RhB dyes
with La-2. Reproduced with permission from Ref. [152]. Copyright 2019 Elsevier

RhB in 36 min (Fig. 9d, e). However, the chalcone dicarboxylic acid analog, Eu-2,
[Eu(HL97)3] (chalcone dicarboxylic acid ligand (H2L97)) exhibited merely 72%
MB degradation in time span of 180 min [152]. The observed differences in the
photodegradation ability in both were due to the presence of anthracene ligand in
Eu-1 which was absent in Eu-2.

An efficient gadolinium-MOFGd-1, {[Gd(L102)1.5(H2O)2]·2H2O}n having N,N′-
dioxide-3,3′-benzocinnoline dicarboxylate (L102) decomposed ~95% RhB in 45 min
under UV light, [158] while Gd-2, Gd(H(L97)3) decomposed only 72% RhB in
180 min under similar reaction conditions. The observed differences maybe because
of the presence of different ligand systems which had altered the architecture and in
turn bandgaps of both the photocatalyst.
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Fig. 9 aMolecular building blocks comprising Eu6-cluster as well as the linear aromatic ligand, b
octahedral and tetrahedral cages, c the fcu net of Eu-1. Color scheme: Eu (cyan), C (gray), and O
(red). Photodegradation of dMB, e RhB. Reproduced with permission from Ref. [157]. Copyright
2018 Royal Society of Chemistry

The MOF NNU-15(Tb) = {[Tb(H2L99)1.5(H2O)2(DMF)]·(DMF)2}
(L99 = 4,4′-(diethynylanthracene-9,10-diyl)dibenzoate) photodegraded
~90% RhB in 1 h in visible light and H2O2 [155]. Another MOF
Tb-1 [Tb(L5)(L103)]n (L5 = 2-(2-carboxylatephenyl)imidazo(4,5-f)-
(1,10)phenanthroline and L103 = adipate) photodegraded 81.2% MB degra-
dation in 370 min irradiation period [159]. Two Tb(III)-based MOFs,
viz. [Tb2(L52)0.5(L52)0.5(L52)0.5(L52)0.5(L52)0.5(L52)0.5(DMA)]n (Tb-2) and
[Tb(L104)0.5(L104)0.5(L104)0.5(DMF)]n (Tb-3) having L52 = naphthalene-1,4-
dicarboxylate, L104 = anthracene-9,10-dicarboxylate [160] photodegraded RhB up
to 92.8% (Tb-2) and 89.2% (Tb-3).

Thedysprosium-basedMOF,NNU-15(Dy)= [Dy(H2L99)1.5(H2O)2(DMF)]·(DMF)2
also had been used photocatalyst against RhB degradation with the assistance of
H2O2 and visible light and degraded ~95% RhB in 25 min [155].

Three Yb(III)-based MOFs, viz. [Yb(L8)1.5(DMF)]n (Yb-1),
[Yb(L105)0.5(NO3)(DMF)2]n (Yb-2), and [Yb(L104)0.5(L104)0.5(NO3)(DMF)(H2O)]n
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(Yb-3), with ligands of different bulkiness terephthalate (L8); 5,5′-(diazene-1,2-
diyl)diisophthalate (L105) and anthracene-9,10-dicarboxylate (L104) are also reported
[161]. These MOFs decomposed RhB ~85.8% (Yb-1), 96.5% (Yb-2), and 96.9%
(Yb-3) in UV light and in time period of 6 h. Using Yb-2, the 93.9% RhB decom-
posed in 180 min. The observed differences in their photocatalytic performances
resulted due to the difference in their topologies [162].

Actinide-Based MOFs

Although many reports dealing with the photocatalytic properties of actinide
MOFs for dye degradation are not investigated comprehensively, significant
attention had been devoted to the uranyl-based MOFs comprising unique U=O
double bonds to display photocatalytic activity. In this regard, a MOF U-1,
[(UO2)5(H2O)3(H3O)(L106)( HL106)]·8H2O comprising flexible hexapodal ligand
1,3,5-triazine-2,4,6-triaminohexaacetate (L106) synthesized and used as a photocat-
alyst to degrade RhB up to 92.9% dye in 2 h (Fig. 10c) [163].

Two UO2 complexes, (UO2)2(L107)(DMA)2 (U-2) and
[(UO2)2(L67)(μ3OH2)]0.2[HN(CH3)2].H2O (U-3) (where H4L107 = 1,2,4,5-
benzenetetracarboxylic acid) comprising 3D and 2D architectures, respectively,
were also used as photocatalysts against RhB [164]. In presence of U-2, the aqueous
solution of RhB became almost colorless in 130 min under UV irradiation. However,
U-3 decomposed merely half of the RhB solution till 160 min. The observed
differences in photocatalytic properties of the two compounds were ascribed
to the structural differences between the two MOFs. U-2 was a mononuclear
compound while U-3 possess a multi-nuclear structure. Another uranyl MOF, U-4,
[(UO2(L108)(H2O)]·H2O (where H2L108 = 2,5-pyridinedicarboxylic acid) [165]
exhibited degradation of MB up to 84.4, 92.4, and 100% on the irradiation with
different light sources viz. 165 W, 330 W, and 500 W Hg-lamp, respectively, within
90 min. The experiments suggested that the photocatalytic efficiency of MOFs was
uplifted with the rise in the power of Hg lamp.

Overall it could be concluded that the d-block especially the 3D transition metal-
basedMOFs finds significant application as photocatalysts for dye degradation. This
could be ascribed to their low-cost production, high thermal, aqueous, and chem-
ical stability. Apart from these features, their topology can be controlled and tuned
during synthesis which results in appropriate and desired architectures with suitable
bandgaps to induce semiconducting and in turn photocatalytic properties in them.
Their reasonable architectural stability and integrity had further complemented their
properties and because of which they could be recycled and reused for several cycles
without appreciable loss in the catalytic properties.
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Fig. 10 a Structure of U-1, hydrogens was omitted for clarity, b extensive 3D network and the view
of uncoordinated carboxyl group, c concentration change in RhBwithout U-1 and withU-1.C0 and
Ct stand for the concentrations of RhB before and after irradiation. Reproduced with permission
from Ref. [163]. Copyright 2019 Elsevier

3 Photocatalytic Mechanism

The efficiency of MOF-assisted photocatalysis depends on three important factors
(1) separation of charge, (2) recombination of charge, and (3) interfacial of electrons.
Also, small bandgap parameters of the MOFs facilitate electron transition and are
beneficial for photocatalysis. The twobasicmechanistic pathways usingwhichMOFs
execute the photodegradation of dyes are (a) direct photodegradation sometimes
referred to as advanced oxidation process and (b) sensitization-mediated degradation
process.
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3.1 Direct Photodegradation Process

TheMOFs utilize the direct photodegradation process for the photodecomposition of
dyes through different pathways (Fig. 11). In such processes, MOFs display LMCT
by transferring the electron from the photoexcited organic ligand to metal using the
antenna effect. On irradiation, the photoexcited MOF generates electron (e−)–hole
(h+) pairs,which in all cases is thefirst step in the dyephotodegradation.The electron–
hole pairs are separated as photoinduced electrons excited to the conduction band,
leaving an equal quantity of holes (h+) in the valence band (Eq. 1) [90, 107]. In order
to revert back to the ground state, the excited electrons and holes react with OH− to
yield ·OH radical to assist oxidation (Eq. 2) and also oxidation of water molecules
takes place to yield hydroxyl radicals (·OH) (Eq. 3), which thereafter executes direct
oxidation/mineralization of organic dyes to CO2, H2O (Eq. 9).

MOF + hν → h+
VB + e−

CB (1)

h+
VB + OH− → ·OH (2)

h+
VB + H2O → ·OH + H+ (3)

In another pathway, photoelectrons residing in conduction band are trapped by
O2 which gets reduced to ·O2

− radical (Eq. 4), and then it reacts with H+ to engender
·OH radicals (Eqs. 5–8). Both ·OH and ·O2

− oxidize dyes to CO2 and H2O and few
smaller compounds (Eq. 9).

e−
CB + O2 → ·O−

2 (4)

Fig. 11 Diagram showing the generation of ROS and degradation of dye through different AOPs
using MOF-based photocatalysts
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·O−
2 + 2H+ → ·OH + OH− (5)

·O−
2 + H+ → ·OOH (6)

2·OOH → O2 + H2O2 (7)

H2O2 + hν → 2·OH (8)

h+
VB/·OH/·O−

2 + Dye → oxidized products

(CO2 + H2O + small compounds) (9)

Further, to uplift the photocatalytic ability of MOFs, H2O2 is added which delays
electron–hole pair recombination and increases the photodegradation rate (Eqs. 10–
12). Also, the holes undergo a reaction with H2O2 molecules to yield ·OH radicals.

H2O2 + hν → 2·OH (10)

e−
CB + H2O2 → ·OH + OH− (11)

·O−
2 + H2O2 → ·OH + OH− + O2 (12)

But, several MOFs are unstable in H2O2; therefore, ultrasonic irradiation [)))] can
be used in which ·OH radicals are generated through water splitting (Eqs. 13–15)
[95, 129, 166].

H2O +))) → ·H + ·OH (13)

·OH + ·OH → H2 + O2 (14)

·H + O2 → ·HO2 (15)

Additionally, some MOFs degrade dyes by employing both H2O2 and ultrasound
(Eq. 16, 17) [95, 129, 166].

H2O2 → 2 · OH (16)

H2O2 + ·OH → ·HO2 + H2O (17)
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Also, H2O2 and Na2S2O8 combinations had been used which served as elec-
tron acceptors to increase degradation efficiency [91]. The MOFs convert persulfate
(S2O8

2−) to SO4
· radicals using photo-Fenton-like process (Eqs. 18–20):

M2+ + S2O
2−
8 → M3+ + SO2−

4 + SO−
4· (18)

M3+ + S2O
2−
8 → M2+ + 2SO−

4· (19)

SO·−
4 + Dye → degradation products (20)

3.2 Sensitization-Mediated Degradation Process

Some MOFs do not absorb visible light due to their large bandgap. Such MOFs
photocatalyze the degradation of dyes through the photosensitization process [167–
169]. In this process, dye absorbs visible light which excites its electron fromHOMO
→ LUMO. If LUMO of dye lies at a higher energy scale than CB of MOFs, the
photoexcited electrons of dyes are transferred to CB of MOFs. Thereafter, the MOF
executes the photodegradation of dyes like the direct degradation process (vide supra)
(Fig. 12).

4 Conclusions

From the presented discussion, it could be concluded that stability, cost economy,
porosity, and photoactivity are some important prerequisites that must be associated
with MOFs for their real-world application as photocatalysts for dye degradation.
Hence, when appropriate rigid, semi-rigid, and flexible organic ligands with appro-
priate antennae and suitable co-ligand to complement photoactivity when coordi-
nated to the main group, transition and inner transition metal centers can engender
targeted MOFs that can display superior photocatalytic properties. Also, to enhance
photocatalytic activity, the designing and syntheses of nanosized MOFs are gaining
attention that can exhibit photocatalysis in the absence of promoters such as hydrogen
peroxide. Among the plethora of MOF-based photocatalysts, the transition metal-
basedMOFs supersede well beyond the main group and inner transition metal-based
MOFs. Hence, the utility of the main group and inner transition metal-based MOFs
requires further investigation.
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Fig. 12 Sensitization-mediated superoxide radicals (·O2
−) generation and dye degradation
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Abbreviations

AO Ammonium oxalate
AOPs Advanced oxidation processes
BQ Benzoquinone
DMA N,N-Dimethylacetamide
DMF N,N-Dimethylformamide
DMPO 5,5-Dimethyl-1-pyrroline N-oxide
EDTA-2Na Ethylenediaminetetraacetic acid
Eg Energy bandgap
en Ethylenediamine
ESR Electron spin resonance
HOMO Highest occupied molecular orbital
IR Infrared
LMCT Ligand to metal charge transfer
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LUMO Lowest unoccupied molecular orbital
MOCs Metal–organic complexes
MOF Metal–organic framework
MW Microwave
NMOFs Nanosized MOFs
SBU Secondary building unit
SC Supramolecular complex
TEOA Triethanolamine
UV Ultraviolet
VB Valence band
CB Conduction band
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Abstract Since the nineteenth century, the scientific community has experienced
huge advancements and as a result, they are now delving into newer and innova-
tive technological approaches to tackle present-day problems. One such emergent
technology is metal–organic frameworks (MOFs), which belong to a category of
coordination polymers, synthesized from ion or metal aggregate nodes and func-
tional organic ligands that are united by coordinate bonds. They have garnered a lot of
scientific curiosity in the previous decadedue to theirmultimodal structures andwide-
ranging functionalities exemplified by their surface area, easily adjustable porosity,
electronic and optical properties, crystallinity, etc. These special abilities render them
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superior in many fields of application like biosensing, bioimaging, cancer therapy,
drug delivery and most importantly, in biocatalysis. Biological macromolecules and
enzymes are produced by living cells and exhibit a wide array of important functions
like biochemical synthesis by increasing the efficacy and rate of such living reac-
tions. But these enzymes also possess some inherent limitations like low tolerance
to temperature and pH variations, easy deactivation and when they are taken out
of living systems, their handling proves to be quite costly, making them unstable
and futile in industrial catalysis. Because of these drawbacks and the requirement of
immobilization of natural enzymes during catalytic reactions, the use of MOFs as
biocatalytic platforms is being explored thoroughly and is discussed in this chapter.
This chapter aims to highlight themultifunctional aspects ofMOFswhichmake them
efficient bioimmobilization candidates in assisting enzymatic catalysis reactions on
an industrial scale. Along with this, the synthesis and new surface functionalization
strategies for making MOFs suitable for enzyme immobilization in biocatalysis are
explained and future prospects of this technology are explored in the current chapter.

Keywords Biocatalysis ·Metal–organic frameworks (MOFs) · Enzymes ·
Enzyme immobilization · Catalysis · Porous host matrix

1 Introduction

Nanotechnology has been opening a variety of doors in numerous fields of impor-
tance.One such highly utilized and revolutionary prospect, whichwill be discussed in
this chapter, is metal–organic frameworks or MOFs. Metal–organic frameworks are
essentially inorganic/organic materials (which are crystalline in nature) that display
a high aptitude for porosity, which is also one of their characteristic properties. The
structure of MOFs consists of a systematic array of positively charged metal ions
composed in the form of a three-dimensional (3D) network, surrounded by bridging
ligands that are organic and function as ‘linkers’ to the metal ion network. Such
a network of metal ions is also referred to as secondary building units [1]. These
metal ions function as nodes that bind the arms of the organic linkers together to
result in the formation of a methodical, repeating, cage-like structure. This attribute
provides MOFs, the ability to possess a large inner surface area, along with many
other unique properties. These diverse properties include high surface area, structural
diversity (making them particularly tunable materials), crystallinity, high porosity,
ordered structure, adjustable and easily tweaked topography, both hydrophobicity
as well as hydrophilicity, electronic transduction, optical affinity and many more
[2]. MOFs have a large scale of structural and functional diversity, making them
efficient and highly applicable in a myriad of fields, namely biomedical imaging,
gas separation, drug delivery, carbon dioxide or CO2 capture and most importantly
biocatalysis, which will be highlighted in this chapter [3].

It is widely known that enzymes are macromolecules that are undoubtedly the
foremost biological catalysts in the biosphere. These enzymes subsequently have
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far-reaching applications in pharmaceuticals, sensing, chemical and drug synthesis,
food as well as energy processing, etc. The efficiency of enzymes over other types
of traditional catalysts is because of their high activity including turnover numbers,
selectivity (region-, chemo-, stereo-) and even specificity, which give them an edge
in pertinent and sophisticated reactions required in industries [4]. Although enzymes
prove to be better than artificial catalysts, their industrial applications are detri-
mentally affected because of their fragile and easily tampered biological nature
including poor chemical, thermal, operational and even storage stability [5]. To
combat this disability, a new low-cost alternative of trapping the required enzyme
in a distinct special structure with intact enzymatic activity was devised which was
named ‘enzyme immobilization’. This technique is said to improve and enhance the
stability, recovery and recyclability of important biocatalysts and to achieve this,
scientists have found that materials having high porous strength emerge as viable
biocatalytic platforms. During the exercise of enzyme immobilization, it is vital to
comprehend the interactions of matrix and enzymes so as to maximize the activity
and stability, without compromising the chemical and structural dexterity of the
biocatalyst [6].

Thus, the above-mentioned and discussed structure, topology and properties of
MOFs have a high potential of being compatible and efficient matrices for enzyme
immobilization, essential in biocatalysis. The importance of MOFs in biocatalysis,
their advantages and functionalization strategies to become methodical biocatalytic
platforms for numerous applications is the points of discussion in this chapter.

2 Structural Morphology and Potential of Mofs Over
Conventional Bio Catalysts

As discussed in the above introduction, metal–organic frameworks or MOFs are
unique coordination compounds that have both inorganic and organic components
linked together by strong bonds. Their distinguished properties because of flexibility
and variations in the constituents’ size, geometry and functionality have led the
scientists to develop, study and report beyond 20,000 different types of MOFs in the
past decade. These porous structures owe the uniqueness of their properties to their
mode of synthesis as it involves certain procedures which end up providing theMOFs
their indispensable attributes and are important factors in affecting their structural
and functional aspects. In overview, the process of MOF synthesis can be achieved
in quite a number of ways, namely direct precipitation, evaporation, sonochemical,
electrochemical, solvothermal andmicrowave-assisted, a few ofwhich are succinctly
summarized in Table 1 [7].

During the synthesis of MOFs, many properties can be realized by minor changes
in processing conditions, which can be summarized as follows.

1. In the course of forming the microemulsion, which is a spontaneous mixture
formed by water, surfactant, low molecular weight alcohol (or co-surfactant)
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Table 1 Some conventional synthetic methods of MOFs with their advantages and disadvantages
are listed below

S.no Method of synthesis Advantages Disadvantages References

1 Slow diffusion – Possible in ambient
conditions
(temperature and
pressure, etc.)

– Useful for X-ray
diffraction studies, as
single large crystals of
MOFs, are normally
formed

– Highly
time-consuming

– The resultant material
formed is usually in
very low quantities

[8]

2 Electrochemical – It is a quick and clean
approach

– Applied to industrially
produce MOF named
HKUST-1 or Hong
Kong University of
Science and
Technology-1

– Apart from HKUST-1,
no other MOF has
been produced using
this synthetic method

[9]

3 Solvothermal – Possesses a large
functional temperature
range (80–250 °C)

– Can perform cooling
and heating
temperature ramps for
increasing crystal
growth

– Has easy industrial
transposition

– High energy
consumption

– Reaction time in days
– High-cost
requirements in
purchase

[10]

4 Heating assisted by
microwave

– Simplistic and
fuel-efficient method

– Time required in
crystallization is
reduced with yield
improvement

– Morphology, particle
distribution and phase
selectivity can be
controlled during
synthesis

– Easy variation in
MOFs possible with
proper control of
parameters

– Isolation of single
large crystals is
tedious

– Its industrial
implementation is not
easy and quick but
quite difficult

[11]

(continued)
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Table 1 (continued)

S.no Method of synthesis Advantages Disadvantages References

5 Sonochemical – Fundamental for
isolating phase-pure
substances

– Particle size and
structure can be
homogenized easily
and quickly

– Is highly suitable for
nano-MOFs synthesis

– Ultrasonic waves used
can break the
crystalline integrity
and hinder the
formation of large
single crystals

[12]

and the hydrophobic element, if the organic component acts like the continuous
phase whilst the water counterpart behaves similar to the dispersed phase, then
an automatic reverse microemulsion can be formed. This in turn affects the
extent of properties of MOFs.

2. Initially, the crystallization is achieved by collisions between droplets of the
aqueousmedium, and the complexity of such droplets can be regulated bymodi-
fying the arrangement of either/both continuous phase as well as a surfactant,
to give MOFs with adjustable structure and size, as result.

3. Another processing condition that plays an important role is the temperature. It
has been observed that in MOFs, temperature affects the rate of crystal growth
and relative nucleation, which is a key factor in helping scientists to fabri-
cate a variety of such frameworks with different crystal structures and sizes by
controlling the temperature.

4. Along with this, it has been proved that the introduction of certain compatible
additives with required qualities can generate a specific crystal size with every
synthesis. It can be exemplified by capping agents and blocking agents, which
are known to stop and slow down the crystal growth and formation, respectively.

5. Similarly, the overall morphology of MOFs, including their size and structure,
can also be tweaked and monitored by certain modulators. Altogether, certain
conditions of processing play a categorical role in forming distinguished crystal
structures of MOFs which are largely temperature, pressure, time, external
additives, temperature source, etc. [13].

After understanding the nuances of synthesis of MOFs, it is important to relate it
with their existing propertieswhich give them a better vantage point in the application
of biocatalysis as compared to other conventional biocatalysts like zeolites, carbona-
ceous materials, hydrogels, graphene oxides, mesoporous silica, carbon nanotubes,
other polymers, etc. [14]. As discussed in the introduction, such conventional plat-
forms are known to have disabling limitations in the form of low enzymatic loading,
restricted mass transfer, enzyme denaturation, etc. To overcome this, MOFs have
been introduced in the field of biocatalysis because of their multimodal practicalities
and profitable properties.



688 S. Gulati et al.

The biggest advantage of MOFs stems from their inherent structural morphology
where they have one organic branch consisting of ditopic or polytopic carboxylates
(or some other negatively charged organic group) that acts as ‘linkers’ to metal-
containing inorganic units, which result in the formation of architecturally sturdy
crystalline MOFs. These have a prototypical porosity of almost 50% greater than
their own actual crystal volume. This is achieved mainly because of the presence of
tunable functional groups that are organic in nature, along with the use of transition
metalswith varying geometry like tetrahedral, linear, square planar, etc.,which confer
wide-ranging functionalities to the MOFs. The biocatalytic nature of MOFs aids in
a multitude of reactions like oxidation, ring-opening reactions, aldol condensation,
epoxidation reactions, etc. Another major benefit of MOFs is their surface area value
which ranges typically from 1000 to 10,000 m2/g, which is much more than the
traditional porous frameworks used in biocatalysis like zeolites and carbonaceous
materials. Presently, these MOFs are the only class of porous materials with perma-
nent porosity having the highest degree of extensive variability and multiplicity,
thus making them the most sought-after models for biocatalysis. Their multifaceted
functionalities stem from the following uniquely advantageous attributes-

• Ordered andmethodical structural integrity present in these biocatalytic platforms
• Tunable porosity due to option of adjusting pore size of crystals
• The diameter of frameworks can be fine-tuned according to the requirement of

enzymes
• The high degree of stability as they show resistance towards external forces

causing the change in their intrinsic morphology
• Also, portray resistance towards metal aggregation in crystalline structures
• The processing conditions of MOFs are economical as well as convenient and can

be easily controlled in order to get the required results
• Their sample collection is more or less effortless and very simplistic
• MOFs also show opposition towards architectural disintegration caused by any

external agents so as to keep the enzyme immobilized and viable for a long time
• Ability to accept attachment of other foreign substances on or around the pores

and their surface
• MOFs also portray tremendous thermal and chemical stability making them

susceptible and highly receptive towards post-synthetic functionalization
• These biocatalytic platforms also possess the capability to vary their properties

like size and nature without compromising the principal topology that has in
turn given rise to the isoreticular principle which has been applied to create,
MOFs containing the features of largest aperture and lowest density of 98 Å and
0.13 g/cm3, respectively [15].

The multiple advantages and properties of MOFs as better biocatalytic platforms
over conventional biocatalysts are summarized in Fig. 1.

Apart from these wide-ranging advantages of MOFs, there are certainly distinc-
tive and fundamental particularities that play an important role in exhibiting biocat-
alytic function of suchMOFs, which are, hybrid nature, enantioselectivity and linker
functionality which are discussed in detail in the following sections.
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ADVANTAGEOUS 
PROPERTIES OF METAL 

ORGANIC FRAMEWORKS

1. High porosity that makes 
them semipermeable to 
biological molecules.

2.Highly crystallinity with 
exceptionally large pore 
apertures.

3.  Tunable porosity, topology 
and chemical functionality.

4. High degree of stability and 
methodical structure.

1. Extremely large and variable 
surface area present.

2. Both hydrophobicity and 
hydrophilicity observed.

3.  Susceptible and positive 
reaction towards post-synthetic 
modifications

4.  Electronic transduction is 
observed along with presence of 
optical activity

Fig. 1 Advantageous properties of MOFs that enhance their biocatalytic functionality

3 Fundamental Properties Contributing Towards
Biocatalysis

To recapitulate, MOFs or porous coordination polymers (PLCs) are crystalline,
highly porous, tunable platforms comprising of clusters of metal ions in a network
joined by organic linkers, possessing a high degree of flexibility, making them much
better and efficient than classic porous substances. Their unique and presently unpar-
alleled characteristics increase their applicability in a diversified area of employment,
fluctuating from gas storage, CO2 capture, photoluminescence to drug delivery, elec-
tronic supercapacitors, biocatalysis, etc. In this chapter, so far, we have covered the
elements of MOFs, their synthesis, properties and inherent structural and morpho-
logical advantages, which make them a superior choice as catalysts, especially in
biological reactions. In biocatalytic reactions, the major disability which is faced
during the industrial application of this process is the sensitivity and susceptibility
of enzymes to become denatured and get destroyed by even slight ambient changes.
Thus, scientists came up with the approach of enzyme immobilization, to maximize
the stability as well as the functionality of such enzymes. This is where MOFs play
an important role as their irreplaceable topology and properties, tunable metal nodes
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and ligands, ability to show interactions like van derWaals forces, hydrogen bonding,
coordinate bonding and covalence make them extremely potential and compatible
matrices for enzyme immobilization and creating a stable microenvironment for
enzymes [16].

In order to achieve the catalytic applications of MOFs, three basic ways are
employed, which are-

• By functionalization of the backbone of MOFs, which is organic linkers and
inorganic metal centres,

• By integrating MOFs with other functional catalytic substances like enzymes or
forming other MOF composites,

• By manipulating MOFs to become functional catalytic materials.

Other than the exceedingly high surface area, easy modification, pore-volume
and extremely ordered crystal structure, MOFs have some inherent properties which
govern all their extrinsic and intrinsic functionalities, which are their hybrid nature,
linker functionality and enantioselectivity-

1. Hybrid Nature—MOFs are known to show dual nature in their structures, that
is, they have the ability to portray both hydrophobicity as well as hydrophilicity
due to the presence of organic linkers along with inorganic metal centres, with
only a fewminor tweaks during the process of synthesis. This ability is extremely
useful as it opens a lot of doors with respect to interactions with various kinds of
chemical and biological substances and makes them compatible with both types
of affinities, water-loving aswell aswater-repelling. Apart from this, their affini-
ties are not only changeable but also tunable in their respective wavelengths,
allowing them to portray a variable range in hydrophobic and hydrophilic
nature. Such a property allows MOFs to form bonds and interact with a myriad
of substances which is especially useful during biocatalytic reactions as they
involve wide-ranging nature of materials [17].

2. Enantioselectivity—This unique property allows MOFs to act as extremely
potential catalysts in both heterogeneous and homogenous catalysis as well as
matrices for other biocatalysts like enzymes. Enantioselectivity can be described
as the propensity of catalysts to show preference in enantiomers by chiral
selector carbon and when it is employed in catalytic reactions, it is called enan-
tioselective catalysis. Because of the mild changes in synthetic conditions, even
very delicate functional variations can be incorporated in MOFs and because of
this ability, they can show the property of enantioselectivity. For instance, either
metal complexes or enantiopure chiral ligands can be assimilated into MOF
structures allowing them to become efficient and proper asymmetric catalysts.
However, this cannot be achieved through traditional catalysts like microporous
crystalline materials or even zeolites, thus making MOFs a better platform for
catalysis [18].

3. Linker Functionality—The organic linkers present the structure of MOFs can
undergo a multitude of variations with respect to their origin, type of molecule
used, compatibility with others, etc. As a result, these linker groups become a
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VITAL FOR CATALYSIS
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HYBRID NATUREENANTIOSELECTIVITY

Fig. 2 A schematic representation of fundamental catalytic properties of MOFs

means to provide distinctive functionalities to theMOFs and allow the formation
of a variety of structures by simple changes in these linkers. In the ideal condi-
tions, judicious selection of organic linkers and metal ion aggregates along with
precisely tailored conditions can help scientists achieve predetermined MOFs,
fulfilling exact requirements. However, this is not possible as realizing such
a well-educated design is extremely difficult and requires total control on all
parameters. If the organic linkers are declared rigid, then assembly of various
metal ions around them to form MOFs can be predicted to a sharper degree
and this approach is referred to as reticular synthesis. Here, variable orienta-
tions, bonding to metal ions and numerous geometries can be achieved with the
help of organic linker functionality, making them better potential candidates for
catalytic activity [19].

The three fundamental properties of MOFs helping in catalytic activity are
visualized in the following schematic (Fig. 2).

4 Strategies for Enzyme Immobilization

Enzymes are sophisticated biomacromolecules that are broadly used in plethora
of domains, for example, biosensors, pharmaceuticals and biofuel cells. The high
activity and specificity of enzymes make them the useful catalyst in basic funda-
mental reactions over conventional catalysts. For the purpose of commercialization
and industrialization of enzymes, the different practices of enzyme immobilization
have been thoroughly studied in recent years to enhance the practical performance
under different reaction conditions. An immobilized enzyme is one that is attached
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to an inert and insoluble material [20]. There are certain benefits for the enzyme
immobilization that are reported below-

• Immobilizing an enzyme allows for improved resistance against reaction variables
like temperature and pH changes.

• Immobilizing an enzyme makes reusing and recovering easier that further saves
money and leads to an edge in terms of cost and money.

• In certain cases, immobilizing an enzyme minimizes the reaction time.
• It leads to an increase in the functional efficiency of the enzyme.

Metal–organic frameworks (MOFs) are upcoming class of future novel candidates
for the application of bioimmobilization supportmaterials. They belong to the class of
crystalline porous materials that include organic bridging ligands and a 3D network
of metal ions. The disclosure of MOFs holds forth the strategy of immobilizing
enzymes and is expected as an important platform to investigate hosted enzymes in
the upcoming future [21]. The following key attributes associated with the utilization
of MOFs make them a perfect choice over conventional host materials-

• Their exceptional strengths of high surface area
• Large yet tunable pore sizes
• Pore walls susceptible to functionalization
• Diversified architectural structure

Additionally, MOFs possess the ability to provide a stable and compatible
surroundings for immobilized enzymes, which effectively lessen the loss of enzyme
conformation under denaturation conditions. Enzyme-MOF composites are known
for their reusability and recyclability, whichmakes them a greener alternative against
traditional supporting materials like silica, collagen and cellulose [22].

To date, various strategies have been proposed by scientists for immobilizing
enzymes of great interest using pristine or functionalized MOFs. The idea is typi-
cally derived from similar immobilization techniques reported in the literature for
other available supportingmaterials like biopolymers,mesoporous oxides, nanotubes
and layered doubled hydroxides. Figure 3 visualizes a schematic demonstrating the
various immobilization techniques to encapsulate enzymes using MOFs.

4.1 Surface Immobilization

Surface immobilization stands for fitting of biocatalysts on the surface of material
making use of electrostatic, hydrophobic or van der Waals interaction. MOFs are
known to exhibit comparatively larger surface area that offers an increased loading
capacity of enzymemolecules through surface immobilization. The functionalization
of MOFs makes the stable linkages between MOF and the enzyme.

Recently, Zhong et al. an enzyme named glucose oxidase (GOx) was combined
with a metal–organic framework MOF-545(Fe), which owned peroxidase-like
activity. The as-constructed multi-enzyme system showed higher efficiency of 92%
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Fig. 3 A visual
representation of different
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encapsulate enzyme using
MOFs
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in contrast to only 40% activity of the free enzyme for tandem catalysis. Besides,
MOF-545(Fe) not only served as a support material for the enzyme immobilization
but also supported in the task of cooperating with natural enzymes for the cascade
reactions [23].

In another such study conducted by scientists, Cu-BTC (BTC: 1,3,5-benzene
tricarboxylate)-based hierarchically porous MOF matrix was administered success-
fully to immobilize the Bacillus subtilis lipase (BSL2). As result, immobilized BSL2
demonstrated improved enzymatic activity and ideal reusability during the esterifi-
cation reaction. Even after the passage of 10 cycles, the immobilized BSL2 appeared
to exhibit 90.7% of its earlier enzymatic activity and 99.6% of its earlier conversion
[24].

Besides, other matrixes such as Zr/Al/Fe/Cr-based MOFs are also widely utilized
to immobilize various enzymes through the surface immobilization technique, which
is perfectly documented by Liang and coworkers in their recent study [25]. These
results gave the assurance that the porous MOF materials have enormous potential
for utilization as effective biological hybrid materials for catalysis.

4.2 Covalent Binding

Although various enzymes have effectually connect to the surface of MOFs by
surface immobilization, still, adsorbed enzymes held by weak van der Waal forces
that revealed poor stability under certain conditions. In recent studies, the multipoint
covalent coupling has been postulated as one of the robust chemical bonds utilized
for the conjugation of biomolecules or enzymes. As a result of multiple covalent
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bond formation between the support carrier and enzyme conformational flexibility
was diminished and additionally, it fixes the enzyme such that it prevents protein
denaturation or unfolding [26, 27].

There are various methods under covalent binding-

• Diazoation
• Formation of peptide bond
• Group activation
• Polyfunctional reagents

However, it is worth noting that to achieve a high level of bound activity, the
amino acid residues required essentially for the catalytic activity must not indulge in
the covalent linkage to the support which may pose difficulties under certain circum-
stances. Thus, these methods are often employed when there is a strict requirement
of enzyme elimination in the obtained products [28].

In a study, the nano/microscale UiO-66-NH2 metal–organic framework (MOF)
materials were successfully synthesized and soybean epoxide hydrolase (SEH), an
important hydrolase for the preparation of vicinal diols, was systematically immo-
bilized for the first time onto the prepared UiO-66-NH2 MOF. Results predicted that
SEH@UiO-66-NH2 possessed more than 17.6 U activity after two hours of incuba-
tion at 45 °C, whereas for free, SEH activity of 10.1 U was obtained under the same
condition [29].

4.3 Cage Inclusion

Cage inclusion often referred as encapsulation is the method that offers the inclusion
of enzyme molecules within cages of MOFs through the process of diffusion. The
encapsulated enzymes are known to exhibit enhanced stability even under typical
environments [30]. The caging of enzyme can be achieved by any of the following
methods:

• By inclusion of enzyme within a highly cross-linked polymer matrix.
• By dissolution of enzyme in a non-aqueous phase.
• By separating the enzyme from a bulk solution utilizing a semipermeable

microcapsule.

In a study, it was reported that encapsulation of enzymes significantly decreased
the leaching of enzymes from carrier support. Due to a diverse array of properties,
MOFs can be employed as potential host matrices. Feng et al. reported the devel-
opment of ultra-large mesoporous stable MOFs and used it for encapsulation of
three enzymes, namely horseradish peroxidase (HRP), cytochrome complex (Cyt c)
and microperoxidase-11 (MP-11). The carrier-encapsulated HRP was portrayed to
exhibit higher catalytic potential in volatile organic solvents as compared to the free
derivative [31].
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Microperoxidase-11 was immobilized into a mesoporous MOF consisting of
nanoscopic cages that showed superior catalytic performance for the oxidation
of small substrates combined with considerable reusability and stability. Besides,
MOF-encapsulated immobilized enzymes were reusable for multiple rounds with no
significant leaching from the carrier [32].

4.4 In Situ MOF Formation and Enzyme Immobilization

The above-discussed methods make the potential possibility of MOFs with large
pores to host enzymes. However, this entails two major problems-

• Only a few MOFs possess sufficient large mesopores.
• Secondly, these are restricted for smaller dimension enzymes.

However, these shortcomings are eliminated with the in situ synthesis method.
In this method, MOF formation and enzyme immobilization are carried out simul-
taneously. The MOF building blocks and enzymes are mixed in the solution that
results in the crystallization ofMOF particles with embedded enzymes at the particle
surface site. Like others, this technique also offers a 3D microenvironment for the
biomolecules without causing any leaching. This method is generally carried out at
lower temperatures to prevent the enzyme from denaturation [33, 34].

This approach is said to bring in a set of noteworthy advantages of encapsulation of
a larger number of enzymes owing to the highly uniform and methodical nanosizes,
greater specific areas and tunable pore sizes of MOFs [15].

In a recent study by a group of researchers, an ‘indirect’ in situ MOF fabri-
cation technique was reported for the immobilization of functional biomolecules.
The received enzyme–MOF composites were found to be extremely microporous,
strongly-built and provided a straightforward way to encapsulate enzymes for size-
selective and recyclable biocatalytic systems [35]. Table 2 lists down some of the
recently reported MOF–enzyme biocatalytic platforms.

Table 2 List of some MOF-enzyme composite and corresponding strategies used for immobiliza-
tion

S.no MOF Enzyme Type of immobilization Reference

1 Fe-BTC MOF Laccase and lipase In situ or post-synthesis
methodology

[36]

2 La-MOF-NH2 Acetylcholinesterase Encapsulation [37]

3 Fe-MOF-NH2, Acetylcholinesterase Encapsulation [37]

4 Fe-MOF Alcohol dehydrogenase,
lipase and glucose oxidase

Co-precipitation [38]

5 NH2 MOF Glucose oxidase Covalent binding [39]
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5 Outlook to Applications of MOFs as Immobilized
Biocatalysts

Immobilized enzymes are actively utilized in economic reuse and for the
processing of different products. Immobilized enzymes have potential applications
in biosensing, catalysis and other industrial applications. The recent progress in this
domain lies in the fact that they are economical, environmentally friendly and easy
to use in comparison with other parallel technologies. Figure 4 illustrates the useful
enzyme properties that were obtained after immobilization in MOFs. In the further
section, the recent growth and applications of enzyme immobilized biocatalysts are
discussed.

5.1 Biosensing and Detection

Biosensors have gained higher interest in the past decade in the arena of quality
control, food safety and the diagnosis of cancer. These are basically enzyme-
immobilized sensing and detection deviceswhereMOFs are known to create a crucial
impact by hosting enzymes and protecting them against perturbations. This activity
is owing to the possibility of tuning the pore size and easy functionalization of pore
walls, which as a result favours the specific interactions between enzymes and porous
walls of MOFs.

Recently, smart porous Cu-hemin MOFs were prepared by combing Cu2+ with
hemin for electrochemical detection of glucose. The resulting nanocomposites with

PROPTERIES OF 
EZYMES THAT ARE 
IMPROVED AFTER 
IMMOBILIZATION

Ezyme catalytic 
performance

Enzyme 
stabalization

Enzyme 
recovery and 

reusability

Fig. 4 Improved properties obtained after immobilization of enzymes
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a larger surface area facilitated the easy loading of GOD/glucose oxidase molecules
in the pores to retain their bioactivity [21].

In another study, two lanthanide zeolite-like metal–organic frameworks (Ln-
ZMOFs) were synthesized. Further with varying the stoichiometric ratio of Tb3+

and Eu3+ during synthesis, three mixed crystal MZMOFs with varying Eu: Tb stoi-
chiometry was obtained. Fluorescent studies showed that a methanol suspension
of Eu0.6059Tb0.3941-ZMOF-3 (MZMOF-3) exhibited selective detection of lysophos-
phatidic acid (LPA), a biomarker for ovarian cancer and other gynaecologic cancers
[40].

Such proposed approaches were proven to be very effective after the inclusion
of MOFs which portrays that these porous structures can be the future promising
candidates for application in fields like biosensing and detection.

5.2 MOFs as Host for Biomimetic Catalysis

Enzymes are potential biocatalysts owing to their large availability, non-toxicity, high
catalytic efficiency and environmental friendliness. Nevertheless, these advantages
are enough to convince their practical implications yet their high cost of formation
and complex purification of heterogeneous catalysts from these enzymes is a main
limitation for their practical use. To look after these shortcomings, a significant
attention has been given to exploration of biomimetic catalysts that possess the
potential to sustain under typical reaction conditions like high temperatures, strong
acid or base and in different organic solvents including methanol, ethanol, DMF or
dimethylformamide and DCM or dimethyl carbonate with improved stability than
that of their enzyme equivalents. Biomimetic catalysis is a domain of biomimetic
chemistry that includes chemical catalysis mimicking the important characteristics
of enzymes.

Porous materials that comprise either organic or inorganic compounds are widely
attempted for biomimetic catalysis, but they exhibit inherent limitations. In addi-
tion, organic compounds are usually amorphous wherein they lack crystalline struc-
tures, on the contrary, inorganic compounds are lacking structural flexibility. Explic-
itly, well-designed MOFs can largely expand the repertoire of porous materials by
combining the useful properties of both organic and inorganic materials into one
system.Moreover, with numerous extraordinary properties like large specific surface
area, exceptional porosity and structural versatility, MOFs hold a distinctive posi-
tion for the development of biomimetic catalysts in comparison with other porous
materials [41].

Qin et al. put on a hemin molecule into a newer type of host material, i.e. amino-
containing MOF (MIL-101(Al)-NH2) for the very first time. Using H2O2, the as-
preparedHemin@MIL-101 displayed peroxidase-like activity via catalytic oxidation
of the substrate 3,3,5,5-tetramethylbenzidine (TMB) [42].
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5.3 Enzyme-MOF for Digestion of Proteins

Trypsin is an often-used proteolytic enzyme that catalyzes protein digestion and
transforms into peptides for proteomics research and industrial production. However,
its practical implications are often hampered due to the long-running time (18–24 h)
and self-digestion in the reaction mixture. To this context, surface immobilization
of trypsin on MOFs prevails over the self-digestion and improves their recycling
capacity [43].

The efficiency of digestion of the trypsin-FITC@MOF bioreactor was discovered
to enhance to a higher extent even in repeated utilization, over the use of free enzyme-
assisted digestion or nanoparticle immobilized enzyme reactors reported so far.

A group of researchers has been fortunate in immobilizing the proteolytic enzyme
upon MOFs [MIL-101(Cr), MIL-88B (Cr) and MIL-88B-NH2 (Cr)] activated by the
presence of dicyclohexylcarbodiimide (DCC) via the formation of peptide linkage.
The resultant trypsin–MOFs composite was utilized for the digestion of BSA with
the help of ultra-sonication that was carried out for two minutes. The developed
trypsin–MOF conjugate was reusable and recoverable [44].

6 Conclusion and Future Outlook

Metal–organic frameworks orMOFs have prudentially been declared as the emerging
and highly applicable branch ofmaterial sciencewhich haswide-ranging significance
in numerous fields, be it their relevance in supercapacitors, gas storage and separa-
tion, CO2 capture or upcoming use in drug delivery, biosensing, bioimaging and
biocatalysis. Their exceptional porosity and unprecedented surface area combined
with other significant properties have provided them with well-deserved attention
in many scientific areas, especially in the domain of biocatalysis. The emergence
of MOFs as viable host matrices for enzyme immobilization and their individual
catalytic potential has opened a variety of opportunities in the industrial develop-
ment of this aspect. Currently, this territory of MOFs application is in its preliminary
phase, where many functionalization strategies have been designed and are being
tested to become novel support materials in biocatalysis which are stable, tough,
recoverable and cost-effective biocatalytic platforms. There is a fairly prominent
way to go so as to achieve the full potential of MOFs, for instance, precision in the
control of overallmorphology and assembly of these frameworks is yet to be achieved
which can open newer areas in this field. Along with this, the formation of yields like
multivariate frameworks can allow synergistic and other types of functional results
with enzymes and similar materials. There is still plenty of research and innovation
required in this field to overcome the shortcomings of MOFs which disable them
to achieve their maximum potential, and we hope that active scientific research and
aptitude be applied to realize the prospective applications of MOFs in biocatalysis.
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Abbreviations

MOFs Metal–organic frameworks
HKUST-1 Hong Kong University of Science and Technology-1
PLCs Porous coordination polymers
GOx Glucose oxidase
BTC 1,3,5-benzene tricarboxylate
BSL2 Bacillus subtilis lipase
SHE Soybean epoxide hydrolase
HRP Horseradish peroxidase
Cyt c Cytochrome complex
MP-11 Microperoxidase-11
Ln-ZMOFs Lanthanide zeolite-like metal–organic frameworks
GOD Glucose oxidase
LPA Lysophosphatidic acid
DMF Dimethylformamide
DCM Dichloromethane
TMB Tetramethylbenzidine
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Abstract This chapter summarizes the developing interdisciplinary area of metal–
organic frameworks (MOFs) encapsulated metal nanoparticles and their application
in various organic transformations viz., hydrogenation-dehydrogenations, CO oxida-
tion (liquid/gas phased), multicomponent tandem, andC–C cross-coupling reactions,
etc. The encapsulated/anchoredmetal nanoparticles toMOFs i.e., MNPs@MOFs are
one of the promising preeminent catalytic systems that have shown selectivity, reac-
tivity, and recyclability that may open up a new dimension in industrial processes.
The enhanced reactivity of MNPs@MOFs in heterogeneous catalysis is attributed to
the synergistic effect from both components i.e., metal nanoparticles and MOFs. A
variety of examples shown in the present chapter concludes the superiority of MOFs
as supportingmaterial to hostmetal NPs in their confined space leading to a tailorable
and attractive system for catalysis. Efforts will be made to critically summarize the
literature in the area of MOFs encapsulated metal nanoparticles as catalysts during
the last 10 years.
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1 Introduction

The unique and astonishing properties of metal–organic frameworks (MOFs) are
well known in the literature which in turn makes it an excellent candidate for metal
nanoparticles encapsulation [1–6]. The nanoporosity of MOFs which is mainly due
to the structured network of multi-functional organic moieties linked together with
inorganic units possessing a predictable/regular geometry makes it an attractive
contender for catalysis [7, 8]. The MOFs are also known as porous coordination
polymers (PCPs) [6, 9]. In this chapter we will be comprehensively discussing the
metal NPs encapsulated on MOFs with a special focus placed on designing, devel-
oping a nanomaterial for its potential application in the area of catalysis. Metals,
in general, are chemically inert whereas, the nano-dimensioned metal nanoparticles
become highly active including an array of noble metal NPs viz. palladium (Pd),
platinum (Pt), gold (Au), silver (Ag), etc. Generally, the naked metal nanoparticles
show a peculiar tendency to agglomerate or aggregation leading to decreased reac-
tivity. Such nanoparticles when anchored on supporting systems namely zeolites,
silicates, carbons, alumina, etc., or using surfactants can be handled easily followed
by retaining their chemical reactivity and activity [10]. The highly exposed volume to
surface area ratio as well as its inherent surface energies of MOFs makes it an excel-
lent as well as exciting supporting material for metal nanoparticles encapsulation
[11]. The porous nature ofMOFs having higher pore volumes provides greater acces-
sibility for metal nanoparticles to be encapsulated within during catalysis. Moreover,
the fine-tuning of shapes, sizes/size-distribution ofMOFs by adding chelating groups
in the process of functionalization makes it easier to bound metal nanoparticles to it
thereby making the system more stabilized. So, in either way by selecting the suit-
able MOF substrate, numerous metal/metal oxide NPs viz., Cu, Pt, Pd, Au, Ag, Ni,
Ru and titania-oxide can be embedded and immobilized successfully into MOFs by
following suitable chemical/synthetic techniques. [12, 13].

In heterogeneous catalysis, the cage-like structure ofMOFs enables the incorpora-
tion ofmetal nanoparticles in a confined space therebymaintaining the dimensions of
few nanometers to be best suited for the organic transformations viz., hydrogenation-
dehydrogenations, CO oxidation (liquid/gas phased), multicomponent tandem, and
C–C cross-coupling reactions, etc.

2 Encapsulation and Its Importance

The intrinsic crystallinity of MOFs allows one to design the uniform and single-site
active catalytic species. The tailormade MOFs make an attractive catalytic system
possessing a higher surface area in comparison to counterparts such as metal oxides,
zeolites, and other porous materials. The porosity in MOFs can be a source of a
special cavity to provide an environment wherein the reactants or substrates can
interact efficiently to enhance the chemical activity and selectivity. Such sites are the



Metal–Organic Frameworks (MOFs) Encapsulated Nanoparticles … 707

Fig. 1 Graphical
representation of synthetic
routes to prepare
metal-encapsulated MOFs Solid Phase

Solid Grinding

Liquid Phase
Wet impregnation

Incipient impregnation

Gas Phase
Chemical vapor deposition

Atomic layer epitaxy

perfect destination formetal nanoparticles to encapsulatewithin the systemofMOFs.
There are numerous reports available that depict the chemical synthetic routes namely
liquid, gas, and solid impregnationmethods for the preparation ofmetal-encapsulated
MOFs as can be seen from Fig. 1.

Themostwidely accepted liquid impregnationmethod is quite simple as it involves
the immersion of porous support in some solvent-containing metal precursor, then
removal of solvent molecules followed by reacting it with reducing agents in the
presence of molecular hydrogen or hydrogen source such as sodium borohydride,
hydrazine hydrate, etc. This liquid impregnation method is further classified into wet
impregnation and dry impregnation method (as discussed thoroughly in earlier chap-
ters). The simple grinding of metal salts to MOFs of interest with any solvent can
result in metal-encapsulated MOFs which is commonly known as the solid impreg-
nation method. In 2008, Haruta and coworkers employed this simple strategy of
solid impregnation method to host gold nanoparticles to MOFs precursors such as
MIL-53, MOF-5, ZIF-8, HKUST-1, etc. [14].

In the gas impregnation method, the volatile organometallic precursors which
are in the gaseous phase can be encapsulated in MOFs by following the
photochemical/thermal-decomposition that resulted in metal-encapsulated MOFs
NPs. This method was again devoid using a solvent system and high loading of
metal NPs can be entrapped within the MOFs cavity. In the year 2005, Fischer et al.,
encapsulated various iron, nickel-based organometallic complexeswithin the cavities
of MOF-5 by making use of the gas impregnation method [15].

Conclusively, by designing and making a fusion of the aforementioned methods
one can derive a synthetic methodology for makingmetal-encapsulatedMOFswhich
is consecutively known as the “Assembly method”. In this type of strategy, one can
either entrap the metal NPs into the pre-designed MOFs or can make use of the
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Fig. 2 Pictorial
representation of assembly
method to synthesize
MNPs@MOFs

one-pot synthetic methodology. Figure 2 illustrates the pictorial representation of
the assembly method for making MNPs@MOFs.

3 Metal NPs Encapsulated in MOFs for Hydrogenation
Reactions

The infinite network structures in metal–organic frameworks (MOFs) make it a new
generation of hybridmaterials wherein the bridging organic ligands provide an excel-
lent structural site to imbibe metal nanoparticles to it. Such characteristics of MOFs
have allowed their usage in an efficient heterogeneous catalysis application [16–21].
Catalytic hydrogenations employing heterogeneous catalysis comprising of reduc-
tion of nitro compounds, carbonyls, unsaturated hydrocarbons, CO2, etc., is one of
the prominent research areas which finds its wide pertinency in the arena of industrial
applications namely fine chemicals, agrochemicals, pharmaceuticals, food products,
coal processing, fragrances/perfumes, etc. [22–26]. Generally, the typical hydro-
genation reaction process involves the presence of molecular hydrogen which is
accompanied by a catalyst that may be or may not be recovered from the reaction
mixture as shown in Fig. 3.

The reaction process depending on the optimized reaction conditions may possess
high TON or TOF values which in turn justifies the efficiency of the catalytic system.
The noble, as well as non-noblemetal nanoparticles such as palladium (Pd), platinum



Metal–Organic Frameworks (MOFs) Encapsulated Nanoparticles … 709

Fig. 3 Schematic
representation of
hydrogenation of unsaturated
carbonyl, arenes, olefins

(Pt), rhodium (Rh), ruthenium (Ru), gold (Au), iron (Fe), cobalt (Co), nickel (Ni) etc.,
based catalytic systems which can be either supported on solid supports or unsup-
ported ones, arewell known in literaturewhich shows typical selective hydrogenation
reactivity [27–30]. It is interesting to note that depending on the supporting material,
the chemical reactivity of embedded metal nanoparticles can be fine-tuned leading
to enhanced reactivity and stability. MOF, being an interesting material possessing
high porosity and tuneable structural networks finds its way to be an excellent host
to imbibe noble metal nanoparticles [31]. In recent times, the metal nanoparticles
encapsulated on MOFs show interesting and excellent applicability for the reduc-
tion/hydrogenations of nitro compounds, CO2, carbonyl, unsaturated hydrocarbons,
chemo-selective hydrogenations, etc., which we will be discussing elaborately by
highlighting such examples.

Back in 2005,Li et al. demonstrated catalytic direct hydrogenation of nitrobenzene
in ethanol using Pt encapsulated on MOFs, i.e., Pt@MIL-101 NPs in water at room
temperature using 4.0MPa H2 (entry 2, Table 1) [32]. Within a time frame of 30 min,
a complete hydrogenated product could be obtained showing a higher TOF value of
25,438 h−1. All the substituted nitroarenes, be it -ortho, -meta, or -para could afford
good selectivity as well as reactivity. The higher values of TOFs may be accounted
for the hydrophobic nature of the support MIL-101. It should be noteworthy to
mention that Pt@MIL-101 could also be hydrogenated the substituted benzaldehydes
to their respective alcohols under mild conditions (RT, 40 atm H2, 1.0 h) resulting
in values of TOF around 2500–5147 h−1. When the substituted benzaldehydes with
strong electronegative groups such as –F were used, 100% selectivity was observed.
Although, the lower reactivity of Pt@MIL-101 catalyst can be seen if we compare
it with Pt supported on carbon nanotubes [33]. In comparison with the industrial
catalyst such as Raney nickel (Ni) or Pt/Pd@Al2O3 which are widely used for the
reduction of substituted nitroarenes requires higher temperature reaction conditions,
the Pt@MIL-101 catalyst shows higher reactivity as well as selectivity. Table 1
summarizes the different metal-encapsulated MOFs catalytic systems which show
promising results for reduction reactions of substituted nitroarenes [29, 32, 34–57].
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More recently, in 2019 Hua et al., reported an excellent methodology wherein,
the functionalized Co-MOF prepared by single-step solvothermal strategy followed
by high-temperature pyrolysis under nitrogen atmosphere of zeolitic ZIF-9 MOF
moiety which leads to the formation of Co@CN NPs [49]. The Co@CNs exhibit
good reactivity toward the hydrogenation of nitro-aromatics (entry 19, Table 1).
The milder reaction conditions of 70 °C, 2.0 MPa H2 pressure make the procedure
more viable. The catalytic system could tolerate a variety of substituents, and also
the cobalt core makes this system magnetically active; thereby the catalyst can be
retrieved efficiently for further cycles [49]. Such approaches are of great importance
in developing an economical and practical synthetic process. The transfer hydro-
genation synthetic approach also works in a similar fashion wherein instead of using
high/1.0 atm pressure molecular hydrogen, a hydrogen source such as isopropanol,
ethanol, borohydride, etc., are used. A complete overview of different synthetic
approaches for hydrogenating nitroarenes are illustrated in Table 1 [29, 32, 34–55].

The reduction reactions of nitrophenol to corresponding aminophenols are of
industrial importance as it is a key intermediate to synthesize paracetamol which
is an antipyretic/analgesic drug [57]. Moreover, 4-nitrophenol is an industrial toxic
which has to be removed from the environment so that it doesn’t harm the wastewater
streams/atmosphere (Ref: entry 1, Table 1) [34]. Moreover, reduced amines such as
aniline are prominently used in the polymer industry i.e., to fabricate polyurethane,
colors-pigments, or dyes [57]. The UV–vis spectroscopy is a reliable character-
izing tool that depicts the UV absorbance peaks of both the compounds i.e., the
4-nitrophenol and 4-aminophenol in the UV spectra [33]. In the past few years
much, many reports have been furnished which states the incorporation of metal
nanoparticles (noble or non-noble metals) to MOFs cavities for the reduction of
nitro-functionalities to their corresponding amines (entry 19–25, Table 1) [49–55].
It is interesting to know that not only metal NPs can be immobilized within the cage-
like structures of MOFs, enzymes can also be entrapped. Recently 2021, B. Shen
et al., reported first time the incorporation of nitroreductase (NTR) into the zeolitic
structure of ZIF-8 [53]. It was the first of its own type “a biocatalyst” which not only
exhibits excellent chemical reactivity but also tolerates the harsh reaction conditions
of high temperature, an organic solvent system and strong alkali/acid treatment. This
biocatalyst “NTR@ZIF-8” proves to be recyclable for five successive cycles for the
bio-catalyzed reduction of 4-nitrophenyl to 4-aminophenol. (Entry 23, Table 1) [53].

MNPs@MOFs exhibit a significant reactivity toward the reduction of unsaturated
moieties such as alkene/alkynes etc., in more or less a similar fashion. The concept
remains the same that the MNPs@MOFs will activate the olefins wherein hydrogen
will react to form a corresponding saturated product. In 2018, Liang et al. reported the
use of non-noble metal “Ni/NiO@C” a core–shell catalytic system that selectively
could hydrogenate the phenylacetylene to the corresponding ethylbenzene in the
presence of 0.1 MPa H2 at 50 °C in ethanol as a solvent (entry 1, Table 2) [58].
WhenNi-MOF-74 calcined at 500 °C under argon atmosphere it forms amesoporous
and uniform sized Ni/NiO@C NPs [58]. Kaskel et al., reported the size-selective
hydrogenation of olefins using Pd@MIL-101 (Cr) as catalyst (entry 4, Table 2) [62].
Avariety of Pd-based catalytic systemswere compared such as palladiumon charcoal
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Table 2 MNPs@MOF derived catalytic systems for the hydrogenation of Olefins

Entry Catalytic system Reaction
conditions

MOF synthesis
method

Product
yield/conversion

Year Ref.

1 Ni/NiO@C
(Ni-MOF-74)

EtOH,
50 °C,
1.0 MPa H2,
1.0 h

Hydrothermal
followed by
Pyrolysis

97% 2018 [58]

2 Pt@ZIF-8 EtOH, RT,
24 h, 1 atm
H2

Assembly on
unprotected Pt NPs

95% (TOF =
2403 h−1)

2013 [59]

3 Ni/SiO2 and
Co/SiO2

8 MPa H2,
100 °C, 1.8 h

Liquid impregnation >99% 2016 [60]

4 Pt@MIL-101 (Cr) 35 °C,
1.5 bar H2

Wet Impregnation >99% 2013 [62]

5 Ni@C/Ni-MOF-74 EtOH,
30 °C, 0.5 h

Pyrolysis >97% 2018 [63]

6 Pd@MDPC EtOH,
25 °C,
1.0 atm H2

carbonization of
ZIF-67

>98% 2016 [61]

7 Ru-MOF-Mt 6.0 MPa H2,
160 °C, 2.5 h

Solvothermal >99.9% 2016 [64]

8 Pt@SALEM-2 EtOAc, RT,
1 bar H2

Solvent-Assisted
Linker Exchange

30 (7) 2016 [65]

9 Cu@ZIF-8 Toluene,
1.5 MPa H2,
130 °C, and
10 h

Controlled pyrolysis >99% 2021 [66]

10 (Ru SAs/N–C) Toluene,
35.0 bar H2,
100 °C

coordination-assisted
strategy

98.5–99.4% 2017 [67]

11 Pd@ZIF-8 EtOAc,
35 °C, 24 h,
1.0 bar H2

Solid grinding
method

84.1 2016 [68]

12 Pd@MOF-5 35 °C,
1.0 atm H2

Wet impregnation >99% 2017 [69]

13 Pd@MSS@ZIF-8 EtOAc,
35 °C,
1.0 atm H2

supramolecular
templating
(Presynthesis)

>99% 2014 [70]

14 C@Pd@ZIF-8 80 °C,
20.0 atm H2

Wet impregnation
followed by
carbonization

95.1% 2015 [71]

15 Pd/SiO2@ZIF-8 EtOAc,
35 °C,
1.0 bar H2

Growing of ZIF-8 on
pre-synthesized
Pd@SiO2

>99% 2014 [72]

(continued)
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Table 2 (continued)

Entry Catalytic system Reaction
conditions

MOF synthesis
method

Product
yield/conversion

Year Ref.

16 Pd@UiO-67 THF, 25 °C,
1.0 atm H2

Co-precipitation >99% 2007 [73]

17 Ni@MesMOF-1 1.0 atm H2,
RT, 4 h

Gas phased
impregnation

>99% 2010 [74]

18 Pd
nanocubes@ZIF-8

1.0 atm H2,
RT, 90 min,
100 mW
cm−2 visible
hν

Plasmon-Driven
Photothermal
Conversion

>99% 2016 [75]

19 Pd@ZIF-8 1-Hexene,
25 °C,
0.1–1.0 MPa
H2, 4–24 h

Dispersion
polymerization

>99% 2020 [76]

20 Pd@ZIF-L 1-Hexene,
1 atm H2

Pre-synthesized Pd
NPs to ZIF

100% 2016 [77]

or Pd-entrapped-MOF-5 NPs which concludes the superiority of Pd@MIL-101 as it
shows 100% conversion of styrene to ethylbenzene under viable reaction conditions
(entry 4,Table 2) [62]. Thepore size ofMIL-101makes an approachable room to react
and provides stability in an aqueous medium. Olefin hydrogenation is well known
in literature but mostly with the complete reduction parameters. From the organic
chemistry perspective, a well-designed catalytic system should not only hydrogenate
the substrate but also should retain its chemical reactivity and selectivity.

The size-selective olefin hydrogenation is attributed to the fact accounted for the
dependence of the nano pore size of MOFs. For larger substrates, no such reactivity
or activity can be seen. In principle, the generalized trend of reactivity follows the
order of cyclooctene < cyclohexene < 1-hexene. Evidently, when larger substrates
possessing expanded pore sizes such as Ir@ZIF-8 or Pd@ZIF-L, an appreciable
reactivity can be observed for olefins like styrene, phenylacetylene, cyclohexene, etc.
as depicted in Table 2 [58–77]. In 2016, Xue et al., used Pd@ZIF-L catalytic system
which successfully hydrogenate the 1-hexene with 100% conversion attributing the
fact that the layered zeolitic 2-D framework of ZIF-L could incorporate the Pd NPs
in it (entry 20, Table 2) [77]. Although, with heavier sized tetraphenylacetylene, no
such conversion was observed under 1 atmospheric hydrogen pressure [77].

Leus et al., obtained better reactivity with Pt@MIL-101 (Cr) wherein linear/cyclic
olefins hydrogenated to respective productswith full conversion at room temperature.
Substrates like cyclooctene or cyclohexene were smoothly hydrogenated at room
temperature under a hydrogen pressure of 6 atmospheres with a conversion of 98%
in 2–6-h time [78]. Moreover, with Pd@MDPC substrates like 1-octyne/4-pentyn-1-
ol were successfully hydrogenated to corresponding alkenes (entry 6, Table 2) [61].
B. Han et al., in 2016 successfully synthesized Ni@SiO2 NPs using liquid impreg-
nation method followed by thermolysis for the selective hydrogenation of benzene
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Fig. 4 Schematic representation of hydrogenation of benzene to cyclohexane using Ni/SiO2 NPs
derived from Ni-MOF/SiO2

to cyclohexene in just 1.8 h time (entry 3, Table 2) [60]. Fig. 4 shows a pictorial
representation for the synthesis of Ni@SiO2 NPs from its MOF template (entry 3,
Table 2) [60]. Table 2, summarizes the effective and popular catalytic systems which
could hydrogenate the olefins with much higher success rates along with maintaining
the reactivity and selectivity of MNPs@MOFs. Much research is still going on as
with the higher/larger olefins complete conversion with shorter reaction time is still
not reported with other nanoparticles.

Apart from nitro-aromatics or olefin reduction, the other popular MOF derived
catalytic systems includes a variety of organic substrate such as carbonyls (be it
aldehyde or ketone), diols, phenols, etc. All these substrates are an important part
of natural products or fine chemicals. It is an important aspect of an MNPs@MOFs
catalyst that it not only selectively reduces the carbonyl/diols/phenols but also retains
the other structural part unharmed.

The use of microwave-assisted chemical-vapor deposition “MWCVD” is a
powerful synthetic methodology which was used by Zhang et al., in 2018 to prepare
M2Si@C nano-catalyst from M-MOF-74 (M = Co, Fe, Ni) where silicates are
embedded in the porous carbon support (entry 4, Table 3) [82]. This nanomate-
rial i.e., M2Si@C of nano dimension (8–12 nm) were then used as a catalyst for
the hydrogenation of α,β-unsaturated aldehyde (cinnamaldehyde). Both Nickel and
cobalt-based catalytic systems showed very good selectivity and reactivity depending
on the C=C or C=O bonds. With a Co-based system, 60% selectivity was observed
leading to the formation of cinnamyl alcohol exclusively while the nickel-based
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system was chemo-selective for C=C bonds with 90% selectivity (entry 4, Table 3)
[82]. As shown in Table 3 entries 1–10 [79–88], a variety of Pd, Pt, Co, Rh, cobalt
oxide-based catalytic system shows exclusive chemo-selectivity for reducing the
cinnamaldehyde to corresponding alcohol or reduced C–C products. The selective
hydrogenation of unsaturated diols (1,4-butynediol to 1,4-butenediol) is of industrial
importance aspect as it finds its applications in the diverse areas of production of
vitamins, endusulfan, etc. [104]. Conclusively, Table 3, summarizes the effective and
efficient catalytic system for chemoselective and active hydrogenations of carbonyls,
phenols, diols, etc. [79–102].

One of the industrially important intermediates is “cyclohexanone” as it is used
in the synthesis of nylon-6 via caprolactam or nylon-66 [105]. So if one can do
selective hydrogenation of phenol it will lead to the formation of cyclohexanone.
Rather than using a two-step synthetic strategy, it is always preferred to have a
one-pot synthesis using metals such as Ni, Pd, Pt, etc., which is cost-effective, time-
saving, and simple [103]. In recent times and as shown in Table 3, entries 20–24 [98–
102], the MNPs@MOF shows excellent selectivity for the hydrogenation of phenol
leading to cyclohexanone as a product exclusively. Chen et al., in 2018 demonstrated
the synthesis of Pd/MOF140-AA using incipient wetness impregnation followed by
thermolysis [102]. The catalytic system Pd/MOF140-AAwas found to be an efficient
catalyst that could successfully hydrogenate the phenol to cyclohexanol completely
with an overall product yield of 45.1% (entry 24, Table 3) [102]. In 2016, Ertas et al.
reported the synthesis of a recyclable Ru/MIL-101 catalyst for the aqueous-phase
mediated catalytic transformation phenol to cyclohexanone at a 5.0 bar initial H2

pressure with a selectivity of >90% (entry 23, Table 3) [101].
Conclusively, MNPs@MOF prove to be a facile and good catalytic system for

the hydrogenations of various substrates using either molecular hydrogen or transfer
hydrogenation at ambient reaction conditions. If we compare the industrially used
catalyst, MNPs@MOFs are promising candidates in terms of selectivity, reactivity,
and activity. However, one should devoid the use of multistep synthetic protocols
for making MNPs@MOFs. The catalytic mechanism involved in the chemistry of
MOFs-derived catalysts is still unexplored which limits its applications to some
extent. But with the advancement of theoretical modeling studies and techniques,
the fate of MNPs@MOF can be understood fairly.

4 MNPs@MOFs in C–C Cross-Coupling Reactions

To construct biaryl units, the palladium-catalyzed C–C coupling reactions such as
Sonogashira, Suzuki–Miyaura, Stille, Negishi, Heck reactions are of great use as
it possesses diverse importance in the industrial as well as an academic arena [106,
116, 118].Numerous pharmaceutical products such as anticancer, antibiotics or fertil-
izers, pesticides are synthesized using the concept of C–C coupling reactions [106,
107]. In principle, the phosphines ligands and their analogs orN-heterocycle carbene
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containing palladium-salts or palladium-basedorganometallics have been thoroughly
explored for C–C coupling reactions. But all these ligands or salts are air/moisture
sensitive and hence maintaining an inert atmosphere or use of dry solvents makes
the process troublesome as the removal of catalyst from the reaction mixture is
tedious work. So, to overcome all these impediments Pd nanoparticles are exten-
sively used. As the metal when goes into nanoforms becomes highly energized or
activewhich usually leads to agglomerationwhich in turn is responsible for the decre-
ment in its chemical reactivity. Later, the problem of agglomeration took care of by
using appropriate supporting materials such as zeolites, polymers, graphene, carbon
spheres, silica, alumina, metal oxides, or stabilizers [108, 111–113]. Even with such
an advancement in the area of palladium-based nanomaterials, when it comes to
industrial purposes it is palladium on charcoal (Pd/C) which is widely accepted and
used thoroughly. However, if we look into the MOF-based Pd nanomaterials it can
be generalized that much less attention has been paid to this as can be clearly seen
in Table 4.

Recently, in 2021 Han et al., reported the synthesis and catalytic role of
Pd@HKUST-1 in Suzuki coupling (entry 6, Table 4) [116]. Double solvent approach
was used to make the catalytic system which gave good yields of coupled products.
Earlier in 2014, Zadehahmadi et al., demonstrated a double ion exchange followed by
a reduction approach to synthesize Pd@UiO-66-NH2 system for Suzuki-Miyamura
coupling reactions (entry 1,Table 4) [114].A reactionbetween aryl halide andphenyl-
boronic acid gave the desired C–C coupled (biaryl) product with as high a yield of
85%. The optimized reaction scheme did well when various substituents of phenyl-
boronic acids and aryl halides were employed. Shang et al., in 2014 reported the
successful entrapment of ultrafine Pd nanoparticles in the cage-like cavities of MIL-
101 by employing the double solvent approach [120]. The synthesized Pd@MIL-101
showed minimum aggregation thus leading to a stable and well dispersed catalytic
system. The Suzuki and Heck coupling reaction was performed using Pd@MIL-101
NPs showing good recyclability and 90–99% yield of desired C–C coupled products
under ambient reaction conditions (entry 5, Table 4) [120].

In the C–C coupling reaction role of MOF is restricted to act as a supporting
material; as such it does not have any catalytic role. The overall reactivity of catalysts
is only attributed to the embedded Pd(0) NPs. Functionalized MOF provides more
stability and durability by fine-tuning encapsulated naked Pd NPs. Overall, there is
much more to explore the usage of MOF specifically for C–C coupling reactions.

Recently Jeong et al., reported the facile and enantioselective synthesis of embed-
ment of Zn or Ti onMOF support i.e., Zn/(S)-KUMOF-1 or Ti/(S)-KUMOF-1 [122].
This was the first of its own type wherein Zn/(S)-KUMOF-1 catalyst was used for
the enantioselective carbonyl-ene reaction. It is interesting to know that the active
reactive sites of MOF support i.e., KUMOF-1 can either be at outer or inner side
depending on the interaction of reactant with it which is kind of contradictory to the
previous reports in literature according to which the chiral environment of reaction
site depends on its location [122].
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Table 4 MNPs@MOF derived catalytic systems for C–C coupling reactions

Entry Catalytic system Reaction
conditions

MOF
synthesis
method

Product
yield %

Year Ref.

1 Pd@UiO-66-NH2 Suzuki–Miyaura
coupling between
aryl halides and
phenylboronic
acid, K2CO3,
DMF/H2O, 60 °C,
air

direct
ion-exchange
method
followed by
reduction

85–95 2014 [114]

2 Cu/Cu2ONPs@rGO Sonogashira
coupling between
phenylacetylene
and iodobenzene,
Cs2CO3, DMF,
80 °C, 8 h

Solvothermal
reduction

91 2018 [115]

3 Pd@MOF-5 Suzuki–Miyaura
coupling between
bromobenzene &
phenylboronic
acid,

Chemical
vapour
deposition

81 2012 [117]

4 a-Cu@C from
BDC-MOF

C–N coupling
reaction, KOH,
DMSO, 110 °C,
24 h

deflagrated
pyrolysis

74 2019 [119]

5 Pd@MIL-101 Suzuki–Miyaura
coupling between
aryl halides and
phenylboronic
acid, K2CO3,
EtOH-H2O, RT,
1–12 h

Double
solvent
approach

90–99 2014 [120]

6 Pd@HKUST-1 Suzuki
homocoupling
between
phenylboronic
acid & elemental
I2, base, EtOH, N2
(1 bar), 70 °C, 7 h

Capillary
impregnation
reduction

28–91 2021 [121]

Conclusions and Outlook

In this chapter, the use of metal-encapsulated MOFs i.e., MNPs@MOFs were high-
lighted as an efficient heterogeneous catalytic system in hydrogenations of nitro-
aromatics, olefins, arenes, aldehydes, ketones, diols, phenols, and C–C coupling
reactions. Though its a relatively new area, MOFs have gained much attention in
past few years. The metal–organic frameworks i.e., MOFs appeared to be an excel-
lent host to immobilize metal NPs within its highly porous and active cavities. The
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three important aspects of MOFs are (i) higher surface areas, porosity, fine-tuning
of pore sizes, (ii) possibility of extended functionalization of MOFs, (iii) control on
nucleation growth of metal NPs because of size-dependent cavities. These remark-
able intrinsic properties ofMOFs, cease the possibility ofNPs aggregation. The stable
cavities or pores of MOFs allow minimum leaching effect thereby leading to better
reactivity and activity. Not only metal NPs but also their corresponding metal oxides
or bi/tri metallic systems, enzymes can be easily incorporated with the cages of
MOFs showing better synergism for the enhanced catalytic activity. Although, there
is much more theoretical as well as practical evidences, are required with which one
can understand the reason behind its anomalous activity of MNPs@MOFs are good
when the chemo-selectivity is limited but when in the case of enantioselectivity, this
system somewhat lacks behind its homogeneous counterparts.

Henceforth we believe, if one can modify the nodes, linkers, dependency of reac-
tants to the pores, the enhancement in enatioselectivitymay be obtained. A successful
catalyst that is industrially viable has the characteristics of showing higher TON/TOF
values. Therefore, achieving higher TOF/TON values are still one the main future
goal for MNPs@MOFs. For example, a catalyst can show consecutive recyclable
cycles but the area of concern is how fast and how smooth reaction can go? Is it
stable or doesn’t show the effect of leaching? If, such problems are addressed in near
future the fate of MNPs@MOFs is definitely welcoming for industrial as well as
academic purposes.

Abbreviations

NPs Nanoparticles
MNPs Metal nanoparticles
MOFs Metal–organic frameworks
MNPs@MOFs Encapsulated/anchored metal nanoparticles to MOFs
PCPs Porous coordination polymers
TON Turn over numbers
TOF Turn over frequency
NTR Nitroreductase
iPrOH Isopropanol
EtOH Ethanol
H2O Water
UV–vis Ultra violet visible
MPa Mega pascal
atm Atmospheric pressurem
EtOAc Ethyl acetate
H2 Molecular hydrogen
THF Tetrahydrofuran
NaBH4 Sodium borohydride
HCOOH Acetic acid
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BTC Bis(trichloromethyl)carbonate
RT Room temperature
K Kelvin
N2H4.H2O Hydrazine hydrate
NH3BH3 Borane-ammonia complex
CH3OH or MeOH Methanol
KBH4 Potassium tetrahydroborate
Na2S Sodium sulfide
Na2SO3 Sodium sulfite
PBS buffer Phosphate-buffered saline buffer
NADH Nicotinamide adenine dinucleotide
°C Degree Celsius
TEOS Tetraethyl orthosilicate
Ni Nickel
Pd Palldium
Pt Platinum
Fe Iron
Cu Copper
Au Gold
Ag Silver
Zn Zinc
Ti Titanium
Ru Ruthenium
Rh Rhodium
Co Cobalt
CO Carbon monoxide
CO2 Carbon dioxide
K2CO3 Potassium carbonate
DMF Dimethylformamide
Cs2CO3 Caesium carbonate
DMSO Dimethyl sulfoxide
I2 Elemental Iodine
N2 Molecular nitrogen
MWCVD Microwave-assisted chemical-vapour deposition
Pd/C Palladium on charcoal
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Abstract Owing to uniformly distributed pores with tunable sizes and ultrahigh
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been attempted to improve the catalytic properties of MOFs such as increasing the
conductivity of MOFs, formation of composites, or using MOFs as the template
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for MOF-derived nanostructures. MOFs also provide an opportunity to encapsulate
metal and semiconductors nanoparticles (NPs), which show enhanced electrocat-
alytic activity compared to individual components because of the synergistic effect.
Uniform and large pores in MOFs promote the facile mass transfer, diffusion of the
redox-active species, and further reduce the aggregation of metal nanoparticles and
hence, enhance their structural and catalytic stability.

This chapter presents a review of the recent progress inMOFs,MOF encapsulated
catalytically active NPs and MOF-derived nanostructures for electrochemical appli-
cations. To begin with, some key challenges related to MOFs for electrocatalysis are
presented, followed by the state-of-the-art advances in the synthesis of MOF encap-
sulated NPs. Electrochemical performances of MOFs are discussed. Further, owing
to the synergistic effect and utilizing accessible metal sites of MOFs along with
encapsulated NPs for enhancement in electrocatalytic activity is discussed. MOFs
acting as sacrificial templates to synthesize various carbon-based electrocatalysts are
also discussed. In last, a summary and future perspective of MOFs and MOF-based
electrocatalysts are proposed.

Keywords Metal–organic frameworks · Encapsulated nanoparticle · Hydrogen
evolution reaction (HER) · Oxygen reduction reaction (ORR) · Oxygen evolution
reaction (OER)

1 Introduction

Considering the growing population and technological development, Prof. Smalley
has pointed out the ongoing energy demand as one of the major challenges for the
upcoming years and named it as “terawatt challenge” [1, 2]. He estimated that by
2050, the world would require 60 terawatts of energy to comfortably support the
world’s population, which is equivalent to burning 10 billion barrels of oil per day.
To supply so much energy, we need a “new oil” in the form of a renewable and
clean energy source. In this regard, electrochemical energy devices, including water-
splitting [3, 4], fuel cells [5, 6], and rechargeable metal-air batteries [7], have been
recognized as potential future energy sources due to their ultrahigh energy density
and environment-friendly character. These electrochemical devices require coupled
electrochemical half-reactions, namely hydrogen evolution reaction (HER), oxygen
reduction reaction (ORR), oxygen evolution reaction (OER), and hydrogen oxida-
tion reaction (HOR). The slow kinetics of these reactions have limited the develop-
ment of electrochemical energy devices and demands electrocatalysts to lower the
energy barrier and catalyze these reactions. To date, various precious metals such
as Pt, Ru, and Ir have remained the “holy grail” for these electrochemical reactions
[8, 9]. The usage of scarce and costly noble metals as catalysts in electrochemical
energy devices has led to the design of advanced, low-cost, and earth-abundant mate-
rials. In this regard, metal–organic frameworks (MOFs) have emerged as promising
electrochemical catalysts for HER, OER, and ORR. [10].
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Fig. 1 Representative scheme showing the assembly of metal ions (SBU) and organic linkers to
form MOF and further functionalization to modify the properties

Metal–organic frameworks (MOFs) with the modular structure are hybrid
organic–inorganic crystalline compounds and consist of periodically arranged inor-
ganic nodes linked by organic linkers (Fig. 1) [11]. The two components of MOFs,
namely inorganic nodes, also known as secondary building units (SBU), are metal
ions or clusters of transition metals [12], p block metals or lanthanides, and organic
linkers such as ditopic or polytopic linkers including carboxylate [12], sulfates [13],
nitrogen-donor groups: Azoles or heterocyclic compounds are coordinative bonded
and give rise to crystalline structure with porous texture [14]. Coordination number
of SBUand nature of organic ligands determine theMOFs geometry.Metals inMOFs
can have an octahedral, trigonal prism, square paddlewheel, and trigonal geometries.
Since the first discovery ofMOF-5 by Yaghi et al. in 1999 [11], various combinations
of SBUs and organic linkers provide an opportunity to synthesizeMOFs with diverse
functionalities. So far, more than 20,000 MOFs have been reported in the literature
[15] and classified under different categories such as UIO-based MOFs, MIL, and
ZIF-based MOFs.

A combination of inorganic and organic subunits with synergistic effects holds a
promising potential for endless possibilities. The coordination of long-chain organic
linkers and SBUs results in an open framework with ample storage space, permanent
and uniform pores, stable frameworks, and high surface area in contrast to other
conventional porousmaterials [16].MOFs provide added advantage to the atomically
uniform structure of pores. Owing to the ultrahigh surface area (up to 10,000 m2/g),
linker dependent adjustable pore size and shape, the various possible combinations
of organic linkers and surface functionalization, MOFs have emerged as interesting
materials for heterogeneous catalysis. SBUs introduce the Lewis acidity and undergo
the redox reaction during the catalytic processes. Since SBUs are highly ordered and
therefore shows similar catalytic activity which is difficult to achieve in conventional
catalysts. Tuning the chemical environment around the pores in MOFs to exhibit
hydrophobic or hydrophilic properties can further tailor their catalytic properties.
The unique, diverse, and tuneable properties ofMOFs have been exploited for various
applications including gas sensing and storage [17], light-harvesting [18], and drug
delivery [19, 20]. Few applications of MOFs are listed in Table 1.
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Table 1 Few examples of MOFs with their applications

MOFs Metal used Organic linker Application Reference

MOF-5 Zn H2BDC Methane storage and
separation,
electrocatalysis

Eddaoudi et al. [16]

MIL-101 Cr H3BTC Drug delivery,
electrocatalysis

Horcajada et al. [20]

IRMOF-3 Zn H2BDC Gas storage and
separation

Rowsell et al. [29]

IRMOF-9 Zn Bpdc Adsorption and
storage

Rowsell et al. [29]

HKUST-1 Cu H3BTC Gas storage and
adsorption

Rowsell et al. [29]

MOF-199 Cu H3BTC Antibacterial Rodríguez et al. [19]

MIL-53 Fe H2BDC Photocatalysis,
adsorption

Liang et al. [18]

MIL-100 Fe, Cr Tri/tetra-carboxylate Photocatalysis,
delivery of nitric
oxide

Laurier et al. [30]

Co-TDM Co H8TDM High potent
bactericidal activity

Zhuang et al. [31]

MIL-88 Fe H2BDC Photocatalysis Laurier et al. [30]

MIL-125 Ti H2BDC Photocatalysis,
adsorption

George et al. [32]

UiO-66 Zr H2BDC Dye degradation Pu et al. [33]

ZIF-8 Zn HMeIm Photocatalysis,
adsorption, gas
storage

Jing et al. [34]

UU-100 Co H2dcpg Electrocatalysis Roy et al. [35]

CTGU-5 Co Bib Electrocatalysis Wu et al. [36]

Where H2BDC = 1,4-benzenedicarboxylic acid,
H3BTC = 1,3,5-benzenetricarboxylic acid
Bpdc = 4,4′-biphenyldicarboxylate
H8TDM = tetrakis [(3,5-dicarboxyphenyl)-oxamethyl] methane
HIm = imidazole
HMeIm = 2-methyl imidazole
H3BPDC = 4,4′-biphenyldicarboxylic acid
H2dcpg = diphenyglyoxime-4,4′-dicarboxylic acid
Bib = 1,4-bis(imidazole) butane

Intriguing features of MOFs make them emerge as new generation heterogeneous
catalysts for electrochemical reactions [21, 22]. However, the low catalytic activity
due to limited active metal sites, low electrical conductivity, low thermal, and chem-
ical stability limits the MOFs to attain their true potential. To further, enhance the
catalytic activity and achieve the realistic catalytic property, MOFs can be integrated
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with different functional materials. MOFs can be integrated with metal nanoparticles
(NP), metal oxides, quantum dots of polyoxometalates (POMs) to form a composite
nanostructure [23–27]. Combined properties of MOFs and functional materials have
been exploited for catalysis with enhanced activity, selectivity, and stability. Fischer
et al. have synthesized the first MOF-metal nanoparticle composite in 2005 [28].
They have combined the properties of Pd nanoparticles and MOF-5 to significantly
enhance the catalytic properties. The synergistic effect originating from the interac-
tion of metal and organic linkers with the active components enhances its catalytic
properties. Owing to the small size, high surface energy NPs tend to agglomerate and
thus loses their intrinsic catalytic property. Encapsulation of NP by MOFs further
prevent the agglomeration and retain the catalytic activity [23, 24]. Porous structure
and possibility of pore’s surface functionalization inMOF further facilitate the diffu-
sion of the reactant and product from the electrochemical active sites (NP). MOFs
can also act as a sacrificial template to form carbon-based MOF-derived catalysts.

Considering the recent growing interest in theMOFs andMOF-NP composites for
catalytic applications, a summary of current state-of-the-art catalysts is presented in
this chapter. To begin with, some key challenges associated with MOF are discussed
followed by various synthesis methods for the preparation of MOF-NP. Next, we
have discussed the electrochemical mechanism of ORR, OER, and HER followed
by parameters to evaluate the performance of electrocatalysts. Furthermore, we have
summarized the catalytic performances of various MOFs, MOF-NP composite, and
MOFs-derived nanostructures in the field of electrocatalysis. At last, we present the
summary and future perspective of MOF-based electrocatalysts.

2 Challenges Associated with MOFs for Catalysis

2.1 Synthetic Challenge

Understanding the structural and compositional complexity ofMOFs to design novel
frameworks with the distinct and desired property is one of the compelling areas of
research in MOFs. Controlling the MOFs’ pore size, shape, and volume is the crit-
ical parameters for highly shape-selective catalysis. Such shape-controlled catalysis
is well explored for zeolites; however, such reports are not available for MOFs.
Furthermore, the ability to encapsulate the condensed phase nanostructures in the
MOFs provide an opportunity for novel physical property investigation. Owing to
the various possibility of organic linkers, the distance, and angle between metal
nodes and linkers, and thus, subsequent control over the MOF topology is unpar-
allel and should be investigated for energy-related applications. An added advantage
of MOFs to control the internal surface chemistry of pores through the incorpora-
tion of organic and inorganic functional groups along with tuneable topology and
composition should be synthesized and exploited for various applications. Figure 2
summarizes the possiblemodification that can be done during the synthesis ofMOFs.
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Fig. 2 Summary of various
tuneable parameters of
MOFs

2.2 Chemical and Thermal Stability

MOFs’ thermal and chemical stability possess amajor roadblock for their application
in catalysis. MOFs tend to degrade under harsh reaction conditions such as polar
solvents or high temperatures. InMOFs,metal ions areweakly coordinatively bonded
with organic linkers, which get disrupted in polar solvents, especially in water [11].
The stronger polar-polar interaction of solvents with SBUs tends to destroy the
coordination bond between the metal node and organic linkers. Another issue related
to the structural stability of MOFs is the leaching of metal ions (active sites) under
polarization in an acidic medium leading to the loss the catalytic activity. Similarly,
MOFs are stable up to 150–350 °C and can withstand their frameworks with any
structural changes. However, the prolonged exposure to the high temperature can
decompose the MOFs into metal oxide and carbon. Xia et al. have illustrated cobalt
imidazolate framework CIF as ORR and reported that prolong exposure of CIF to
the high temperature leads to the formation of amorphous carbon [37].

Various approaches have been explored to increase the chemical and thermal
stability of MOFs. One such approach is using the hard-soft acid–base (HSAB)
principle to strengthen the bonding between metal and organic linkers [38]. Highly
acidic metals can readily react with highly basic organic linkers to form a robust
metal–organic bond [39, 40]. Another approach is to shield the metal and organic
linkers bond by functionalization. Functionalization of the bond can decrease the
interaction of the exogenous molecules with the metal–organic linker bonds.
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2.3 Electrical Conductivity

The uniform and permanent porous structure of MOFs are ideal candidates for elec-
trochemical redox reactionswith fast diffusion kinetics of electron and redox species.
However, their low electrical conductivity due to poor overlap between orbitals of
metal ions and linkers possess a major challenge for their application. The charge
transfer and subsequent electrical conductivity in MOFs are best explained in terms
of the redox hoping mechanism which depend on the separation of active sites and
density of states between them.

To date, various approaches have been used to increase electrical conductivity.
The creation of defects by using mixed oxidation state metal ions has been shown
to increase the electrical conductivity of MOFs. Hole formation by incorporating
Fe3+ in place of Fe2+ in Fe-based MOFs has shown to increase the electrical conduc-
tivity by five times and decreases the charge activation energy [41]. The increase in
electrical conductivity can be attributed to the hole delocalization due to the Fe2+/3+

mixed-valence state. Similarly, the formation of organic holes has also been shown to
increase the electrical conductivity in tetrathiafulvalene-tetrabenzoate-based MOFs
[42]. Second approach to increase the electrical conductivity is to increase the interac-
tion between the linkers and metals ions. For example, Sulfur-based bridging ligands
have been shown to increase the conductivity by strongly interacting with metal ions.
Owing to effective overlap between themetal ions and ligands, Cu-HITP-basedMOF
has shown high electrical conductivity up to 20 S m−1 [43].

Another strategy used to increase the functionality of MOFs is the functional-
ization of pores by incorporating redox-active species. Incorporation of conjugated
and redox-active molecule 7,7,8,8-tetracyanoquinodimethane in HKUST-1 has been
shown to increase the electrical conductivity by 6 times [44]. Along with the elec-
trical conductivity, another factor that needs to be considered is ionic conductivity
through the pores. A less packed MOFs provide better conduction of ions during the
electrochemical processes which can be further increased by introducing a network
of functional groups. Umeyama et al. have shown an intrinsic proton conductor
using a network like structure formation in Zn-based MOF due to hydrogen bonding
between the layers. [45].

Unique, diverse, and tuneable property of MOFs provide an opportunity to design
MOFs with different functionalities. The properties can be further tailored by incor-
porating nanoparticles in MOFs due to synergistic interaction between the metals
and organic linkers have been widely explored for electrocatalysis.

3 Synthesis of NP Encapsulated MOFs

Synthesis methods ofMOF encapsulated nanoparticles can be broadly classified into
three categories as shown in Fig. 3:

1. Impregnation approach
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Fig. 3 Reaction schemes for the synthesis of MOF-NP composites a impregnation approach, b
encapsulation approach, and c one-pot synthetic approach

2. Encapsulation approach
3. One-pot synthetic approach

3.1 Impregnation Approach

The impregnation approach also refers to the “ship in a bottle” approach, where ship
refers to metal or metal oxide nanoparticles while bottle refers to MOFs [46]. This
approach includes three steps as shown inFig. 3a. Thefirst step is a synthesis ofMOFs
which includes heating of metal salt and organic linkers in suited solvent via either
solvothermal ormicrowave techniques. The second step includes the incorporation of
metal precursors into the synthesizedMOFs. For incorporation of themetal precursor
into the pores/cavity of MOFs, the double solvent approach is mostly used. The
double solvent approach prevents the agglomeration of NPs on the external surface
of MOFs. The third step is the reduction of metal precursors into the channels of
MOFs to produce metal nanoparticles inside the pores of MOFs. NaBH4 is mostly
used as a reducing agent.

Xu et al. synthesized the first MOF encapsulated nanoparticle composite by this
approach. They formed Pt@MIL-101 (Cr) by using H2PtCl6 solution as a metal
precursor and a double solvent approach to infilter Pt precursor into the cavity of
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MIL-101 (Cr) [47]. Similar method has been used to synthesize Pd@NH2-UiO-66
(Zr) by Sun et al. by using mild reduction condition [48].

This method can be employed to synthesize alloy and core–shell nanoparticles
inside MOFs. Xu et al. synthesized alloy nanoparticles of AuNi inside the pores
of MIL-101 (Cr) [49]. HAuCl4 was used as Au precursor, and NiCl2 was taken as
Ni precursor and co-reduced using NaBH4 as a reducing agent. They observed that
some of the alloy nanoparticles agglomerated on the external surface of MOFs. To
overcome this issue, they increased the concentration of reducing agentNaBH4 which
led to the generation of small-sized nanoparticles and found that the external surface
ofMOFsbecomecompletely free of nanoparticles. Jiang et al. also observed the effect
of reducing agent and synthesized core–shell nanoparticles of PdCo inside the voids
of MIL-101 (Cr) by using mild reducing agent NH3BH3 while alloy nanoparticles of
PdCo have been formed inside the voids of MIL-101 (Cr) by using strong reducing
agent NaBH4 [50].

A similar approach has been used to encapsulate metal oxide nanoparticles and
a mixture of metal nanoparticles and metal oxide nanoparticles into the cavity of
MOFs. Han et al. synthesized CoOx/MIL-101 (Cr) composite using a double solvent
approach [51]. They usedCo(NO3)2 solution asCoprecursor and added to the synthe-
sized MOFs MIL-101 (Cr) and dispersed in hexane using ultrasonication. After that,
they calcined the whole mixture to form CoOx/MIL-101 (Cr). An et al. synthesized
Cu/ZnO nanoparticles inside the MOFs. Cu and ZnO nanoparticles were produced
inside the pores of MOFs by step wise reduction method using H2 as reducing agent
[52].

The impregnation approach was used to synthesize a huge number of metal
nanoparticle-MOF composites. However, control of the size and morphology of NPs
in the pore ofMOFs is still a challenge. Also, this method has one more disadvantage
in terms of aggregation of NPs on the external surface of MOFs.

3.2 Encapsulation Approach

The encapsulation approach is also referred to as “bottle around the ship.” This
approach consists of two steps as shown in Fig. 3b. The first step is the forma-
tion of metal nanostructures with controlled morphology by reducing suitable metal
salt using a reducing agent. The second step involves the growth of MOFs around
the synthesized nanostructures. This method has an advantage over the impreg-
nation method since morphology-controlled nanostructures could be synthesized
by selecting proper capping agents and reaction conditions. For example, shape-
controlled gold nanomaterials could be synthesized as nanoparticles, nanowires,
nanorods, and nanocubes. Once morphology-controlled nanostructure has been
synthesized, the only step that remains an encapsulation of these nanomaterials into
the pores of MOFs.

Kitagawa et al. synthesized Pd nanocubes surrounded by HKUST-1 (Cu) [53].
Pd nanocubes were synthesized using Na2PdCl4 as Pd precursor, l-ascorbic acid
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as a mild reducing agent, bromide ions as capping agent, and water as solvent.
Synthesized Pd nanocubes were added into the solution containing Cu(NO3)2 and
trimesic acid and stirred for 48 h at room temperature to form Pd@HKUST-1 (Cu).
However, they do not found uniformity of Pd nanocubes in the product.

An alternate approach was developed by Tang et al. by introducing a layer
of surfactant in between the MOFs and nanostructures to form uniform core–
shell nanocomposites. They successfully synthesized Pd@IRMOF-3 (Zn) core–
shell nanocomposite [54]. PVP was used as a stabilizing agent to stabilize Pd
nanoparticles also was used as a bridging layer in between Pd nanoparticles and
IRMOF-3 (Zn) to form uniform nanocomposites. A similar research group also
synthesized nanowires surrounded by MOFs. First, they synthesized PVP-capped
silver nanowires and then added these synthesized Ag nanowires to the reaction
mixture containing Zn(NO3)2·6H2O and 2-methylimidazolate to form Ag@ZIF-
8 (Zn) core–shell nanocomposites. In this case also, PVP act as a bridging layer
between nanowires and MOFs [55].

Not only organic molecules like PVP but ionic surfactants can also be used as
a bridging ligand. Tsung et al. synthesized Pd@ZIF-8 (Zn) core–shell nanocom-
posites using cetyltrimethylammonium bromide (CTAB) as a bridging ligand [56].
First, they synthesized Pd nanocubes capped by CTAB, because of the presence of a
hydrophobic chain in CTAB, it interacted with a non-polar group of organic ligands
of ZIF-8 and facilitated control alignment ofMOF around Pd nanocubes. The various
research group also tried to incorporate more than one type of nanoparticle into the
pores of MOFs. One notable example is shown by Zhang et al. by synthesizing
Au/Pt@ZIF-8 (Zn) core–shell nanocomposites.

Another interesting approach to synthesize MOF encapsulated nanoparticles is to
sandwich the nanoparticle layer in between the layers of MOFs. Tang et al. synthe-
sized Pt nanoparticles sandwiched inside the MIL-101 (Fe) [57]. Synthesis of such
nanocomposite includes the synthesis ofMIL-101 (Fe) core first, followed by adsorp-
tion of already synthesized Pt nanoparticles and then the growth of MIL-101(Fe)
shell. In this case also, PVP act as a bridging ligand to sandwich Pt nanoparticles
inside the MOFs.

The introduction of a bridging ligand sometimes diminishes the catalytic activity
of core–shell nanocomposite. Therefore, various research groups tried to focus on
an alternative approach to synthesize core–shell nanocomposite by using a hard
template that could be removed after the whole synthesis procedure. Su et al. synthe-
sized yolk-shell nanocomposite of Au@ZIF-8 (Zn) by hard template method. In
this method, SiO2 was used as a hard template [58]. The whole synthesis procedure
includes four steps: The first step is a synthesis of morphology control nanoparticles.
The second step is a coating of as-synthesized nanostructure with a hard template
which is SiO2 to form Au@SiO2 core–shell nanostructure. The third step is the
introduction of the core–shell of Au@SiO2 to the reaction mixture of ZIF-8 (Zn) to
synthesize Au@SiO2@ZIF-8 (Zn). Forth step is the removal of the hard template.
NaOH solution is used to etch out layers of SiO2 to form a yolk-shell nanocom-
posite of Au@ZIF-8 (Zn). However, due to the presence of a limited number of hard
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templates, more synthesis strategies are required to synthesize uniform core–shell
nanocomposite containing MOF encapsulated nanoparticles.

3.3 One-Pot Synthetic Approach

In the impregnation and encapsulation approach described above, two or more two
steps are required to synthesize MOF-nanoparticle composites. It is always desirable
to reduce the timing and number of steps of the reaction for the facile synthesis.
Recently, research groups are more focused on synthesizing MOF-nanoparticle
composites in a single step as shown in Fig. 3c, but the challenge is to balance
the agglomeration of nanoparticles with nucleation and growth timing of core of
nanoparticle and shell of MOFs.

Tang et al. synthesized the first core–shell nanoparticle-MOFs composite via one-
pot reaction scheme. They synthesized Au core and MOF-5 (Zn) shell composite by
mixing all the required precursors such as HAuCl4, zinc nitrate, and benzene-1,2-
dicarboxylic acid organic ligand in the reaction mixture along with solvent ethanol
and capping agent PVP [59]. Capping agent plays a crucial role in synthesizing core–
shell composites. In this case, the growth of MOF-5 takes place on the PVP-capped
Au nanoparticles. A similar method has been used to synthesize Pd-MOF core–shell
nanocomposites by Li et al. They used Pd(NO3)2 as Pd precursor, ZrCl4, organic
linker as 2,2′-bipyridine-5,5′-dicarboxylic acid, reducing agent as NH3BH3 in DMF
solvent. They obtained uniform 3.2 nm Pd nanoparticles surrounded by UiO-67 (Zr)
[60].

Although a one-pot reaction scheme is a less time consuming and easy way to
synthesize core–shell nanocomposites but not many reports are there in the literature
by this method. This is because of difficultly in tuning the morphology and size of
nanoparticles along with the growth of MOFs over the nanoparticle. Therefore, it is
need of the hour to develop simple, facile one-pot chemical methods to synthesize
these composites.

4 Reaction Mechanism of ORR, OER, and HER

HER/OER/ORR are the major electrochemical processes being used in water-
splitting, fuel cells, and metal-air batteries as shown in Fig. 4. These electrochemical
processes involvemultiple stepswith intermediates being adsorbed on the active sites
of the electrocatalysts. Thus, the electrocatalytic activity of catalysts greatly depends
on the interaction of the active sites with the intermediates, which is measured as the
adsorption energy of various intermediates on the redox-active sites of the electrocat-
alysts. The interaction depends on the electronic structure of the active sites, which
in turn can be manipulated through the structural and compositional variation in
the electrocatalyst. These electrochemical processes can have a different mechanism
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Fig. 4 a Representative schematic showing the various electrochemical processes involved in fuel
cells, rechargeable batteries, and water-splitting; b electrochemical process in fuel cells; c elec-
trochemical process in water-splitting; and d electrochemical process in rechargeable metal-air
batteries

and their accepted reaction mechanism in acidic and alkaline mediums is explained
below [61].

4.1 Mechanism of Oxygen Reduction Reaction (ORR)

ORR is one of the fundamental reactions in fuel cells and metal-air batteries where
O2 is being reduced to form H2O or OH– and require an equilibrium potential of
1.23 Vwith respect to RHE. However, the other kinetic barriers increase the required
equilibrium potential. The most acceptable ORR mechanism with high efficiency in
acid and alkaline medium is shown below:

Acidic medium:

Overall reaction : O2 + 4H+ + 4e− → H2O
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Steps : O2 + 2H+ + 2e− → H2O2

H2O2 + 2H+ + 2e− → 2H2O

Alkaline medium:

Overall reaction : O2 + 2H2O + 4e− → 4OH−

Steps : O2 + 2H2O + 2e− → OOH− + OH−

OOH− + H2O + 2e− → 3OH−

4.2 Mechanism of Oxygen Evolution Reaction (OER)

OER is the reverse of ORR where O2 gas is evolved from oxidation of OH– or
H2O. It is another crucial fundamental reaction in fuel cells and metal-air batteries.
ORR and OER both are generally 4e– processes and have various intermediate steps
where oxygenated species undergo various transitions. The most acceptable OER
mechanism in acid and alkaline medium is shown below.

Acidic medium:

Overall reaction: 2H2O → O2 + 4H+ + 4e–

Steps: ѳ + H2O → OHѳ + H+ + e–

OHѳ → Oѳ + H+ + e–

Oѳ + H2O → OOHѳ + H+ + e–

OOHѳ → Oѳ2 + H+ + e–

Oѳ2 → ѳ + O2

Alkaline medium:

Overall reaction: 4OH− → O2 + 2H2O + 4e−
Steps: ѳ + OH– → OHѳ + e–

OH– + OHѳ → H2O + Oѳ + e–

Oѳ + OH– → OOHѳ + e–

OOH + OH– → Oѳ2 + e–

Oѳ2 → ѳ + O2

ѳ is used to show the active site of the catalyst.
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4.3 Mechanism of Hydrogen Evolution Reaction (HER)

Hydrogen is a promising environment-friendly energy source and possesses high
energy density. Hydrogen gas is one of the feeds in fuel cells and can be produced
by the electrolysis of water. The reaction mechanism of HER in acidic and alkaline
mediums is presented below.

Acidic medium:

Overall equation : 2H+ + 2e− → H2

• Volmer step: ѳ + H+ + e– → Hѳ

• Tafel step: Hѳ + Hѳ → H2
• Heyrovsky step: H+ + e– + Hѳ → H2

Alkaline medium:

Overall equation : 2H2O + 2e− → H2 + 2OH−

• Volmer step: H2O + e– → Hѳ+OH–

• Tafel step: Hѳ + Hѳ → H2
• Heyrovsky step: H2O+ e– + Hѳ → H2 + OH–

ѳ is used to show the active site of the catalyst.
UnlikeOERandORR, hydrogen is the adsorption species in the intermediate steps

of HER and the equilibrium potential for HER is 0 V. For a good electrocatalyst,
the adsorption energy of H (�GH*) should be 0 eV, i.e., hydrogen should not be
adsorbing too strongly or too weakly. Any steps in the HER mechanism can be the
rate-determining steps, and Tafel slope values can predict the rate-determining step.

5 Parameters to Evaluate the Electrochemical
Performances

5.1 Parameters to Evaluate HER/OER Performance

The performance of any catalyst for HER/OER is evaluated by various parameters
as shown in Fig. 5.

Parameters are briefly described as follows

1. Overpotential: Overpotential is the foremost important parameter for eval-
uating the performance of an electrocatalyst. It is defined as the difference
between the values of applied potential (E) and the equilibrium potential (Eeq).
The equilibrium potential of any electrochemical reaction is thermodynamically
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Fig. 5 Different parameters to evaluate the HER and OER performance of electrocatalysts

determined potential. Overpotential is denoted by “ï.” In general, the lower the
value of overpotential, the better will be the performance of that material as
electrocatalysts for HER/OER.

η = E − Eeq

2. Electrochemical active surface area (ECSA): It is defined as the electrochem-
ically active area available on the surface of any catalyst, which eventually indi-
cates the availability of active sites on the catalyst surface where adsorption
of species could take place. The higher value of ECSA is suggested for better
electrocatalyst.

3. Exchange current density: Exchange current density (io) is defined as the
exchange current (jo) per unit area of the electrode (A). Its magnitude is
used to describe charge transfer interactions between reactant and the used
electrocatalyst.

io = jo
A

Generally, the high value of io is desirable for better electro catalytical
activity. This is evident from the fact that Pt has a higher value of io and is
a superior HER electrocatalyst.
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4. Tafel slope: Tafel slope is used to predict the mechanism of the electrochemical
reaction and hence an important parameter to evaluate the performance of an
electrocatalyst. Tafel slope indicates the kinetics of the reaction and predicts the
increment in the value of current with overpotential. Tafel equation is written
as

log(i) = log(io) + η

b

where i is current density, io is exchanged current density, ï is overpotential,
and b is Tafel slope.

Generally, a smaller value of the Tafel slope is considered for better
electrocatalytic activity.

5. Turnover efficiency: It indicates the amount of product that can be obtained
per unit catalytic site of an electrocatalyst per unit time. The value of turnover
efficiency should be higher for better electrocatalytic activity.

Turnover efficiency = amount of product molecules

number of catalytic site × time

6. Stability of catalyst: Stability of catalyst is another foremost important param-
eter since it determines the usability of that catalyst on large scale. The catalyst
must be stable and should not change its morphology and property after test
cycles.

5.2 Parameters to Evaluate ORR Performance

The performance of an electrocatalyst used for ORR is evaluated by various
parameters as described below

1. Mass activity: For any material to act as a catalyst for ORR should have a high
value of the mass activity. Mass activity is described as the product of kinetic
current density (ik) to the geometric area of the electrode (A) being used divide
by the mass of catalyst (m) loaded on the electrode.

Mass activity = ik × A

m

2. Specific activity: Specific activity is another important parameter to evaluate
the performance of ORR. The specific activity represents how many active sites
available on the catalyst surface. More will be the number of active sites, the
better will be the performance of an electrocatalyst because of the increase in
electrochemical active surface area.
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3. Onset and half-wave potential: Both onset potentials and half-wave potential
are used to determine the properties of catalyst used for ORR. Both parameters
were determined by performing linear sweep voltammetry (LSV).

6 MOF and MOF-Based Electrocatalysts

The advantage of MOF having well-separated metal nodes, large pore channels, and
ultrahigh surface area has been exploited for electrocatalysis. However, as previously
mentioned MOFs have low electronic conductivity, hence various strategies have
been explored to increase the conductivity, stability and subsequently enhance the
electrochemical activity. The following sections are going to discuss the advancement
in MOFs, MOF-NP composite, and MOF-derived electrocatalyst.

6.1 MOF as Electrocatalyst

Pristine MOFs with engineered microstructures including choice of metal centers,
ligand modification have been designed for the catalytic application. Examples of
MOFs as electrocatalysts for OER, ORR, and HER are presented in Table 2. Tripathy
et al. synthesized aCo-MOF ([Co4(BTC)3 (BIM)6] [solvent]) through a solvothermal
method and investigated its electrocatalytic properties for ORR and OER [62]. Simi-
larly following hydrothermal method, a Fe-MOF was prepared on nickel foam was
reported by Zhang et al. The MOF was investigated for OER in 1 M KOH solution.
The catalyst requires an overpotential of 240 mV and a Tafel slope of 72 mV/dec
[63].

Several strategies have been explored to improve the catalytic property of MOFs.
Lin et al. performed the theoretical studies on the TM-ZIF-based catalysts for OER
andORRand have revealed that several ligands and coordination numbers affect their
catalytic properties, and unsaturated metal ions have better catalytic activity [64].
Further, the emergence of conductive MOFs has boosted electrochemical perfor-
mances. Huang et al. have used hexaiminohexaazatrinaphthalene (HAHATN) as a
conjugated ligand to synthesize bimetallic sited conductive MOF [65]. The synthe-
sized MOF has an extra M-N2 moiety, and DFT studies have shown that the M-N2

moiety has a higher degree of unsaturation and thus better catalytic property for HER.
It has been also shown that bimetal and multimetal nodes in the MOF can enhance
the electrochemical properties. Tuning the electronic states of the reactive species Co
by introducing Fe in Co-MOF has been shown to enhance the OER activity. CoFe-
MOF required an overpotential of 265 mV to attain j = 10 mA/cm2 and has a Tafel
slope of 44 mv/dec [66]. Other multimetallic nodes (Co, Fe, Ni)-MOF based onMIL
and MOF-74 have been prepared which show the better electrochemical activity as
compared to monometallic-MOF. [67, 68].
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Table 2 Summary of various MOFs for electrocatalytic OER, ORR, and HER applications

Catalyst Application Condition Performance Reference

Overpotential
(mV)

Tafel slope
(mV/dec)

Ni3(Ni3•HAHATN)2 HER 0.1 M
KOH

115 45.6 Huang
et al. [65]

CoFe-MOF OER 1 M KOH 265 44 Zou et al.
[66]

2D Co6O(dhbdc)2 Total
water-splitting

0.1 M
KOH

211 - Huang
et al. [71]

TMOF-4 nanosheets OER 1 M KOH 318 54 Song et al.
[72]

CoxFe1-X-MOF-74 OER 1 M KOH 280 56 Zhao et al.
[67]

Co-MOF OER
ORR

1 M KOH 280
Eonset =
0.85 V

51 Tripathy
et al. [62]

Fe-MOF-NF OER 1 M KOH 240 72 Zhang
et al. [63]

Ni-PC-MOF OER 1 M KOH <250 - Jia et al.
[73]

Co(Hpcyz)4.H2O HER 0.5 M
H2SO4

Eonset = 101 121 Zhao et al.
[70]

Redox reaction at themetal center changes the coordination state and thus destruct
the MOF framework. Various approaches have been employed to stabilize the MOF
in a redox reaction environment. One such approach was shown by Khrizanforova
et al., a redox stable bimetallic Co/Ni-MOFwas prepared by using ferrocenyl diphos-
phinate and 4,4′-bipyridine [69]. The introduction of bipyridine in MOF increases
the structural stability in organic or in aqueous medium and better activity in compar-
ison with the ferrocenyl diphosphinate-based polymer. Structures of MOFs also play
a crucial role in electrocatalytic activity. Various efforts have been done to study
the structure–property correlation of MOFs. One such example was reported by
Zhao et al. who synthesized a 3D Co-MOF showing eightfold 66 interpenetrating
networked frameworks. The Co-MOF when tested for HER in 0.5 M H2SO4 shows
low onset potential and low Tafel slope of 101 mV and 121 mV/dec, respectively
[70]. Replacing the metal centers with redox-active polyoxometalate ions have also
shown promising electrocatalytic activity.

The dimensionality ofMOFs plays a crucial role in regulating the catalytic activity
ofMOFs. In bulkMOFs,most the electrochemical active sites (SBUs) arewell within
the structure and thus, not accessible to redox species. Thus, 2D MOFs have been
explored with the advantage of rapid mass and electron transfer, higher surface area,
making the active sites to be exposed completely, and also acts as a model for struc-
ture–property relation.An in situ electrochemical exfoliation of redox-active catechol
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functionalised ligand-based pillared-layer MOF to 2D MOF was designed for total
water-splitting reaction and requires 211 mV overpotential to achieve 10 mA/cm2

current [71]. Song et al. reported a 2D MOF based on the 1D chain of [Co4(OH)2]6+

from exfoliation of 3DMOF [72]. The exfoliated 2DMOF shows a robust OER cata-
lyst with an overpotential of 318 mV and a Tafel slope of 54 mV/dec. 2D conductive
MOFs with high surface area MOFs can be directly synthesized. Jia and co-workers
synthesized a largeπ-conjugated conductive linker phthalocyanine (Pc)-based Ni-Pc
MOF via a solution method and explored for OER [73].

6.2 MOF Encapsulated Nanostructures for Electrocatalysis

As mentioned above, the catalytic activity of the MOFs can be improved by incor-
porating electrochemically active nanoparticles. Small nanoparticles have higher
surface energy and coarsen during the catalytic processes. Encapsulation of inor-
ganic nanoparticles inMOF nanocages with strong interaction between them prevent
agglomeration and improve catalytic stability. Few examples of MOF encapsulated
nanostructures for electrochemical applications are presented in Table 3.

Encapsulated redox-active Keggin type polyoxometalate (POM) ion
[CoW12O40]6+ in the voids of ZIF-8 was reported by Mukhopadhya and co-worker
for water oxidation reaction (OER).23 The POM@ZIF-8 was in situ synthesized. The
choice of Keggin is crucial for the encapsulation of POM. [CoW12O40]6+ is small
enough to be accommodated in the nanocages of ZIF-8 but large enough to prevent its
leaching out from the void. The synthesized POM@ZIF-8 shows excellent stability,
even after 1000 catalytic cycles, current values were stable, and exhibit high Faradaic
efficiency of 96% in the neutral medium. Controlled electrochemical experiments
depict that the formation of CoOx on the surface of POM-ZIF-8 is the actual
active site for the reactions. Similarly, Abdelkader-Fernandez et al. synthesized a
Co-based POM (SiW9CO3(H2O)3O37]10− in ZIF-8 and ZIF-67 nanocages [24]. The
synergistic effect originating from the electron transfer between SiW9CO3/ZIF-67
results in the activation of POM active sites as well as the creation of the unsaturated
metal center in ZIF-67, which was not observed in SiW9CO3/ZIF-8 nanostructure.

Along with the incorporation of POMs, metal nanoparticles can also be integrated
within the pores of MOF and facilitate electrochemical activity. Zheng et al. reported
tiny Pd nanoparticles encapsulated in the pores of electrically conducting MOF-74
[25]. The catalyst was synthesized using the impregnation method, where Pd salt
was added to MOF-74-Co followed by reduction. The Pd-MOF-74-Co shows better
electrochemical performance forHER andORR in both acidic and alkalinemediums.
Pd-MOF-Co-74-3 (highest loading) shows Eonset = 0.938 V and half-wave potential
of 0.798 V in 0.1 M KOH which was equal to commercial Pt/C. Decreasing the
coarsening tendency of Pt quantum dots by enclosing them into the MOF is one of
the promising tendencies to exploit the full catalytic efficiency of Pt and reduce the
loading of noble metals. Ye et al. designed a one-step synthesis of PtQDs@Fe-MOF
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Table 3 MOF encapsulated nanostructures for electrochemical applications

Catalysts Application Condition Performance Reference

Potential
(V)

Tafel
slope
(mV/dec)

POM@ZIF-8 OER 0.1 M
Na2SO4

– – Mukhopadhyay et al.
[23]

SiW9CO3/ZIF-67 OER 0.1 M
KOH

η10 =
0.47

113.6 Abdelkader-Fernandez
et al. [24]

Pd-MOF-Co-74–3 ORR
HER

01 M
KOH
0.1 M
H2SO4

Eonset =
0.938
Eonset =
-0.4

57 Zheng et al. [25]

Ru50Rh50-UiO-66-NH2 HER 0.5 M
H2SO4
1 M PBS
1 KOH

η10 =
0.077
η10 =
0.114
η10 =
0.177

79
93.4
11.8

Ding et al. [27]

CoOx-ZIF-67 OER 1 M KOH E10 =
1.548

– Dou et al. [76]

PtQDs@Fe-MOF HER
OER
Total
water-splitting

1 M KOH η10 =
0.033
η10 =
0.144
E10 =
1.47

28.6 Ye et al. [26]

PtCNW/PCN-222 HER 1 M PBS η10 =
0.114

78.6 Xiao et al. [75]

(Ni-Cu@Ni-Cu-MOF-74) HER 1 M KOH – 98 Ma et al. [74]

Pt0.5%/Cu-MOF-74 ORR 0.1 M
KOH

E1/2 =
0.8

– Anand Prakash [77]

NiSO-BDC OER 1 M KOH η10 =
0.298

58.6 Wang et al. [78]

on nickel foam [26]. This core@shell structure has been studied for HER, OER, and
total water-splitting reactions.

Bimetallic RuRh alloys with various atomic percentages were encapsulated using
impregnation method in UiO-66-NH2 [27]. Equiatomic RuRh alloy (Ru50Rh50-UiO-
66-NH2) shows overpotential of 77, 114, and 177 mV to reach a current density of
10 mA/cm2 in acidic, neutral, and alkaline medium, respectively, which are compa-
rable to Pt/C and Ru/C. In terms of stability, the encapsulated catalyst has outper-
formed the commercial catalysts. In situCu-Ni alloy nanoparticleswere encapsulated
in Cu-Ni-MOF-74 [74]. Encapsulated nanoparticle (Ni-Cu@Ni-Cu-MOF-74) shows
better electrical conductivity and thus better OER performance in 1 M KOH. The
catalysts also show better stability in comparison with individual components.
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Host and guest nanostructures affect the property of hybrid materials. Xiao et al.
investigated the host–guest effect by growing Pt/C nanowires (PtCNW) and Pt/C
nanodots (PtCND) into the channel and cages of PCN-22 and PCN-221, respec-
tively [75]. Time-resolve photoluminescence study reveals the faster electron transfer
kinetics in the case of nanowires and when tested for HER under light illumination,
PtCNW/PCN-222 shows better performance with an overpotential of 115 mV to
reach the current density of 10 mA/cm2.

Dou et al. designed another synthetic strategy to synthesize atomically dispersed
catalytic active sites in the MOF and reported a dispersed CoOx-ZIF-67 by oxygen
plasma treatment of ZIF-67 [76]. Oxygen plasma treatment on the MOF breaks the
Co–N bond and subsequently react with plasma to form CoOx. During OER studies,
CoOx-ZIF-67 required a potential of 1.548V to reach a current density of 10mA/cm2

which is comparable to commercial RuO2. Not only encapsulating the nanomaterials
but integration on the surface of MOFs can also enhance the properties. Anand
Prakash reported a Pt nanoparticle anchored on Cu-MOF for ORR with different
loading of the metal nanoparticle. Pt0.5%/Cu-MOF-74 shows the onset potential of
0.97 V and E1/2 = 0.84 versus RHE with better long-term stability [77].

Not only metal nanoparticles but even encapsulation of transition metal chalco-
genides in MOF have also been shown as cost-effective catalysts with improving
catalytic activity. For example, Nickel sulfides show poor catalytic activity toward
OER. However, heterogeneous nanostructures show improved activity. Similarly,
Wang et al. [78] synthesized Ni-MOF modified Ni3S2/NiS for OER application. A
two-step method was employed to synthesize the catalyst. First, a hollow Ni3S2/NiS
nanoparticle was synthesized by sulfurization of Ni nanoparticle and then a thin layer
of Ni-MOF was coated on the surface of Ni3S2/NiS. The Ni metal was provided
from the nanostructure, and terephthalic acid was added as a linker to form the MOF
coating. The OER activity was investigated in a 1 M KOH solution and requires an
overpotential of 248 mV to reach the current density of 10 mA/cm2.

The above discussion with examples demonstrates the incorporation of nanos-
tructures into the voids/ pores of MOFs is an effective way to improve their catalytic
property. The synergistic effect originating with either charge transfer or conductive
support facilitate the catalysis.

6.3 MOF-Derived Electrocatalysts for ORR, OER, and HER

Over the past two decades, pristineMOFs have been extensively explored for hetero-
geneous catalysis, but the intrinsic challenges of low electrical conductivity and
stability under electrocatalytic conditions possess a challenge for their applica-
tions. However, MOFs can also act as a sacrificial element to overcome the above-
mentioned challenges. They can be converted to graphitic carbon support or N-doped
carbon films, or heteroatom doped carbon materials with excellent electrical and
ionic conductivity, porous materials having high surface area, exhibit better elec-
trochemical activity for various reactions as shown in Fig. 6. The well-separated
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Fig. 6 Representative scheme of MOF to MOF-derived nanostructure along with property
comparison and possible electrochemical applications

metal nodes in MOFs can be easily converted to highly dispersed metal clusters over
carbon support with enhanced electrocatalytic activity due to uniform distribution of
electrochemical active metal centers and better electrical conductivity.

Thermal treatment of MOFs in the different atmospheres is the most common
strategy to synthesize metal incorporated MOF-derived catalysts. Calcination of
MOFs in the air will convert organic ligands to carbonaceous gases leaving behind
the metal nodes as metal oxides. However, pyrolysis in an inert atmosphere such as
Ar and N2 can lead to the formation of metal decorated/incorporated carbon support
(graphitic or amorphous carbon or carbon nanotubes). In the following subsections,
we will briefly discuss the MOF-derived electrocatalysts for ORR, OER, and HER.

MOF-Derived Electrocatalysts for ORR

Metal-free heteroatom doped MOF-derived carbon matrices are being developed
as high-performance and low-cost electrocatalysts for ORR/OER/HER. Carbon
matrices with single element doping or multi-element doping have been investigated
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as a catalyst. Carbonmatrices provide facile support with high electrical conductivity
to boost the catalytic function of MOF-derived catalysts for HER, OER, and ORR.
Owing to the electronegativity differences between N and C which results in surface
polarity and enhancement of the conductivity, N-doped carbon matrix synthesized
after pyrolysis and removing the metal traces from the MOF has shown to enhance
the ORR electrocatalytic activity. N can be doped with different coordination and can
activate different electrochemical reactions. For example, pyridinic N acts as active
sites for ORR in acidic medium [79] and OER in alkaline medium [80]. However,
N in graphitic coordination is active sites for ORR in alkaline medium [80] and
acidic condition acts as HER catalyst [81]. Zhao et al. reported nitrogen-dopedMOF-
derived carbon by pyrolysis of amine-functionalizedMOF (amino-MIL-53(Al)) [82].
Wu et al. further showed the activation of MOF-derived N-doped nanocarbon matrix
by treating with NH3 to regulate the N coordination [83]. The catalyst shows the
half-wave potential of 28 mV higher than the Pt/C in an alkaline medium.

Other heteroatoms can be further doped alongwithN such as P,B, andS to enhance
the electrocatalytic properties. Synergistic effects originating from the electroneg-
ativity difference, and charge redistribution has been shown to tune the adsorption
of intermediates and electron transfer process to improve the ORR. N, S co-doping
in ZIF-8-derived nanocarbon-based electrocatalyst has shown to enhance the ORR
activity [22]. Using MOF-5 as a template, Li et al. have shown co-doping of P, N,
and S in the carbon matrix [84]. The doped nanostructure has shown better cathodic
current density as compared to commercial Pt/C.

Metal precursors can also be easily incorporated in the pores of MOFs before
pyrolysis to construct metal-MOF-derived composite. Owing to the stronger inter-
action between metal and carbon film, metal particles can be uniformly dispersed
over carbon support. Single-atom transition metals incorporation in N-doped MOF-
derived nanostructures has also been investigated for ORR. In such catalysts, TM-Nx

sites are considered to be electrochemically active sites. TM can be introduced in the
nanostructure intrinsically or by providing the external source ofmetals. Proietti et al.
have designed Fe-based ORR catalyst by pyrolysis of ZIF-8, 1, 10-phenanthroline as
N-source and Iron(II) acetate as Fe source [85]. ZIF-8 acts as a host for phenanthroline
and Fe salt which was subsequently heated to form the catalyst. The catalyst shows
comparable efficiency as commercial Pt/C. Zhang et al. investigated the size effect
of Fe-based catalyst derived from Fe doped ZIF, and the best catalytical activity was
found to be of 50 nm-sized catalyst [86]. Enhanced catalytic property of this catalyst
was associated with Fe-N4 -C coordination. Owing to the absence of aggregation of
Fe nanoparticles during the catalysis, the catalyst shows improved stability. Pyrolysis
of Co-MOF leads to the formation of cobalt nanoparticles and a compound-based
electrocatalyst on the carbon support [87, 88]. Along with the doping, MOF-derived
framework can also act as a substrate to incorporate ORR active metal nanoparticles.
Wang et al. have shown a highly ordered Pt3Co intermetallic nanoparticle derived
from MOF as a stable ORR catalyst [89]. Co and N co-doped support were first
synthesized followed by deposition of Pt nanocrystals. On thermal treatment, the Co
atom diffuses into the Pt crystal to form Pt3Co. The intermetallic nanocrystal shows
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Table 4 Summary of MOF-derived electrocatalysts for ORR

Catalyst (MOF-derived
nanocrystals)

Application Performances References

Eonset (V) E1/2 (V)

N-doped
NH2-MIL-53(Al) MOF

ORR –0.13 (vs. Ag/AgCl) – Zhao et al. [82]

NH3 functionalized
N-doped
NH2-MIL-53(Al) MOF

ORR 0.96 0.84 Wu et al. [83]

N, S co-doped ZIF-8
carbon matrix

ORR −0.13 (vs Ag/AgCl) – Song et al. [22]

P, N, S co-doped MOF-5
carbon matrix

ORR –0.006 (vs, Ag/AgCl) – Li et al. [84]

Fe and N incorporated
ZIF-8 matrix

ORR – – Proietti et al. [85]

Fe doped ZIF-8-based
nanocrystal

ORR - – Zhang et al. [86]

MOF-derived Pt3Co
intermetallic
nanoparticle

ORR – 0.92 Wang et al. [89]

Zn-MOF-derived B,
N-doped porous carbon
matrix

ORR – 0.894 Qian et al. [21]

half-wave potential of 0.92 V (vs. RHE) with excellent stability. A summary of above
discussed MOF-derived electrocatalysts for ORR is presented in Table 4.

MOF-Derived Electrocatalysts for OER

The challenges associated with OER process, such as oxidation of carbon mate-
rials and stability issue, limit the application of metal-free MOF-derived catalysts.
However, doping of heteroatoms in the carbon matrix has been investigated for
OER. N-doping in carbon matrix in electron-withdrawing pyridinic coordination
has been shown to improve the OER process [80]. Lei et al. have reported an N-
doped carbon material as bifunctional HER and OER electrocatalyst which was
synthesized by pyrolyzing ZIF-8 followed by cathodic polarization treatment [90].
The improved catalytic property was attributed to various functional group forma-
tions during cathodic polarization treatment. Multiatom doping in carbon matrices
is another method to improve the OER activity of MOF-derived metal-free electro-
catalyst for OER. Qian et al. have shown co-doping of B and N in Zn-MOF-derived
metal-free porous carbon as a bifunctional electrocatalyst for OER/ORR [21]. The
nanostructure shows high ORR activity having the onset potential, Eonset = 0.894 V
versus RHE, with better long-term durability than Pt/C. For the OER process, the
catalyst requires a 1.55 V (vs RHE) potential to reach a current density of 10mA/cm2
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in a 6 M KOH solution. N-doping with the presence of positively charge C atoms
along with B doping facilitates the adsorption of OH– and H2O to enhance the OER
activity.

Precious (Ru, Ir, Pt) and non-precious TM (Fe, Ni, Co) can also be incorporated
in the carbon matrix which shows improved stability and activity as compared to
metal-free MOF-derived electrocatalysts for OER. During the OER process, several
metal-based materials can undergo partial oxidation which can further improve their
catalytic property. However, in metal-MOF-derived OER catalyst, the major part
of the catalyst is still carbon-based which still possess the challenge of stability.
Li et al. have reported a Co-MOF-derived bifunctional HER/OER catalyst which
was prepared by pyrolysis of ZIF-67 in an inert atmosphere [91]. The catalyst has
been investigated for water-splitting reactions and requires a 1.64 V potential to
achieve 10 mA/cm2. Multi metallic doping in MOF-derived nanocarbon has also
been explored for OER. Yang et al. have shown that multimetallic doping in carbon
framework can tune the electronic structure of the material and subsequently alter
the catalytic activity [92]. They synthesize FeCoNi doped MOF-derived catalysts
have reported remarkable HER and OER catalytic performance for FeCo doped and
FeCoNi doped catalysts.

Incorporation of metals such as Ru and Ir into the MOF has also been shown
to enhance the catalytic property. Chen et al. have synthesized Ru/Cu-doped
RuO2 complex integrated in carbon matrix as catalyst. The catalyst was synthesized
through thermolysis of Ru-modified Cu-1,3,5-benzenetricarboxylic acid (BTC). The
catalyst acts as a highly efficient HER and OER catalyst in alkaline conditions [93].
Through a galvanic replacement between IrCl3 and Co-NC, which was synthesized
by thermolysis of ZIF-67, Ir-based electrocatalyst Co@Ir-NCwas reported [94]. This
catalyst has shown superior long-term stability as compared to commercial Pt/C and
RuO2 for HER and OER, respectively.

MOF-Derived Electrocatalysts for HER

Although various carbon-based nanostructures have been investigated for HER,
metal-freeMOF-derived electrocatalysts have not been verywell explored and future
exploration is desired. Lei et al. have shown theN-dopedMOF-derived carbon nanos-
tructure as HER and OER catalyst [90]. The catalyst requires 155 mV versus RHE
to attain 10 mA/cm2 of current and having a Tafel slope of 54.7 mV/dec. Another
example of metal-free MOF-derived catalysts has been reported by Lin et al. [95]
where a novel and unique dual graphitic N-doped in carbon hex-ring was synthe-
sized by pyrolysis of Cu-BTC precursor followed by NH4OH treatment to remove
Cu and facilitate the N-doping. The catalyst requires only 57mV of potential to reach
a current density of 10 mA/cm2 exhibit Tafel slope of 44.6 mV/dec. Further, DFT
reveals that carbon bonded to the dual graphitic N is responsible for the improved
catalysis and has the least �GH* value of 0.01 eV.

Pt group metal (PGM)-based electrocatalysts have been extensively studied for
the HER. However, the agglomeration of PGM during the electrochemical process
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reduces the catalytic activity. However, incorporation of PGM into MOF-derived
carbon nanostructures with better conductivity and strong interaction between them
can prevent agglomeration and enhance stability and activity. Ying et al. synthesized
a highly dispersed Pt nanoparticle encapsulated in an N-doped hollow carbon frame-
work by pyrolysis of tannic acid-coated Pt-encapsulated ZIF-8 [96]. The porous
nature of the carbon framework facilitates the mass transport and provides strong
anchoring support to the Pt nanoparticle, thus displays better HER catalysis as a
comparison with commercial Pt/C with enhanced stability. Metal alloys such RuCo
and IrCo nanoparticle decorated N-carbon have been shown to tune the catalytic
activity of C atoms for HER [97, 98]. Another precious metal (Ru)-MOF-derived
catalyst with better activity and stability was synthesized by selective etching of Cu
nanoparticle form Cu/Ru-MOF-derived carbon nanostructure [99].

Non-precious metals such as Ni, W have also been incorporated into the MOF-
derived carbon framework [100]. The atomically dispersed metals help in utilizing
the complete efficiency of metals electrochemical activity. Chen et al. reported atom-
ically dispersed W atoms on MOF-derived carbon skeleton and tested for HER.
The catalyst was synthesized by pyrolysis of WCl5/UIO-66-NH2. [100]. The cata-
lyst requires overpotential close to Pt/C to achieve 10 mA/cm2 current and exhibit
excellent stability. Metal nanoparticle decorated MOF-derived carbon support has
also been synthesized. Pyrolysis of Ni-MOF under different conditions leads to
the formation of Ni nanoparticles with surface nitridation on the carbon support
[101]. The surface-modified Ni-catalyst attains a current of 20 mA/cm2 at a low
overpotential of 88 mV. The metal nanoparticle of Co is also encapsulated in MOF-
derived carbon nanostructures such as graphene oxide and carbon nanotubes for HER
[102]. Examples of MOF-derived nanostructures for HER and OER are presented in
Table 5.

MOF-Derived Electrocatalysts for Electrochemical Reduction Reaction
of CO2 (CORR) and N2 (NRR)

MOFs act as a sacrificial template for various carbon-based nanostructures having
highly dispersed metals, metal oxides, and heteroatom doped. MOF-derived nanos-
tructures are also explored as electrochemical catalysts for nitrogen reduction to
NH3 and CO2 reduction to various fuels. The growing pollution and global warming
demand the conversion of gases such as CO2 to value-added chemicals. Another
energy demanding industrial process is a synthesis of NH3 from N2. The porous
structure ofMOF facilitates themass transport of CO2 orN2 to the catalytically active
sites. Examples of MOF-derived electrocatalysts for electrochemical conversion of
CO2 and N2 are given in Table 6.

Depending upon the reaction pathways, CO2 can be either converted to CO or
other hydrocarbons. ZIF-derived catalysts generally tend to catalyze the CO2 to
CO. However, the presence of Cu as an active site promotes multi-carbon prod-
ucts. Ion-exchange of Zn2+ in ZIF-8 by the adsorbed Ni nanoparticles leads to the
formation of a single-atom Ni-based MOF catalyst for CO2 reduction to CO with



Recent Progress in the Synthesis and Electrocatalytic … 757

Table 5 Summary of MOF-derived nanostructures for HER and OER electrocatalytic applications

Catalyst
(MOF-derived
nanocrystals)

Application Performances References

Potential at
10 mV/cm2

Tafel slope
(mV/dec)

ZIF-8 pyrolyzed
N-doped carbon
matrix

OER
HER

476 mV
155 mV

78.5
54.7

Lei et al. [90]

Zn-MOF-derived B,
N co-doped porous
carbon matrix

OER 1.38 V 117 Qian et al. [21]

Co-MOF-derived
matrix

OER
HER

370 mV
298 mV

76,131 Li et al. [91]

Fe, Co, Ni-doped
MOF-derived matrix

OER
HER

288 mV
149 mV

60
77

Yang et al. [92]

Cu-BTC-derived
Ru/Co doped
complex

OER
HER

204 mV
28 mV

56
35

Chen et al. [93]

ZIF-67-derived
Co@Ir nanocrystals

OER
HER

280 mV
121 mV

–
41.9

Li et al. [94]

Pt encapsulated
ZIF-8

HER 57 mV 27 Ying et al. [96]

RuCo decorated
N-doped carbon
matrix

HER 28 mV 31 Su et al. [98]

IrCo decorated
N-doped carbon
matrix

HER 24 mV 23 Jiang et al. [97]

W decorated
MOF-derived
carbon matrix

HER 85 mV 53 Chen et al. [100]

Ni decorated
MOF-derived
carbon matrix

HER 88 mV (at
20 mV cm−2)

71–83 Wang et al. [101]

ultrahigh turnover frequency (5273 h−1) and 71% faradic frequency [103]. Nam et
Al. designed Cu-HKUST-based catalysts to promote the formation of multi-carbon
products during electroreduction of CO2 [104]. The symmetric structure of Cu-dimer
(SBU of HKUST) was distorted to the undercoordinated asymmetric structure by
thermal annealing. The catalyst shows faradic efficiency of 45% for the formation of
C2H4 as the product. Another Co-based MOF-derived catalyst has been reported by
Wang et al. [105]Nitrogen coordination aroundCowas found to regulate the catalytic
activity and Co coordinated with two N atoms was found to be the best catalyst for
CO2 reduction to CO. Recently, Yao et al. have synthesized a Cu@CuxO nanopar-
ticle from calcination of Cu-based MOF (HKUST-1) [106]. The presence of Cu+/Cu
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Table 6 Summary of catalyst used for electrocatalytic conversion of CO2 and N2 to other carbon
fuels and NH3, respectively

Catalyst Product Performance (Faradic
efficiency % or yield)

Reference

ZIF-8-derived Ni SAs/N–C CO 71.9 Zhao et al. [103]

Calcined HKUST-1
(HKUST-CuAs)

CO
C2H4

45
45

Nam et al. [104]

ZIF-67-derived Co/N–C CO 94 Wang et al. [105]

Cu@CuxO Ethylene
C2+ product

51
70

Yao et al. [106]

N-doped porous carbon NH3 – Liu et al. [107]

C@NiO@Ni microtubes NH3 10.9 Luo et al. [110]

N, P co-doped carbon matrix NH3
NH4OH

1.08 μgh−1 mg−1

5.77 × 10–4

μgh−1 mg−1

Song et al. [109]

Ru SAs/N–C NH3 29.6
120.9 μgh−1 mg−1

Geng et al. [111]

interface in the catalyst promotes the *CO–CO adsorption and thus favors the forma-
tion of C2+ product and suppresses the mono carbon products. The Faradic efficiency
of ethylene and C2+ products was reported to be 51% and 70%, respectively.

NH3 is another industrial important compound that is generally synthesized by the
Haber–Bosch process. The electrochemical synthesis of NH3 from N2 is one of the
promising alternatives to the Born-Haber process. However, the formation of NH3

from N2 is energy demanding as the inert N2 must be adsorbed, activated, and N–N
triple bond must be broken, thus requires electrocatalyst. The competitive HER as a
side reaction presents another challenge in the selective electrochemical synthesis of
NH3. Co-doping of heterogeneous atoms in the carbon skeleton has been exploited
for NRR. N-doped porous carbon matrix derived from ZIF-8 has been shown as
NRR catalyst, exhibiting the yield of 1.44 mmolg−1 h−1 [107]. The pyridinic and
pyrrolic N-doping create the actives site in the catalyst [107, 108]. Other heteroatoms
co-doping in the carbon matrix has also been reported as a catalyst for NRR [109].
Recently, Luo et al. designed a MOF-derived C@NiO@Ni microtubes for NRR
with a yield of 43.15 μg h−1 μg−1 catalyst and faradic efficiency of 10.9% [110]. Ru
single-atom decorated on N-doped carbon was synthesized for NRR from pyrolysis
of Ru-MOF precursor [111].

7 Summary and Future Perspectives

In this chapter, we have presented the latest progress in exploiting MOFs and MOF-
based nanostructures for electrochemical processes such as HER, OER, and ORR
which are the key process in water-splitting, fuel cells, and metal-air batteries. MOFs
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have a highly porous structure with a large surface area, but at the same time, they
have certain drawbacks which have been discussed in this chapter including poor
conductivity and their chemical and thermal stability. Followed by a brief mechanism
of ORR, OER and HER are presented with parameters used to evaluate the catalysts
performances. A summary of MOFs, MOFs encapsulated nanoparticles, and MOF-
derived nanostructures for electrocatalytic application is also discussed.

Although, the potentials of MOFs are being explored but still there exists
large room for development. From a synthetic point of view, there are only a few
MOFs that are stable under harsh conditions. Thus there is a need to explore the
synthesis methods for designing a robust and stable MOF for electrocatalysis. Also,
only limited metal nodes such as Ni, Co, Cr, and Fe are explored for electrocatalysis,
which results in a limited number of electrocatalysts. The intrinsic poor conduc-
tivity of MOFs, and thus poor charge transfer, also possess a challenge for electro-
catalytic applications. Hence, there is still a need to synthesize MOFs with large
electrical conductivity and stable frameworks. A better electrocatalyst should have
low overpotential and high current, thus engineering the MOF structure to expose a
greater number of redox-active sites, with easy accessibility, and better mass trans-
port is required. The synergistic effect originating from the interaction of MOFs
and nanoparticles can enhance the catalytic performances. The advantage of inter-
face engineering between nanoparticles and MOFs should be exploited in future.
By considering the above-mentioned properties and challenges, efficient MOFs with
better electrochemical performances should be synthesized.

Abbreviations

MOFs Metal-organic frameworks
HER Hydrogen evolution reaction
OER Oxygen evolution reaction
ORR Oxygen reduction reaction
CORR Carbon dioxide reduction reaction
NRR Nitrogen reduction reaction
SBU Secondary building unit
POMs Poly oxometalates
NP Nanoparticle
HSAB Hard-soft acid–base
CIF Cobalt imidazolate framework
CTAB Cetyl trimethyl ammonium bromide
ECSA Electrochemical active surface area
LSV Linear sweep voltammetry
PGM Pt group metal
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Abstract In previous few decades, the Metal Organic Frameworks (MOFs) field
has undergone an instrumental change. They have grown into a material of central
importance, particularly in inorganic and materials chemistry. Previously discussed
chapters talk about the functionalization and main structural characters of MOFs.
Unlike other conventional porous materials, MOFs have extremely ordered, rich and
tunable structures. Researches around MOFs are primarily aimed at utilizing their
structural information for different functionalization. The combination ofMOFswith
a variety of functional components, such as metal nanoparticles, oxides, graphene,
etc. show superior properties to their individual counterparts. They find numerous
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applications in different fields, because of their unique characteristics. Convention-
ally MOFs were used in gas storage and separation. Recent advancements include
applications in catalysis, chemical sensors, proton conduction, and medicinal fields.
MOFs possessing hierarchical structures are believed to have a high potential for
applications including bulky molecules like biomass up-gradation. Even though
MOFs are of great significance, there is still a lack of research in some specific
areas. Researches in MOF faces numerous challenges like the obscuration of their
precise growth mechanism, precise control of target structures, lack of new strategies
for the construction of MOF material, and issues like cost, stability, etc. for industry
use. This chapter aims to summarize and conclude all the structural properties, func-
tionalization, and applications of MOFs discussed in the previous chapters. We will
also discuss the future perspectives of MOFs in different fields, giving a fair idea of
our present knowledge of MOFs and their true potential.

Keywords Metal organic frameworks · Functionalization · Porosity · Catalysis ·
Bio-catalyst

1 Introduction

Porous materials have drawn a great deal of attention in numerous scientific fields
like physics, chemistry, and material science [1, 2]. They play a significant role in
various applications like adsorption, catalysis, biomedicine, etc. Activated carbons
and zeolites are some popularly used porousmaterials, but have certain shortcomings
like irregular structure, pores, and absence of clear structure–property relationships.
Hence, the discovery of a superior porous material happens to be a potent field of
research.

Metal–organic frameworks (MOFs), or porous coordination polymers (PCPs),
happen to be an interesting class of porous compounds. They are formed using
organic linkers and metal ions or clusters and are a latest type of crystalline materials
with quite huge surface areas (1000–10,000 m2/g). In addition to this, they have high
porosity, tunable structures, and are flexible unlike zeolites and activated carbon [3,
4]. They have high amount of metal nodes and an infinite number of organic linkers,
making their compositions and structure easy to tune precisely. They are considered
as a subclass of coordination polymers. MOFs have a variety of applications, like
gas sorption and separation, chemical sensors, biomedicine, heterogeneous catalysis,
etc. [4, 5]. Systematically distributed active sites increase their catalytic efficiency
significantly. In 1994 Fujita et al. reported the first-ever MOF-based catalyst, a 3D
Cd (II)-MOF with 4,4′-bipyridine [6, 7].

The strategies used to synthesize functional MOFs are broadly classified into
three categories: (i) by creating open metal sites or unsaturated metal centers upon
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removing coordinated solvent molecules; (ii) introduction of guest-accessible func-
tional groups into the pre-functionalized organic linkers; (iii) post-synthetic modifi-
cation of MOF materials either by attaching new functional ligands to metal sites or
introducing a functional material to MOF pores [8].

All the properties discussed above make MOFs a central topic of discussion. This
chapter aims to summarize our existing knowledge of MOFs, which was discussed
in the previous chapters. It will give an overview of the structure, characterization,
and functionalization ofMOFs.Wewill also discuss the role ofMOFs as a catalyst in
different reactions. Lastly, conclusions, perspectives for potential applications, and
challenges posed to MOFs are indicated.

2 Structural Properties of Metal–Organic Frameworks
(MOFs)

MOFs have diverse crystalline structures; this provides the basis for their multiple
roles. They are prepared by combining metals or metal clusters with organic linkers,
mostly carboxylic acid or nitrogen-containing ligands. The metals or metal clus-
ters are known as secondary building units, SBUs. Structures of MOFs are decided
by the geometry of SBUs and the structure of organic ligands, this helps in their
tuning to a particular extent by deciding desired SBUs and linkers [2–17]. Pore
surfaces of MOFs can be used to generate functional sites, for example, functional
groups like pyridyl and amine can directly incorporate into the organic linkers. Post-
synthetic modification can also introduce the functional groups incompatible with
MOF synthesis. These can be tuned as per their specific application. Pore sizes of
MOFs vary from tiny to large and can accumulate variety of species like single metal
atoms, nanoparticles, metal complexes, organic dyes, polyoxometalates, polymers,
and small enzymes [9, 10].

2.1 Stability of MOFs

Despite the large number of structures ofMOFs reported in the past years, they gener-
ally have weak stability, like poor water, acid/base, thermal, andmechanical stability.
Practical applications require the stability of MOFs; hence a number of methods
are used to improve this [11, 12]. Direct methods to improve the stability involve
strengthening of the coordination bonds between SBUs and organic linkers. Till
date, few water-stable MOFs like chromium-based MIL-101 series, zeolitic imida-
zolate frameworks (ZIFs) [13], zirconium-based carboxylates [14], aluminum-based
carboxylates, the pyrazole-based MOFs [15], have been extensively studied.

New strategies are being developed to increase the stability of MOFs, generating
hydrophobic surfaces to enhance the water/moisture stability of MOFs is one such



770 S. Kumar et al.

approach. A lot of researchers have reported different ways to achieve this stability.
Nguyen and Cohen suggested a combination of medium to long alkyl groups within
IRMOF-3, to guard the moisture-sensitive MOF by transforming it into a water
repellant material [16]. Yang et al. discovered a series of fluorinated MOFs with
excellent water stability [17]. Jiang et al. synthesized a novel and highly stable
MOF (USTC-6), featuring high hydrophobicity [18]. Several similar approaches
and materials were also reported by different researchers.

Furthermore, a lot of approaches are also targeted to improve thermodynamic
stability. Zhu et al. reported that metal ions (Cu2+, Cd2+, or Fe2+) doping into
a gyroidal MOF, STU1A, resulted in high stability [19]. Unlike water/moisture
stability, MOFs with good acid/base stability are quite difficult to construct. As per
the HSAB principle, interactions between hard Lewis acids and bases, or vice-versa
are much stronger than those between hard acids and soft bases, or vice-versa [20].
A common technique to form MOFs with acid/base stability is to integrate the high
oxidation state metal ions (hard acids) with the carboxylate ligands (hard bases) to
form strong bonds, unaffected by any chemical attack. Zr-based MOFs stand out
among such MOFs [21].

With applications involving elevated temperatures, thermal stability becomes a
key factor. Thermal stability is usually affected by the number of linkers connected
to each metal node and the node linker bond strength. High valence metal ions
often create thermally stable MOFs. Some MOFs like MIL-53 and UiO-66 [14]
are exceptionally stable up to 773 K. Thermal stabilities has become necessary for
emergingMOFsbecause it is a useful predictor of resistance to other stresses. Froman
engineering perspective, the mechanical stability ofMOFs under vacuum or pressure
is extremely important. Generally, high porosity and surface area make MOFs less
mechanically stable, which can grow during mechanical loading [22]. Methods to
improve this stability are yet to be explored and significant development is awaited
[23].

2.2 Pore Characteristics and Surface Area Properties
of MOFs

The permanent and highly ordered porosity of MOFs provide the grounds for their
different functions. Most of the MOFs fabricated to date have been usually micro-
porous with a pore diameter less than 2 nm. They have shown significantly high
adsorption capacities for various gases like hydrogen and carbon dioxide. Narrow
pores of MOFs usually don’t allow the hosting of immense objects and anchoring
molecular functionalities, limiting their usage in some applications. For some recent
applications like catalysis and drug carrier, mesoporous MOFs (pore diameter 2–
50 nm) and macroporous (pore diameter > 50 nm) MOFs are required. A number of
strategies are used to construct and tune MOFs with enormous pore sizes, stretching
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of ligand’s length happens to be one such method [24, 25]. The Brunauer–Emmett–
Teller (BET) surface area and Langmuir surface area are also the key factors for
the functional applications of MOFs [26]. Theoretically, maximum surface area of
MOFs can reach around 14,600 m2/g [27].

3 Emphasis on the Functionalization of MOFs

One of the prominent features of MOFs is their ability to be integrated with various
kinds of functions, which can be incorporated into different parts of MOF structure.
These parts can be metal ions/clusters, organic bridging ligands, and empty spaces
inside the cavities, as shown in Fig. 1.

Organic functional groups are the most used groups for the construction of func-
tional MOFs. This is because of their rich host–guest chemistry. The aim of this inte-
gration is to enrich the host–guest chemistry between MOFs as host and other small
molecules as guests. This improves the efficiency of MOFs in different applications.
Functionalization also affects structural properties such as crystallinity, porosity, flex-
ibility, stability, and topology. Therefore, pre-designing of functional MOFs is used
to get the desired functionality, stability, and porosity. Organic functional groups can

Fig. 1 Functionalizable parts of MOFs
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be classified based on two approaches: on the basis of their chemical and structural
properties and on the basis of their role in MOF structure.

Classification on the basis of chemical and structural properties can have four
categories:

(i) Carbonyl-based functions (Imide, urea, amide, ketone, etc.)
(ii) Oxygen-based functions (Hydroxy, ether, N-oxide, Azoxy, Oxodiazole)
(iii) Sulfur-based functions (Thiol, sulfide, thiourea, sulfonate)
(iv) Nitrogen-based functions (Heterocyclic azines/azoles like pyridine, pyrazole)

Classification on the basis of role in MOF structure can be categorized as (Fig. 2):

(i) Functional groups as coordinating sites
(ii) Functional groups as guest-interactive sites

There are coordinating functional groups as well. They coordinate to metal ions
during self-assembly construction MOFs and are intact. This group includes func-
tions like carboxylate, sulfonate, phosphonate, and some of the heterocyclic groups
like azoles, pyridine, and diazines. These functions are also used as guest-interactive
sites. The functional groups discussed above can also be placed under two categories,
for e.g., functions like carboxylate and azoles are applied to both coordinating and
guest interactive sites.

In side-chain
Main-chain 
functionalization

Tethered

Fused

Functional group as 
Guest-Interactive Site.

Functional group as 
coordinating site.

Fig. 2 Classification of organic functional groups based on their role and position in MOF
framework
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Functional groups also affect the structure of MOFs. These groups can be applied
as coordinating sites or guest-interactive sites. Some parameters like the effect
on crystallinity, porosity, topology, the orientation of coordination sites, etc., and
synthesis conditions like a solvent, pH, etc. should be taken into consideration for the
structure of FMOFs. For instance, if a function like a pyridine is applied to the struc-
ture of ligand with linear chains, the direction of carboxylate coordinating sites will
not change but in the case of functions like urea, the structure is expected to change. In
the case of functional ligands with three chains, urea does not change the orientation
of carboxylate structures. As the secondary interactions between parts of frameworks
are hard to predict, it is almost impossible to predict the structure-directing effects
of the functions.

3.1 Synthesis Strategies for Functionalization

These strategies can be broadly categorized into three categories: (i) In-situ
functionalization (ii) pre-synthetic modifications (iii) post-synthetic modifications
[28].

In-Situ Functionalization

In this approach, the guests are introduced during the synthesis method either inside
the pores or in the MOF matrix. This can be done using two ways either by trapping
the molecules or embedding nanoparticles in MOF matrices. To trap the molecule
the pore aperture of the MOF framework must be smaller than the kinetic diameter
of the guest species. Secondly, the framework must possess binding sites. Under
either of the two conditions, the molecule will be trapped [29]. The embedding of
nanoparticles prevents the Ostwald ripening of the nanoparticles, resulting in MOFs
with enhanced properties for different applications.

Pre-synthetic Modifications

Derivatization of organic linkers prior to synthesis can also help in introducing func-
tionality. The substituents attached must not interfere in the formation of targeted
MOF. Amino- or bipyridine-based linkers are generally used for this purpose. Post-
synthetic deprotection is usually done to enhance the introduced functionalities
[30].
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Post-synthetic Modifications

These are the most effective modifications, the ones previously discussed undergo
subtle changes in reaction parameters. They usually include ion-exchange reactions,
solvent exchange reactions, and the incorporation of guest species in the pores [28].
They are classified as:

(i) Functionalization involving weak interactions
(ii) Functionalization involving string interactions
(iii) Functionalization involving covalent interactions

3.2 Applications of Functionalized MOFs

These functional MOFs find applications in numerous fields and they interact using
different mechanisms. Some of them are listed below:

(i) Urea is used as a catalyst in Friedel-CraftHenry ring-opening anduses hydrogen
bonding with electron-rich or anionic species. This is shown in Fig. 3 [5–36].

(ii) Oxalamide is used in gas adsorption of CO2 and uses simultaneous oxalamide
(O)…C(CO2) and oxalamide (NH)…O(CO2) interactions [31, 32].

(iii) Carbonyls are used in sensing organic solvents and use charge transfer
between electroactive fluorenone and solvents [33].

(iv) Imide is used as a photocatalyst for C–H and C–C reduction. It uses light-
induced electron transfer through π … π interactions [34].

(v) Diazines are used in the removal of Pb2+ and Hg2+ using pyrazine (N)…metal
ion coordination interaction [35].

(vi) N-oxide is used in Li-storage using electrostatic interactions.
(vii) Amine is used in gas adsorption of H2O using acid (gas molecule)…base

(amine) interaction [36].

Fig. 3 H-bonding in urea
with electron-rich species

-

HH

O

NN
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Major groups used in gas adsorption include amine, heterocyclic azoles, amides,
oxalamides, pyridine, and diazine. Heterocyclic azoles and amines show superior
performance in CO2 separation through their lewis basicity, polarity, and hydrogen
bonding, whereas pyridines play an important role in methane storage. FMOFs
as heterogeneous catalysts are specially used for CO2 fixation and activation. The
combination of catalytic activity of functional groups and the heterogeneous nature of
MOFs provides a large number of unique properties for designing FMOF-based cata-
lysts. Almost all functions show good results in sensing the analyte, since it requires
different guest interactive sites. Different functions use different mechanisms, like
chelation, hydrogen bonding, lewis acid/base interactions, etc. Some functions like
amine, phosphonate, and sulfonate can adsorb photons, thus they can also act as
antennas. They transfer these photons through energy or electron transfer to different
parts of the structure especially metal clusters for photocatalysis applications.

4 Catalytic Role of MOFs in Chemical Reactions and Their
Implications

Metal–organic frameworks have emerged as an interesting type of stable, tunable,
and recyclable hybrid materials, consisting of organic bridging ligands and metal
centers with properly confined geometries. MOFs have become one of the most
promising candidates for heterogeneous catalysis applications [37]. To evaluate the
behavior of such porousmaterials, two competing effectsmust be considered: activity
is proportional to the number of sites active, but an increase in the number of active
functions can also result in diffusional limitations. Stability is a vital parameter
in heterogeneous catalysis, as it establishes the type of application the material is
suited for [38]. MOFs have large surface areas available with apt microporous pores,
and highly ordered crystalline structure, providing uniform and confined catalytic
sites, size-, shape- and enantio-selectivities. MOFs can help in reducing the entropy
loss and futher minimizes the transition state energy in reactions like enzymatic
catalysis [39, 40]. They can also be utilized to eliminate the multimolecular catalyst
deactivation path and extend the catalytic center’s functional life owing to their
periodic order and site isolation of catalytic struts.

MOFs are more suited for liquid-phase reactions. Such reactions are performed
at 473 K where product diffusion plays an important role for the control of catalytic
activity. Such conditions are typically used for the production of chemicals with low
volatility. Therefore, MOFs are the optimal catalysts for such reactions [41, 42].
Unlike homogeneous catalysts, frameworks of MOFs can be controlled during the
catalytic process. These can be easily recycled from the reaction systems, making
them economically and environmentally feasible. Furthermore, the embedded,
isolated, and proper active sites of MOFs are easily accessible via open channels.
However, the diffusion of reactants and products is an impotant setback of MOFs
catalysts compared to homogeneous catalysts.
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Table 1 Comparison of
Zeolites and MOFs

Properties Zeolites MOFs

Crystalline Yes Yes

Pore size (nm) ≥1 0.5–9.8

Surface area (m2g−1) <700 <10,400

Pore volume (cm3) 0.1–0.5 >1

Thermal stability High Low to medium

Chemical versatility Low High

Chirality Difficult to achieve Easily obtained

Lewis acidity High Low to medium

Metal site density Low High

Comparison with other porous materials

(i) In comparison to heterogeneous catalysts like zeolites, MOFs are much
unstable, imposing restricting to their practical application (Table 1).

(ii) Preparation of MOFs is relatively easy as reactions can be performed under
mild conditions [43, 44].

(iii) MOFs show significant porosity with tunable cavities at the nanoscale,
whereas it is relatively difficult to attain a size of 1.0 nm for cavities in zeolite
structure.

(iv) The number of zeotype structures are definite because of the fixed tetrahe-
dral SiO4 and AlO4 structural units, but MOFs can be prepared from infinite
combinations of metals and functional ligands offering plethora of options
[45, 46].

In MOFs structure metal centers as well as connecting ligands can act as catalytic
centers. Here, three prominent methods are used to introduce such active sites into
MOFs:

(i) Metal connecting nodes in unsaturated coordination surrounding can be used
as active catalyst sites.

(ii) Bridging ligands offer active centers by introducing functional organic sites
free from the construction of frameworks of MOFs, that can act as Lewis’s
acids or bases.

(iii) Catalytic sites can be immobilized by connecting nodes/bridging ligands
within the MOFs by PSM, where free functional groups acts as “surface
ligands” through coordination interactions. This approach is much more
versatile.

Some of the catalytic reactions using MOF as a catalyst are discussed below.
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4.1 Metal or Metal Clusters as Lewis Acids or Bronsted Acids

The catalytic metal centers are usually used as Lewis acids or bases, in order to retain
the framework of MOFs in the process. Uniform channels promote a high dispersion
of reactant molecules and allow tiny molecules to enter the interior surface and react
with each metal site. MOFs also provide numerous active sites to absorb the reactant
molecules and promote the reactions efficiently. Following are some examples of
reactions successfully catalyzed by metal centers within the MOFs.

Cyanosilylation

A 2D square network catalyst [Cd(bpy)2](NO3)2 was first reported to successfully
catalyze the cyanosilylation of aldehydes with the selectivity of shape [6]. The reac-
tion occurs in pores and is dependent on the cavity size of the network. It was
suggested that the lewis acidity of Cd(II) center catalyzes (Fig. 4) the imino nitrogen
into an electron-donating substratewith selectivity because of the interaction between
hydrophobic grid cavities of the catalyst and surface [47]. From here onwards a lot of
similarMOFcatalystswere reported by different researchers. Chiral Salen ligands for
asymmetric catalysis have also been studied to improve the efficiency of a heteroge-
neous catalyst. In 2015, Cui et al. presented two chiral porous Ti(salen)-basedMOFs
for asymmetric cyanation of aldehydes.

Fig. 4 The Cd(II) ion in the grid complex for cyanosilylation
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Transesterification

Kim et al. reported the first transesterification utilizing a homochiral MOF [Zn3(µ3-
O) (L–H)6]0.2H3O·12H2O with enantiopure metal–organic clusters as SBUs,
allowing the metal complexes in its pores enantioselectively [48]. Freshly prepared
MOFs show ambient catalytic activity after being immersed in ethanol, to exchange
water molecules and ethanol molecules inside the channel and dried up in the sun.
The exposed pyridyl groups provide a catalytic opportunity and exposed Zn atoms
also play a vital role in the catalytic procedure. Transesterifications catalyzed by Cd
[49], Mn [50], and Cu [48] have not been reported in recent times.

Condensation Reactions

Gracia et al. synthesized an effective heterogeneous catalyst, Fe-MOF [Fe(BTC)], for
the Claisen-Schmidt condensation (Fig. 5) reaction in toluene between acetophenone
and benzaldehyde to selectively yield chalcone in the high amount [48]. Unlike other
MOF analogs the activity of Fe(BTC) arises from acidic iron ions with coordinative
vacancies and larger surface areas.

The catalyst is also able to synthesize various chalcone derivates selectively under
mild conditions, which can be recycled easily. Koner’s group also published a report
on alkaline earth metal-based MOFs, Ba-MOF [51] and an Mg-MOF [52], which
catalyzed aldol condensation reactions under environmentally friendly conditions
(Fig. 6). The s-aldol products do not undergo further transformation to generate unsat-

Ph H

O
Fe-MOF

toluene/1100C PhPh PhMe

O O

+

Fig. 5 Claisen-Schmidt condesnation of benzaldehyde with acetophenone. Reproduced from 3
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Fig. 6 Coordination environment of the catalytic centers for the Claisen-Schmidt condensation.
Reproduced from 3
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urated carbonyl compounds and the electron-donating groups afford lower conver-
sions than those of electron-withdrawing groups because of negative inductive and
mesomeric effects.

In 2016, Pomberio et al. reported three MOFs based on Cu, Zn, and Cd and
an isophthalic acid, which catalyzed the Henry reaction of nitroethane with various
aldehydes in an aqueous medium [53]. They were more environmental benignly than
the ones used earlier.

Ring-Opening Reactions

Construction of homochiral MOFs through the introduction of chiral organic linkers
tometal ions/clusters has attracted immense interest but the utilization of chiralMOFs
in asymmetric catalytic reactions is rather limited [54, 55]. Tanka et al. reported a
chiral heterogeneous catalyst, for the asymmetric ring-opening reaction of an epoxide
with an amine under solvent-free conditions [56]. TheMOF structure analysis reveals
that each pair of Cu(II) ions in the catalyst serves as a Lewis acid with unsaturated
open sites after desolvation. The structure of nucleophiles like amines and alcohols,
also affect the stereoselectivity and the conversion of the products in the process of
nucleophilic attack.

MOFsbased onLanthanides are also reported towork as catalysts for ring-opening
reactions. In a Co-based Metallo ligand, without an open metal site, the Co ions, the
lanthanide metal ion act as an active Lewis acid. In other similar MOFs, Farha et al.
found that the number of defects is proportional to the catalytic activity like in styrene
oxide ring-opening reaction [57].

Friedel–Crafts Reactions

Conventionally, acylation reactions between an aromatic substrate and an acyl
component are catalyzed by stoichiometric amounts of strong Lewis acids and Bron-
sted acids. MOFs being recyclable present great potential in Friedel–Crafts reac-
tions, given the economic and environmental reasons. Cu-MOF-74 has been reported
lately with unsaturated metal sites as Lewis acid catalyst in the acylation of anisole
[58]. Anisole conversion catalyzed by Cu-MOF-74 exceeds otherMOF catalysts and
conventional zeolites. Kim et al. reported sulfonated Zr-terephthalate MOF UiO-66-
SO3H,which showed excellent catalytic activity for acylation of p-xylene.Additional
acidic sites enhanced the acidic character and activity of the catalyst.
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4.2 Metal Catalyzed CO2 Conversions

Carbon dioxide happens to be one of the most abundant, inexpensive, non-toxic, and
bio-renewable carbon resources. The conversion of carbon dioxide into chemical
feedstock is somewhat difficult owing to its thermodynamic stability and low reac-
tivity [59]. Doped UiO-67MOFs for the photocatalytic reduction of CO2 to COwere
first reported by Lin et al. [60]. In other research, Li et al. achieved other functional-
izedMOFs as photo-catalysts to reduce CO2 to formate by introducing amino groups
into MIL-125(Ti) or UiO-66(Zr) [61]. Amino functionality significantly improved
the adsorption of light and CO2. Such researches demonstrated the potential appli-
cation of MOFs in artificial photosynthesis under mild conditions. Later in 2014,
hydroboration of CO2 was achieved by Sumby’s group using N-heterocyclic carbine
containing the fourfold interpenetrated 3D diamondoid MOF [62]. This was the first
attempt to embed Cu(I) bis-NHC ligands as catalytic sites into MOF.

4.3 Metal Catalyzed Oxidation

Latest catalytic systems are inclined to use molecular oxygen as the cheapest
oxidant for the oxidation of alkanes. A thermally stable 3D polymeric terephtha-
lene lanthanide MOF, which catalyzed the oxidation of alkyl phenyl sulfides was
reported by Ruiz-Valero et al. The catalyst was recovered by simple filtration without
the obvious losses but reduced reactivity. The activity and selectivity were retained
for around four cycles. Gracia et al. reported that MIL-100(Fe) selectively catalyzed
the oxidation of thiophenol to diphenyl sulfide. Polyoxometallate (POM) MOF, like
PMo-MOF and PW-MOF are efficient and reusable catalysts for the oxidation of
numerous sulfides with high conversation and selectivity to sulfoxides [63].

4.4 Metal Catalyzed Reduction

Hatton et al. reported that aluminium (III) 2-aminoterephthalate MOFs were good
supporters for aluminium isopropoxide (Al-i-Pro), dispersing the latter into pores
via bond formation. The capacity of the composites to adsorb aldehydes from a
saturated vapor atmosphere facilitated acetaldehyde dimerization [64]. Ethyl acetate
is the major product of the composites, while the parent MIL-101 (Al)-NH2 mainly
affords crotonaldehyde via acetaldehyde self-condensation.

Lately, Stavila and the teammade a detailed study on the IRMOF-74 series for the
selective hydrogenolysis of the aryl-ether bond [65]. Mg-IRMOF-74 turned out to be
an efficient catalyst, with outstanding stability for the reduction reaction. Additional
activation sites through the insertion of Ti and Ni dopants into Mg-IRMOF-74 have
led to further improvements.
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4.5 Metal Catalyzed Cross-Coupling Reactions

These reactions include forming newC–C bonds andC-heteroatom bonds. Catalyzed
by organometallic catalysts, these reactions are a vital part of the pharmaceutical
industry and for the conjugated organic materials. Applications of homogeneous
catalysts in this industry is fairly limited owing to their proneness to aggregation
and the difficulty in recycling. Hence, MOFs are gradually applied in these organic
transformations. Following are some examples of such reactions, which use MOFs
as a catalyst.

(i) Pd-catalysed cross coupling reactions: Li et al. reported a mixed ligand
strategy with H2bpydc and bpdc to prepare Pd(II)@UiO-67 with the
[PdCl2(H2-bpydc)] complex and bpdc ligand, which leads to high activity
in the Heck and Suzuki–Miyaura coupling reactions of aryl chlorides.

(ii) Cu-, Ag-, Au-catalysed cross-coupling reactions: In 2009, Wu et al. discov-
ered a reusable and efficient catalyst [CuL2], for the cross-coupling reaction
between imidazole and aryl boronic acid. The reaction featured the advantages
of no additional additives, mild conditions, and high yields.

(iii) Grignard Reactions: Lin et al. reported CMOF with dative PSM by utilizing
the BINOL-derived ligand (R)-6,6′-dichloro-2,2′-dihydroxy-1,1′-binaphthyl-
4,4′-bypyridine. The BINOL ligand contains pyridyl donors designed for the
assembly of the framework and an orthogonal, chiral 2,2′-binapthol group.
The heterogeneous catalyst synthesized by this strategy for asymmetric reac-
tions is ideal because the catalytic sites and their secondary environment are
identical throughout the solid. CMOFs are used to catalyze the addition reac-
tion of ZnEt2 to aromatic aldehydes to produce aldehydes and chiral secondary
alcohols.

5 Future Application Potential of MOFs

5.1 Multivariate MOFs

Multivariate MOFs are a totally different class of compounds. They contain multiple
functionalities such as different metal ions and linkers. Introducing heterogeneity
MOF structures leads to better functional performance than a simple combination of
pure counterparts. MTV MOFs were first developed by Yaghi et al. He synthesized
18 MTV MOF-5 type structures consisting of up to eight distinct single-phased
functionalities [66]. Intermingling functional groups also pose a difficulty to such
MOFs, i.e., if they exist as random, alternating, or as clusters. Keeping this in mind,
Kong et al. reported a methodology using a number of techniques with molecular
simulations. Its effectiveness can be seen in the prediction and validation of the
structures and functions of MTV MOFs. Spatial disorderness in ordered materials
can be overcomed using this method. A one-pot method was reported by Sun et al. It
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aimed at includingmulti functionalities into stable Zr-MOFs throughmixing ligands.
Dong et al. reported a way to achieve programmable controlled release of ibuprofen,
rhodamineB, and doxorubicinwithMIL-101-basedMTVMOFs.Aphysicalmixture
of single componentMOF cannot be used for this purpose, makingMTVMOFs [67].

5.2 Defective MOFs

Structural heterogeneity can also be achieved by introducing defects into the
MOF structure. These defects provide new functional sites missing in pure MOFs,
enhancing gas adsorption and separation, catalytic activity, and electrical and conduc-
tive properties [68, 69]. Missing linker defects were reported for the first time by
Wu et al. They used acetic acid as a modulator in the synthesis of UiO-66. Variation
of acetic acid concentration and reaction time was used to tune the vacancies. The
defective UiO-66 formed showed a drastic increase in pore volume, surface area,
and carbon dioxide adsorption. Non-defective “ideal” MOFs can also be prepared
by carefully examining the reaction conditions. At a ratio of 2:1 for BDC:Zr, and
493 K temperaure, Shearer et al. fabricated an “ideal” UiO-66 which was thermally
stable up to 723 K. A study has also confirmed that increased reaction temperatures
lead to fewer defects.

A combination of mesoporous UiO-66 and phosphotungstic acid acted as a great
catalyst for the methanolysis of styrene oxide. Modulator approach is generally used
in defective MOFs. Jiang et al. reported the use of TFA to generate defective USTC-
253-TFA. The formed compound had exposedmetal centers, leading to an increase in
CO2 uptake, high selectivity, catalytic activity, and recyclability in the cycloaddition
of CO2 and epoxide at room temperature [70].

5.3 2-dimensional MOFs

MOFs can be fabricated into 2-dimensional nanosheets containing active sites. These
sites are exposed on the surface. 2DMOFs often show a better performance in appli-
cations like surface-active separation, sensing, catalysis, and other applications [71].
Peng et al. fabricated a process to construct 1 nm thick molecular sieve nanosheets
from theMOF [Zn2(bim)4]n. The 2DMOFhad an exceptionally high hydrogen selec-
tivity [72]. The 2D nanosheets developed by Zhao et al. proved to be the best for
sensing DNA. It had a threshold much lower than that for 3D MOF-based particles
and was comparable to different 2D nanomaterials. Measurement of fluorescence
quenching of the donors in 3D and 2D nanosheets, developed by Cao et al. revealed
that 3D MOFs are more energy efficient than 2D MOFs. 2D MOFs can also be used
in catalysis because of its exposed active sites. Shi et al. showed the modification of
SBUs with monocarboxylic acids during synthesis of MOFs. It is also used in the
tuning of hydrophobicity/hydrophilicity of the exposed active sites.
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Low yield and lack of control of layer thickness are some hurdles posed in the
formation of ultrathin 2DMOF nanosheets. Ding et al. proposed a technique to make
2D sheets using layered 3D MOF crystals. The 2D sheets made in this method were
far superior heterogeneous photocatalysts than their 3D counterparts.

5.4 Composites Based on MOFs

Different sizes of pores and channels, combined with large surface areas of MOFs,
provide ideal platforms for the construction of hybrid composite materials [73].
The pore spaces in MOFs are ideal to add functional groups for modified properties.
Different functional sites have a synergic relationship among them.A locally confined
environment provides stability for regular channels of MOFs which facilitate mass
transport.

MOF-based composites can also be constructed using metal nanoparticles. This
can be used for synergetic catalysis, like high activity for ammonia borane dehydro-
genation andCOoxidation can be achieved using Pt nanoparticleswhich are confined
into the pores of MIL-101 [74, 75]. Yang et al. also devised a Pd nanocubes@ZIF-8
composite material by encapsulating Pd nanocubes in ZIF 8 [75]. Pd@ZIF-8 can be
used in efficient, selective, and recyclable catalytic hydrogenation of olefins. This
was one of the early attempts to integrate plasmonic photothermal effects of metal
nanocrystals with MOFs to enhance catalytic activity.

5.5 Nanomaterials Based on MOFs

MOF-based nanomaterials provide the ideal platform for the fabrication of numerous
nanomaterials including carbons, metal oxides, metal chalcogenides, metal carbides,
metal phosphides, and others. They arewidely used in electrochemical energy storage
and conversion and heterogeneous catalytic reactions. Thermolysis of the parent
MOFs in the absence or presence of additional substances under an inert atmo-
sphere can be used for the fabrication of such nanomaterials. The periodic structure
ensures an even distribution of the active components in nanomaterials. Thermolysis
improves the stability of parent MOF materials to give an ultra-stable nanostructure.
Such structure can withstand harsh conditions in reactions like the Fischer–Tropsch
process [76]. An improved electrical conductivity is also observed in MOF-derived
carbon-based nanomaterials. This is beneficial for electrocatalysis.

Lately,MOF-derived nanomaterials with single atoms or small atom clusters have
received a great deal of attention [77]. To date, reports onMOF-derived nanomaterials
containing single atom are fairly limited.
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6 Challenges and Future Opportunities

Recent interest and development in the domain ofMOFstudies are continuedwhich is
justified enough by vast applications of exceptional size dimensions, gas storage, and
separation, owing to the inherent pores and their volume, to electronic applications,
which demands precise control of the electronic structure. Despite the large potential
applications, there are pertinent challenges that MOFs face in their conventional
aspects and certain modern implications.

More detailed studies are required in various domains ofMOFs to solve the current
challenges. For instance, the porosity of most MOFs makes them potential agents for
gas storage application but the size exclusion approach requires fine-tuning of pore
size for separation of gases with similar kinetic diameters that is often a challenging
task. Indeed, size exclusion is difficult for separating molecules of similar size and
polarizability.Hence, this is one such area that needs future explorationby researchers
across the globe.

Besides the edge of heterogeneous catalysts, various large-scale industrial
processes still rely on homogeneous catalysis (e.g., Wacker oxidation, hydroformy-
lation, ethylene oligomerization), owing to the lack of compositional and electronic
control of heterogeneous catalysts. Heterogenizing molecular complexes through
appendage to solid-state surfaces has been practiced successfully at molecular level
control to solids, butmore often thismethod leads to a significant reduction in activity
or selectivity for the surface isolated complex. Thus, the question of finding hetero-
geneous catalysts for industrial processes is still open for further exploration. In this
aspect, MOFs may possess exceptional opportunities due to their steric tunability.

These problems are not comprehensive but denote the subtleties that are significant
to various other resulting applications of MOFs.

7 Conclusion

Here we summarized the key features, main structural characters, functionalization,
and applications of MOFs in different fields. MOFs field has undergone explosive
growth in the past few years. New methods are being devised for the functionaliza-
tion of MOFs, which show superior properties to their parent counterparts. Coating
MOFwith functional materials is one such approach. Although some challenges still
persists, for say like large-scale productionmethods to lower the cost ofMOFs prepa-
ration. Industrial applications ofMOFs are also being worked upon. There have been
some significant contributions in the field of heterogeneous catalysis using MOFs,
but it is still far behind as compared to available resources. A lot of new fabrications
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of MOFs are also being developed, for example, 2D MOFs, Quasi-MOFs, MOF-
derived nanoparticles, etc. These discoveries do promise a bright future in the field
of MOFs, given the diverse nature of the properties of MOFs. Collaborative efforts
from industry experts and researchers from different fields can help in overcoming
the obstacles and ensure advancement in the field of Metal Organic Frameworks.

Abbreviations

MOFs Metal Organic Frameworks
SBUs Secondary Building units
FMOFs Functional metal organic frameworks
PSM Post synthetic modifications
CMOF Catalytic metal organic framework
MTV Multi variate
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